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Preface

Modern societies and economies become more complex and at the same time more
sophisticated. Still, the experience from earthquakes reveals that even the devel-
oped societies are quite vulnerable, although the provisions against seismic hazards
have been considerably improved. Their exposure to seismic risk in prone seismic
areas rely on an integrated seismic risk approach, which should define accurately
the physical seismic risk and the socio-economic vulnerability and resilience.
Physical seismic risk is defined with the probability of damages and loss to
structures and people due to an earthquake of any intensity. Socio-economic
vulnerability is the expected impact of a given earthquake on the society and the
economy. Resilience is the capacity of a society and economy to cope with
earthquake events. The physical risk assessment depends on the seismic hazard,
which expresses the probability of ground shaking and induced phenomena
i.e. liquefaction, fault crossing, landslides due to earthquakes, the exposure of the
different assets and the physical vulnerability of the exposed elements at risk, which
is the vulnerability of structures, their occupants and services to seismic hazard.

A critical component of this chain of seismic risk assessment is the definition and
evaluation of the so-called fragility functions or fragility curves. They provide the
necessary link between seismic hazard assessment at a site and the corresponding
effects on any kind of exposed structures i.e. buildings, infrastructures, utilities,
lifelines and industrial facilities. The majority of currently available approaches to
assess the potential losses for a wide group of exposed elements rely on the
availability of relevant fragility curves. In the past decades, the field of seismic
risk assessment has witnessed remarkable developments.

SYNER-G is a research project funded by European Commission in the frame of
FP7 Theme 6: Environment. The objective of SYNER-G is to develop an integrated
methodology and the necessary tools for the systemic seismic vulnerability and
risk analysis of complex systems exposed to earthquake hazard, like buildings,
and aggregates in urban scale, lifelines, transportation and utility networks, gas and
electric power systems, critical facilities, and infrastructures. Interactions between
different components and systems are considered in the analysis, as they may
increase considerably the global vulnerability and risk of the systems or the system
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of systems. SYNER-G methodology encompasses in an integrated way all aspects
in the chain, from hazard to the physical vulnerability and loss assessment of
components and systems and to the socio-economic impacts of earthquakes,
accounting for all relevant uncertainties within an efficient quantitative simulation
scheme, modeling interactions between the multiple components and systems.

In the frame of this large collaborative project, an extensive literature review of
fragility functions for all elements at risk has been made. Based on a new taxonomy
and typology that considers the distinctive European features, existing fragility
curves and associated uncertainties have been critically reviewed and new or
existing fragility curves have been proposed.

The book presents in a comprehensive way the latest developments on the
fragility functions encompassing the work done in SYNER-G and in some other
parallel projects, as for example in case of masonry buildings. It is organized in
several chapters devoted to different systems. For each system, the new taxonomy
and classification scheme is presented and then, after a review of the existing
fragility functions, the most relevant fragility functions, new ones and selected
from the international literature, for the different components are highlighted.
Uncertainties are discussed throughout the book and in particular at the beginning,
where the framework of the treatment of uncertainties in view of the construction of
fragility functions is outlined. Recommendations are also provided for the selection
of the most adequate fragility functions. A special tool has been also developed in
the frame of SYNER-G to store, visualize and manage a large number of fragility
function sets. The tool can store functions for a wide range of elements at risk, and
has features that allow these functions to be harmonized in terms of intensity
measure type and limit state. The tool is provided, together with a collection of
European fragility functions for buildings, as an electronic supplement to this book
(extras.springer.com).

The ambition is to offer to the European and international scientific and engi-
neering community a standard reference book of the present state of the art in
fragility models for the seismic risk analysis of most elements at risk, and at the
same time to highlight the remaining gaps and the necessary future developments
on this important topic. The present book is the first of the two volumes that present
the main achievements and results of SYNER-G. The second one entitled Systemic
Seismic Vulnerability and Risk Assessment of Complex Urban, Ultility, Lifeline
Systems and Critical Facilities. Methodology and Applications, demonstrates the
integrated methodological framework of SYNER-G, which is applied in selected
case studies, also using fragility curves that are included in the present book.

The Editor would like to acknowledge the contributors to the individual chapters
who are listed under each chapter. Most of them actively participated in SYNER-G.
In particular special acknowledgement to Sergio Lagomarsino, Serena Cattari,
Tiziana Rossetto and Dina D’Ayala, who without being partners in SYNER-G
accepted the invitation to contribute to this volume.
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Finally, the support of the two co-editors, Helen Crowley and Amir M. Kaynia,
and in particular the devotion and hard work of Dr. Sotiris Argyroudis to the
preparation of this volume is gratefully acknowledged.

Thessaloniki, Greece K. Pitilakis
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Chapter 1
Introduction

Kyriazis Pitilakis, Helen Crowley, and Amir M. Kaynia

Abstract This chapter outlines the main components, parameters and methods to
derive fragility functions, which can be used in seismic risk assessment of different
engineering systems and components at urban and regional scale. It provides the
means of understanding the main factors governing this topic, introducing the
subjects that will be extensively described and discussed in the subsequent chapters,
where the fragility curves for buildings and all important components of the
systems and infrastructures will be described in detail.

1.1 Background

Seismic risk assessment can be defined is the estimation of the probability of
expected damages and losses due to seismic hazards. The majority of currently
available approaches to assess the potential losses for a wide group of exposed
elements rely on the availability of relevant fragility curves. In the past decades, the
field of seismic risk assessment has witnessed remarkable developments. A detailed
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Fig. 1.1 Examples of (a) vulnerability function and (b) fragility function

review of this subject is presented among others in the state-of-the-art paper by
Calvi et al. (2006). The level of vulnerability of a structure is described in all
engineering-relevant approaches using vulnerability functions and/or fragility
functions.

There are a number of definitions of vulnerability and fragility functions; one of
these describes vulnerability functions as the probability of losses (such as social or
economic losses) given a level of ground shaking, whereas fragility functions
provide the probability of exceeding different limit states (such as physical damage
or injury levels) given a level of ground shaking. Figure 1.1 shows examples of
vulnerability and fragility functions. The former relates the level of ground shaking
with the mean damage ratio (e.g. ratio of cost of repair to cost of replacement) and
the latter relates the level of ground motion with the probability of exceeding the
limit states. Vulnerability functions can be derived from fragility functions using
consequence functions, which describe the probability of loss, conditional on the
damage state.

Fragility curves constitute one of the key elements of seismic risk assessment.
They relate the seismic intensity to the probability of reaching or exceeding a level
of damage (e.g. minor, moderate, extensive, collapse) for the elements at risk. The
level of shaking can be quantified using different earthquake intensity parameters,
including peak ground acceleration/velocity/displacement, spectral acceleration,
spectral velocity or spectral displacement. They are often described by a lognormal
probability distribution function as in Eq. 1.1, although it is noted that this distri-
bution may not always be the best fit.

Py (ds > ds;|IM) :@[/’i-m([%ﬁ)} (L.1)

tot

where Pg(-) denotes the probability of being at or exceeding a particular damage
state, DS, for a given seismic intensity level defined by the earthquake intensity
measure, IM (e.g. peak ground acceleration, PGA), @ is the standard cumulative
probability function, /M ,; is the median threshold value of the earthquake intensity
measure /M required to cause the iy, damage state and f,, is the total standard
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deviation. Therefore, the development of fragility curves according to Eq. 1.1
requires the definition of two parameters, IM,,; and f..

The development of fragility functions for seismic risk assessment is a fairly
new subject as it started in the early 90s. Following the 1971 San Fernando
earthquake in USA, where catastrophic damages observed in almost every type of
lifeline, many efforts were launched to better understand the causes of the seismic
failures and identify ways to mitigate future earthquake damages and losses. Major
earthquakes that followed, such as the 1985 Mexico, 1989 Loma Prieta, 1994
Northridge, 1995 Kobe, 1999 Chi-Chi and Turkey, and more recently the 2010
Chile, 2011 New Zealand and Tohoku events, revealed important lessons for
developing new methods for estimating risk and reducing potential losses.

HAZUS (NIBS 2004) is the first comprehensive methodology that contains
models for estimating potential losses from natural hazards. It is implemented in
the geographic information system platform (GIS) developed by the Federal Emer-
gency Management Agency (FEMA). Its first edition was released in 1997
(HAZUS 97); the current version is HAZUS-MH v2.0, which estimates the risk
due to earthquakes, floods and hurricanes. Fragility curves for buildings, utility and
transportation networks are provided in HAZUS methodology. In the first editions,
the majority of the fragility functions were relied on the methodology and data that
were presented in ATC-13 (ATC 1985) and ATC-25 (ATC 1991) reports following
an expert judgement approach. Analytical studies have been later considered for
bridges and buildings.

Another important effort for reducing risks to lifelines from hazards initiated in
1998 by American Lifelines Alliance, a public-private partnership. Guidelines and
fragility curves for seismic hazard are provided for lifeline components such as for
water systems (ALA 2001), telecommunication or electric power facilities. Other
major projects in the US include the PEER lifelines program, which has the
objective of improving seismic safety and reliability of lifeline systems, primarily
funded by the California Department of Transportation and the Pacific Gas &
Electric Company. Also, the MCEER’s Highway Project with the overall aim of
improving the seismic performance and reliability of the national highway system,
was initiated in the fall of 1992 under Federal Highway Administration (FHWA)
funds. Finally, the Mid-America Earthquake (MAE) Center and the National Center
for Supercomputing Applications (NCSA) developed MAEviz platform which is an
open-source software that integrates spatial information, data and visual informa-
tion to perform risk assessment and analysis (MAEviz; Mid-America Earthquake
Center 2009).

In Europe, the first initiative to establish a methodology for the seismic risk
assessment of buildings and lifeline elements include the RISK-UE (2004) project
followed by LESSLOSS (2007) both funded by European Commission framework
programmes for Research and Technological Development. Fragility curves for
buildings and some lifeline components were proposed by establishing a new
taxonomy appropriate for the European context.

Several research efforts have been made at a national level in Europe, aiming
to propose adequate fragility curves for buildings, lifeline and transportation
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infrastructure. Representative examples include the SRM-LIFE (2007) and
AsProGe (2007) projects in Greece, and the RELUIS projects in Italy. Finally,
numerous other research efforts have been performed worldwide, developing
fragility functions and methods for the vulnerability assessment of different phys-
ical assets.

Among the latest developments is SYNER-G (2013). The following section
gives an overview of this model, and specific details are presented in the other
chapters of this book.

1.2 The SYNER-G Project

SYNER-G is a European collaborative research project funded by the European
Commission in the Seventh Framework Program, Theme 6: Environment. The
main objective of SYNER-G is to develop an integrated methodology for the
systemic seismic vulnerability and risk analysis of buildings, lifelines, infrastruc-
tures, transportation and utility systems and critical facilities, taking into account
the interactions between the different components and systems, which generally
increase the seismic impact. SYNER-G developed an innovative framework to
assess the physical and socio-economic seismic vulnerability and risk at urban
and regional level (Franchin 2013). The complex systems within the urban or
regional fabric were modeled according to a detailed taxonomy, grouped into the
following categories: buildings, transportation and utility networks, and critical
facilities (Hancilar and Taucer 2013). Each category may have several types of
components and systems; for example, a road system comprises bridges, tunnels,
road embankments, etc.

The framework encompasses in an integrated way all aspects in the chain, from
hazard to the physical damage assessment of components and systems to the socio-
economic impacts of an earthquake, accounting for all relevant uncertainties within
an efficient quantitative simulation scheme. The most innovative part of the project
is the modeling of interactions between the multiple components of a system and
between systems. The whole methodology has been implemented in an open source
software tool (Schéfer and Bosi 2013) and has been applied and validated in
selected case studies at urban and regional scale (Pitilakis and Argroudis 2013).
The case studies have included the city of Thessaloniki in Greece, and Vienna in
Austria, the harbor of Thessaloniki, the gas system of L’Aquila in Italy, the electric
power network in Sicily, a roadway network and hospital facility again in Italy. The
research consortium has relied on the active participation of 12 entities from
Europe, 1 from USA and 1 from Japan. The consortium has included partners
from academia, research institutions, the consulting sector, and the insurance
industry. The results of the research work are intended to meet the needs of
researchers, professionals, stakeholders of different systems, civil protection, pub-
lic services, and the insurance industry involved in seismic risk assessment and
management.
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One of the aims in SYNER-G has been to develop a unified approach for
modelling socio-economic impacts caused by earthquake damage, which integrates
social vulnerability in the physical system modelling approaches (Cavalieri
et al. 2012). In most earthquake loss estimation models socio-economic losses are
computed as linear damage-consequence functions without consideration of social
vulnerability. Contributing to the challenge of integrating social vulnerability with
physical damage/performance models is realisation of the fact that social vulnera-
bility is a second order phenomenon and not something that can be directly
observed and measured.

In SYNER-G, social losses (e.g., casualties and number of displaced people) are
computed as integrated functions of hazard intensity, vulnerability of physical
systems (through fragility curves) and the social vulnerability of the population at
risk (Khazai 2013). The integrated approach proposed in SYNER-G provides a
framework to link the degree of damage and performance of physical systems to
vulnerabilities and coping capacities in society to assess: (1) Impacts on displaced
populations and their shelter needs, and (2) Health impacts on exposed populations
and their health-care needs. This way of conceptualizing the integrated framework
emphasizes the importance of understanding the interrelations between physical
and social systems and the associated and interrelated damages and losses. In other
words, how direct physical losses can potentially aggravate existing vulnerabilities
in society and how vulnerabilities in society can ultimately lead to greater impacts
from physical damage and loss.

Thus, one of the main objectives has been the adoption of an indicator system
and common nomenclature, which posits social vulnerability in relation to the
vulnerability of the physical system. For example, the number of displaced persons
is not computed as a function of damaged buildings alone, rather derived as a
function of the habitability of buildings (defined by the tolerance to utility loss for
different levels of building damage and weather conditions) and a set of key socio-
economic indicators influencing a population to leave their homes and seek or not
seek public shelter.

In the framework of SYNER-G a comprehensive review has been carried out of
fragility curves for most important elements at risk. Moreover, new fragility curves
have been developed where necessary, considering the distinctive features of
European elements (Kaynia 2013). The result of these studies is presented in this
book. A second book, in the same series, will follow with the SYNER-G systemic
methodology and the representative applications.

1.3 Elements at Risk

The elements at risk are commonly categorized as populations, communities, built
environment, natural environment, economic activities and services, which are
under the threat of disaster in a given area (Alexander 2000). In the present book,
the elements at risk within the built environment are examined. They are classified
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in four main categories: buildings, utility networks, transportation infrastructures
and critical facilities. In each category there are several sets of fragility curves that
have been developed considering the taxonomy and their typological characteris-
tics. In that sense there are numerous typologies for reinforced concrete (RC) or
masonry buildings, numerous typologies for bridges and numerous typologies for
all other element at risk of all systems considered in this book. The development of
a homogenous taxonomy for all engineering element at risk exposed to seismic
hazard and the recommendation of adequate fragility functions for each one,
considering also the European context, is a significant contribution to the reduction
of seismic risk in Europe and worldwide.

1.4 Derivation of Fragility Functions

There are several methods available and used in the literature to derive fragility
functions for different elements exposed to seismic hazard and in particular to
transient ground motion and permanent ground deformations due to ground failure.
Conventionally, they are classified into four categories: empirical, expert elicita-
tion, analytical and hybrid. All these approaches have their strengths and weak-
nesses as will be highlighted and discussed in the following chapters of this book.
However, analytical methods, validated with large-scale experimental data and
observations from recent strong earthquakes have become more popular in recent
years. The main reason is the considerable improvement of computational tools,
methods and skills, which allows comprehensive parametric studies covering all
possible typologies, to be undertaken. A complementary, equally important, reason,
is the better control of several of the associated uncertainties, e.g. material proper-
ties. In the following we will make a short overview of the different methods, which
will be presented and further discussed in Chap. 3. Before outlining the essentials of
the four categories it is important to present the main methodological parameters
involved in the derivation of the fragility functions. Many of the epistemic uncer-
tainties are related to the ontology and definition of these parameters, namely:

« Taxonomy, typology, classification
« Performance levels and damage states
¢ Intensity measures

1.4.1 Taxonomy, Typology, Classification

The key assumption in the vulnerability assessment of buildings, infrastructures and
lifeline is that structures and components of systems, having similar structural
characteristics, and being in similar geotechnical conditions (e.g. a bridge of a
given typology), are expected to perform in the same way for a given seismic
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excitation. Within this context, damage is directly related to the structural proper-
ties of the elements at risk. Taxonomy and typology are thus fundamental descrip-
tors of a system that are derived from the inventory of each element and system.
Geometry, material properties, morphological features, age, seismic design level,
anchorage of the equipment, soil conditions, and foundation details are among
usual typology descriptors/parameters. RC buildings, masonry buildings, monu-
ments, bridges, pipelines (gas, fuel, water, waste water), tunnels, road embank-
ments, harbour facilities, road and railway networks, have their own specific set of
typologies and different taxonomy.

The knowledge of the inventory of a specific structure in a region and the
capability to create classes of structural types (for example with respect to material,
geometry, design code level) are among the main challenges when carrying out a
general seismic risk assessment for example at a city scale, where it is practically
impossible to perform this assessment at building level. It is absolutely necessary to
classify buildings, and other elements at risk, in “as much as possible”, homogenous
classes presenting more-or-less similar response characteristics to ground shaking.
Thus, the derivation of appropriate fragility curves for any type of structure depends
entirely on the creation of a reasonable taxonomy that is able to classify the
different kinds of structures and infrastructures in any system exposed to seismic
hazard. In SYNER-G a great effort is paid to create a coherent and comprehensive
taxonomy from which European typologies for the most important elements at risk
are defined (Hancilar and Taucer 2013). Previous taxonomies and typologies in
Europe (e.g. RISK-UE and LESSLOSS EU projects) and USA (e.g. HAZUS or
ALA), have been reviewed and updated in order to develop a unique SYNER-G
typology for all elements at risk, which is proposed to be the reference from now on
in Europe. In the subsequent chapters dealing with the various structures under
consideration the proposed SYNER-G taxonomy and typologies are presented in a
comprehensive way.

For the purpose of summarising the taxonomy, all the systems, components and
their sub-components considered in the infrastructure are reported with their tags in
Table 1.1.

1.4.2 Performance Levels and Damage States

In seismic risk assessment, the performance levels of a structure, for example a RC
building belonging in a specific class, can be defined through damage thresholds
called limit states. A limit state defines the boundary between two different damage
conditions often referred to as damage states. Different damage criteria have been
proposed depending on the typologies of elements at risk and the approach used for
the derivation of fragility curves. The most common way to define earthquake
consequences is a classification in terms of the following damage states: No
damage; slight/minor; moderate; extensive; complete. This qualitative approach
requires an agreement on the meaning and the content of each damage state.
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Table 1.1 SYNER-G infrastructure taxonomy

System

Component (and sub-components)

BDG: buildings

EPN: electric power
network

GAS: natural gas
system

OIL: oil system

WSS: water-supply
network

WWN: waste-water
network

Force Resisting Mechanism (FRM1), FRM Material (FRMM1), Plan (P),
Elevation (E), Cladding (C), Detailing (D), Floor System (FS), Roof
System (RS), Height Level (HL), Code Level (CL)

EPNOL1: electric power grid

EPNO2: generation plant

EPNO3: substation

EPNO4: distribution circuits

EPNO05-09: substation macro-components (autotransformer line; line
without transformer; bars-connecting line; bars; cluster)

EPN10-23: substation micro-components (circuit breaker; lightning
arrester or discharger; horizontal disconnect switch or horizontal
sectionalizing switch; vertical disconnect switch or vertical
sectionalizing switch; transformer or autotransformer; current trans-
former; voltage transformer; box or control house; power supply to
protection system; coil support; bar support or pothead; regulator; bus;
capacitor tank)

EPN24: transmission or distribution line

GASO1: production and gathering facility (onshore, offshore)

GASO2: treatment plant

GASO3: storage tank

GASO04: station (compression, metering compression/metering, regulator/
metering)

GASO5: pipeline

GAS06: SCADA

OILO1: production and gathering facility (onshore, offshore)

OILO2: refinery

OILO03: storage tank farm

OIL04: pumping plant

OILO5: pipeline

OIL06: SCADA

WSSO01: source (springs, rivers, natural lakes, impounding reservoirs,
shallow or deep wells)

WSS02: treatment plant

WSS03: pumping station

WSS04: storage tank

WSSO05: pipe

WSSO06: tunnel

WSS07: canal

WSS08: SCADA system

WWNOI: waste-water treatment plant

WWNO2: pumping (lift) station

WWNO3: pipe

WWNO4: tunnel

WWNOS5: SCADA system

(continued)
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Table 1.1 (continued)

System Component (and sub-components)

RDN: road network ~ RDNO1: bridge (material, type of deck, deck structural system, pier to
deck connection, type of pier to deck connection; type of section of the
pier, spans, type of connection to the abutments, skew, bridge
configuration, foundation type, seismic design level)

RDNO2: tunnel
RDNO3: embankment (road on)
RDNO4: trench (road in)
RDNOS: unstable slope (road on, or running along)
RDNO6: road pavement (ground failure)
RDNO7: bridge abutment

RWN: railway RWNO1: bridge

network RWNO2: tunnel

RWNO3: embankment (track on)
RWNO4: trench (track in a)
RWNOS: unstable slope (track on, or running along)
RWNOG6: track
RDNO7: bridge abutment
RWNO7: station

HBR: harbour HBROI: waterfront components (gravity retaining structures; sheet pile

wharves; piers; breakwaters mooring and breasting dolphins)
HBRO2: earthen embankments (hydraulic fills and native soil material)
HBRO3: cargo handling and storage components (cranes, tanks, etc)
HBRO4: buildings (sheds, warehouse, offices, etc)
HBROS: liquid fuel system (as per the OIL system)
HCS: health-care HCSO01: organisational
system HCS02: human
HCSO03: physical
HCSO03-1: structural elements (of the buildings within the complex/
facility)
HCSO03-2: non-structural elements
HCS03-3: architectural (walls, ceilings, windows etc)
HCS03-4: basic installations (generation/distribution)
HCS03-5: basic installations/medical gases
HCS03-6: basic installations/power system
HCS03-7: basic installations/water system
HCSO03-8: basic installations/conveying system
HCS03-9: building contents
FFS: fire-fighting FFSO1: fire-fighters station
system FFS02: pumping station
FFS03: storage tank
FFS04: fire-hydrant
FFSO05: pipe

The number of damage states is variable and is related with the functionality of the
components and/or the repair duration and cost. In this way the total losses of the
system (economic and functional) can be estimated. In particular, physical damages
are related to the expected serviceability level of the component (i.e. fully or partial
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operational or inoperative) and the corresponding functionality (e.g. power avail-
ability for electric power substations, number of available traffic lanes for roads,
flow or pressure level for water system). These correlations provide quantitative
measures of the component’s performance, and can be applied for the definition of
specific Performance Indicators (PIs), which are introduced in the systemic analysis
of each network. Therefore, the comparison of a demand with a capacity quantity, or
the consequence of a mitigation action, or the accumulated consequences of all
damages (the “impact’”) can be evaluated. The restoration cost, when provided, is
given as the percentage of the replacement cost. These thresholds are qualitative and
are given as general outline; the user could modify them accordingly, considering
the particular conditions of the network or component under study.

Methods for deriving fragility curves generally model the damage on a discrete
damage scale. In empirical procedures, the scale is used in reconnaissance efforts to
produce post-earthquake damage statistics and is rather subjective. In analytical
procedures the scale is related to limit state mechanical properties that are described
by appropriate indices, such as for example displacement capacity in the case of
buildings or pier bridges. For other elements at risk the definition of the perfor-
mance levels or the limit states may be more vague and follow other criteria related,
for example in the case of pipelines, to the limit strength characteristics of the
material used in each typology.

It will be shown later that the definition and consequently the selection of the
damage thresholds, i.e. limit states, are among the main sources of uncertainties.
For this reason a considerable effort has been made in SYNER-G to homogenize the
criteria as much as possible, while also discussing the different approaches or
assumptions made by different researchers. In the subsequent chapters the perfor-
mance levels and limit states for every type of structure are presented and discussed
in order to offer to the user of the proposed fragility functions, the means to make
most suitable selection according to the specific needs.

1.4.3 Intensity Measures

A main issue related to the fragility curves is the selection of an appropriate
earthquake Intensity Measure (IM) that characterizes the strong ground motion
and best correlates with the response of each element, for example, building,
pipeline or harbour facilities like cranes. Several measures of the strength of ground
motion (IMs) have been developed. Each intensity measure may describe different
characteristics of the motion, some of which may be more adverse for the structure
or system under consideration. The use of a particular IM in seismic risk analysis
should be guided by the extent to which the measure corresponds to damage to the
components of a system or the system of systems. Optimum intensity measures are
defined in terms of practicality, effectiveness, efficiency, sufficiency, robustness
and computability (Cornell et al. 2002; Mackie and Stojadinovic 2003, 2005).
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Practicality refers to the recognition that the IM has some direct correlation to
known engineering quantities and that it “makes engineering sense” (Mackie and
Stojadinovic 2005; Mehanny 2009). The practicality of an IM may be verified
analytically via quantification of the dependence of the structural response on the
physical properties of the IM such as energy, response of fundamental and higher
modes, etc. It may also be verified numerically by interpretation of the response of
the structure under non-linear analysis using existing time histories.

Sufficiency describes the extent to which the IM is statistically independent of
ground motion characteristics such as magnitude and distance (Padgett et al. 2008).
A sufficient IM is one that renders the structural demand measure conditionally
independent of the earthquake scenario. This term is more complex and is often at
odds with the need for computability of the IM. Sufficiency may be quantified via
statistical analysis of the response of a structure for a given set of records.

The effectiveness of an IM is determined by its ability to evaluate its relation
with an engineering demand parameter (EDP) in closed form (Mackie and
Stojadinovic 2003), so that the mean annual frequency of a given decision variable
exceeding a given limiting value (Mehanny 2009) can be determined analytically.

The most widely used quantitative measure from which an optimal IM can be
obtained is efficiency. This refers to the total variability of an engineering demand
parameter for a given IM (Mackie and Stojadinovic 2003, 2005).

Robustness describes the efficiency trends of an IM-EDP pair across diff-
erent structures, and therefore different fundamental period ranges (Mackie and
Stojadinovic 2005; Mehanny 2009).

In general, IMs are grouped in two general classes: empirical intensity measures
and instrumental intensity measures. With regards to the empirical IMs, different
macroseismic intensity scales could be used to identify the observed effects of
ground shaking over a limited area. In the instrumental IMs, which are by far more
accurate and representative of the seismic intensity characteristics, the severity of
ground shaking can be expressed as an analytical value measured by an instrument
or computed by analysis of recorded accelerograms.

The selection of the intensity parameter is also related to the approach that is
followed for the derivation of fragility curves and the typology of element at risk.
The identification of the proper Intensity Measure (IM) is determined from different
constraints, which are first of all related to the adopted hazard model, but also to the
element at risk under consideration and the availability of data and fragility
functions for all different exposed assets.

Empirical fragility functions are usually expressed in terms of the macroseismic
intensity defined according to the different Macroseismic Scales, namely, EMS,
MCS, and MM. Analytical or hybrid fragility functions are, on the contrary, related
to instrumental IMs, which are related to parameters of the ground motion (PGA,
PGV, PGD) or of the structural response of an elastic SDOF system (spectral
acceleration S, or spectral displacement Sy, for a given value of the period of
vibration T). Sometimes, integral IMs can be useful, which consider a specific
integration of a motion parameter, for example Arias Intensity I, or of a spectral
value like the Housner Intensity Iy;. When the vulnerability of elements due to
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ground failure is examined (i.e. liquefaction, fault rupture, landslides) permanent
ground deformation (PGD) is the most appropriate IM.

In the subsequent chapters the most adequate IMs are selected for every asset
under consideration in this book, while in the Fragility Manager Tool (see
Chap. 13) a correlation is made among different IMs used by different researchers
specifically for buildings, in order to derive homogenous fragility functions.

1.4.4 Treatment of Uncertainties

Several uncertainties are introduced in the process of constructing a set of fragility
curves of a specific element at risk. They are associated to the parameters of
fragility curves, and to the derivation methodology, as well as in the relationship
between physical damage state and the performance (PI) of the element at risk. The
uncertainties are usually categorized in aleatory and epistemic. Aleatory uncer-
tainty is one that is presumed to be due to the intrinsic randomness of a phenom-
enon. An epistemic uncertainty is one that is considered to be caused by lack of
knowledge, which is usually related to the method or the available data. The reason
that it is convenient to have this distinction within an engineering analysis model is
that the lack-of-knowledge-part of the uncertainty can be represented in the model
by introducing auxiliary non-physical variables. These variables capture informa-
tion obtained through gathering of more data or use of more advanced scientific
principles (DerKiureghian and Ditlevsen 2009).

In general, the uncertainty of the fragility parameters is estimated through the
standard deviation, S, that describes the total variability associated with each
fragility curve. Three primary sources of uncertainty are usually considered,
namely, the definition of damage states, fps, the response and resistance (capacity)
of the element, fc, and the earthquake input motion (demand), fp. In particular,
damage state definition uncertainties are due to the fact that the thresholds of the
damage indexes or parameters used to define damage states are not known. Capac-
ity uncertainty reflects the variability of structure properties as well as the fact that
the modelling procedures are not perfect. Demand uncertainty reflects the fact that
IM is not exactly sufficient, so different records of ground motion with equal IM
may have different effects on the same structure (Selva et al. 2013). The total
variability is modelled by the combination of the three contributors, assuming that
they are stochastically independent and lognormally distributed random variables,

by Eq. 1.2:
Pior = \/ ﬁlZ?S +ﬂ%‘ +ﬂ}2) (1-2)

The general framework of the treatment of uncertainties in the derivation of the
fragility functions is presented in Chap. 2 of this book, while detailed discussion is
carried out for each element at risk in the respective chapters.
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1.4.5 Methodologies for Deriving Fragility Functions

Several approaches are used to establish fragility functions. They are grouped in
four general categories: empirical, judgmental or expert elicitation, analytical and
hybrid. Empirical methods are based on post-earthquake surveys and observations
of actual damage. They are specific to particular sites and seismotectonic, geolog-
ical and geotechnical conditions, as well as the properties of the damaged struc-
tures. Consequently, the use of these functions in different regions is always
questionable. Expert judgment fragility curves are based on expert opinion and
experience. Therefore, they are versatile and relatively fast to establish, but their
reliability is questionable because of their dependence on the experiences of the
experts consulted. Analytical fragility curves adopt damage distributions simulated
from the analyses of structural models under increasing earthquake loads. In
general they result in a reduced bias and increased reliability of the vulnerability
estimates for different structures compared to expert opinion and thus they are
becoming ever more attractive in terms of the ease and efficiency by which data can
be generated. Hybrid methods combine any of the above-mentioned techniques in
order to compensate for their respective drawbacks.

Finally, the fragility functions of complex components that consist of different
sub-components (e.g. hospital facilities, water or waste water treatment plants and
pumping stations) are derived based on fault tree analyses. The fault trees analysis
schematically depicts the sub-components and their functional interrelationship. A
basic combination of components consists of a tree-like relationship where the top
component is related to its contributing components by “AND” and “OR” gates. An
“AND” gate means that the top component is functional (survival state) if all the
contributing components are functional (series arrangement), whereas an “OR”
gate indicates that the top component is functional if at least one of the contributing
components is functional (parallel arrangement). In this way the fragility curves of
all sub-components are used to obtain the global fragility function of complex
components, such as pumping plants.

The above methods are further described and discussed in Chap. 3. The follow-
ing sections are devoted to their general description with respect to the typology of
the exposed structure, along with first order critical assessment of their qualities and
flaws.

1.4.5.1 Empirical Methods

The study of past earthquakes and the field surveys of actual damages on exposed
elements lead to extensive statistics on the damage states of various typologies
under earthquake loading. For instance, the study by Spence et al. (1992) based on a
survey of 70,000 buildings subjected to 13 different earthquakes has led to fragility
curves for 14 classes of buildings, expressed as functions of macroseismic intensity.
Rossetto and Elnashai (2003) developed empirical fragility functions for various
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typologies of RC buildings (moment-resisting frames, infill walls, shear walls) from
a database of 340,000 buildings exposed to 19 earthquakes worldwide. Sabetta
et al. (1998) have also developed empirical fragility curves for the Italian building
typologies after studying data of 50,000 damaged buildings in Italy. The probability
of exceeding a damage state is expressed with respect to PGA or spectral response
parameters, which are converted from the observed macroseismic intensity. How-
ever, it is widely recognized that correlations of this type include a large number of
high uncertainties.

Empirical relations are also widely used to assess the vulnerability of compo-
nents that are less amenable to analytical methods, e.g. pipeline segments (ALA
2001; O’Rourke et al. 2012) or tunnels (ALA 2001; Corigliano 2007) and highway
embankments (Maruyama et al. 2010).

Empirical methods have the advantage of being based on real observed data, thus
successfully account for various effects such as soil-structure interaction, site
effects, and variability in the structural capacity of a group of buildings and the
mechanisms, which govern the failure modes. However, this may also provide a
drawback, as the empirically derived fragility curves remain specific to a given area
with particular conditions of site effects, earthquake parameters (magnitude, depth,
etc.) and structural capacity of buildings. Available data are often based on
low-magnitude events with limited damage, which lead to fragility curves that
may be unreliable for greater magnitude events (i.e. the portions of the curves
corresponding to high seismic levels). It has also been noted that undamaged
buildings after an event are not properly accounted for in the survey. This leads
to a large uncertainty on the actual total number of elements exposed to the event.
Finally, another difficulty often lies in the lack of knowledge of the exact ground
motion in the immediate vicinity of the damaged buildings. Estimation must then be
made with macroseismic intensity or through the extrapolation of the recorded
signals from close stations.

Further insight on empirical methods is provided in Chap. 3, whilst Rossetto
et al. (2013) provide an extensive review of the state-of-art in the construction of
empirical fragility functions for buildings.

1.4.5.2 Expert Judgment

This procedure entirely relies on the judgment of appointed experts who are asked
to provide an estimate of the mean loss or probability of damage of a given element
at risk for different levels of seismic loading. Some of the fragility curves proposed
in HAZUS (e.g. roads and tunnels) are developed using this approximate and
subjective method. The traditional procedure is described in the ATC13 (ATC
1985) documents. A similar approach is to estimate vulnerability indexes based
on a visual diagnostic (expert opinion-based) of a group of buildings. Several
characteristics can be observed: force-resisting mechanism and material, floor
types, building height, soft stories, quality of construction, irregularities,
non-structural elements, age of building, etc. With this technique the vulnerability
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is defined through a vulnerability index V; varying between 0 and 1 based on the
observed characteristics of the element (RISK-UE project, Milutinovic and
Trendafiloski 2003).

These techniques have the advantage of not being affected by the lack of
extensive damage data (empirical approaches) or the reliability or the structural
model used in analytical developments. However, the results rely solely on the
individual experience of the experts consulted. The potential bias in the curves can
be reduced by extending the number of experts and by assigning appropriate weight
to their estimations, based on their expertise level (Porter et al. 2007). These
methods are, however, always useful to calibrate, together with the empirical
methods, the resulting fragility functions from the analytical methods. Even more
importantly, they are necessary in areas with poor data from past earthquake
damages, or low level of engineering expertise. Their main weakness remains the
difficulty to extrapolate their results in other countries with different engineering
and construction practice.

A recent effort to revive the use of expert opinion for the derivation of fragility
function has been carried out within the Global Earthquake Model (www.
globalquakemodel.org) and further information on this activity is provided in
Chap. 3.

1.4.5.3 Analytical Methods

Analytical methods are based on the estimation of the damage distributions through
the simulation of an element’s structural response subjected to seismic action. The
seismic input can be represented by a response spectrum (static methods) or an
acceleration time-history (dynamic methods).

Numerical models need to be developed and a compromise has to be made
between the accuracy of the representation of the nonlinear behavior and the
robustness and cost-efficiency of the model. For the case of buildings, two widely
used methods to model the nonlinear structural behavior are plastic hinge modeling
(i.e. concentrated inelasticity) and fiber element modeling (i.e. distributed plastic-
ity). An important choice is also related to the representation of the building in 3D
or 2D. For structures that are regular in plan, the torsion effects can often be ignored
and 2D analyses lead to fairly accurate results.

Regarding the analytical approaches, a distinction can also be made between
direct methods that yield fragility curves as functions of intensity measure types,
IMT (e.g. PGA, PGV, S,(T), etc.) and the “indirect” ones that estimate the damage
probability with respect to structural response parameters (e.g. spectral displace-
ment at the inelastic period). The latter approach is used for instance in the
framework of HAZUS (NIBS 2004).

In the following we shortly describe and discuss the two more popular analytical
methods, namely, the Capacity Spectrum Method (CSM) and the general Dynamic
Analysis and the more recent developments with the Incremental Dynamic Anal-
ysis (IDA).
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1.4.5.3.1 Capacity Spectrum Method (CSM)

The use of mechanical models and capacity curves to assess the vulnerability of an
element at risk (i.e. RC building) is described in detail in the HAZUS methodology
(NIBS 2004) and the RISK-UE Level 2 approach. Each typology (based on code
level, height class, force-resisting mechanism and material) is defined by a bilinear
capacity curve for an equivalent SDOF system, which is developed from a static
pushover analysis.

The HAZUS methodology treats 36 building typologies, which are identified
based on the structural type (force-resisting mechanism and material) and the height
class (low-, mid- and high-rise). The different typologies are associated with
various building capacity parameters, such as:

e T, true “elastic” fundamental-mode period of building;
e B, typical roof height;
* ap, fraction of building height at location of push-over mode displacement.

For different levels of seismic code (pre-code, low-, moderate- and high-level
code) and for each typology, the HAZUS methodology defines bilinear capacity
curves based on two control points: the yield (Dy, Ay), and the ultimate capacity
(Dy, Ay). Yield capacity represents the true lateral strength of the building, whereas
ultimate capacity represents the maximum strength of the building when the global
structural system has reached a fully plastic state. The capacity curves, expressed in
the spectral acceleration — spectral displacement (S,-Sq) format, are used to obtain
the performance point of the structural element (depending on the seismic response
spectrum) and to deduce the spectral displacement, which corresponds to a given
damage level.

For a building within a given typology, the probability of reaching or exceeding
damage state DS can then be expressed as a cumulative lognormal function with
respect to the spectral displacement at the performance point:

P(DS|Sy) = ¢ iln( S )} (1.3)

ps  \S4,ps

where S, ps is the median value of spectral displacement at which the building
reaches the threshold of the damage state DS, fps is the standard deviation of the
natural logarithm of spectral displacement of damage state DS, and @ is the
standard normal cumulative distribution function.

The median values of structural component fragility are determined based on
building drift ratios Apg that describe the threshold of the following damage states:
slight, moderate, extensive and complete. The conversion of the damage state drift
ratios to spectral displacement S4 values can be obtained as:

Saps = Aps-ax-h (1.4)
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The various uncertainties are taken into account through the log-standard
deviation parameter Pps, which describes the total dispersion related to each fragility
curve. Usually three primary sources of uncertainty contribute to the total variability
for any given damage state namely the uncertainty associated with the definition of the
damage state value fyps,), the structural response of the element S (capacity curve)
and the seismic demand fp (response spectrum). The standard deviation fpg can be
estimated according to the following equation:

Pps = \/(CONV[BO Bol)® + (ﬁM(Ds))2 (1.5)

The convolution procedure between fi- and fp is extensively described in
Gencturk (2007). The HAZUS manual advocates the value fypsy = 0.4 for all
damage states. Some values are also recommended for the variability on the
capacity curve: feauy = 0.25 for code-compliant elements and fc(ay) = 0.3 for
pre-code constructions. Taking into account the various uncertainties, the spectral
displacement Sy for the threshold of damage state DS is expressed as
Sq = ﬁ - €ps, Where m is the median value of S4 for damage level DS, and
eps 1s a log normally-distributed variable with standard deviation fps.

The HAZUS methodology for the building damage estimation based on the
CSM is represented schematically in Fig. 1.2

In Europe, the EU-funded research project RISK-UE was the first attempt to
collect various studies, and develop a taxonomy for buildings adapted to the
European context, and propose specific capacity curves by applying the CSM
following the HAZUS procedure consisting of:

¢ typological classification of the elements;

¢ development of capacity curves;

e determination of the performance point based on the seismic level;

» assessment of the probabilities to reach or exceed the different damage states.

The two approaches obviously diverge in terms of input data. The damage state
definitions in RISK-UE rely on interstory drift ratio (ISDR) values that are identi-
fied based on the capacity curve, which means that the drift values are structure-
specific, as opposed to HAZUS, which recommends fixed values for each typology.
Table 1.2 (from RISK-UE approach) gives threshold values for each damage state
as a function of yielding and ultimate capacity points.

It has to be noted that nonlinear static analyses can also be used to generate
“direct” fragility curves that do not necessarily rely on the structural response
parameter. The response spectrum can be used to associate each estimated perfor-
mance point with the equivalent intensity measure (e.g. PGA) of the seismic records
that are used (NIBS 2004). Therefore, the fragility curves can be used as stand-
alone function to directly estimate the damage probability, without going through
the capacity curve.
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Fig. 1.2 HAZUS procedure for building damage estimation based on CSM

Table 1.2 Damage state definitions

Damage state

Drift limit

Spectral displacement limit

DS1
DS2
DS3
DS4
DS5

With: A,, = 0.94, — 0.7A, and D, = 0.25(D, — D,)

No damage A <074,

Slight 0.7Ay < A < 0.7Ay + 0.054,,
Moderate 0.7Ay + 0.054A,y < A < 0.7A, + 024y
Extensive 074, + 024,y < A < 0.7Ay + 0.54,,
Very heavy 0.7Ay + 054,y < A < 0.7Ay + Ayy

D < 0.7Dy
0.7Dy < D < Dy
Dy <D < Dy + Dyy
Dy + Dy <D <D,
D, <D

Adapted from RISK-UE

Since then the library of fragility functions derived using the CSM has been
considerably increased. Different researchers proposed fragility functions for a
variety of typologies of structures in addition to buildings and bridges. In several
cases they use different standard deviation values according to various criteria. In
the different chapters of this book the reader will have the opportunity to explore
most of these differences and applications of the CSM to derive fragility curves.
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1.4.5.3.2 Dynamic Analyses

This approach resides essentially in numerous non-linear dynamic analyses of
structural models with a series of acceleration time-histories. Various statistical
procedures (maximum likelihood or linear least squares-based) are then used to
develop fragility curves that can directly be used for earthquake risk assessment.

The dynamic analyses are quite straightforward in the case of individual ele-
ments (e.g. specific buildings) allowing the aleatory variability associated with the
earthquake ground motion to be modeled. However, when analytical fragility
curves are developed for a typology or a class of buildings, it is necessary to
account for a large variability in the structural response. Therefore uncertainties
should also be introduced in the mechanical and morphological/geometrical prop-
erties. The first enable to account for the variability in the quality of the construction
techniques (e.g. wall-floor continuity, amount of reinforcement in RC frames,
concrete type, etc.), while the second ones to represent the whole range of possi-
bilities of buildings included in a given typology. Several building models have to
be analyzed that are able to span the whole typology in terms of, for instance,
number of storeys, horizontal dimensions, ratio of openings in the walls, irregular-
ities, etc. Other sources of uncertainty could also be addressed in the dynamic
analyses concerning the impact of deterioration of the material properties caused by
aging effects (e.g. Pitilakis et al. 2013) or cumulative earthquake damage under
successive earthquake shocks. Such effects may adversely affect the seismic per-
formance and fragility of the as-built structures.

For a given typology, the number of models to analyze can grow dramatically,
which leads to a significant number of dynamic analyses. In such studies, sampling
techniques, such as Latin Hypercube Sampling (McKay et al. 1979), enable a wide
range of uncertainties inside a typology to be modeled while keeping a reasonable
number of simulations.

The use of response surfaces (Towashiraporn et al. 2008) — i.e. a polynomial
regression between the building response and some structural parameters such as
Young modulus, yield strength or damping ratio — is also a potential solution.
Depending on the quality and the specificity of the studied elements, it could be
possible to use a response surface to adapt the parameters of the fragility curves.
The use of a complete time-history, rather than its spectral representation, can lead
to the development of fragility models based on a wide range of ground motion
parameters, and vector-valued parameters (Seyedi et al. 2010).

Dynamic analyses are often used to derive fragility functions for roadway/
railway elements such as abutments or embankments/cuts (Argyroudis
et al. 2013) and bridges (Kim and Shinozuka 2004), because the static procedures,
such as pushover approaches, are less adapted to these types of components. For
roadway or railway elements, the whole geotechnical system (i.e. accounting for
soil-structure interaction) has to be considered and the uncertainties in the soil
profiles have to be introduced.

The choice of representative ground-motion records is of paramount importance
for the reliable evaluation of the seismic response. The quantity and the distribution
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of intensity measures in the sample of records have indeed a great influence on the
fragility parameters (both the standard deviation and the median). The studied
typology is usually restricted to a given geographical area, which allows adequate
time-histories based on specified intervals of magnitude, source-to-site distance and
possibly other scenario characteristics, such as focal depth and mechanism to be
selected (e.g. Bommer and Acevedo 2004). Special software and strong ground
motion recordings from European and international databases can be used for this
purpose, as for example REXEL (Iervolino et al. 2010) and REXEL-DISP
(Smerzini et al. 2012). In the record selection and analysis processes it is important
to consider records with possible special features, such as near-source directivity
pulses. Such records must be appropriately accounted for, since the results can be
significantly different than those for records further from the source. When soil-
foundation-structure interaction (SSI) is taken into consideration, modeling both
soil and structure in a coupled system, the input motion is normally introduced at
the seismic bedrock and therefore it should refer to rock conditions, as the SSI
model directly captures site effects.

1.4.5.3.3 Incremental Dynamic Analysis

Incremental dynamic analysis (IDA) is a promising computer-intensive method,
which has recently risen to offer comprehensive evaluation of the seismic perfor-
mance of structures. IDA procedure involves the performing of a series of nonlinear
dynamic analyses under a suite of multiple scaled ground motion records whose
intensities should be ideally selected to cover the whole range from elasticity to
global dynamic instability (Vamvatsikos and Cornell 2002). IDA curves of the
structural response, which provide a relationship between a damage measure
quantity (i.e. engineering demand parameter EDP) and an intensity measure
(IM) of the applied scaled accelerograms, are then constructed by interpolating
the resulting EDP-IM discrete points.

The reliability of the procedure generally relies primarily on the proper forma-
tion of the nonlinear structural model, the compilation of a suite of records, as well
as on the selection of efficient EDPs and IMs.

A representative set of input ground motions should consist of approximately
15-30 ordinary records assuming that a relatively efficient IM, like Sa(Ty,5 %), is
used and that peculiar features in the records (e.g. ground motions containing pulses
due to effects such as forward-directivity, fling step, basin effects and site effects)
that could potentially bias structural response are eliminated.

In addition, care should be taken in the selection of the scaling levels for each
record and in the post processing of the IDA analysis results. The scaling of the
records may provide good estimates of the distribution of EDP given IM provided
that their statistical relationship is effectively independent of magnitude M and
source-to-site distance R in the range of interest. An advanced tracing algorithm,
such as the hunt & fill (Vamvatsikos and Cornell 2002, 2004), which ensures that
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the records are properly scaled, with the minimum required computational effort is
recommended to perform the IDA.

A monotonic scalable intensity measure should be used such as the Peak Ground
Acceleration (PGA) or the 5 %-damped spectral acceleration at the fundamental
period of the structure [Sa(T;,5 %)]. The latter is generally found to be both
adequately efficient and sufficient for first-mode dominated, moderate period struc-
tures (Shome and Cornell 1999). Further reduction in record-to-record variability
may be achieved employing a single optimal spectral value or a vector of 2 or a
scalar combination of several spectral values (Vamvatsikos and Cornell 2005).

The engineering demand parameter EDP is an observable response parameter
that can be extracted from IDA. A typically adopted EDP is the maximum interstory
drift ratio, 0,,,,,, which is known to relate well to dynamic instability and structural
damage.

Subsequently, limit-states (e.g., for Immediate Occupancy IO or collapse pre-
vention CP) can be defined on the IDA curve and the corresponding capacities can
be calculated. Finally, the results of the IDA (e.g. Sa(T,5 %) — Onax discrete
values) could be used to derive fragility curves for the already specified (on the
IDA curve) damage limit states.

Figure 1.3a presents indicative plots of 15 continuous IDA curves derived by
interpolation of the Sa(T;,5 %) — O, pairs for each individual record and the
associated CP limit-state capacities for a nine-story reinforced concrete moment
resisting frame building whereas Fig. 1.3b illustrates the corresponding summa-
rized across all records IDA curves at 16, 50 and 84 % fractiles.

Despite the relatively large computational efforts involved, the fragility func-
tions developed by means of dynamic analyses or IDA are able to reproduce most
accurately in most cases the seismic response of typical civil engineering structures.

Inelastic analyses, either static (pushover) or dynamic (time-history) are the
most appropriate approach to investigate the deformation capacity of the structure
and to provide estimate of their seismic vulnerability. The use of time-history
analyses, however, requires several assumptions regarding the selection of the
suite of earthquake ground motions and is also generally time-consuming because
of the high number of calculations involved (fib 2007).

As a general remark, the method that is followed for the derivation of analytical
fragility curves is related to the nature of each element at risk, the availability of
resources and the reliability of the analytical tools.

1.4.5.4 Hybrid Methods

Hybrid fragility curves are the result of a combination of methods, using for
instance both analytical and observational data, or completed by expert judgment.
The main advantage is that they compensate for the lack of observational data for
the deficiencies of structural models and for the subjectivity in expert opinion data.
For instance, analytical fragility curves can be modified and improved by integrat-
ing post-seismic observations that are made available after their initial
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development. This kind of approach enables one to calibrate the analytical results
(which are usually based on more or less justified assumptions) or to fill-in some
blanks due to scarce data at high seismic levels (Calvi et al. 2006). The addition of
empirical data to analytical curves can be done through Bayesian updating,
resulting in new estimations of the median and standard deviation of the initial
lognormal distribution (Singhal and Kiremedjian 1998). The work by Kappos
et al. (2006), where fragility curves for RC and unreinforced masonry buildings
are derived using both statistical data from earthquake-damaged Greek buildings
and results from nonlinear static or dynamic analyses is a typical example of a
hybrid method. Recent attempts to produce hybrid fragility functions are described

further in Chap. 3.

1.5 In Summary

The main contribution of SYNER-G, which is provided in this book, is the
compilation of the existing fragility curves/functions and the development of new
functions for all the system elements based on the taxonomy/typology that has been
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derived in the framework of the SYNER-G project. A literature review on the
typology, the fragility functions (analytical/empirical/expert judgment/hybrid),
damage scales, intensity measures and performance indicators has been performed
for all the elements. The fragility functions are based on new analyses and collec-
tion/review of the results that are available in the literature. In some cases, the
selection of the fragility functions has been based on validation studies using
damage data from past and recent earthquakes mainly in Europe. In case of linear
elements such as the pipelines the fragility functions are provided in terms of the
repair rate, expressed as repairs per km, which is correlated with the IM, as for
example with the PGVor PGD. Moreover, the damage and serviceability states have
been defined accordingly. Appropriate adaptations and modifications have been
made to the selected fragility functions in order to satisfy the distinctive features of
the presented taxonomy and to respect as close as possible the European distinctive
features of the construction practice. In other cases new fragility functions have
been developed based on numerical solutions or by using fault tree analysis together
with the respective damage scales and serviceability rates in the framework of
European typology and hazard.

A fragility function manager tool' has been developed for buildings and bridges
and is connected with the SYNER-G software platform. This tool is able to store,
visualize, harmonize and compare a large number of fragility functions sets. For
each fragility function set, the metadata of the functions, representative plots and
the parameters of the functions can be visualized in an appropriate panel or window.
Once the fragility functions are uploaded, the tool can be used to harmonize and
compare the curves. The harmonization module allows one to harmonize the curves
using a target intensity measure type and a number of limit states of reference
(as described further in Chap. 13). After the harmonization, the comparison module
can be used to plot together and to compare different functions, which can then
be extracted and the mean and dispersion of the parameters of the curves can be
calculated. In Fig. 1.4 the screenshot of the main window of the tool is presented
together with a brief description of its principal panels.

1.6 Outline of the Book Organization

In the next chapters, the fragility functions and the associated dependencies, as
shortly presented above, are described for buildings, utility networks, gas networks,
transportation infrastructures and critical facilities. Based on the review of state-of-
the-art fragility functions for each component, either the existing functions are
adopted or improved and new fragility functions for the individual components are

! The fragility function manager tool is provided with the present volume at http://extras.springer.com.
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Fig. 1.4 Screenshot of the main window of the Fragility Function Manager tool

proposed. For the proposed fragility functions, the following parameters are
provided:

« typology classification of each component;

» damage state definition;

¢ intensity measure (IM);

« fragility curve parameters, for each damage state and typology.

Each chapter is written by a different group of experts and contains the following
issues:

< outline the principles and main issues related to fragility functions;

e classify the available methods for deriving fragility curves;

« review the available fragility functions for each element and system;

« present fragility functions for each element and system of SYNER-G taxonomy.

In particular, in Chap. 2, the propagation of the uncertainties in complex systems
is discussed and the current state-of-the art on the treatment of uncertainties is
presented. The existing methods for constructing fragility curves together with the
factors influencing the reliability of resulting fragility functions are reviewed in
Chap. 3. Additionally, the selection of the most appropriate fragility curves and the
concept of combining different fragility curves or including new empirical data are
discussed in the same Chapter focusing on buildings. The work carried out under
the auspices of the SYNER-G project to collect, harmonize and compare fragility
functions for European RC buildings in summarized in Chap. 4. An overview of
existing methods along with recommendations for deriving fragility curves is
presented in Chap. 5 for masonry buildings. Chapter 6 deals with the fragility
models for the components of electric power networks, including the main
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characteristics and typologies, the main works on fragility functions and the most
suited models for use in the European context. Chapter 7 presents and reviews
fragility curves and associated parameters for the components of gas and oil
systems such as buried pipelines, storage tanks and processing facilities. The
state-of-the-art on the fragility models for the vulnerability assessment of the
water and waste water networks components together with their main characteris-
tics and typologies, damage mechanisms and failure modes, as well as the most
suitable fragility functions for use in the European context are presented in Chap. 8.
Chapter 9 presents a literature review of fragility functions for reinforced concrete
road and railway bridges considering the main issues in fragility analysis. Recent
developments that examine special issues such as damaged and retrofitted bridges,
the effects of corrosion, skew, spatial variability of the seismic action and lique-
faction are also described and a method for rapid fragility analysis of regular
bridges is presented. Appropriate fragility functions for roadway and railway
components other than bridges are proposed in Chap. 10. A general procedure for
the derivation of analytical fragility curves that was followed in SYNER-G is
described and applied for the fragility assessment of tunnels in alluvial soils,
embankments, cuttings and bridge abutments due to ground shaking. Existing
fragility curves and improved methods for the seismic vulnerability assessment of
harbor elements such as waterfront structures, cargo handling and storage compo-
nents and other infrastructures are proposed and discussed in Chap. 11. The
fragilities and system performance of health care facilities are presented in
Chap. 12. In particular, the global fragility of the physical component is estimated
based on the fragilities of a large variety of elements following a fault tree analysis.
The SYNER-G Fragility Function Manager, which has been developed to store,
visualize, harmonize and manage a large number of fragility function sets is
presented in Chap. 13. Finally, the general recommendations, gaps and needs for
future research are summarized in Chap. 14.
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Chapter 2
Modeling and Propagation of Uncertainties

Paolo Emilio Pinto

Abstract The basic problem dealt within this chapter consists in finding the
distribution of a scalar quantity Y which is a function of a vector X of probabilis-
tically qualified random quantities. The dependence of Y on X is not explicit,
requiring algorithms for its determination. An approach that facilitates the solution
of the problem was first adopted in problems of nuclear safety, and consists in
expressing the probability of Y exceeding a given value (if Y has a monetary
connotation), or a given structural Limit-State of a whole system, as a multiple
integral of a Markov chain of conditional probability functions. This approach is
described in this chapter with reference to buildings, but the approach can be
equally applied to various industrial systems. A crucial step in the chain is the
passage from the intensity of the action, in the present case the intensity of the
ground motion, to the vector of the structural response variables on which the state
of the system, and ultimately Y, depend. This passage involves consideration of the
variability of the action, in the form of different samples of ground motion together
with all the uncertainties inherent in the numerical determination of the response,
which include those related to the selection of the structural model and the uncer-
tainties of its parameters. A number of approximate techniques for dealing with this
problem are presented, starting from the simple but inadequate FOSM method, to
the approach based on the use of a Response Surface in the space of the structural
variables, and concluding with the potentially more accurate Latin Hypercube
Sampling technique, underlining however its practical limits due to the computa-
tional effort required for large number of uncertain quantities.
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2.1 On the Nature of the Uncertainties

It is usual to separate the uncertainties affecting all human activities into two
categories, namely, aleatoric or epistemic. A common definition of the first cate-
gory includes the uncertainties related to events whose outcome cannot be known
before an experiment is made, as for example the outcome of a fair throwing of a
fair dice, even if the associated phenomenon is completely understood. The defini-
tion above is, however, not exhaustive: there exist in nature phenomena that are, or
are considered to be, inherently random, and others for which the idea of experi-
ments is not applicable.

The second category includes uncertainties deriving from our incomplete knowl-
edge of the corresponding phenomenon. Uncertainties of this nature are in principle
reducible concurrently with improved understanding of the relevant process.

The distinction between the two categories appears at first quite clear and well
founded. To blur somewhat the picture, one might argue that in a deterministic view
of the world where every fact occurs as a consequence of precise laws, all uncer-
tainties would reflect ignorance, hence, they would all belong to the epistemic class.
At the opposite end, in a view of the world represented as a huge stochastic process,
all the uncertainties would be represented in the model, hence they would be
classified as aleatoric, while the parameters of the process, in case they would be
only partially known, would be epistemic in nature.

This brief introduction is meant to establish a terminological basis. In probabi-
listic applications to actual problems, like for example the risk analyses that have
been carried out within SYNER-G, the two types of uncertainty coexist, and there is
no conceptual difference between the two, except for the following one. The
aleatoric uncertainties are describable, in the majority of cases, by means of
continuous probability distributions; on the other hand, the epistemic ones are
often of the discrete type, and the associated probabilities are to be assigned
subjectively on the basis of experience. Exceptions occur in both cases with discrete
aleatoric variables, e.g. the variable describing which seismic source is generating
an event, among the finite set of sources affecting the area, or continuous epistemic
variables, such as those describing the uncertainty in model parameters.

2.2 The “Propagation” of the Uncertainties
in Complex Systems

2.2.1 General

The SYNER-G project includes a number of individual systems (buildings, power
stations, bridges, electric networks, etc.) connected to each other so as to form what
could be called a “live” super-system (since the functioning of the whole depends
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on the proper interaction amongst all the functioning components), and aims at
evaluating the risk of different levels of reduced performance of the whole super-
system in consideration of a spatially distributed seismic hazard.

All components of the super-system are in themselves complex systems which
are made up in general of a large number of elements, each one performing a
specific function and exposed to being damaged by a seismic event.

In general, the functional logic of complex systems cannot be described by
means of an explicit functional relationship linking the response of the system to
the state of its elements. Further, the states of the elements are generally of the
continuous type, evolving from complete functionality to complete loss of it, and
also the particular state of any component has an influence on that of the others.
Under these conditions, the classical system theory based on elements having only
binary behaviour is of no use for a probabilistic analysis of the types of complex
systems.

A further issue is relevant regarding the use of the two different types of
uncertainties, aleatoric and epistemic. It is customary to proceed by first assigning
values to, or making choices for, the epistemic variables, evaluate then the risk
conditional on all the possible combinations of values/choices of these variables,
and then to make use of the total probability theorem to de-condition the previously
determined conditional probabilities. This way of proceeding lends itself to a
graphical illustration called “logic tree”, of which a simple example is given in
Sect. 2.2 (Fig. 2.1). Different techniques can be employed to evaluate the condi-
tional probabilities in each branch of the logic tree.

A full blown Monte Carlo (MC) approach would be perfectly suited for the
purpose, but even enhanced with the modern variance reduction techniques it would
result in an unrealistic computational effort.

The few applications that can be found in the structural engineering literature use
a mixture of MC simulations for some steps of the procedure and First Order-
Second Moment (FOSM) methods for others. While the MC procedure is asymp-
totically exact, application of FOSM leads to acceptable approximations in cases of
linear or approximately linear relationships among the variables involved (Lee and
Mosalam 2005; Baker and Cornell 2008). If the relation is not originally linear, a
first-order Taylor expansion can be used:

Y = g(X) = g(Xo) + Vgly, (X — Xo) 2.1)

where Y is a scalar quantity dependent on the vector X collecting the N variables X;,
g(*) is a generic function of X and Vg is its gradient with respect to X, that can be
obtained either analytically or numerically (through perturbation) depending on
whether g(X) is known in explicit or algorithmic form. If the expansion is centred at
the mean value of X, owing to linearity one gets for the mean and the variance of Y:

Hy = g(ux) (2.2)
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Catalogue Rates GMPE RUN \;"’_‘a:'“
completeness M, (%)

ASB96(de) mf Ms 33 —> |911 7.92
GR < SP96 mf Msp 33 —3 |912| 7.92
Mmax2 REG.A Mw 17 —» | 913 4.08
40 REG.B Mw 17 —- | 914 4.08

CO-04.2

60
ASB96(de) mf Ms 33 —|921 11.88
AR SP96 mf Msp 33 —» | 922 11.88
Mmax1 REG.A Mw 17 —3 | 923 6.12
60 REG.B Mw 17 —3 | 924 6.12
Zs9,
CPTI2

ASB96(de) mf Ms 33 —3»| 931 5.28
GR SP96 mf Msp 33 —3p-| 932 5.28
Mmax2 REG.A Mw 17 —3»| 933 2.72
40 REG.B Mw 17 —3»-| 934 2.72

CO-04.4

40

ASB96(de) mf Ms 33 —3»| 941 7.92
AR < SP96 mf Msp 33 —3 | 942 7.92
Mmax1 REG.A Mw 17 — | 943 4.08
60 REG.B Mw 17 —. | 944 4.08

Fig. 2.1 Logic tree employed in the latest Italian seismic hazard map derivation to handle
epistemic uncertainty. The weights are the product of the weights of the branches leading to the
RUN (e.g. RUN 911 has weight 0.6 - 0.4 - 0.33 = 0.0792). RUN numbers are composed of
Seismic Zonation number (9), catalogue-M,,,,x combination number (1—4) and employed GMPE
1-4

oy = Vgl CxxVs'|, (2.3)

where Cxx is the known covariance matrix of X. The expression above shows an
example of how the variability of N variables can be condensed into that of a
single one.

An approach that has been shown to offer practical advantages in probabilistic
risk assessments dates back to early studies of seismic safety of nuclear plants in the
1950s of the last century. It consists in expressing the risk (defined, for example, as
the annual rate of exceedance of a chosen measure of loss, functional or economic)
in the form of a multiple integral of a Markovian chain of conditional probability
functions. This approach has been adopted in recent years by the Pacific Earthquake
Engineering Research (PEER) Center (Yang et al. 2009; fib 2012) with reference to
buildings, and its presentation given in the following uses quantities that are
meaningful for this class of structures, but the approach is general, and it can be
adapted to other types of systems, such as industrial plants, hospitals, electric
transformation/distribution systems, etc. Hospital systems, in particular, have
been treated in SYNER-G with an approach having common points with the
PEER approach.
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2.2.2 The PEER Approach

2.2.2.1 Nomenclature

List of the terms used in this chapter:

¢ IM = Intensity Measure: a parameter expressing the intensity of seismic action,
such as the peak ground acceleration, and the spectral acceleration at the
fundamental period of the system.

e Mim) = the hazard function, or mean annual frequency of exceedance of
IM = im

* EDP = Engineering Demand Parameter: a vector of response variables used for
assessing the degree of damage to all structural and non-structural elements. The
full characterization of the vector in probabilistic terms, i.e. in terms of a joint
distribution function, is obtained from a number of dynamic response analyses.

« DM = Damage Measure: a vector having as many components as the number of
structural and non structural elements. The passage from EDP = edp to DM = dm
is obtained using “fragility curves” relative to different states of damage.

¢ DV = decision variable: a scalar quantity, monetary, as in the case of PEER, or a
suitable performance index in the case of a generic system. The passage from
DM = dm to DV = dv is obtained through the so-called “loss curves” giving
the probability of loss dv as function of the damage level dm. The number of the
loss curves is given by the product of the number of damage levels times the
different groups of damageable elements.

¢ Mdv) = the mean annual exceedance rate of DV = dv, unconditional from all
previous variables.

2.2.2.2 Formulation

Using the symbols defined in the previous section the annual rate of exceedance of
DV = dv can be written as:

A(dv):///G(dv|dm)f(dm|edp)ddmf(edp|im)dedp\d/1(im)| (2.4)

DM EDP IM

where G(¢) indicates the complementary distribution function of the argument and
|dA(im)| is the absolute value of the derivative of the hazard function.

The above equation is valid in the assumption of a Markovian dependence
between the successive functions in the chain: for example, it implies that fidm|edp)
is the same as f(dm| edp, im), that is, dm is only dependent on edp and not on im.

Equation (2.4) identifies four stages of the performance assessment: hazard
analysis, response analysis, damage analysis and consequence analysis. This
arrangement is convenient since it subdivides the total task into subtasks each one
requiring a specific field of competence, starting from seismology to cost analysis.
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2.2.2.3 Development
2.2.2.3.1 Hazard Analysis

This stage requires availability of the hazard curve appropriate for the site together
with a set of accelerograms needed for the structural response analysis.

The hazard curve, which is definitely the most important element in risk anal-
ysis, is the result of a process disseminated with epistemic uncertainties, such as the
subdivision in homogeneous seismic sources, their spatial dimension, their activity
in terms of magnitudes and frequencies, the functional form of the attenuation
laws, etc.

These uncertainties are accounted for by having recourse to the “logic tree”,
whose branches have as many nodes as the uncertainties considered, and at each
node two or more choices are made for a particular uncertainty, with a subjective
probability attached to each of them. Each branch is then characterized by a
probability value, which is the product of the probabilities assigned at all choices
defining the branch.

These probabilities are associated with the hazard evaluated using the choices
along the branches, so that a discrete probability distribution of the hazard curves is
obtained.

In order to reduce the burden of calculating the system risk using the different
hazard curves and then convolving the risks so obtained with the probability of the
hazard, in order to de-condition the system risk from the hazard uncertainty, current
practice adopts the simplification of using the mean hazard obtained from the
logic tree.

Figure 2.1 shows an example of the logic tree used to handle the epistemic
uncertainty in the evaluation of the latest version of the seismic hazard of Italy
(Stucchi et al. 2004) using a spatial grid of sides of 5 x 5 km. Discrete variables
were used to describe uncertainty in the following issues: seismic catalogue com-
pleteness (two levels), upper bound magnitude in the G&R recurrence law (two
levels), and attenuation laws (four different laws), resulting in 16 different combi-
nations. Subjectively assigned probabilities are given in percent in the figure.

A number of accelerograms, typically between 20 and 40, is generally adequate,
depending on the structure and in particular on the number of significant modes of
vibration.

The selection can be made using the hazard de-aggregation procedure, by which
one gets the triplet of M, r and € that gives the major contribution to a selected value
of the local exceedance rate of the intensity measure utilized. Records are then
selected based on this triplet, more frequently on the values of M and r alone.
Whether the records should also be compatible with a uniform hazard spectrum
(characterized by a specified mean return period), or the choice should be made
according to other, finer criteria, is still debated.
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2.2.2.3.2 From im to edp

The response of the structure to each individual accelerogram is obtained, as
already indicated, through non-linear time history analysis (NLTHA). The resulting
edp vectors (one vector for each accelerogram and for each value of its intensity)
collect all the response variables that will be needed in the next stage for passing
from response to damage. These normally include the (maximum) values of the
nodal displacements, the relative displacements and distortions of the elements, the
accelerations at various points, and internal forces for brittle elements.

Once the NLTHAs are completed for the whole set of accelerograms at a given
intensity level, statistical analysis is carried out on the response variables, and
estimates of the parameters of their joint density function conditional on the
intensity; i.e. mean values and covariance matrix, are obtained.

As the dynamic analysis phase is computationally the more demanding task of
the whole risk determination procedure, often an artifice that involves the following
steps is used to increase the number of correlated response values in the edp vector
beyond those directly obtained through the NLTHAsS.

In the first place the common assumption is accepted that the edp variables are
jointly lognormally distributed, so that their logarithms are jointly normal.

Denoting by X the initial edp vectors, their logarithms are taken, denoted by Y,
and the mean py and covariance matrix Cyy = DyyRyyDyy are constructed,
where Dyy indicates the diagonal matrix of the standard deviations of Y and Ryy
its correlation matrix.

Use is then made of the fact that a vector Z, having mean value uy, standard
deviation matrix Dyy, and correlation matrix Ryy can be obtained from the
expression:

7= My + DyyLyyU (25)

with U being a standard normal vector and Lyy the lower triangular decomposition
of the correlation matrix (Ryy = LyyLyy ).

Based on the relationship above one can generate samples of U, obtain the vector Z,
and finally compute a vector X by taking the exponential of Z.

This simulation procedure of creating additional edp vectors having the proper
statistical structure is very efficient, so that large numbers of these vectors can be
generated with a minimal computational effort.

It is important to recall that in order to follow these steps one needs random
vectors of edp for several levels of the intensity.

In the discussion thus far, related to the passage from im to edp, attention has
focused on the variability of the response due to the variability of the ground
motion, given a measure of its intensity. Though it is generally recognized that
this variability is quite possibly the main contributor to the total uncertainty, this
does not allow ignoring further sources of uncertainty of different nature whose
relevance varies from case to case, and sometimes can be of significant importance.
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As discussed in the following, the further sources are two, and are different in
nature.

In order to determine edp from im a model of the structure has to be set up. Here
the term model is used in a wide sense; it includes the structural modelling, e.g.,
whether and how certain elements have been included and their behaviour
described, as for example the beam-column joints, or whether account has been
taken of the shear—flexure interaction, whether beam-column elements are of the
distributed or concentrated plasticity type, etc.

Various combinations of the above mentioned features are clearly possible.
None of the existing models can be said to be perfect, and it is not guaranteed
that the most “sophisticated” ones give the most accurate response.

One clearly recognizes the above situation as one where the uncertainty is of the
epistemic type, whose solution could consist of the following steps: selecting two
(or more) models, all of them considered in principle as valid candidates, running
the whole procedure of risk analysis, and assigning the weight (degree of confi-
dence) attributed to each of the models to the risks values computed. In this
particular instance of application of the logic tree all models would have the
same weight, it would make in fact little sense to use a model considered as less
reliable than the others. The final value of the risk would clearly be the weighted
average of the different risk values.

The second source of uncertainty can be of both aleatoric and epistemic type,
and is related to the parameters of the models, for example the mechanical prop-
erties of the reinforced concrete components (if there are doubts on other aspects,
such as the exact layout of the reinforcement, they would belong to the previous
category). The mechanical properties of the materials are random variables whose
distributions must be assumed as known. Correlations exist between some of them
(as for ex strength and ultimate deformability of concrete), as well as spatial
correlations of the same variable at different locations.

It has been observed that for structures designed according to modern codes, and
for not extreme ranges of the response, the variability of these quantities has
normally a reduced effect on the variability of the dynamic response, and its
relevance becomes quite modest in consideration of the other major uncertainties
affecting the whole procedure (see following steps). In view of their reduced
importance their effect is treated in an approximate way, consisting in sampling
all the variables from their distributions as many times as is the number of the
dynamic runs, and in associating to each run (i.e. to each accelerogram) a different
model having the properties of the corresponding sample.

In the last few years, however, much research has been devoted to obtain models
suitable for describing the degrading behaviour of existing, non code-conforming
structural elements, down to their total loss of vertical load carrying capacity. These
models are of completely empirical derivation, with a rather restricted experimental
base. As a consequence, their parameters are characterized by large dispersions,
inducing a variability of the response of the same order of magnitude of that due to
ground motion variability. The developing state of such models leads to consider
the variability of the parameters as belonging to the epistemic class.



2 Modeling and Propagation of Uncertainties 37

The simplified PEER approach is not suited for these cases, and a review of the
techniques that have been recently proposed to deal with them is presented at the
end of this section.

Continuing with the PEER approach, the stage of progress reached thus far is the
one characterized by the largest number of variables: a number of 100/200 edp
vectors (each one having the dimension necessary to describe the state of the
structure), necessary for the need of the simulation procedure to follow, times the
number of levels of the intensity to be considered (usually around ten). The
subsequent steps will need to gradually condense this large vector down to the
final one, where a single variable (or possibly a small number of alternative vari-
ables in the form of performance indexes) will express the risk of the system.

2.2.2.3.3 From edp to dm

Real systems are made up of a very large number of individual components that can
be broadly classified into two categories: the structural components, into which one
may include, for convenience, both load-resisting elements (beams, columns,
floors,. . .), and the so-called architectural components like partition walls, ceilings,
glazing, etc., and functional components, i.e. those allowing each particular system
to operate.

The focus of risk analysis varies with the type of the system. For ordinary
buildings the risk is normally defined in terms of the total economic loss, while
for a hospital the definition is in terms of its continued operability, and for an
electric generation/transformation station the risk is in terms of the number of lines
that remain active and of the quantity and quality of the power that can be
delivered, etc.

Whatever the adopted definition of risk, each particular edp vector determines a
particular state of the system, involving both structural and functional components
according to the functional logic of the system.

The PEER procedure, which is exemplified in this chapter, has been developed
with reference to buildings, so the risk refers to the total monetary cost.

In order to reduce the variables of the problem, elements are divided into groups
with the criterion that the members belonging to one group are (approximately)
attributed to the same fragility function. Fragilities are available for discrete states
of damage, frequently three for structural elements and two for architectural
elements.

The states of damage for structural elements are described in qualitative terms,
as for example light, moderate and severe, having in mind that to each term and for
each type of element there should be associated (in probabilistic terms) a cost of
repair.

The passage from edp to dm is illustrated with reference to Fig. 2.2, showing
three fragility curves relative to interstorey drift ratio. Damage State 1 (DS1)
corresponds to negligible damage and is not represented in the figure, DS2 corre-
sponds to slight damage requiring superficial repair, DS3 represents severe damage
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requiring substantial repair, and DS4 is for damage requiring a cost of repair equal
to that of replacement.

It is recalled that each fragility curve expresses (in this case) the probability that
the damage of the element (or group of elements) is equal or larger than that relative
to the specified curve for a given value of edp (the component of the edp vector that
influences the state of the element/group). The vertical distance between two curves
(e.g. DS2 and DS3) provides the probability of being in the damage state
corresponding to the higher curve (DS2).

The passage from the probability of edp to that of dm is thus the following:

« an edp vector is chosen from the collection relative to a specific intensity level.

« each group of elements is considered in turn and its damage level is determined
using the appropriate fragility curve. This is done by sampling a uniform random
number (in the interval 0—1) and checking where it falls in the intervals defined
by the fragility curves at the current edp value.

¢ the operation is repeated for all edp vectors, and the distribution of the dm
vector (for a particular intensity level) is thus obtained.

2.2.2.3.4 From dm to dv

The passage from dm to dv is accomplished by introducing the so-called “loss
functions”, which give for each group of elements the probability of the cost
associated with each level of damage. An example of such types of functions is
given in Fig. 2.3.
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The passage from the probability of dm to that of the total dv is as follows:

 for each group, the probability that the value DV = dv is exceeded is obtained as
the sum of the products of the probability of dv conditional to the generic value
of damage dm (loss curve), times the probability of that damage.

« the operation above is repeated for all the desired values of dv and for all levels
of damage dm.

« since damage levels are mutually exclusive, the total probability (complemen-
tary distribution) of DV exceeding any given value dv is obtained as the sum of
the probabilities over all groups and all damage levels.

2.2.2.3.5 Consideration of Collapse

In the developments thus far, structural and non-structural elements have been
considered to be susceptible to damages of various severity.

However, the integrity of the whole system, i.e. its ability to continue sustaining
its own weight, has not been considered. Yet the total physical collapse of a
building is an event that has a weight in the post-earthquake decisions, and for
this reason the probability of its occurrence and the associated DV are often
included in the overall procedure. This is simply done as follows.

Starting from a certain intensity level, in some of the simulations the integrity of
the structure is so seriously endangered as to suggest the use of the term “collapse”.

These cases should be considered separately from the “non collapse” states and,
for any given intensity, a probability of collapse should be approximately evaluated
as the ratio between the number of simulations where collapse has occurred to the
total number of simulations. The complement of this probability, namely, the “non
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collapse probability”, is the one to be associated to the computation of damages as
previously described.

It is important to note, however, that the question of how to define this extreme
state of a structure is not yet completely settled, and different approaches are in use.

The first and still widely adopted proposal consists in looking at collapse in a
global way, and defining this state as the one when the calculated dynamic dis-
placements tend to increase indefinitely for an infinitesimal increase of the intensity
(so-called dynamic instability). This approach does not look directly at the state of
the individual structural elements, some of which may well have exceeded their
individual deformation capacity and be in the post-peak negative stiffness branch of
response. Rather, the approach relies on the ability of the model to correctly reflect
the effect of the local damage at the global level.

As in the passage from im to edp, models have been developed in the last few
years to describe the degrading behaviour of reinforced concrete beam-column
elements subjected to cyclic normal force, bending and shear down to the exhaus-
tion of their vertical load bearing capacity.

Availability of these models, however, even when they will have become more
accurate and robust, will not per se provide a unique solution to the problem of
defining the collapse of an entire structure, since collapse can occur involving the
failure of a variable number of elements depending on structural topology and
robustness.

The frequent choice of considering a structure as a series system whose failure is
made to depend on the first complete failure of a single element can be in many
cases a rather conservative approach. Attempts to overcome this conservatism
include for instance a floor-level comparison between gravity load demand and
capacity (to account for vertical load redistribution), as done for instance in
Baradaran Shoraka et al. (2013).

2.2.2.3.6 Evaluation of Risk

The complementary distribution of DV calculated as above is a function of the
intensity of the seismic action. As such, it may be already sufficiently informative
for those in charge of taking decisions if, for instance, the interest is in knowing the
loss associated with a given “design” action (e.g. earthquake with 1,000 years
return period).

If, on the contrary, the interest is in knowing the total risk contributed by all
possible intensities, one should simply integrate the product of the probability of
DV conditional on IM = im times the mean annual rate of the /M. In performing
this integration, collapse and non-collapse cases must be kept separate and
weighted with the corresponding probabilities:

Adv) = / (G (dvim, NC)Pyc(im) + G(dv|C)Pe(im)||da(im)]  (2.6)

M
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(Models by Haselton and Deierlein 2007)

2.2.3 Treatment of “Epistemic” Model Uncertainties

As mentioned before, models have been recently developed which are capable of
describing progressively degrading states of reinforced concrete elements down to
their complete loss of bearing capacity. It has also been observed that the param-
eters of these models are affected by large variability whose final effect is that of a
significant increase of the variance of the Limit State fragilities (Ibarra et al. 2005;
Ibarra and Krawinkler 2005; Goulet et al. 2007).

Figure 2.4 shows a monotonic envelope of a moment-chord rotation relationship
typical of this class of models used in a demonstration study by Liel et al. (2009).
The logarithmic standard deviations attributed to the corner points of the diagram
are 0.6 and 0.7 for the rotations up to and post peak, and 0.5 to a parameter which
regulates the cyclic degradation. These values are much higher than, for example,
the values adopted for the beam or column strength (0.19) or stiffness
(0.36 = 0.38).

A standard procedure for introducing model uncertainties into a seismic fragility
function does not exist. All methods available in the literature are approximate, and
every improvement in approximation is paid with a rapidly increasing amount of
additional computations.

The simplest and perhaps most widely used method is FOSM which was briefly
described in Sect. 2.2.1. It is applicable to any type of LS fragility, from light
damage to collapse, including all intermediate LSs. As explained earlier, the
method consists of deriving a linear relationship g(X) between the LS of interest
and the variables (in this case the epistemic quantities) whose influence on the LS is
sought (an expression involving response and capacity, as a function of the
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variables X). Linearity implies that the mean value of the distribution of the LS is
unchanged with respect to that obtained by using the mean values of the epistemic
variables, p, = g(ux), while the variance of the fragility due to the variability of
these variables is (approximately) evaluated.

FOSM has two limitations: the linear dependence can become grossly inade-
quate as the considered LS moves towards the collapse state and, second, the mean
value of the fragility remains unchanged, a fact that is shown to be untrue by more
elaborate approaches.

A second approach, described in Liel et al. (2009), makes use of a response
surface in the space of model uncertainties, combined with a MC procedure.
Response surfaces can be set up to give the log-mean and the log-standard deviation
of the LS capacity (IM that induces the LS), in the form of complete second order
polynomial functions of X. This allows one to capture both direct effects of the
variables, up to their squared values, and the interactions between any two of them
on the quantity of interest.

With four random variables, each polynomial function contains 15 coefficients.
This gives already an idea of the number of “experiments” to be carried out, since
this number must be significantly larger than the number of the coefficients to be
estimated in order to reduce the variance of the “error term”.

For a complete quadratic form of the function the so-called Central Composite
Design of (numerical) experiments is appropriate (Pinto et al. 2004). This plan
requires a complete two-level factorial design involving experiments for all the
2* = 16 combinations of the (4) variables complemented by the addition of two
further “star” points located along each of the variable axes and a “centre” point, for
an additional 2 x 4 + 1 = 9 points, which makes a total of 25 “experiments”.

Each “experiment” consists in performing an incremental dynamic analysis on
one particular model out of the 25 ones using an adequate set of accelerograms
(in the order of 20-30), and in calculating log-mean and log-standard deviation
values of the selected LS capacity. When all the experiments are concluded,
standard Least Square method is used to obtain the numerical values of the
coefficients of the two response surfaces py, 1/(X) and S(X) = oy, 1p(X).

Once the response surfaces are created, a MC procedure is used to sample a large
number of sets of the modelling variables from their distributions, which yield the
fragility parameters through the fitted surfaces. The unconditional fragility func-
tion, accounting both for record-to-record variability and epistemic model uncer-
tainty, is obtained by averaging over all the samples. Results generally show a
decrease in the median and an increase in the dispersion, more pronounced for LS
closer to collapse due to the fact that the uncertainty affecting ultimate deformation
is larger than that associated with elastic or low-ductility response.

Figure 2.5 shows the collapse fragility obtained by both the response surface
(left) and the FOSM approach (right), including or neglecting the modelling
epistemic uncertainty. The curves show that the median collapse capacity is
influenced by the epistemic uncertainty.

A further alternative to account for the effect of both the ground motion
variability and all other types of uncertainty on the structural fragility has been
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surface (left) and the FOSM (right) procedures (Adapted from Liel et al. 2009)
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adopted in a number of recent publications, e.g. Fragiadakis and Vamvatsikos
(2010) and Dolsek (2012). The procedure is conceptually the same as described
in Sect. 2.2.2.3 for the passage from im to edp, but made more efficient and
potentially accurate through the use of the so-called Latin Hypercube Sampling
(LHS) technique (Helton and Davis 2003) for the sampling of the random variables
describing the modelling uncertainties. This technique is much more efficient than
ordinary (random) MC. While random sampling produces standard errors that
decrease with the number N of simulations according to /N, the error with LHS
goes down at a much faster rate, approaching v/N for linear functions.

According to Helton and Davis (2003) LHS operates in the following way to
generate a sample of size ng from a random vector X = (X;,X5,. . ..Xx), consis-
tently with the marginal distributions of the X;’s. The range of each variable X; is
exhaustively divided into ng intervals of equal probability content as shown in
Fig. 2.6, and one value is sampled at random from each interval. The ng values thus
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obtained for X; are paired at random without replacement with the ng values
obtained for X,. These ng pairs are combined in a random manner with the ng
values of X3, and the process continues until a set of ng nx-tuples is formed. The
resulting matrix of ng rows by ny columns constitutes the LHS sample, and the
values contained in each row represent a possible model for the structure.

The obtained LHS sample, however, is characterized by a correlation matrix that
is not the one specified by the analyst according to the specific features of the
structure, and hence needs to be modified. This can be achieved according to a
procedure proposed in Helton and Davis (2003) and Vorechovsky and Novak
(2009), which is based on rearranging the values on the individual columns of the
original matrix.

The LSH technique is in principle applicable for any size ny of the vector of the
modelling variables. However, the number of variables that can practically be
treated is limited by computational considerations. Although there are no fixed
rules, the sample size ng, i.e., the number of different models, must be a multiple
(of the order of, say, two) of the size ny of the vector X. Since each model must be
subjected to dynamic analyses under the full set of the selected accelerograms, and
for different intensity levels, the total number of models should not be exceedingly
large.

To reduce the number of variables under consideration (the components of
vector X), correlations can be assumed between the variables within each structural
member and among the members in the structure. For example, within a RC
member, variables related to strength, such as stiffness and yield moment could
be assumed as perfectly correlated, and similarly for the deformation parameters
(see Fig. 2.4). At the system level, all elements having the same properties could
also be assumed as perfectly correlated. In the examples found in the literature,
e.g. Fragiadakis and Vamvatsikos (2010) and Dolsek (2012), the dimension of
vector X does not exceed 12. It is noted that in the mentioned literature the
components of the vector X are all indicated as epistemic, though they include
both the material properties such as, for ex., concrete and steel strength, which are
usually categorized as aleatoric, as well as the other parameters of the model such as
those shown in Fig. 2.4. All the components of X are however represented by
continuous variables, i.e. they do not include epistemic variables such as the
consideration of alternative models, alternative methods of analysis, etc., for
which the logic tree approach remains necessary and appropriate.
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Chapter 3
Evaluation of Existing Fragility Curves

Tiziana Rossetto, Dina D’Ayala, Ioanna Ioannou, and Abdelghani Meslem

Abstract There is a wealth of existing fragility curves for buildings and
infrastructure. The main challenge in using these curves for future applications is
how to identify and, if necessary, combine suitable fragility curves from a pool of
curves with different characteristics and, often unknown, reliability. The present
chapter aims to address this challenge by developing a procedure which identifies
suitable fragility curves by firstly assessing their representativeness to the needs of
the future application and then assessing the reliability of the most relevant relation-
ships. The latter is based on a novel procedure which involves the assessment of the
most significant factors affecting the robustness and quality for each fragility
assessment methodology, also presented here. In addition, a decision-tree approach
is adopted in order to combine more than one suitable fragility curves. The
proposed selection and combination procedures are illustrated here with a simple
case study which appraises the impact of different weighting schemes and high-
lights the importance of a deep understanding of the existing fragility curves and
their limitations.

3.1 Introduction

Fragility curves are important components of seismic risk assessments, providing
the link between the seismic hazard assessment at a site and the effects of the
predicted ground motions on the built environment. To date, significant work has
been carried out in the field of fragility with numerous fragility curves having been
proposed for components of the built environment (assets) in different countries
(e.g. see Rossetto et al. 2013a; D’Ayala and Meslem 2013). However, a range of
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methods have been adopted in the literature to produce fragility curves resulting in
curves with different, and often unknown, reliability. The central questions this
Chapter aims to answer are:

* How do I choose suitable set/s of fragility curves for the asset class and location
in my seismic risk assessment?
*  What approaches can I take to combining the selected fragility curve sets?

First, the main methods for constructing fragility curves are reviewed. Next, for
each predominant method the factors influencing the reliability of resulting fragility
functions are discussed in greater detail. On the basis of this discussion a rating system
is proposed for empirical and analytical fragility functions. A procedure is proposed
for rationally selecting the most useful and appropriate fragility curves from the
literature for application in a future seismic risk assessment. Given that it is often
very difficult to decide which existing fragility function is the “best” for an assessed
asset and location, within this Chapter possible methods for combining fragility
functions, in cases where more than one set of suitable fragility curves exist, are
explored. The concept of combining fragility functions in seismic risk assessments is
relatively new in the academic literature, even though it is commonly used in
probabilistic seismic hazard assessment. In the latter assessment, ground motion
prediction equations are combined through the use of logic trees which accounts for
the confidence of the users in the suitability of each equation to the needs of the hazard
assessment. The investigated approaches to combining fragility functions are there-
fore tested for the case of mid-rise masonry buildings in Italy to assess their influence
on the final mean curves. Furthermore, approaches for including new empirical data
with the existing fragility functions are also investigated. It is emphasised that, as this
is a single case, the results of the application are deemed indicative. Further research is
required to make definite conclusions on the adequacy of the different approaches for
other sites, assets and additional empirical datasets.

3.2 Review of Existing Methods for Constructing
Fragility Curves

In recognition of the diverse response of different components of the built environ-
ment to seismic excitation, fragility curves are typically defined for specific and
well-constrained asset classes (e.g. particular types of buildings or infrastructure).
They express continuous relationships between the probability that the specified
asset class will reach or exceed predefined damage states, for a range of earthquake
ground motion intensities. Mathematically they can be expressed as:

P(DS >dsi|IM)  for  IMuyin < IM < My (3.1)
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Fig. 3.1 Example fragility curve set

where DS is the damage state of the asset class being assessed, ds; is a particular
predefined state of damage and IM is the parameter used to define the ground
motion, which takes a minimum and maximum value IM,,;, and IM,,,,, respec-
tively. Where, in the same study and for the same asset class, fragility curves have
been defined for several damage states they are termed a set of fragility curves,
e.g. Fig. 3.1. In this case, the difference in exceedance probabilities defined by
consecutive fragility functions at the same value of IM, represents the probability
that the asset class will be in the lower of the two damage states, i.e.:

1 — P(DS > ds;|im;) i=0
P(DS > ds;|IM) = { P(DS > ds;|im;) — P(DS > dsiy1|im;) 0 <i<n
P(DS > dsj|im;) i=n

(3.2)

where, 7 is the number of damage states adopted.

Conversely, the damage state probability of an asset class can be used to construct
a fragility function. And this is what is most commonly done in the literature, with the
source of the asset damage statistics defining the four major categories of fragility
curves (modified from Rossetto and Elnashai 2003):

¢ Post-earthquake surveys — Empirical fragility curves.

« Expert elicitation — Expert Elicitation fragility curves.

» Simulations of the earthquake response of the asset class — Analytical fragility
curves.

* A combination of the above sources — Hybrid fragility curves.

The main approaches for constructing fragility functions within each category
are presented in the following sections.
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3.2.1 Opverview of Empirical Fragility Approaches

Post-earthquake damage surveys of asset classes are commonly regarded as the
most reliable source from which to construct fragility curves. This is due to the fact
that they are real observations of damage and intrinsically account for the influence
on the strong ground motion and asset damage of the earthquake source, path, site,
exposure, structural and non-structural components. Rossetto et al. (2013a) provide
an extensive review of the state-of-art in the construction of empirical fragility
functions for buildings. They highlight that there is a large variation in the empirical
fragility assessment procedures presented in the literature, which result from
differences in the damage observation databases used, functional forms chosen to
fit to the data, the selected ground motion intensity measure, and the statistical
modelling technique used.

In general, an empirical fragility function is constructed from a database of
damage data collected following one or more earthquake events. The quality and
completeness of the database are extremely important in determining the reliability
of the resulting empirical fragility function, and are often linked to the method of
collection of the empirical data. As shown in Table 3.1, high reliability of data is
often associated with survey methods that produce small numbers of damage
observations (sample sizes). These small sample sizes are not ideal for fragility
assessments as they result in large confidence bounds being associated with the
constructed curves. If the empirical fragility curves are based on data obtained from
a single earthquake event, the range of intensity measure values covered by the
damage observations may also be limited, moreover, the fragility curves may not
appropriately account for the variability in structural response from aleatory uncer-
tainty in the ground shaking (e.g. number of cycles, frequency content) at any given
intensity measure value. Despite these observations, the majority of existing empir-
ical fragility functions are derived solely from single event damage databases
(e.g. Karababa and Pomonis 2010; Liel and Linch 2012).

Large damage databases from rapid post-earthquake surveys and inferred from
change analysis of satellite images (remotely sensed) have also been used for the
construction of fragility functions (e.g. Hancilar et al. 2011). However, these
databases are associated with very broad building classes and there is a larger
probability that buildings in the database have been assigned to the wrong damage
state. Ioannou and Rossetto (2013) have shown that these misclassification errors
can have a large influence on the resulting mean fragility curves.

In order to cover a larger range of intensity measure levels and maintain a higher
quality of damage database, some studies have developed fragility functions by
combining post-earthquake damage surveys from several events that have affected
the same building class (e.g. Rota et al. 2008; Gtilkan et al. 1992). However, even in
these cases, due to the infrequency of large earthquake events near urban areas, the
data are still seen to be highly clustered in the low-damage, low ground motion
intensity range. Furthermore, implicit in the studies is the assumption that the
uncertainty in the seismic performance of individual buildings for a given earthquake
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Table 3.1 Empirical damage data sources and data characteristics

Typical Typical No. of  Reliability
sample  building damage of
Survey method sizes classes states observations Typical issues
Rapid surveys Large All buildings 2-3 Low Safety not damage
evaluations
Detailed Medium Detailed 5-6 High Possibility of
engineering to classes unrepresentative samples
surveys small
Surveys by Very Detailed 5-6 High Possibility of
reconnais- small classes unrepresentative samples
sance teams
Remotely Very All buildings 3-5 Low Only collapse or very heavy
sensed large damage states may be

reliable. Misclassification
€errors

Adapted from Rossetto et al. (2013a)

(intra-event variability) is larger than the uncertainty in the building performance
when subjected to different earthquakes (inter-event variability). This assumption has
not yet been addressed anywhere in the literature (Rossetto et al. 2013a).

To construct a fragility curve from building damage observations, these must be
associated with a ground motion intensity measure level. Ideally, ground motion
recordings would be available across the area of damage observations. However,
ground motion recording instruments are scarce and it is unlikely that there would
be multiple instruments in the same area. The majority of existing empirical studies
therefore evaluate their adopted intensity measure from damage data
(i.e. macroseismic intensity measures) or ground motion prediction equations
(GMPE). Modern GMPEs are based on numerous ground motion recordings and
account for differences in focal mechanisms and soil types. However, modern
GMPEs may not be available for the particular country assessed and adopted
from regions with similar tectonic environments, or the study may pre-date the
derivation of reliable GMPE:s for the particular intensity measure and site (Rossetto
et al. 2013a). In terms of the intensity measure used, peak ground acceleration
(PGA) and peak ground velocity (PGV) are the most commonly used parameters.
This mirrors their dominance in GMPE availability. As GMPEs have been recently
developed for spectral values, some empirical fragility functions have been devel-
oped in terms of spectral acceleration and spectral displacement but constitute a
minority of empirical studies (e.g. Rossetto and Elnashai 2003; Amiri et al. 2007;
Colombi et al. 2008).

In the literature a functional form is fit to the empirical data through the use of a
statistical model. The vast majority of existing studies select a cumulative
log-normal distribution to represent the shape of the fragility function, with a few
studies adopting the cumulative normal distribution (e.g. Spence et al. 1992) and a
minority an exponential function (e.g. Rossetto and Elnashai 2003). These
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parametric functions are fit to the data via three main statistical modelling
approaches: nonlinear, linear and generalised linear. Fitting these models to a set
of data requires the estimation of their unknown parameters through an optimisa-
tion procedure. The reader is referred to Rossetto et al. (2013b) for a detailed
description of the methods and to Sect. 3.3.1 for a discussion of the validity of
these models in the context of post-earthquake damage data and fragility curves.
The main assumption in the development of empirical fragility curves is that
damage that has occurred in the past to a particular asset class is representative of
the damage that might happen in the future to a similar asset class subjected to a
similar earthquake. In practice, this assumption essentially limits the applicability
of empirical fragility functions to the assessments of locations and buildings in
geographical proximity to where the empirical data was collected. This poses a
problem for their use for seismic risk assessments in some countries as there is not
an equal distribution of fragility functions for buildings worldwide. For example in
the case of buildings, the vast majority of empirical fragility curves have been
derived for Greece, Italy, Japan, Turkey and USA (Rossetto et al. 2013a).
Empirical fragility curves have been also developed for individual (often criti-
cal) components of common infrastructure systems, such as electric micro-
components or substations in electric power networks (e.g. Anagnos 1999;
Giovinazzi and King 2009), pipelines in water distribution systems (e.g. ALA
2001), bridges, tunnels or highway embankments in transportation networks
(Elnashai et al. 2004; Corigliano et al. 2011; Maruyama et al. 2010). The same
approaches as applied for buildings are relevant to the construction of empirical
fragility functions for infrastructure components, with the added complexity that
some of the infrastructure components (in particular pipelines and bridges) have an
extended length and so care must be taken to consider this in the evaluation of a
single value of intensity measure at the damaged component sites. An overview of
fragility functions for infrastructure components is provided in Kaynia (2013). It is
interesting to note that although many of these fragility functions are developed for
several damage states, typically only the collapse or failure damage state fragility
curve is adopted in system earthquake impact studies, which are mainly based on
assessing network connectivity. This is mainly due to the level of data and compu-
tation required to carry out a serviceability analysis of systems affected by earth-
quakes, for which damage states other than collapse/failure would be useful.

3.2.2 Overview of Analytical Fragility Approaches

Analytical methods for constructing fragility curves frame the problem of seismic
vulnerability in structural engineering terms, defining a direct mechanical relation-
ship between construction characteristics, structural response to seismic action and
damage effects.

The development of ground motion prediction equations (GMPE) for specific
seismic regions and corresponding derivation of seismic hazard maps in terms of
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spectral ordinates as opposed to macroseismic intensity or peak ground acceleration
(PGA), (the most common ground motion parameters adopted in empirical
approaches), has given impetus to the development of analytical methods for
fragility assessment (see Stafford 2013, for an overview of GMPE derivation
methods). These methods tend to feature more explicit assessment algorithms
with direct physical meaning. In the development of analytical fragility functions
three predominant approaches can be identified:

1. Correlation between damage index and damage states.

2. Correlation between acceleration/displacement capacity curves (for buildings)
and spectral response curves.

3. Correlation between acceleration/displacement capacity curves (for buildings)
and acceleration time histories.

Approach (1) has been widely used in the past decade within simplified models.
The damage indices can be either global (for the entire structure) or local (deter-
mined for each structural element) or global damage indices determined from a
combination of local indices. Threshold values of the indices are correlated to
damage states defined by a damage scale. The most commonly used local damage
index is that by Park and Ang (1985), which is defined as the linear combination of
the maximum displacement and the dissipated energy in a reinforced concrete
structural element. Park and Ang (1985) also define a global damage index that
can be determined from a weighted summation of the local damage index values. A
major limitation of approach (1) is the need to adopt indices that are extensively
validated with experiments. Few such damage indices exist, and those that exist do
not cover all building types. Furthermore, in order to ensure robustness of the
fragility curves derived using damage indices, attention should be paid to the
consistency between the damage model/damage index and the level of complexity
of the structural model, the type of analysis, and the damage indicator to which the
damage level is correlated. For example, the Park and Ang (1985) damage index
requires a 2D or 3D model of the structure to be built and is more appropriate for
use in damage evaluation from non-linear time history analyses than pushover
analyses due to the dissipated energy component of the index.

Approach (2) is at the basis of the well-known HAZUS-M (FEMA 2003) or N2
methods (Fajfar 2000). The capacity spectrum approach is based on running a
pushover nonlinear static analysis for a given structure, producing a capacity
curve, i.e. a bilinear or multilinear acceleration-displacement curve which describes
the global behaviour of the structure when subjected to gravity loads and laterally
pushed, to simulate statically the seismic action. Various methodologies of push-
over analysis are available in literature, relating to possible distribution of lateral
acceleration with height, and to the possibility of adapting the lateral load to the
response as the analysis progress (Antoniou and Pinho 2004). The actual pushover
curve is then usually idealised to be reduced to a series of linear branches of
constant stiffness and expressed in the pseudoacceleration/displacement spectral
space. The capacity curve is then intersected with an appropriate spectral curve
representing the demand in order to determine the performance point, i.e. the point
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in the Sa/Sd plane which represents the response of the structure when subjected to
a seismic action of a given intensity represented through the non-linear spectrum.
The process of determining the performance point is usually iterative as the
nonlinear spectrum chosen to define the intersection with the capacity curve is a
function of the ductility demand, and this depends on the position of the perfor-
mance point relative to the elastic limit performance for the structure. Methods for
the calculation of the performance points are proposed by various authors and
included in EC8 and FEMA 440, for instance. A performance point for a structure
can be calculated for each level of intensity, from which fragility curves can then be
constructed. Following this approach, numerous analytical procedures to define
seismic vulnerability of buildings structures have been developed in the past decade
to the extent that several platforms are available to the risk analyst to determine
building losses in urban contexts. Among the most commonly used are HAZUS-
MH (FEMA 2003), SELENA (Molina et al. 2009), and ELER V3.0 (Demircioglu
et al. 2010). In these approaches the fragility curve is associated to a specific
structural typology, usually defined by the lateral resisting system, divided into
subclasses by use of secondary indicators, believed to sufficiently characterise the
global response. While HAZUS and ELER relay on predetermined sets of capacity
curves, SELENA has the flexibility of accommodating for user defined capacity
curves, and site specific response spectra.

Recently substantial work has been developed within the framework of the
European projects PERPETUATE (D’Ayala 2013; Lagomarsino and Cattari
2013) and SYNER-G (see Chap. 5) to develop robust fragility functions for
masonry structures in historic centres using a performance point based approach.

Approach (3) is adopted in the simplified version of incremental dynamic analysis
proposed by Vamvatsikos and Cornell (2002) and the procedure proposed by Rossetto
and Elnashai (2005). Both procedures allow the performance and hence damage of a
structure to be determined for a suite of records, in the former case defining a
performance function rather than a performance point. Approaches (2) and (3) define
their seismic assessment methods for existing buildings following the same framework
of performance-based design that is used in the case of new buildings (EC8 (CEN
2005), FEMA 356 (FEMA 356 2000), ATC-58, ATC-63 (ATC 2007), etc).

Within approaches (2) and (3) the basic required analysis steps are:

(a) Classification of buildings by typology and seismic design.

(b) Definition of damage states.

(c) Assignment of capacity curves or back bone curves (for dynamic analysis).

(d) Choice of response spectra (associated with return periods and performance
targets) or choice of a set of ground motion records to perform dynamic
response history analysis.

(e) Evaluation of building response in terms of performance points or performance
function.

The two latter approaches, when applied to large sets of buildings, allow the
derivation of fragility curves and damage scenarios for given sites and strong
motion return periods. The damage states or damage levels are directly correlated
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to an engineering demand parameter (EDP), usually expressed in terms of lateral
capacity, displacement or drift.

As the fragility curves are commonly developed on the basis of a lognormal
distribution, once the typologies have been defined, it is not necessary to have a
detailed knowledge of the building stock to use these methods in the seismic risk
assessment of an urban area. What is required are the parameters defining the
capacity curve for each building typology, the damage thresholds, and the number
of buildings belonging to each typology within the urban area. Moreover, as ground
motion intensity measures and exposure are also usually represented probabilisti-
cally by a lognormal distribution then the seismic risk for a specific facility at a
specific location can be expressed according to Cornell and Krawinkler (2000) as a
triple integral to analytically compute the annual total repair cost, constrained to a
given intensity measure (IM), a given damage value (DVE) and a given damage
state (DM) correlated to an engineering demand parameter (EDP):

GTC’[M <Z|x) -

JJJGTC|DVE (Z|”)vaE|DM (u|v)fDM|EDP (u’y)fEDP|IM (v|x)dudvdy

Although this theoretical framework is sound and in line with the probabilistic
performance based displacement procedures used for the design of new structures,
the epistemic uncertainty associated with its applications means that some simpli-
fying assumptions are necessary to calculate the integral in Eq. (3.3) in closed form,
by assuming independence among the three variables of integration and using the
total probability theorem. Strategies for the solution of the triple integral are
presented, for instance, by Baker and Cornell (2003), Solberg et al. (2008) and
Yang (2013). Moreover, a common assumption is that much of the variance in the
loss measure is associated with the uncertainty relating to the IM hazard curve
(Baker and Cornell 2008), and hence it is inherently aleatoric and well represented
by a lognormal function. While this can to an extent be the case for engineered
structures, this has proven not to be correct for low-engineered or non-engineered
structures, which constitute a high proportion of the building stock in European
urban centres and large urban conurbation in developing countries. A more in depth
discussion of the factors affecting the reliability of fragility curves in analytical
approaches for buildings is included in Sect. 3.3.2.

Analytical fragility functions associated to building typologies have the limita-
tion of being difficult to calibrate with experimental work and propagate inherent
uncertainty due to the limited real applicability of a prototype building. As an
alternative, the component approach has the advantage of overcoming the strict
definition of a building type as the loss function can be aggregated for any building
through the summation of the losses for each of its components, however it requires
greater computational effort and a broader and more detailed database. The
approach, initially proposed by the PEER group (Moehle and Deierlein 2004) and
standardised in ATC-58-1 (ATC 2012), is particularly suited to the assessment of
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single buildings; ATC-58, besides including a useful database of structural,
non-structural and content components fragility curves, also provides tabulated
values for a range of uncertainty parameters, to be used as default when a tailored
uncertainty evaluation cannot be performed.

A components’ approach also characterises vulnerability studies for infrastruc-
ture and utility networks. Normally an infrastructure is defined as a system of
systems that provides a flow of goods, services or people from a point in space
time to another. The spatial temporal relationship of the components within the
system is a critical parameter for the definition of the system vulnerability, as it is
the space-temporal distribution of the hazard. Fragility is described in terms of flow
capacity along linear elements and flow interruption at point-like elements or
critical connections (also called critical facilities). Vulnerability might be computed
in terms of down-time, loss of connectivity, or satisfied demand (flow rate). A
simplified approach usually entails defining the fragility of specific components in a
binary fail/safe form. The system is then made up of components in serial or parallel
arrangement leading to reduced flow rate depending on damage distribution on
single components. Vulnerability assessments of systems simulated with the latter
approach are typically conducted using matrix-based system reliability (MBSR)
methods (Song and Kang 2009). Within the SYNER-G project (Kaynia 2013) a
systemic methodological approach for the derivation of fragility curves for utility
networks and transportation infrastructure is proposed. Although drawing largely
from adaptation of existing fragility functions, the project also proposes some new
functions for specific components, based on numerical solutions or by using fault
tree analysis. A more detailed presentation of this methodology from the various
types of networks is contained in several chapters of this book.

A complete performance based probabilistic assessment can be performed using
Bayesian Networks (BN) which have the advantage of seamlessly simulating
qualitative, quantitative and incomplete data within the same framework. Results
are sensitive to the dependency and cause-effect relationship among components;
hence a detailed description of the connectivity is essential, usually accomplished
through graphical methods and connectivity trees. Computational loads become
very high for realistic systems (Bensi et al. 2011) so applications are so far limited.
In prospective the main advantage of BN is the possibility of conducting near real-
time analysis and considering in detail many scenarios that might be affected, not
only by external events, but also by decision making processes. Bensi et al. (2011)
propose an application of BN to the California speed rail system.

The seismic risk associated to rail and road networks is highly dependent on the
fragility of tunnels, embankments, trenches, slopes, tracks, bridges and abutments.
Although the components are common to both systems, damage thresholds for
performance requirement might be substantially different leading to diverse vul-
nerability functions. Relatively little work on analytical seismic fragility is avail-
able for many of the network components; one example being the analytical
fragility functions for tunnels proposed by Argyroudis and Pitilakis (2012). Bridges
are usually treated as subsystems, composed of a number of components with
diverse seismic vulnerability. Approaches similar to the Performance Based
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Vulnerability Assessment (PBVA) for buildings structures are used and several
authors have proposed full Push Over Static Analysis (POSA) or Incremental
Dynamic Analysis (IDA) for bridge piers, decks and whole bridge structures
(Hwang et al. 2001; Bhuiyan and Alamb 2012). Among others, Nielson and Des
Roches (2007) propose a component approach for bridges. The study shows that the
bridge as a system is more fragile than any one of the individual components, and
that considering only the piers leads to gross underestimation of fragility.

3.2.3 Overview of Expert Elicitation Fragility Approaches

Expert elicitation can be used to provide either the damage statistics for deriving
fragility functions or the fragility functions themselves. Fragility functions based on
expert elicitation can be particularly useful where there is little empirical informa-
tion on the asset damage from past earthquakes or where the asset is difficult to
model numerically or analytically. In all expert elicitation approaches a panel of
experts is chosen, recruited and trained in the adopted elicitation approach (Jaiswal
et al. 2012). Different approaches exist for the collection of the expert elicitation
data and its combination, but in general, the procedures adopted in the fragility
literature can be classified into the two broad categories of mathematical and
behavioural approaches (Clemen and Winkler 1999).

In the mathematical approach each expert provides their estimate of an uncertain
quantity as a subjective probability. The experts do not interact. After the elicitation
the estimates of the unknown quantity provided by each expert are combined
mathematically, typically using either a technique for weighting each expert’s
estimates (e.g. Cooke 1991) or through use of Bayesian statistics (e.g. Morris
1977). Such approaches have been adopted in various financial and environmental
risk assessment exercises, for example in the estimation of volcanic risk (Aspinall
and Cooke 1998) or in seismic hazard estimation (e.g. see Kliigel 2011). Within the
fragility literature Cooke’s classical method (Cooke 1991) is currently being used
by Jaiswal et al. (2012) for the construction of fragility curves for the collapse limit
state of reinforced concrete and masonry buildings expressed as a function of peak
ground acceleration (PGA). It is noted that the elicitation carried out by Jaiswal
et al. (2012) is being carried out as part of the Global Earthquake Model (GEM,
www.globalearthquakemodel.org) and has yet to publish its results. In Cooke’s
method each expert’s estimates of the unknown quantity/ies of interest are weighted
according to their performance in answering a set of “seed” questions. These seed
questions are a set of questions relevant to the topic of interest that are unambig-
uously worded and have a unique and known numerical answer value. The seed
questions are asked at the start of the elicitation process, with each expert providing
their best estimate answer as well as upper and lower bounds to their answers
(assumed to correspond to the 5th and 95th percentile). The responses to the seed
questions are used to assign a “calibration” and “information” score to each expert,
which are then used to weight the expert’s responses in the main elicitation process
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for the quantity of interest. In this process, the calibration score is the statistical
likelihood that the expert’s quantile assessment contains the true answer, whilst the
information score measures the degree to which the expert’s distribution is con-
centrated, relative to a reference distribution (e.g. uniform). The responses from all
experts are adopted and the weightings of each expert are not revealed to partici-
pants in the process. The method is implemented in a free software, EXCALIBUR
(Cooke 2001).

Behavioural approaches differ from the mathematical approaches in that they
attempt to achieve some level of consensus amongst the group of experts on the
unknown quantity to be estimated. In such methods, the experts may interact and
share their assessments (Ouchi 2004). The Delphi approach (Dalkey 1969) is prob-
ably the best known such method. In this approach experts first provide an estimate of
the unknown quantity and are then asked to anonymously assess the estimates made
by other experts. Each expert may then revise their original estimate, if they so wish,
to take into account the estimates by the other experts that they have reviewed. The
process is repeated until a degree of agreement/consensus is reached between the
expert estimates. In theory, the anonymity of the reviews should avoid expert
reputations or personality traits having an effect on the results. The most important
example of where a behavioural approach has been used in building fragility analysis
is ATC-13 (Applied Technology Council 1985). Within this study a modified-Delphi
method is applied to construct Damage Probability Matrices (DPM) expressing the
likelihood of particular damage factors (ratios of repair to replacement costs) being
achieved over a range of Modified-Mercalli Intensity (MMI) values, for 78 different
building types in California. The “modification” in the approach consists in asking
the experts to rate their experience and level of confidence in their estimates, and
using these self-ratings to weight their answers in the combination of estimates of the
value of interest by different experts. In general, this is seen to result in experts that
self-rate highly in terms of confidence and experience being attributed a higher
weight (Jaiswal et al. 2012).

There is much debate in the literature as to the reliability of behavioural
approaches. For example, Cooke (1991) observes that more extreme probability
estimates seem to result from use of the Delphi method, and Scheibe et al. (1975)
observes that the fact that experts can see the response of others may have a significant
influence in swaying expert’s initial judgements towards conformity rather than an
agreement. Overall, mathematical approaches to expert elicitation are regarded to be
more reliable, reproducible and fair than behavioural approaches in aggregating expert
opinions (Cooke 1991; Clemen and Winkler 1999; Jaiswal et al. 2012).

3.2.4 Overview of Hybrid Fragility Approaches

Examples of systematic approaches to define hybrid fragility functions for build-
ings are actually rather sparse, and usually focus on the combination of empirical
and analytical data. Within these approaches the analytical curve is typically used
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as the prior within a Bayesian approach, and is updated with a typically limited
amount of empirical data.

One rare example of hybridization between analytical, empirical and expert
opinion was attempted by the EERI-WHE study group in support of the PAGER
project (Jaiswal and Wald 2010). The exercise aimed at defining the proportion of
collapses for a given building type given a shaking intensity expressed in EMS-98
Intensity (Griinthal 1998) for as many nations worldwide as voluntary expert could
be contacted. The hybridization took the format of a comparative analysis by
building types and then comparison of analytically or empirically derived curves
by national studies. The exercise highlighted the difficulty in correlating perceived
damage percentage of stock to a specific intensity scale, to which not all experts
were familiar with. The definition of collapse was also put into question. Given the
large standard deviation of some of the results obtained, Bayesian updating by
means of empirical single event recorded data was used to improve the experts’
forecast. Results of this work are reported in D’Ayala et al. (2010) and Jaiswal
et al. (2011). The Bayesian procedure directly helps to calibrate the prior seismic
collapse fragility functions (defined using beta distribution) to the statistical field
data at any or all levels of shaking intensity while preserving the capability to
account for statistical uncertainty associated with collapse potential through poste-
rior distributions. Several improvements to this approach were identified by the
authors of the study. These included incorporation of the uncertainty in the shaking
intensity at which collapse probability estimates are assigned, improvement of the
process of elicitation, quantification of uncertainties associated with expert opinion,
the careful consideration of variability in construction practices and level of
building codes adoptions worldwide when comparing expert judgments for the
same building types.

3.3 Factors Affecting the Reliability of Fragility Curves

A wealth of fragility curves for various buildings classes constructed using the
aforementioned methodologies have been published over the past 40 years. The
SYNER-G project (Kaynia 2013) produced a compendium of 415 sets of fragility
curves for European, mainly masonry and reinforced concrete, buildings and
numerous fragility functions for European infrastructure systems, including
water, power, oil, gas and transportation systems and critical infrastructure. A
new global compendium of existing fragility curves for masonry, reinforced con-
crete, steel and wooden buildings has also recently been compiled for the needs of
the Global Earthquake Model (GEM). This compendium contains over 119 empir-
ical and over 150 analytical sets of fragility curves for buildings worldwide
(D’Ayala and Meslem 2013; Rossetto et al. 2013a).

Within the SYNER-G project (Kaynia 2013) a procedure for combining existing
fragility curves, whose characteristics are close to the characteristics of the building
class required by the future application, has been developed. The aim of this
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procedure is to estimate the parameters of the mean fragility curves as well as to
quantify their uncertainty for use in seismic risk assessments. This approach,
however, does not account for the fact that some curves are more reliable than
others (Rossetto et al. 2013a; D’Ayala and Meslem 2013). Therefore, it is deemed
essential to move towards a more robust selection and, if necessary, combination
procedure, which accounts not only for how relevant existing curves are to the
needs of future seismic risk assessment projects but also how reliable they are. In
order to do this, it is important to first understand what factors affect the reliability
of the different types of fragility function. These are discussed in the following
sections. The proposed fragility curve selection procedure is then presented in
Sect. 3.4.

3.3.1 Factors Affecting the Reliability of Empirical
Fragility Functions

In the fragility assessment of structures aleatory uncertainty is introduced by the
natural variation in earthquakes and their resulting ground shaking, or the
variation of the seismic response of the buildings of a given class. Epistemic
uncertainty is introduced by small databases of often poor quality. Poor quality is
associated with large errors introduced by missing data, biased sampling tech-
niques, misclassification errors or data aggregated over large areas. Epistemic
uncertainty is also introduced by the inability to account for the complete
characteristics of the ground shaking in the selection of measures of the ground
motion intensity (Rossetto et al. 2013a) as well as the measurement error in the
intensity measure levels at the required locations. In theory, reliable Fragity
function can be obtained by high quality large datasets of damage observations
from multiple earthquake events. The main categories of factors affecting the
reliability of empirical fragility functions are summarised in Table 3.2 and
briefly summarised here. The reader is referred to Rossetto et al. (2013a) for a
more detailed discussion.

The quality of the damage data is the most important determinant of the
empirical fragility function reliability. Poor data quality often poses severe chal-
lenges to the reliable statistical analysis of the data. The typical survey methods
used to assemble post-earthquake damage data are introduced in Table 3.1, where it
is shown that most survey methods result in damage databases that are large in size
but contain errors or are large in size but are associated with a low degree of
refinement in the definitions of damage scales and building classes.

The damage scale used to collect the damage data from the field is important in
determining the potential for misclassification errors and the usefulness of the
developed fragility functions. In general terms, a damage scale that describes
unambiguously a number of damage states in terms of structural and
non-structural component damages will result in a more reliable and useful
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Table 3.2 Categories of factors determining the reliability of empirical fragility functions

Factors: Description:

Intensity measure: Hazard parameters (e.g.: PGA, S,(T), Sq(T))
Isoseismic unit over which the damage data is aggregated
(e.g. zip-code area, town etc.)
IM estimation method (e.g. GMPE or recorded)
Damage characterisation: Damage scale; consideration of non-structural damage
Number of damage states (DS)

Class definition and Sample size (size of database and completeness)
sample size: Single or multiple building classes
Data quality: Post-earthquake survey method

Coverage, response and measurement errors in surveys
Quantity of data in each isoseismic unit (e.g. number of buildings or
loss observations)

Number of seismic events, range of IM and DS covered by data
Derivation method: Data manipulation or combination

Relationship model

Statistical modelling and optimisation method

Treatment of uncertainty (sources of uncertainty, quantification)

empirical fragility function. The combination of several datasets from the same or
different earthquakes are combined in the construction of empirical fragility curves
can often be hampered by the use of different damage scales by each database. In
this case, it is best practice to map the damage states of each damage scale onto
those of the damage scale with the least number of damage states (e.g. as in Braga
et al. 1982).

Due to the nature of earthquakes, the empirical data is typically seen to be
clustered in the low-damage and low IM range. This means that extrapolations of
fragility curves to the high IM range can be unreliable and that collapse fragility
functions for many structure types are difficult to obtain empirically. As a matter of
good practice, empirical fragility curves should not be used to estimate fragilities
outside the range of IMs of the data that has been used in their derivation.

As mentioned in Sect. 3.2.1, PGA and PGV are the most commonly used ground
motion intensity parameters in existing empirical fragility functions, with PGV
being the preferred IM in Japanese studies. Only very few studies have adopted
PGD. Both Rossetto (2004) and Sarabandi et al. (2004) observe a generally poor
correlation of PGA, PGV and PGD with their databases of reinforced concrete
building damage statistics. However, both note a slightly better correlation of PGD
than PGV and PGA with their data. Peak ground motion parameters are unable to
capture many of the characteristics of the strong ground motion that can affect the
development of damage in structures. Hence, several recent empirical fragility
studies have favoured the use of response spectrum based parameters as measures
of ground motion intensity, in particular Spectral Acceleration (S,) and Spectral
Displacement (S4) evaluated at the fundamental period of the assessed structures.
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Spence et al. (1992), Singhal and Kiremidjian (1997) and Rossetto (2004) note that
Sa provided a better correlation with their empirical damage data than PGA.
Furthermore, Rossetto (2004) and Sarabandi et al. (2004) both observe a better
correlation of Sd than Sa and PGA with their damage databases. The use of a
spectral value for empirical fragility functions is, however, complicated by the need
to characterise a building class by a single structural period of vibration. The issue
of which elastic period of vibration should be used to characterise a given building
class, which will be composed of structures with a range of geometrical and
material characteristics, is simply not addressed in the literature, nor is the influence
of this choice on the resulting fragility functions investigated.

Post-earthquake damage data at a building by building level is almost never
available. Instead, the damage data is presented in aggregated form, as a damage
histogram for different levels of ground motion intensities, or over geographical
areas of varied size (e.g. a zip-code, village, district or town). In the latter case, the
geographical area is assumed to have a constant ground motion intensity value,
which is typically evaluated at its centroid. However, if the geographical unit is
large there is likely to be a variation in the IM values across the unit (due to
differing fault distances and soil conditions) which is not typically accounted for.
The variation of ground motion over a geographical unit, variation in fundamental
period of vibration of structures within a building class and uncertainty in the
estimation of the ground motion at a site that arises from the use of a GMPE
contribute to their actually being a level of uncertainty associated with the IM
determination at a site of damage evaluation. No existing fragility study has yet
taken this into account and all adopt statistical models that assume that the IM is
known with certainty. However, an approach to the incorporation of this uncer-
tainty is proposed in Rossetto et al. (2013b).

Three main statistical modelling approaches (nonlinear, linear and generalised
linear) have been used by existing studies to fit parametric functions to their
empirical data. The choice of statistical model is seen to have a potentially strong
influence on the reliability and validity of existing empirical fragility functions.

Nonlinear statistical models have been used by Rota et al. (2008) and Rossetto
and Elnashai (2003) amongst others. Nonlinear models assume that the mean
response variable (damage state exceedance probability) is a nonlinear function
of the ground motion intensity, and that the variance in response is constant and
normally distributed at each intensity value. However, as the response can only
have values in the range between [0,1] the normality assumption is violated near
these value extremes. Furthermore, the assumption of constant variance is unreal-
istic in view of the fact that observational data indicates that uncertainty in seismic
performance for large or small ground motion intensities is considered lower than
for the intermediate intensity measure values. These issues raise questions on the
reliability of past fragility relationships derived from nonlinear statistical models.

Linear models are the predominant statistical model used in the empirical
fragility literature and are used for example by Liel and Linch (2012). Within linear
models, the non-linear fragility function (e.g. cumulative lognormal distribution
function) is transformed into a linear form. This results in the response variable
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being expressed in terms of the inverse cumulative standard normal distribution of
the probability that a damage state is being reached or exceeded. The positive
implication of this transformation is that the assumption that the variance in
response is constant and normally distributed at each intensity value (which it
shares with the nonlinear method) is not violated, (see Rossetto et al. 2013b for
further explanation). However, the negative implication of the transformation of the
of the damage data, necessary for the estimation of the parameters of the linear
model, is that it is seen to introduce bias into the mean fragility functions, which are
not appropriately dealt with by existing empirical fragility approaches (Baker 2011)
and raise questions as to the reliability of fragility curves derived with this statistical
model.

Generalised linear models are an extension of the linear models, which allow the
distribution of the response at any intensity value to be expressed in terms of any
distribution of the exponential family except for the normal distribution. They
present an advantage over the linear and nonlinear models as they do not require
transformation of the damage data and do not assume constant variance of the
response variable. They have been used to derive empirical fragility curves for
buildings by Ioannou et al. (2012), bridges by Shinozuka et al. (2000) and Bas6z
et al. (1999) and for steel tanks by O’ Roorke and So (2000). It is noted that
Rossetto et al. (2013b) have suggested the use of Generalised additive models and
non-parametric models for the generation of empirical functions, and shown their
application for a small number of empirical building damage datasets.

3.3.2 Factors Affecting the Reliability of Analytical
Fragility Functions

Different relationships and methodologies for the derivation of analytical fragility
functions are available in the literature, covering different structure typologies and
locations worldwide. As seen in Sect. 3.2.2 the fundamental elements of a fragility
function are a suitable representation of the expected ground-motion, a suitable
analytical or numerical model able to represent the response of the asset to the
expected ground motion and a coherent means of relating the response to a damage
state or threshold. For a fragility function obtained in this way to be considered
reliable it is essential that there is internal coherence in the approach taken, i.e. the
level of sophistication used in the modelling of each of the three fundamental
elements above should be commensurate.

In the literature analytical fragility curves are derived using a variety of
approaches that employ diverse structural modelling and analysis techniques,
damage models, damage scales and numbers of damage states. Furthermore, in
their attempts to account for uncertainties and intrinsic differences observable in the
building stock and its response to seismic loading, a range of sampling approaches
have also been used to select the parameter values to vary in the structural models
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Table 3.3 Categories of factors determining the reliability of analytical fragility functions

Factors: Description:
Intensity measure: Hazard parameters (e.g.: PGA, S,(T), Sq(T))
Damage Damage model: damage index
characterisation: Damage indicators
Number of damage states (DS)
Class definition and Sample size (multiple buildings; randomisation of parameters; single
sample size: building)
Sampling method (e.g. Monte Carlo, Latin hypercube, random)
Data quality: Analysis type (e.g. Nonlinear Dynamic (NDA) or Static (NSA),
Simplified Method (SM))

Mathematical model (completeness of model, definition of material
properties, con-figuration and geometry)
Seismic demand (real ground motion records, code based spectra)
Derivation method: Treatment of uncertainty (sources of uncertainty, quantification)
Fitting methods for fragility curves

and seismic demand. Again, these sampling methods should be evaluated in the
context of the structural and demand modelling. For instance structural modelling
can be pursued using simple nonlinear single degree of freedom oscillators,
nonlinear multi-degree of freedoms with lumped characteristics oscillators, more
realistic 2D or 3D frame models where each structural element is accounted for in
geometry and material properties. In this context, for instance, if a simplistic
representation of the structural behaviour is adopted, which perhaps ignores the
contribution of infill or the variability of stiffness across structural elements, it
might be misleading in terms of perceived accuracy to carry out an extensive Monte
Carlo simulation to generate a large number of capacity curves; the latter will
provide an apparently good stochastic model but will be fundamentally flawed as
they ignore a critical behaviour.

Given the variety of methods available to derive fragility functions it might
appear difficult to compare and appraise existing analytical relationships, even
when derived for the same structural class. Nevertheless, some fundamental factors
that account for the quality, robustness and reliability of the analytical function
independently of its derivation process can be identified and rated. These factors
relate directly to the steps of the fragility curves construction process, as shown in
Table 3.3. These factors are considered essential to the development of a robust
analytical model that will simulate the seismic performance of a structural typol-
ogy, and hence to lead to an accurate assessment of its fragility. A detailed review
of their treatment and their most common applications in existing literature is
presented in D’Ayala and Meslem (2013). In Sect. 3.4 these factors are considered
in the development of a quality rating system that can aid users to select a fragility
function appropriate for their application scope.

When reducing reality to a model, substantial simplifications are always
required. It is hence paramount for the reliability of the outcome to keep a record
of the consequences in terms or representativeness and in term of the epistemic
uncertainty generated by introducing specific modelling strategies.
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Fig. 3.2 Sources of uncertainty associated with analytical fragility assessment (D’Ayala and
Meslem 2013)

The identification of sources of uncertainty in the capacity, demand and damage
state thresholds, their quantification and their representation in the fragility function
are considered fundamental steps in the derivation of a reliable fragility functions.
A comprehensive list of possible source of uncertainties is compiled in Fig. 3.2.

With regard to the structural analysis, uncertainties are associated with both the
capacity of the examined building/asset and the demand represented by an intensity
measure. The uncertainty in the demand is caused by the natural variability among
records, which encompasses the variability in mechanism of the seismic source,
path attenuation and site effects of the seismic event. This uncertainty is typically
taken into account either through the selection (and scaling) of natural ground
motion records or by generating artificial records. This is often considered the
main source of variability in response and in some studies is treated as aleatory
(Ellingwood 2009). With regard to the selection of intensity measure (IM), PGA is
the most widely used in past methodologies (D’Ayala and Meslem 2013), despite
the fact that it produces structural response with considerable dispersion. An
improvement on PGA is the use of elastic spectral acceleration, which characterizes
the intensity measures of many recent analytical fragility functions (Molina
et al. 2009). Research towards more efficient measures for characterizing the strong
ground motion intensity had led to a few studies adopting elastic spectral displace-
ment or the vector spectral acceleration (Bojorquez et al. 2009). However, as few
ground motion prediction equations and hazard maps exist for these intensity
measures, fragility functions that adopt these can be of very limited use in practical
seismic risk assessments.
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Uncertainty in the capacity is introduced through geometrical, mechanical, struc-
tural and modelling parameters. With reference to the geometrical properties, most
studies consider one existing building or a fictitious “index” building to represent a
class of buildings. Most commonly uncertainty in the capacity is accounted for by
randomising the mechanical parameters of the construction materials, such as mate-
rial properties, mass and damping in order to create a number of building models for
the analysis (variants of the index building). Uncertainty in response, caused by
variability in structural and geometric characteristics, can be accounted for by direct
survey of a large number of real buildings and the definition of a median and standard
deviation of the sample (e.g. D’Ayala 2005; Vacareanu et al. 2007). Also where
possible, probabilistic distribution of parameters should represent actual exposures as
not always certain characteristics are normally or lognormally distributed within a
given region or building typology or sub-typology. It is noted, however, that the
selected index building is typically simulated in terms of a 2D symmetrical model
with deterministic geometrical properties, reducing the ability of the model to capture
the variability in a building class.

When a single index building geometry is adopted for the representation of a
building class, uncertainty in the structural response across the building class is often
modeled by randomizing parameters of the construction material hysteretic models.
For instance, the fragility curves of Jiang et al. (2012), Rajeev and Tesfamariam
(2011), Bakhshi and Karimi (2006), and Rossetto and Elnashai (2005) are generated
considering the variability associated with mechanical parameters, such as, compres-
sive strength and elasticity modulus of concrete, tensile strength and elasticity
modulus of steel reinforcement, hardening ratio of steel, and compressive strength
of masonry infill, as random variables, to account for the uncertainty in capacity. The
uncertainty in demand is also taken into account by selecting a certain number of
ground motion records. However, in a recent study by D’ Ayala and Meslem (2013) it
is observed that modeling the uncertainty in the response of structures in this way has
only a modest effect on the resulting slight and moderate damage state fragility
curves. Instead, high variations, comparable in size to those resulting from the record-
to-record uncertainties, result for the collapse state. The impact of these conclusions
is that deterministic structural characteristics can be used for the construction of
fragility curves for slight and moderate damage levels.

With regard to the damage analysis, damage threshold uncertainty is often
neglected in a number of procedures found in the literature. However, in a few
cases a probability distribution is assigned to the threshold of the damage state
(in most cases a lognormal distribution) and treated as aleatory, (e.g. Shahzada
et al. 2011; Uma et al. 2011; Kappos et al. 2006). Aslani and Miranda (2004), also
consider the epistemic uncertainty in the mean parameter of this distribution.

As previously mentioned, the vast majority of analytical fragility functions are
represented as lognormal cumulative distribution functions. In such representa-
tions, the lognormal standard deviation of the fragility function is used to represent
the overall uncertainty due to the compounded uncertainty in the demand, capacity
and damage state thresholds. In terms of total uncertainty, ATC-58 (ATC 2012) has
suggested a default value of 0.6. Instead, both FEMA-NIBS (2003) and Kappos and
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Fig. 3.3 Classification of different sources of uncertainty for fragility curve derivation (Modified
from D’Ayala and Meslem 2013)

Panagopoulos (2010) suggest values of 0.75, 0.70, and 0.65 for buildings designed
to old, moderate, and modern codes, respectively. Studies that adopt this procedure
often numerically estimate one component only of the overall uncertainty, i.e. the
record to record variability. A common assumption in the analytical fragility
literature is that the different components of uncertainty within the adopted analyt-
ical approach can be considered independently. Hence, the total uncertainty () can
be introduced in the fragility curves as the summation of the lognormal variances
deriving from each component (f;), as:

p= \/ﬁ (3.4)

The number of the components used in Eq. (3.4), their description and their
values varies according to the needs of the study. An overall view of the component
included in several studies is presented in Fig. 3.3. Rarely are all components
accounted for in a single study. Dispersion in attenuation law, might need to be
removed when considering risk analysis, as this is usually explicitly accounted for
in the hazard component.

For example, Wen et al. (2004) consider four lognormal variances representing
the uncertainty associated with capacity curve, structure modeling, limit state
values, and earthquake demand. By contrast, ATC-58 (ATC 2012) has recently
recommended consideration of three contributors to the overall uncertainty
accounting for record-to-record uncertainty, building definition, (as material
strength, section dimensions, and rebar locations may be different than those
detailed in documentation) and quality assurance, (quality and completeness of
the nonlinear analysis model) accounting for the fact that hysteretic models may not
accurately capture the behavior of these elements, even if their construction is
precisely known.



68 T. Rossetto et al.

As seen in Table 3.3, this set of parameters is considered in the present study as
being highly influential on the reliability of fragility curves. In Sect. 3.4 a qualita-
tive rating is associated to the strategy adopted for the choice of each of these
parameters and their uncertainty treatment, in order to produce a value judgment of
the suitability and reliability of the fragility functions available in literature.

3.3.3 Factors Affecting the Reliability of Expert Elicitation
and Hybrid Fragility Functions

As discussed in Sect. 3.2.3, all expert elicitation procedures are strongly dependent
on the selection of an appropriate panel of experts and adoption of an appropriate
process to account for differing levels of expertise and confidence, and for com-
bining the expert elicitation responses. Particularly in behavioural approaches,
char-acter traits may not be sufficiently accounted for in the expert elicitation and
response consensus. Hence, the final result may be influenced by the composition of
the panel, say in terms of sexes and personalities. Mathematical approaches such as
the Cooke (1991) classical method explicitly account for different levels of confi-
dence and calibrate the expert responses with respect to the same benchmark
(i.e. the seed questions). Hence, they do not tend to have this susceptibility.
Mathematical expert elicitation approaches are in general regarded as more reliable
than behavioural approaches (Ouchi 2004). Nevertheless, the mathematical proce-
dure adopted in the aggregation of expert opinions once gathered, is seen to
influence the final result. Using data (Kliigel 2005) from a study of a design basis
shutdown earthquake for a nuclear plant, Kliigel shows a significant difference in
the cumulative distribution functions of the seismic hazard resulting from the use of
three different aggregation methods (Kliigel 2011): direct Bayesian aggregation,
equal weighting of expert responses or geometrical averaging. However, the study
of different aggregation methods has largely been unexplored in the expert elicita-
tion fragility literature, which in any case is very limited in quantity.

Few studies have explored the development of hybrid fragility functions, and as
stated in Sect. 3.2.4, most of these have combined an analytical curve with
empirical data. Hence, these curves typically are associated with all the sources
of uncertainty of analytical fragility curves and are influenced by the factors
described in Sect. 3.3.2. The degree of influence on the hybrid fragility function
of the empirical data is highly dependent on the quantity and intensity range
covered by the data. When single event data is adopted, damage observations
often concern a limited range of values of the intensity measure, and the influence
on the analytical curve is often seen to be very small, (e.g. in Singhal and
Kiremidjian 1997). The combination of analytical fragility curves or indeed ana-
lytical and empirical fragility curves is not typically carried out. However, these
topics are further explored in Sect. 3.5.
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3.4 Proposed Framework for Choosing Amongst
Fragility Curves

The relative wealth of existing fragility curves for various building classes provides
a pool of potentially suitable expressions of fragility for future applications. Given
the lack of established procedures for identifying appropriate fragility curves for
future projects, a new framework for selecting suitable fragility curves for a
particular application is proposed, and illustrated in Fig. 3.4. Central to the frame-
work is a rating scheme for assessing the relevance and overall quality of the
fragility curves (see Table 3.4). Only empirical and analytical fragility curves are
considered in this section due to the scarcity of expert elicitation and hybrid
fragility curves. However, the latter two types of fragility curves will be considered
in future developments of the procedure.

The proposed framework for curve selection and underlying rating scheme were
developed within the framework of the Global Earthquake Model project. The
framework arises from a need to provide users of the GEM risk assessment tool,
called OpenQuake platform (under development), with robust advice on selecting
suitable fragility functions from the large repository collected, but also from the
need to operate a critical selection in building up the repository to be adopted within
the tool. The framework is loosely based on the generic scheme for vulnerability
curve assessment proposed by Porter (2011). The same four fundamental attributes
of vulnerability curves identified by Porter (2011) are also adopted for the assess-
ment of fragility curves here. These are the curve representativeness of the char-
acteristics of the assets and seismicity in the location being assessed, the quality
of the input used to generate the fragility function, the rationality of the procedures
followed to construct the curves and the documentation quality. Within the
here proposed framework, these attributes are grouped into two “components’:
Relevance and Overall Quality. These components are assumed to contribute
equally to the determination of the usefulness and reliability of a fragility curve
for a particular seismic risk assessment. The four attributes are also subdivided into
sets of criteria for the attribute evaluation, which are different for empirical and
analytical fragility curves (see Fig. 3.4). These criteria are described in greater
detail in Tables A.1 and A.2 (Appendix to this Chapter) and include the factors
identified in Sect. 3.3 as affecting the reliability of the curves. To aid the assessment
and comparison of fragility curves, each criterion is assigned a rating of high (H),
medium (M) or low (L). The description of the criteria ratings differs according to
the component to which the criteria belong, as per Table 3.4. An overview of the
components, attributes and criteria is provided below.

The Relevance component of the framework looks to assess the relevance of a
fragility curve to the needs of a particular seismic risk application. It is essentially a
first screening of available fragility curves to identify a pool of potentially useful
fragility curves. The attribute of representativeness is assigned to the relevance
component and is subdivided into three criteria:
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Table 3.4 Description of the criteria ratings applied within each component

Rating Component Description

H Overall The work is of excellent quality and little if anything could have been done
quality better
Relevance  The fragility curve is highly relevant for the needs of the future application
M Overall The work is of acceptable quality, though there are areas for improvement or
quality further research
Relevance  Existing functions are moderately relevant to the needs of the future
applications
L Overall The work is acceptable for use but only if there are no practical alternatives;
quality and much improvement or further research is needed

Relevance  Existing functions are not relevant for the application
NA Overall The rating cannot be applied
quality
Relevance  The rating cannot be applied

e The damage state. The relevance of a fragility curve corresponding to a damage
state is characterized by how close the qualitative description of this damage
states are to the required damage states.

e The structural characteristics of the buildings which include the geometric and
material properties of the examined class as well as the dominant structural
system and its design. The relevance of the fragility curve with regard to the
structural characteristics is assessed according to how close the description of
the building class of a fragility curve is to the required class, as well as how
representative the location of these buildings is to the required location.

e The ground motion intensity. The relevance of a fragility curve according to the
ground motion intensity is assessed according to three conditions, namely: the
selected intensity measure type, the range of its levels. In addition in the case of
analytical fragility functions, whether the ground motions used to construct the
fragility curve derive from the same region and tectonic environment as that
assessed.

It should be noted that for the empirical fragility assessment, the range of failure
modes included in the description of a damage state, the variability of structural
characteristics included in the required building class and the record-to-record
variability are adequately represented in the post-earthquake data. This, however,
is not the case for the analytical fragility assessment where the variability in all
three characteristics needs to be explicitly modeled. For this reason, the relevance
of the analytical fragility curves to the aforementioned characteristics also depends
on whether the variability in the three characteristics has been taken into account
(for the detailed conditions see Table A.1).

In the Relevance assessment, fragility curves with one or more criteria that have been
assigned an ‘L’ rating are considered irrelevant to the needs of the application and are
disregarded. The remaining moderately or highly relevant fragility curves form a pool of
candidate curves, whose usefulness to the future application are determined by their
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assessment under the Overall Quality component. This is assessed differently for
empirical and analytical fragility functions, as described here.

The Overall Quality of candidate empirical fragility curves is assessed on the
basis of three attributes: the input quality, as referred to the post-earthquake damage
and excitation databases, the rationality of the procedures used for the construction
of fragility curves and the documentation quality (See Fig. 3.4). The four criteria
used to rate the input quality attribute for empirical fragility curves are:

e Damage observations: The quality of damage observations which are rated
according to the clarity of the adopted damage scale definition and the size of
errors in the design and execution of the survey, which can lead to significant
bias to the fragility curves (e.g. loannou and Rossetto 2013).

e Excitation observations. The quality of the excitation observations is rated
according to whether the observations represent the characteristics of the seismic
event and whether the study attempts to identify and model important sources of
uncertainty.

e Constrained Building Classes. The level of constraint in the definition of the
building classes that the empirical data represents defines the level of variability
in structural response expected across the sample. In theory, the more detailed
the structural characteristics used to define a building class, the smaller the
uncertainty.

* Data quantity. The quantity of the data affects the level of confidence around the
fragility curves. This criterion is rated according to the total number of buildings
in a given class used for the construction of fragility curves as well as the number
of bins in which they are aggregated.

It should be noted that in the Porter (2011) rating scheme the rating of the
attribute of rationality for a given curve also includes the assessment of its ability to
predict independent data (‘hindcasting’) and to cross-validate with existing func-
tions. However it is found that almost all existing empirical studies do not assess the
predictive capacity of their fragility curves. Some studies do attempt cross-
validation. However, the authors consider this to be a weak indicator of the overall
quality of a curve; i.e. just because a developed fragility function looks like one
from a different study does not mean that either are of high quality. For these
reasons, both of these criteria are disregarded in the proposed framework.

The documentation quality attribute appraises whether sufficiently detailed and
complete information is provided by the authors of the fragility function for an
independent researcher to be able to reproduce the study.

This is at the basis of good research and science. It is however noted that poor
documentation may result in other criteria also being scored low, e.g. if the assessor is
unsure of the derivation procedure followed (rationality) or data used (input quality).

The Overall Quality component of analytical fragility curves is subdivided into
the same three main attributes as for the empirical curves. The input quality
attribute for the analytical fragility curves adopts the following criteria:
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o Structural Characteristics, which refer to whether the selected material and
geometrical characteristics correspond to the typical range of the characteristics
of the considered building class.

e Seismic demand. This criterion assesses whether the real ground motions have
been considered or the spectra or the more generic design code spectra have been
adopted instead.

» The completeness of the mathematical model used to simulate the building class.

» Choice of EDP. This criterion refers to whether the adopted measure of engi-
neering demand is capable of accurately representing the seismic behavior of the
examined building class, and hence their consequent levels of damage.

In the case of the rationality attribute the same two criteria as for empirical
fragility curves are used but the description of these criteria differs in order to
account more specifically for the characteristics of analytical fragility curves:

e First Principles: This criterion assesses whether the study violates first princi-
ples. The assessment considers the type of analyses and damage models and
whether the study is consistent to the strengths and limitations of the adopted
analyses. For instance, it violates first principles to use a damage model based on
hysteretic behavior if the structural analysis used is nonlinear static without
adaptive material constitutive laws.

e Treatment of uncertainty: This criterion examines the quantification of the
uncertainty in the ground motion, the structure capacity and damage model, as
well as the sampling techniques adopted in order to model them, as discussed in
Sect. 3.3.2.

The documentation quality is rated in exactly the same way as for the empirical
functions.

Having rated the individual criteria, these ratings can be used to select the most
relevant and high quality fragility functions for the site and asset class assessed.
Porter (2011) advocates for an overall score to be assigned to each fragility
function. However, this is not very informative and requires a subjective interpre-
tation of which attributes (in the case of Porter 2011) are the most important, as it is
unlikely that fragility functions score in a uniform manner across all attributes.
Also, if multiple candidate curves exist that all score highly, which should be used?

The here proposed framework suggests different overall scores for the two
components, i.e. Relevance and Overall Quality. A procedure for determining the
overall scores is not prescribed here, as it is recognized that the choice depends on
individual risk assessments. It is however, obvious that high to medium relevance is
a pre-requisite for selection, and that low scores in data quality and quantity for
empirical functions, or structural details and seismic demand for analytical func-
tions are strong reasons for eliminating fragility functions from the selection.

In cases where multiple curves have good scores in the overall quality compo-
nent and are of high-to-medium relevance, then the selection of suitable fragility
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curves is not a straightforward procedure. Instead it is here proposed that either a
subset or all of these candidate fragility functions are combined for the fragility
assessment. A logic tree procedure for combining curves is suggested in Sect. 3.4.1
and three different weighting schemes for combining fragility curves are illustrated
and discussed in the context of an example application in Sect. 3.4.2.

3.4.1 Logic-Tree Procedure for Combining Multiple
Fragility Curves

The proposed rating scheme aims to provide criteria for pre-selection of potentially
suitable fragility curves for a given application. Given that multiple fragility curves
exist for some countries and assets, it is possible that for some future applications
more than one curve might be found to be moderately or highly relevant to the
needs of these applications (here referred to as “candidate fragility curves”). In this
case, the user may want to adopt a mean fragility function for the examined
building/asset class that derives from the combination of a number of fragility
curves (here referred to as the “combined mean fragility curve”). To date, there are
no well-established procedures for combining the fragility curves with the excep-
tion of SYNER-G (2011) which attempts to estimate the mean fragility curve as
well as quantify the uncertainty due to the presence of different models to express
the fragility of a given asset class. For this reason, a logic tree approach with three
weighting schemes is presented here focused on the estimation of the mean fragility
curve. It should be noted that the quantification of uncertainty around the mean
curve will be addressed in a latter study.

According to the suggested approach, the existing empirical fragility curves,
found to be moderately or highly relevant to the needs of a future application, can
be combined through the construction of a decision tree, as depicted in Fig. 3.5.

Then, the mean probability of exceedance for each level of intensity is estimated
from the sum of the weighted candidate curves for the corresponding intensity
measure level:

Afragilitycurves
E[P(DS > dsi|IM = x)] = Z w;P(DS > ds;|[IM = x,j) (3.5)
j=1

The resulting combined mean fragility curve is essentially a piecewise curve.
A key component of this combination procedure is the determination of the weights
W = [Wi,Wa,. . Wi . Wosagitityeurve] assigned to each branch. The weights repre-
sent the confidence of the analyst in the relative quality of each candidate fragility
curve. The determination of their values is not a straightforward procedure. For this
reason, three weighting schemes are described below.
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Fig. 3.5 Decision tree for
candidate fragility curves
corresponding to a single
damage state for an
examined building class

Fragility Curve 1

Fragility Curve 2

W, fragili
nfragilitycurve 11
fiagilitye Fragility Curve ;qiicurve

The first weighting scheme (WS1) assigns equal weights to the candidate
fragility curves:

w—— (3.6)

Nfragilitycurves

This scheme is closer to the first approach for combining fragility curves
proposed by SYNER-G (2011). According to the SYNER-G approach, however,
a beta distribution is fit to the values of the candidate fragility curves for each
intensity level in order to quantify the epistemic uncertainty in a fragility curve due
to the presence of different models. It should also be noted that the here proposed
approach is more generic than the second approach for combining fragility curves
favored by SYNER-G (2011) as it does not require that the candidate fragility
curves are expressed in terms of the same parametric function, e.g. the lognormal
cumulative distribution function. The main disadvantage of this approach is that all
candidate fragility curves are considered to be equally reliable.

According to the second weighting scheme (WS2), the seven criteria
corresponding to the three attributes of the Overall Quality are considered of
equal importance. The weights are determined by quantifying the rating score of
each criterion of the overall quality using Table 3.5. The sum of the values for the
7 criteria is then normalized such that the total sum of the weights for all candidate
fragility curves adds up to 1. However, Scherbaum and Kuehn (2011) showed that
this method tends to yield a mean fragility curve that is similar to that obtained from
use of the above unweighted scheme (WS1).

The third weighting scheme (WS3) follows the procedure outlined by
Scherbaum and Kuehn (2011). According to their approach, the user considers
their confidence in the reliability as well as the representativeness of each candidate
curve to the needs of the application, and accordingly assigns a weight w; € [0,1].
The sum of the weights across all candidate curves must equal 1. This procedure
aims to provide a robust probabilistic framework for determining the weights that
account for the fact that some criteria are more important than others. For example,
the low rating of data quality is more important than the statistical model fitting
procedure adopted for the construction of fragility curves.
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Table 3.5 Quantification

> Rating score Value
of the rating scores
H 3
M 2
L 1

3.4.2 Example Application of Different Selection
and Combination Methods

An example application of the fragility curve selection and combination framework
is provided here by considering the following hypothetical but realistic question:

“What is the probability of heavy damage or collapse in ordinary Italian unreinforced
mid-rise masonry buildings with regular layout for a peak ground acceleration of 0.25 g?”

It should be noted that a simple scenario based application is examined here.
A future application of the proposed procedure will involve the use of fragility
curves over a wide range of intensity measure levels.

The selection procedure proposed in Sect. 3.4 is applied to identify, from the
GEM compendia of empirical and analytical fragility curves, one or more suitable
curves to represent the fragility of the buildings being assessed. Firstly, Relevance
of the fragility curves is determined for the criteria of building class, damage state
and ground motion intensity (see Table A.1 for detailed criteria descriptions). With
regard to the criterion of building class, a search in the GEM compendia is carried
out considering the structural system, horizontal regularity and height of the
masonry buildings being assessed. Only curves that are highly or moderately
relevant to are retained. This yields a pool of 9 empirical and 13 analytical
candidate fragility curves, which are found in 5 and 2 published sources, respec-
tively. Their main characteristics as well as their rating scores are summarized in
Tables 3.6 and 3.7. In examining the fragility functions in more detail, it is found
that despite the fact that the curve developed by Colombi et al. (2008) appears to be
moderately relevant to the needs of the application, the study does not provide the
parametric function used to express the fragility curve or its parameters. It should be
noted that a search in the Fragility Function Manager (see Chap. 13) developed by
SYNER-G to accommodate this issue failed to yield any results. Therefore, this
curve is ignored. With regard to the remaining candidate curves, Rota et al. (2008)
as well as Borzi et al. (2008) have constructed fragility curves for subclasses of the
examined building class. In the former study, the subclasses include additional
characteristics on the type of floor system. In the latter study, the subclasses include
more specific details on structural materials, (i.e. natural stone or brick masonry),
and specific building heights. Other studies such as Coburn and Spence (2002) and
Ioannou et al. (2012) also provide specific details on the construction material of the
bearing walls, and their curves are also considered subsets of the assessed building
class. However, Orsini (1999) develops fragility curves for a more generic building
typology than is being assessed here, as they are defined for vulnerability classes of
buildings as defined by EMS-98. These curves can still be considered moderately
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relevant if it is assumed that the examined building class is a subset of vulnerability
classes A, B and C as proposed by EMS-98. Finally, Pagnini et al. (2008) propose
fragility curves for masonry 4-storey buildings accounting for the variability in the
material as well as geometrical properties of their examined class.

With regard to the damage state criterion of Relevance, the required state of
heavy damage can be matched directly to a damage state within each of the
candidate fragility curves. Therefore, all curves presented in Table 3.6 are consid-
ered highly relevant with regard to the damage state criterion. It is noted that if a
particular damage scale had been stated in the hypothetical question, then only
those curves adopting that particular damage state would have been rated as highly
relevant, the others moderately so. It is here assumed that heavy damage corre-
sponds to the DS4 state of the EMS-98 scale used for the construction of empirical
fragility curves by Rota et al. (2008) and Coburn and Spence (2002), by the DS4
state of the MSK-76 damage scales adopted by Ioannou et al. (2012), and the level
of ‘very serious damage’ (DS6) of the damage scale used by Orsini (1999). In the
case of Borzi et al. (2008) heavy damage is attributed to the limit state where 80 %
of the maximum shear resistance is attained. Finally, the state of heavy damage is
equivalent to the synonymous HAZUS limit state for Pagnini et al. (2008), which is
attained in the analysis when an equivalent single degree of freedom reaches the
ultimate displacement.

The rating scores of the criterion of ground motion intensity appear to vary from
high to low, given that the three conditions outlined in Table A.1 for this criterion
are met by varying degrees by the examined studies. In particular, the fragility
curves constructed by Rota et al. (2008) are considered highly relevant due to the
use of PGA to express the ground motion intensity, the fact that the record-to-record
variability is implicitly considered by the use of damage data from multiple events,
the fact that the required 0.25 g is included in the range for which these two curves
are valid and the sensitivity analysis which showed that the contribution of the
measurement error in the intensity measure levels is small. The Borzi et al. (2008)
curves are considered of moderate relevance given that their adopted response
spectrum accounts for the variability in demand but it does not correspond to the
requested location. Finally, the failure of Pagnini et al. (2008) to account for the
variability in the demand by adopting a single response spectrum resulted in an ‘L’
rating score. For this reason, this study is removed from the candidate set of curves.
The fragility curves constructed by Ioannou et al. (2012) and Orsini (1999) are
considered irrelevant for the given application due to the fact that the required level
of intensity lies outside the range of PGA values for which these curves are valid as
presented in Fig. 3.6. These sets of fragility curves are therefore removed from the
candidate pool.

The final revised pool of candidate curves contains 16 fragility functions. They
are found to be moderately relevant to the three criteria of the application, as
highlighted in Table 3.6. Twelve of these curves have been developed analytically
by Borzi et al. (2008) curves and the remaining four are empirical curves
constructed by Coburn and Spence (2002) and Rota et al. (2008). The Overall
Quality of the fragility curves for each study is determined next.
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With regard to the empirical fragility studies, that by Rota et al. (2008) is
considered of moderate documentation quality and includes a thorough discussion
on the input quality and the procedures followed for the construction of the fragility
curves, although the confidence around the constructed curves is not provided. The
sample size is considered of high quality because both building classes contain over
4,000 buildings. With regard to the input quality, the post-earthquake damage
observations on which the functions are based suffered from no-coverage error,
given that the total number of buildings has not been surveyed in many municipal-
ities, and non-response error. The former error was addressed by comparing the
number of buildings surveyed in each municipality with the total number of
buildings in the 2001 census. A sensitivity analysis showed that for large databases
(which is the case here) a no-coverage error as high as 40 % does not considerably
affect the results. In addition, the non-response error, introduced by missing data on
the survey forms, has been found to be small (~6 %). For these reasons, the quality
of the observations is considered high. The quality of the excitation observations is
also considered high given that the measurement error in the intensity measure
levels has been shown to be small and a sensitivity of the ground motion measure to
the fit is also examined. In addition, the well-constrained building classes used are
also considered of high quality.

The study of Coburn and Spence (2002) is considered of moderate documenta-
tion quality due to the lack of a thorough discussion on the quality of the damage
databases used. This reason, also leads to a moderate rating score being assigned to
the damage observations criterion. The excitation observations are considered of
low quality given that their values are estimated in terms of PSI, which is effec-
tively determined from the damage observations. The data quantity criterion is
assigned a high score given that a large sample size aggregated in at least 20 data
points is adopted. The building classes are considered poorly constrained, and
assigned a low rating, given that only very few structural characteristics have
been used to describe the building classes.

With regard to the rationality attribute, it is noted that the treatment of uncer-
tainty is generally poor across both Rota et al. (2008) and Coburn and Spence
(2002). In both cases, data from multiple earthquakes are used without a sensitivity
analysis being carried out to prove that the uncertainty in the damage data between
events is trivial compared to the uncertainty in response across a building class. In
addition, Rota et al. (2008) uses a questionable statistical model fitting method,
which although accounts for the fact that some points have larger uncertainty than
others, does not account for the number of buildings.

The overall quality of the analytical fragility curves developed by Borzi
et al. (2008) is assessed next. With regard to the input quality criterion, a medium
quality mathematical model is used by the study, which accounts for in-plane as
well as out-of-plane failure modes. Their model is simplified in order to fit the
mechanical method adopted for the simulation of its seismic performance. The
seismic demand criterion is also assigned a moderate rating score due to the adopted
code response spectrum, which accounts for uncertainty in the demand. The
criterion of the structural characteristics of the building class is assigned an ‘H’
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Table 3.8 Estimates of P(DS > Heavy Damage or Collapsel PGA = 0.25 g) for four approaches
proposed for combining the candidate fragility curves

WS1 WSI1 WwS2 WS31 WS32
(3 mean Overall rating
Study (16 curves) curves)  per curve w; w; wj
Coburn and Spence (2002) - - 14 031 0.10 0.10
Rota et al. (2008) - - 16 0.36  0.70 0.45
Borzi et al. (2008) - - 15 0.32  0.20 0.45
P(DS > Heavy damage or 69 % 38 % 38 % 32% 48 %

collapse| PGA = 0.25 g)

rating as the uncertainty in material and geometrical parameters as well as the
quality of the construction material are taken into account. The treatment of
uncertainty is considered moderate given that the uncertainty in two out of the
three components, namely: the demand and capacity is modeled through the use of
Latin hypercube. The EDP is measured in terms of inter-storey drift so it can be
considered of high quality. Finally, despite the fact that damage state thresholds are
obtained from experimental data found in the literature and the fragility curves
appear not to cross, the first principles criterion is considered ‘L’ due to the use of a
simplified mechanical analysis method.

In what follows, the probability of the examined building class sustaining heavy
damage or collapse for PGA = 0.25 g is estimated by combining these candidate
curves using the procedures outlines in Sect. 3.4.1.

Firstly, the unweighted average approach is used to combine all 16 moderately
relevant fragility curves by assuming that they are equally reliable (WS1). The
probability of heavy damage or collapse for the examined building class is then
estimated as the mean of the corresponding values from the 16 unweighted fragility
curves, according to Egs. (3.5) and (3.6). The probability is found to be equal to
69 % (see Table 3.8) and appears to be heavily influenced by the 12 fragility curves
developed by Borzi et al. (2008). Nonetheless, the curves obtained from a single
study are conditioned by the same limitations as indicated by the aforementioned
discussion on the selection of the same ratings for the curves of each study, depicted
in Tables 3.6 and 3.7. Therefore, the dominant influence of a single study, in this
case of the study of Borzi et al. (2008), over the examined probability of exceed-
ance could be reduced by combining the mean fragility curves for each study. The
examined probability of exceedance is then estimated in terms of the average of the
corresponding values from the three unweighted mean fragility curves (see
Table 3.8). The examined probability of exceedance estimated by the latter
approach is reduced by 45 %, indicating a considerably better seismic performance
of the examined building class for the examined level of intensity.

Neither of the unweighted average approaches used accounts for the Overall
Quality ratings assigned to each candidate fragility function. This can however be
taken into account by assigning a different weighting scheme. According to WS2,
the rating score for each criterion characterizing the fragility curves for each study
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is quantified according to Table 3.5 and the overall quality is considered equal to the
sum of these values. Given that all the candidate fragility curves in a single study
are rated the same, the overall score for a curve per study is provided in Table 3.8. It
is observed that this scoring approach suggests the curves constructed by Rota
et al. (2008) are the most reliable, followed by Borzi et al. (2008) and Coburn and
Spence (2002). The normalization of these scores results in very similar weights for
the mean fragility curves for each study. This appears to confirm the observations
made by Scherbaum and Kuehn (2011) that such a weighting scheme does not
provide a reliable basis for selecting one curve over the other. In fact, for this
weighting scheme, the combined mean probability of the examined building class
suffering heavy damage or collapse for PGA = 0.25 g, presented in Table 3.8, is
identical to the mean estimate using the WS1 scheme on the mean fragility curves
for the three studies.

The limitations of the aforementioned weighting scheme are addressed by
adopting WS3, which is based on the user’s degree of belief in the overall useful-
ness of the candidate curves. Given the subjectivity involved in the determination of
the weights according to this scheme two variations are provided for illustrative
purposes.

According to WS31, the users (i.e. the authors in this case), based on the exercise
of curve selection and the ratings in Table 3.6, are 70 % confident that the curves
constructed by Rota et al. (2008) are the most representative of the seismic fragility of
the examined building class given that they correspond to the examined building
class and using high quality input data. The authors are 20 % confident that the mean
fragility curves constructed by Borzi et al. (2008) for only two construction materials
are suitable for the present application given that they are analytically obtained by a
moderate quality model using simplified structural analyses. The curves constructed
by Coburn and Spence (2002) are weighted by the remaining 10 % given that
worldwide damage data, with perhaps very different seismic performance, have
been used for the construction of these curves. Eq. (3.5) is adopted in order to
estimate the expected probability of exceedance for PGA = 0.25 g. The estimate
(see Table 3.8) based on this weighting scheme appears to be approximately 15 %
lower than the unweighted estimate based on the three mean fragility curves. In this
case, the difference appears to be notable but it is not significant.

According to WS32, the authors note that the curves proposed by Rota
et al. (2008) appear to be rather flat and if extrapolated for PGA = 3 g the probability
of heavy damage or collapse is only 57 %. This could be caused by the assumption
that a coverage-error of 40 % is acceptable or by the fact that the non-homogenous
damage data from different earthquakes have been aggregated together or the statis-
tical model fitting technique adopted. For these reasons, the authors remain
unconvinced that the curves proposed by Rota et al. (2008) are superior to the curves
proposed by Borzi et al. (2008). For this reason, the same weight (45 %) is assigned to
the curves of both studies. Similar to WS31, the curves constructed by Coburn and
Spence (2002) are weighted by the remaining 10 %. Eq. (3.5) is adopted in order to
estimate the expected probability of exceedance for PGA = 0.25 g. The estimate
(see Table 3.8 and Fig. 3.7) based on this weighting scheme appears to be appear to be
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Fig. 3.7 Mean empirical and analytical candidate fragility curves based on three studies

approximately 52 % higher than the estimate based on the WS31 scheme highlighting
the sensitivity of the weighting scheme to judgment and the need for a deep
understanding of the advantages and the limitations of each procedure adopted for
the construction of fragility curves.

3.5 Concluding Remarks

This chapter presents an overview of existing fragility curve construction
approaches and discussed the factors seen in the literature to influence the reliability
of analytical, empirical, expert-opinion based and hybrid fragility curves. These
factors are taken into account in the proposal of a new framework for the selection
of fragility functions for a particular seismic risk assessment application. The
framework is discussed in detail and provides a rational approach for the selection
and comparison of fragility curves of different type. The framework for selection is
applied in an example application where different methods for combining fragility
functions, in cases where multiple fragility functions exist for a particular applica-
tion, are explored. The main observations from this exercise can be summarized as
follows:

* The proposed fragility curve selection procedure provides a logical framework
for the selection of fragility functions for a particular application from a com-
pendium of such curves

e The framework of criteria and rating system provides an effective means of
evaluating the factors regarded to impact the reliability of different types of
fragility functions

e The combination of fragility functions through a weighting scheme based on
quantifying the qualitative rating scores and their normalization appears to yield
results very close to the unweighted mean. This is attributed to the fact that the
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normalization is an act of convenience and results in fragility curves with being
assigned non-informative overall scores.

The process of criteria qualitative rating and user interpretation of the separate
attributes can significantly aid and help to justify a more robust weighting
scheme based on the user’s degree of belief in the candidate fragility curves.
In this example application the difference in damage state exceedance probabil-
ity prediction compared to an unweighted scheme appears to be notable (~15 %).
Finally, the exercise shows a significant reduction in the probability if the mean
fragility curves for each study are combined instead of the individual fragility
curves, which reduces the influence of the limitations of a single study with a
large number of moderately or highly relevant curves.

It is highlighted here that these observations are based on a single application of

the proposed fragility curve combination approaches and will need to be further
investigated to be generalized. In particular, the quantification of uncertainty when
combining fragility curves has not been considered here and remains an important
area for further research. However, the observations regarding the usefulness of the
proposed framework for fragility curve selection can be assumed to be more
generally applicable.
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Appendix

Table A.1 Rating system of the Relevance of existing fragility curves

Attribute Criterion Conditions Rate
1. 2.1 Damage states: Correspond to the requirements of the study H
Do not correspond to the requirements of the M

study, but their harmonisation to the needs of
the study is possible

Do not correspond to the requirements of the L
study and no harmonisation is feasible
Variability in the ~ Considered H
thresholds™: Not considered L
2.2 Building class and The qualitative description of the building class H
region: and region for which the curve has been

obtained is exactly the same as with the
required class

The building class of the curve is a subset or M
includes the required class. The same applied
to region

(continued)
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Table A.1 (continued)

T. Rossetto et al.

Attribute Criterion Conditions

Rate

Variability in
building
characteristics®

1. 2.3 Intensity measure
type:

Intensity measure

levels:

Ground motion®:

Ground motion**:

The qualitative description of the building class
and region for which the curve has been
obtained is substantially different than the
same as with the required class

Multiple buildings or Randomisation of
geometrical or material parameters

Limited number of buildings

Single building

Identical to the requirement of the application

Appropriate conversion equation present

No conversion equation present

Includes the required IM levels

The level is 20 % higher or lower than the min or
max value of IM range

Does not include the required IM levels

Ground motion — Database at location of building
and the variability in the ground motion is
taken into account

Spectra Regional Level — Spectrum from
existing record from the required area and the
variability in the ground motion is taken into
account

Ground motion — Spectrum compatible synthetic
record and the variability in the ground
motion is taken into account

Spectra National Level — Uniform hazard model
and the variability in the ground motion is
taken into account

Ground motion — Database unrelated to required
location.

Spectra Regional/National Level — Standard
spectra

Variability in ground motion is not taken into
account

The measurement error in the intensity measure
levels is taken into account in the fragility
assessment if the fragility for a given scenario
is required. This is not necessary if the
fragility curves are coupled with the hazard
and this error is accounted for in the hazard
assessment

The measurement error in the intensity measure
levels is NOT taken into account in the fragility
assessment, although the vulnerability for a
given scenario is required

EERCrgEmog =

= -

“Only for analytical fragility curves
I’Only for empirical fragility curves
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Table A.2 Rating scheme of the Overall Quality of existing analytical fragility curves
Attribute Criterion Conditions Rate
2.1. 1 Material and geo-  Representative of the characteristics of the H
metric assessed building class
characteristics:  Not representative of the characteristics of the L
assessed building class
2 Representation of ~ Real ground motion records H
ground motion:  Code based spectra L
3 Selection of EDP:  Inter-story drift H
Top drift M
4 Mathematic model  Structural modelling-3D element-by-element ~ H
Structural modelling-2D element-by-element ~ M+
Structural modelling-2D storey-by-storey M-
Structural modelling-1D global model L
Performance criteria-shear failure in members — H
Considered
Performance criteria-shear failure in members — L
NOT considered
Infill RC building — Modelled as infill frames H
Infill RC building — Modelled as bare frames L
Masonry buildings: performance criteria — Out H
of Plane failure mechanism — Considered
Masonry buildings: performance criteria — Out L
of Plane failure mechanism — NOT
considered
2.2. 1 Parameters Uncertainty in capacity + demand + damage H
accounted for thresholds is considered
uncertainties: 2/3 parameters are considered M+
1/3 parameters is considered M-
Not considered L
Modelling of Large database of ground motions H
record-to-record  Lack of database of ground motions L
variability:
Used values of f: Calculated H
Default L
Sampling method: ~ Monte Carlo or Latin hypercube sampling H
Full partitioning. M
Reduced partitioning. L
Simplified methods/direct capacity curve L
definition (Non-numerically-based).
2.2. 2 Analysis type: Nonlinear dynamic analysis methods H
Nonlinear static analysis methods M
Simplified methods/direct capacity curve L
definition (Non-numerically-based)
Fragility curves: The curves corresponding to different damage H
states for a given building class do not cross.
The curves follow expected trends
Not applicable M

(continued)



88 T. Rossetto et al.

Table A.2 (continued)

Attribute Criterion Conditions Rate

Obtained curves violate the first principles, L
e.g. fragility curves corresponding to
different damage states for a given building

class cross
Definition of Obtained from analysis of progress of local H
damage states: damage at elements level

Use of damage model (to be consistent with M
analysis type)

Use of simplified formula (based on simplified L
bilinear capacity curve)

Default values

2.3. .1 Documentation Reproducible study H
quality Only some parameters of the fragility functions M
are clearly defined
Insufficient information is provided to the L
fragility function or the methodology
Table A.3 Rating scheme of the Overall Quality of existing empirical fragility curves
Attribute Criterion Conditions Rate
2.1. 1 Damage scales or loss measures are clearly defined. Negligible H

non-sampling errors. Significant non-sampling errors have been
acknowledged and reduced using appropriate methods

Damage scales or loss measures are clearly defined but some M
significant non-sampling errors have been treated by relying on
assumptions which are not checked

Damage scales or loss measures are defined with ambiguity. L
Significant non-sampling errors have not been reduced or reduced
with questionable procedures

2 The IMLs have been determined from ground motion recording H

stations or GMPEs, and more than one intensity measure has been
used in order to identify the one that fits the data best. The
influence of the uncertainty in the ground motion in the fragility or
vulnerability functions has been investigated

The uncertainty in IM has been partially investigated or if more than one M
IMs has been used for the vulnerability or fragility assessment

2.1. 2 IMLs are interdependent with the observed damage data. If they useda L
single intensity measure and did not explore any other sources of
uncertainty

3 Building classes are defined in terms of building material, lateral-load H

resisting system, height and seismic code (age)

Building classes are defined in terms of building material, lateral-load ~ M
resisting system or in terms of vulnerability class, e.g. EMS98

Crude building classes are defined, e.g. RC buildings, RC frames, L
abode buildings from worldwide databases

4 For continuous functions: Sample sizes >200 damage or loss H

observations. For aggregated damage data, a minimum of
20 observations per bin of IM is used for a minimum of 10 bins

(continued)
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Table A.3 (continued)

Attribute Criterion Conditions Rate

For continuous functions: sample sizes between 20 and 200. For M
aggregated damage data, number of bins of IM between 5 and
10 are used with a minimum of 20 observations per bin

For continuous functions: Sample sizes <20 units or units aggregated L
in <5 bins of IM

2.2. 1 Data manipulations follow sensible procedures. Appropriate statistical H

models are selected and diagnostic tools demonstrate their good-
ness of fit

Appropriate statistical models are selected, but diagnostic tools fail to M
demonstrate their goodness of fit

Inappropriate statistical models are selected or data manipulations L
follow questionable procedures
2 The curves corresponding to different damage states for a given H
building class do not cross. The curves follow expected trends
Not applicable M
Obtained curves violate the first principles, e.g. fragility curves L
corresponding to different damage states for a given building class
Cross
23 .1 All the necessary inputs, outputs, and analytical steps are clearly H

documented and the work is reproducible

Only partial information regarding the aforementioned issues has been M
addressed in the work

Insufficient information is provided to the fragility or vulnerability L
function or the methodology
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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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4.2 Review of Fragility Functions for European Buildings

In the European continent, most of the buildings are constructed with masonry or
reinforced concrete, and for this reason, the majority of the existing fragility
functions in the academic literature treat these two types of structures. Fragility
functions describe the probability of exceeding different limit states (such as
damage levels) given a level of ground shaking. A “fragility function set”, as
referred to herein, represents a group of functions for a given building typology
for a number of different limit states of damage. A large number of fragility
function sets have been collected in the context of the SYNER-G project and
they have been stored into a dynamic tool, the SYNER-G Fragility Function
Manager, which is described in Chap. 13 of this book.

About 50 studies/publications have been reviewed as part of the project and for
each study, usually more than one building typology is investigated and different
fragility function sets are identified. For example, Polese et al. (2008) considered
three different types of reinforced concrete buildings and developed three different
fragility function sets. Therefore, in total, 415 fragility function sets for buildings
have been collected in the project. The review of fragility functions is not claimed
to be comprehensive, but it was carried out to develop the Fragility Function
Manager, and additionally investigate the epistemic uncertainty of fragility func-
tions, using the methodology described in Chap. 13.

As discussed in Chap. 1, different methodologies can be used for deriving
fragility functions and it is possible to classify them into four generic groups:
empirical (based on observed data), expert opinion-based, analytical (based on
numerical models) and hybrid (typically a combination of empirical and analytical
methods). An “unknown” class has been added in this study due to the fact that it
could be unclear from the reference material which method has been used. In the pie
charts below, the percentages of the different methodologies used in the 50 studies
reviewed are shown for reinforced concrete buildings. Figure 4.1 shows the
popularity of analytical methods for the derivation of fragility functions for
European buildings, which is also an outcome of the fact that two recent European
projects — RISK-UE (Mouroux and Le Brun 2006) and LESSLOSS (Calvi and
Pinho 2004), both promoted the use of analytical methodologies for deriving
fragility functions.

Another key element which is significant in the development of the fragility
curves, is the Intensity Measure Type (IMT) that represents the reference ground
motion parameter against which the probability of exceedance of a given limit state
is plotted. The vulnerable conditions of a structure are defined for a certain level of
ground shaking. An intensity measure describes the severity of earthquake shaking.

In the reviewed papers, different IMTs have been used to define the level of
ground shaking. It is possible to group these IMTs into two main classes: observa-
tional intensity measure types and instrumental intensity measure types.

With regards to the observational IMTs, different macroseismic intensity scales
could be used to identify the observed effects of ground shaking over a limited area.
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Fig. 4.1 Pie chart presenting the percentages of different methodologies used to develop fragility
function for reinforced concrete buildings

In the reviewed papers, fragility functions have been estimated using the following
different types of macroseismic intensity:

*  MCS: Mercalli-Cancani-Sieberg Intensity Scale;

* MMI: Modified Mercalli Intensity Scale;

* MSKS81: Medvedev-Sponheuer-Karnik Intensity Scale;
» EMS98: European Macroseismic Scale.

The instrumental IMTs (obtained from accelerograms), have the advantage that
the severity of the earthquake is no longer subjective. In the reviewed papers,
several instrumental IMTs are used to link the probability of exceeding different
limit states to the ground shaking:

¢ PGA: peak ground acceleration;

* PGV: peak ground velocity;

* RMS: root mean square of the acceleration;

» Sa(Ty): spectral acceleration at the elastic natural period Ty of the structure;

o S4q(Ty) and S4(Ts): spectral displacement at the elastic natural period (Ty) of the
structure or at the inelastic period (71 g) corresponding to a specific limit state,
respectively;

» Roof Drift Ratio: represents the ratio of the maximum displacement response at
the roof and the height of the building.

The latter three intensity measures in the list above might be referred to as structure-
dependent intensity measures as they are based on response parameters, and thus require
structural information regarding the building typology in order to be used (Fig. 4.2).

In the pie charts above, the percentages concerning the different IMTs used in
the studies are shown and as can be noted, peak ground acceleration has been the
most commonly used intensity measure type in the studied literature.
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Fig. 4.2 Pie chart presenting the different percentages of intensity measure types used to develop
fragility function for reinforced concrete buildings

4.3 Taxonomy of European Building Typologies

Fragility functions are developed for classes of buildings that have similar
characteristics in terms of the attributes that affect seismic vulnerability. The
classification of buildings based on their structural characteristics can be carried
out with a “taxonomy”.

A number of building taxonomies have been proposed over the past 30 years
although many actually provide a list of building typologies rather than a scheme
with which the main attributes of buildings can be classified. From the extensive
study of fragility functions carried out in this work it became clear that existing
taxonomies could leave out a large number of characteristics that could be used to
distinguish the seismic performance of buildings, and in many cases it was not
clear how these taxonomies should be simply expanded to include such informa-
tion. Hence, a classification scheme for buildings was developed within the
SYNER-G project. The main categories of this classification scheme proposed
for buildings within SYNER-G are: force resisting mechanism (FRM), force
resisting mechanism material (FRMM), plan regularity (P), elevation regularity
(E), cladding (C), detailing (D), floor system (FS), roof system (RS), height level
(H), and code level (CL). The attributes of the taxonomy that are most relevant for
RC buildings are presented in Table 4.1. Readers are referred to Chap. 5 for a
discussion of the attributes of the SYNER-G taxonomy used to describe masonry
buildings.
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Table 4.1 SYNER-G building taxonomy: attributes of importance for RC buildings

Category

Sub-category

FRM

FRMM

FS

HL

CL

Moment resisting frame (MRF)
Structural wall (W)

Flat slab (FS)

Precast (P)

Concrete (C)

Regular (R)

Irregular (IR)

Regular geometry (R)
Irregular geometry (IR)
Regular infill vertically (RI)
Irregular infill vertically (IRI)
Bare (B)

Ductile (D)
Non-ductile (ND)
Rigid (R)

Flexible (F)
Low-rise (1-3) (L)
Mid-rise (4-7) (M)
High-rise (8-19) (H)
Tall (20+) (Ta)
None (NC)

Low (<0.1 g) (LC)
Moderate (0.1-0.3 g) (MC)
High (>0.3 g) (HC)

Embedded beams (EB);
Emergent beams (EGB)

Reinforced concrete (RC);

High strength concrete (>50 MPa) (HSC); Average
strength concrete (20-50 MPa) (ASC); Low
strength concrete (<20 MPa) (LSC)

High yield strength reinforcing bars (>300 MPa)

(HY); Low yield strength reinforcing bars
(<300 MPa) (LY);

Classification of reinforcing bars based on EC2
(A,B,0);

Smooth rebars (SB);

Non-smooth rebars (NSB)

Fired brick masonry (FB);

High % voids (H%); Low % voids (L%);

Autoclaved Aerated Concrete (AAC); Precast
concrete (PC);

Glazing (G);

Single layer of cladding (SL); Double layer
of cladding (DL);

Open first floor (Pilotis) (P); Open upper floor (U).

Reinforced concrete (RC); Steel (S); Timber (T).

Number of stories (indicate the number)

FRM force resisting mechanism, FRMM force resisting mechanism material, P plan, E elevation,
C cladding, D detailing, F'S floor system, HL height level, CL code level
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The building typology is defined using the label put in the brackets for each
parameter within a given category. For example:

FRM1-FRM2/FRMM1-FRMM2/P/E/C-CM/D/FS-FSM/RS-RSM/HL-NS/CL

More than one label can be used per category separated by a dash. For example,
a building with moment resisting frames and walls (dual system) would be MRF-W,
a building with mixed construction of reinforced concrete and masonry would be
RC-M. Not all categories need to be defined due to the fact that there might be lack
of information about the structure. In this case, where information is unknown, it
can be left by an X. In the following, two examples are shown:

¢« MRF/C-RC/X/X/RI-FB-H%/ND/R-RC/X/L-2/NC: moment resisting frame, in
reinforced concrete with regular external infill panels in brick with a high
percentages of voids, with non-ductile design details, with rigid reinforced
concrete floor, low-rise, two storeys, not designed to a seismic code;

o BW/M/X/X/X/X/X/X/L/X: low-rise masonry bearing wall structure.

The proposed taxonomy is constructed with a modular structure. In this way,
other categories and sub-categories can easily be added and all the different kind of
European buildings can be taken into account. Subsequently, additional categories
for describing the non-structural elements might be added.

This modular structure represents a new and a different approach in categorizing
and classifying buildings. It has a flexible structure and it can be used to describe a
considerable amount of different buildings. It can be updated at any time with new
categories being added and different features can be added to existing categories.
The SYNER-G taxonomy was defined by Charleson (2011) as having the most
potential amongst all taxonomies reviewed and subsequently formed the basis of
the Global Earthquake Model (GEM) Building Taxonomy (Brzev et al. 2012). It is
proposed that in future European studies the GEM Building Taxonomy is used, as it
has built upon and further improved the SYNER-G taxonomy.

4.4 Fragility Functions for RC Buildings

Following the review of fragility functions in Europe, and their classification using
the SYNER-G building taxonomy, a tool was developed to store all of the functions,
and allow users to harmonize and compare the functions. This tool is the Fragility
Function Manager, described further in Chap. 13 of this book.

As described in Sect. 4.3, a taxonomy for European buildings has been derived in
this project. This taxonomy has been assigned to all of the fragility functions
collected (which can be found in Crowley et al. 2011a). The fragility functions
for a given taxonomical description can then be filtered using the SYNER-G
Fragility Function Manager.

One main class of reinforced concrete structures has been selected herein for the
comparison of fragility functions: reinforced concrete buildings with moment
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Fig. 4.3 Flow chart for a reinforced concrete with moment resisting frame building class. The

number in blue brackets reports the available number of fragility function sets

resisting frames. A project has been created with the aforementioned tool to
consider this main class and sub-projects have been developed to group the
structures taking into account the height level, the code level, the cladding and
the detailing (Fig. 4.3). Each column represents a different level of detail. In this
way, the user can choose to compare fragility functions taking into account differ-
ent levels of information. For instance, it should be possible to compare all the
available fragility functions sets concerning reinforced concrete with moment
resisting frame building that are low rise or all the available fragility functions
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Fig. 4.4 Flow chart for a reinforced concrete with dual system building class. The number in blue
brackets reports the available number of fragility function sets

sets concerning reinforced concrete with moment resisting frame building that are
low rise, seismically designed, bare and ductile. In Fig. 4.4, the chart produced
using the same exercise for reinforced concrete buildings with dual systems is also
provided.

By observing Figs. 4.3 and 4.4 it is apparent which building types need to be
analysed in future research developments. In fact, there are some classes that are
represented by very few fragility curves (sometimes just one fragility function)
and for this reason it is not possible to conduct a critical review and an
exhaustive study of the epistemic uncertainties across the fragility functions of
this typology.

A collection of fragility functions for a given RC building type has been
produced, and then harmonized (in terms of the intensity measure type and limit
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Fig. 4.5 Yield limit state (a) and collapse limit state (b) harmonised fragility functions for a
reinforced concrete mid-rise building with moment resisting frame: MRF/C/RC/X/X/X/X/X/X/
MR/X

states) and compared. In the following, four examples are described to show in
detail the capability of the tool and the comparison between different literature
studies. Readers that are interested in more guidance regarding the selection of
fragility functions from a wide range of choices are referred to Chap. 3, where a
methodology for selecting reliable fragility functions is presented. Such a method
has not been applied herein, which is one reason for the very large epistemic
uncertainty that can be seen across the fragility functions. The main reason for
presenting the functions herein has been to demonstrate one possible methodol-
ogy for estimating epistemic uncertainty, which has been implemented in the
SYNER-G systemic vulnerability framework, which is described further in the
companion Book (Systemic Seismic Vulnerability and Risk Assessment of
Complex Urban, Lifeline Systems and Infrastructures: The SYNER-G Methodo-
logy and Applications).

The selected examples in Figs. 4.5, 4.6, 4.7 and 4.8 go from a lower level of
detail (reinforced concrete building, mid rise, moment resisting frame) to a higher
level of detail (reinforced concrete building, mid rise, moment resisting frame,
seismically designed, bare and non ductile). Somewhat surprisingly, increasing the
level of detail of the taxonomic description of the building typology does not
necessarily reduce the epistemic uncertainty in the fragility functions. There are a
wide range of reasons for the variability in the curves which include the method-
ology used to derive the functions (and the treatment of uncertainties within that
method), the region of applicability, the limit state criteria applied, the intensity
measure type employed (and the uncertainties associated with converting to a
common intensity measure type). As discussed in Chap. 3, and as highlighted by
the following results, an evaluation of these criteria should first be made, before
fragility functions can be selected and compared.
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Fig. 4.6 Yield limit state (a) and collapse limit state (b) harmonised fragility functions for a
reinforced concrete mid-rise building with moment resisting frame with lateral load design:
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Fig. 4.7 Yield limit state (a) and collapse limit state (b) harmonised fragility functions for a
reinforced concrete mid-rise building with bare moment resisting frame with lateral load design:

MRF/C/RC/X/X/B/X/X/X/MR/C

For each reinforced concrete buildings class, in the Figs. 4.9, 4.10, 4.11 and 4.12
below are shown the mean curve and the individual fragility functions, whilst in the
following Tables 4.2, 4.3, 4.3, 44, 4.5, 4.6, 4.7 and 4.8 are reported the mean and
coefficient of variation (cv) of the lognormal parameters of the fragility functions
(i.e. logarithmic mean and logarithmic standard deviation), as well as the corresponding
correlation coefficient matrix. The methodology for estimating these parameters is
presented in Chap. 13.
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Fig. 4.8 Yield limit state (a) and collapse limit state (b) harmonised fragility functions for a
reinforced concrete mid-rise building with bare moment resisting frame with lateral load design:
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Fig. 4.9 Mean curve for yielding limit state (a) and collapse limit state (b) for a reinforced
concrete mid-rise building with moment resisting frame

4.5 Concluding Remarks

As part of the study on existing fragility functions in Europe carried out within the
SYNER-G project, a number of issues have been tackled from which the following
recommendations can be extracted:

e A classification scheme (taxonomy) for European buildings has been proposed.
The SYNER-G taxonomy has formed the basis of the GEM building taxonomy
(Brzev et al. 2012), which if used in future research and risk assessment
applications, will simplify the comparison of fragility functions across various
studies.
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Fig. 4.10 Mean curve for yielding limit state (a) and collapse limit state (b) for reinforced
concrete mid-rise building with bare moment resisting frame with lateral load design
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Fig. 4.11 Mean curve for yielding limit state (a) and collapse limit state (b) for a reinforced
concrete mid-rise building with bare moment resisting frame with lateral load design

* A tool for those working on seismic risk assessment has been developed which
allows fragility functions, that have until now been confined to the pages of
academic literature, to be shared and compared. A recommendation for the
future development of the Fragility Function Manager will be for the fragility
functions to first be quality rated before a methodology to estimate the epistemic
uncertainty is applied. Chapter 3 proposes that the reliability of a fragility
function can be described in terms of a number of factors including the data
quality, class definition and sampling method/size and derivation method. Such
evaluations of fragility functions will aid users in selecting functions for risk
assessment.

e It is recommended that future research into fragility functions in Europe takes
into account the gaps that have been identified through the review carried out in
this project. In particular, fragility functions for high rise moment resisting
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Fig. 4.12 Mean curve for yielding limit state (a) and collapse limit state (b) for a reinforced
concrete mid-rise building with bare non-ductile moment resisting frame with lateral load design

Table 4.2 Mean and ¢, of the lognormal fragility parameters for a reinforced concrete mid-rise
building with moment resisting frame

Yielding Collapse
Logarithmic Logarithmic standard Logarithmic Logarithmic standard
mean deviation mean deviation

Mean —1.853 0.481 —0.879 0.452

cy (%) 26 19 48 23

Table 4.3 Correlation coefficient matrix for a reinforced concrete mid-rise building with moment
resisting frame

Median Dispersion Median Dispersion

(yield) (yield) (collapse) (collapse)
Median (yield) 1 0.116 0.537 0.272
Dispersion (yield) 1 0.278 0.008
Median (collapse) Symmetric 1 —0.109
Dispersion (collapse) 1

Table 4.4 Mean and c, of the lognormal fragility parameters for a reinforced concrete mid-rise
building with moment resisting frame with lateral load design

Yielding Collapse
Logarithmic Logarithmic standard Logarithmic Logarithmic standard
mean deviation mean deviation

Mean —1.876 0.476 —0.738 0.430

cy (%) 28 21 67 28
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Table 4.5 Correlation coefficient matrix for a reinforced concrete mid-rise building with bare
moment resisting frame with lateral load design

Median Dispersion Median Dispersion

(yield) (yield) (collapse) (collapse)
Median (yield) 1 0.152 0.386 0.094
Dispersion (yield) 1 0.371 0.354
Median (collapse) Symmetric 1 —0.279
Dispersion (collapse) 1

Table 4.6 Mean and ¢, of the lognormal fragility parameters for a reinforced concrete mid-rise
building with bare moment resisting frame with lateral load design

Yielding Collapse
Logarithmic Logarithmic standard Logarithmic Logarithmic standard
mean Deviation mean deviation

Mean —1.939 0.458 —0.821 0.452

¢y (%) 28 23 64 25

Table 4.7 Correlation coefficient matrix for a reinforced concrete mid-rise building with bare
moment resisting frame with lateral load design

Median Dispersion Median Dispersion

(yield) (yield) (collapse) (collapse)
Median (yield) 1 0.189 0.504 —0.041
Dispersion (yield) 1 0.276 0.723
Median (collapse) Symmetric 1 —0.089
Dispersion (collapse) 1

Table 4.8 Mean and ¢, of the lognormal fragility parameters for a reinforced concrete mid-rise
building with bare non-ductile moment resisting frame with lateral load design

Yielding Collapse
Logarithmic Logarithmic standard Logarithmic Logarithmic standard
mean deviation mean deviation

Mean —1.832 0.474 —1.091 0.485

¢y (%) 33 21 48 24

frames with seismic design and infills panels were not identified in the review,
and frame-wall structures without seismic design were much less common than
their seismically designed counterparts. The reason for the reduced number of
studies is likely to be related to the lower frequency of these building typologies
in Europe, but it is nevertheless suggested that the research herein could provide
some guidance on where to focus fragility function efforts for RC buildings in
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Table 4.9 Correlation coefficient matrix for a reinforced concrete mid-rise building with bare
non-ductile moment resisting frame with lateral load design

Median Dispersion Median Dispersion

(yield) (yield) (collapse) (collapse)
Median (yield) 1 0.158 0.783 0.033
Dispersion (yield) 1 0.118 0.614
Median (collapse) Symmetric 1 —0.453
Dispersion (collapse) 1

the future. In the meantime, as mentioned previously, users of existing fragility
functions are recommended to apply methodologies such as those described in
Chap. 3 for evaluating and selecting robust fragility functions, and a methodol-
ogy such as the one described in Chap. 13 for parameterizing the uncertainty
across a number of functions.
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Chapter 5
Fragility Functions of Masonry Buildings

Sergio Lagomarsino and Serena Cattari

Abstract This chapter proposes a method for the vulnerability assessment of
ordinary masonry buildings at territorial scale, to be used in the framework of a
probabilistic seismic risk analysis. The classification of the built environment is based
on the SYNER-G taxonomy and is dependent on the available data in the study area;
it consists in the aggregation of buildings characterized by a homogeneous seismic
behavior, which is known from empirical damage on similar structures, proper
analytical models or expert judgment. The general definition of fragility functions
is recalled, through the use of static non linear analysis for the evaluation of the
capacity spectrum and the calculation of the maximum displacement by the demand
spectrum. The selection of proper intensity measures for masonry buildings is treated,
as well as the definition of damage and performance limit states. A detailed procedure
for the propagation of uncertainties is proposed, which is able to single out
each independent contribution. Then, some recommendations for deriving fragility
functions with different approaches are given. In particular, it is shown how the
macroseismic vulnerability method, derived from EMS98, can be used by expert
elicitation or if empirical data are available. Moreover, the DBV-masonry (Dis-
placement Based Vulnerability) method is proposed as a powerful tool for
the derivation of fragility function by an analytical approach. Finally, fragility
functions are derived for ten different classes of masonry buildings, defined by a
list of tags from the taxonomy, in order to show the capabilities of the proposed
methods and their cross-validation.
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5.1 Typologies

The definition of fragility functions for masonry buildings is a hard task because we
refer to a wide variety of constructions, which are characterized by very different
types of masonry and structural systems, moving through historical periods and
geographical areas.

As regards the first point, masonry is a composite material and the mechanical
properties are related not only to those of the constituents, blocks (stone, solid clay
bricks, adobe, etc.) and mortar (mud, lime, hydraulic lime, cement), but also to the
dimensions and shape of the blocks, the interlocking in the external leaves and the
transversal connection through thickness.

With reference to the structural systems, ancient constructions, but also recent
vernacular ones, are very different from engineered masonry buildings, such as
confined or reinforced masonry. The former were built by an empirical approach
and are usually vulnerable, first of all to local mechanisms (out-of-plane behav-
ior); however, in high seismic areas specific details were adopted to prevent from
damage (metallic tie rods, timber belts, buttresses, connections of horizontal
diaphragms to masonry walls, etc.). The latter have been specifically conceived
to withstand the earthquake, after a detailed damage observation, as in the case of
confined masonry (widely adopted in South American countries), or on the base of
modeling and capacity design criteria, as in the case of unreinforced masonry
building (with reinforced concrete — RC — ring beams at floor level) or reinforced
masonry.

Among the masonry building may also be considered the mixed structures, such as
the traditional mixed masonry-timber buildings or the rather modern mixed masonry-
RC buildings. The formers may have different configurations: (a) timber reinforced
masonry buildings, with horizontal timber ties at various levels and connected
through thickness (e.g. in the Balkan, Greek and Turkish area); (b) timber-framed
masonry buildings (e.g. frontal walls of pombaline buildings in Portugal, or smaller
building with main bearing walls confined and braced with timber elements, all over
the world); (c) buildings with masonry walls at the lower stories and timber frames at
the upper ones. Besides confined masonry, the spread of RC technology in the first
half of twentieth century has caused the birth of different types of mixed masonry-RC
buildings, results of functional choices and often quite vulnerable: (a) masonry
perimeter walls and RC interior frames; (b) raising of masonry buildings with RC
framed structures.

Another important distinction is between ordinary and monumental masonry
buildings. The latter category collects special type of assets, from the morphological
point of view, such as: churches, mosques, towers, minarets, fortresses, etc.; they
have a specific seismic behavior and, usually, a higher vulnerability, as testified by
the last seismic events. Models and fragility functions defined for ordinary masonry
buildings can be also used for monumental palaces, but in addition it is required an
additional vulnerability assessment of some specific elements, if present (loggias,
cloisters, colonnades, wide halls with double height, etc.).
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This chapter is mainly focused on ordinary masonry buildings. In particular
mechanical models and fragility functions are proposed for ordinary unreinforced
masonry buildings. However, the general framework of the procedure outlined in
the next section (Sect. 5.3), in terms of key assumptions, treatment of uncertainties
and modeling issues, can be adopted also for the derivation of fragility functions of
other masonry buildings typologies.

In Table 5.1 the main features that are useful for the taxonomy of masonry buildings
are listed, according to the general approach proposed in SYNER-G project. Each
building is described by a string of codes, separated by slashes and hyphens. Slashes
mark the main categories of the taxonomy: FRM — Force Resisting Mechanism; FRMM
— Force Resisting Mechanism Material; P — Plan; E — Elevation; CO — Cladding &
Openings; DM — Detailing & Maintenance; FS — Floor System; RS — Roof System;
HL — Height Level; CL — Code Level. Within each category, the list of possible options
is defined by proper acronyms; a more detailed classification and sub-classification
(in square brackets in Table 5.1) is related to some of the category options and can be
indicated in the taxonomy by separating the list of codes by hyphens.

In the case of masonry buildings the FRM is always the Bearing Walls system
(BW), which can present very different seismic behavior depending on geometry
and constructive details. Usually reference is made to Out-of-Plane (OP) and
In-Plane (IP) mechanism, depending on the connections and distance between
masonry walls, as well as on the stiffness of horizontal diaphragms. If a global
seismic (box-type) behavior can be assumed, a sub-classification is possible: each
single wall may be analyzed by an equivalent frame model (EF) or by simplified
models that assume the hypotheses of strong (SSWP) or weak (WSSP) spandrels.
The choice of the most reliable model depends on available as-built information.

The category FRMM considers different structural material: Unreinforced Masonry
(URM); Reinforced Masonry (RM); Confined Masonry (CM); Timber-framed
Masonry (TM); mixed Masonry-RC (MRC). In particular, in the URM case, a
detailed classification is important, with reference to blocks and mortar characteristics,
because the mechanical properties vary in a wide range.

The configuration of the building Plan (P) is very important for the seismic
vulnerability, both with reference to the regularity (R, IR) and to the possible
interaction with other buildings (Isolated — I — or Aggregated in urban blocks — A).
This information is useful to address the most probable collapse mechanisms
(BW classification).

Information on the regularity in Elevation (E) may help in the definition of the
behavior factor and the ductility, due to the possible different localization of the
weak story.

The role of non-structural elements is almost negligible in masonry buildings,
but it is important to know the regular distribution and percentage of openings
(CO). A regular distribution (RO) may promote the WSSP behavior, which is
characterized by a higher displacement capacity but a lower strength than the
SSWP case. Moreover, a High percentage of openings (H %) at the base story,
typical in the case of shops, may produce a weak story mechanism, which has a low
displacement capacity.
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Table 5.1 SYNER-G taxonomy for masonry buildings

Category

Classification

FRM

FRMM

6(0)

DM

FS

RS

HL

CL

Bearing Walls (BW)

Unreinforced Masonry (URM)
Reinforced Masonry (RM)
Confined Masonry (CM)

Timber-framed Masonry (TM)

Regular (R)

Irregular (IR)

Regular geometry (R)

Irregular geometry (IR)

Regular openings (RO)

Irregular openings (IRO)

Details: High quality details
(HQD), Low quality
details (LQD)

Maintenance: Good Maintenance
(HM), Low Maintenance (LM)

Rigid (R)
Flexible (F)
Peaked (P)

Flat (F)

Gable End Walls (G)
Low-rise (1-2) (L)
Mid-rise (3-5) (M)
High-rise (6-7) (H)
Tall (8+) (Ta)
Pre-Code (PC)

None (NC)

Low (<0.1 g) (LC)
Moderate (0.1-0.3 g) (MC)
High (>0.3 g) (HC)

Out of plane (OP); In plane (IP) [Equivalent Frame
(EF), Weak Spandrels Strong Piers (WSSP),
Strong Spandrels Weak Piers (SSWP)]

Blocks: Adobe (A); Fired brick (FB); Soft Stone
(SS); Hard Stone (HS) [Regular Cut (RC),
Uncut (UC), Rubble (RU)]; Hollow clay tile
(HC) [High % of voids (H%), Low % of voids
(L%), Concrete Masonry Unit (CMU),
Autoclaved Aerated Concrete (AAC)]

Mortar: Lime mortar (LM); Cement mortar (CM);
Mud mortar (MM); Hydraulic mortar (HM)

Strengthening: Strengthened masonry (Sm)

Timber: Confined and braced masonry panels (TC);
Horizontal timber tie (TT)

Concrete and reinforcement: [ Average Strength
(20-50 MPa)(ASC), Low Strength (<20 MPa)
(LSO)]; [Vertical Reinforcement Bars (RBV),
Vertical and Horizontal Reinforcement Bars
(RBVH)]

Isolated (I), Aggregate (A)

High % voids (H%), Low % voids (L%)

Tie rods: Without tie rods (WoT); With tie rods
(WT)

Ring beams: Without ring beams (WoRB); With
ring beams (WRB)

Reinforced concrete (RC); Steel (S); Timber (T);
Vault (V)

Material: Timber (Ti); Corrugated Metal Sheet
(CMS); Reinforced Concrete (RC); Thatch (Th)

Thrusting roof (Tr); Unthrusting roof (UTr)

Number of stories (indicate the number)

Pre-code Aseismic Construction: Low Level (LAC);
Moderate Level (MAC); High Level (HAC)

FRM force resisting mechanism, FRMM force resisting mechanism material, P plan, E elevation,
CO cladding & openings, DM detailing & maintenance, FS floor system, RS roof system, HL
height level, CL code level
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Another important category, in particular in the case of URM buildings, is the
quality of constructive details and the state of maintenance, which is an essential
prerequisite in order to exploit the former aspect (DM). The attribution of High
Quality Details (HQD) must consider the adherence to the rules of the art,
which altogether define a local code of practice referred to different scales of the
construction: the masonry (way to assure interlocking and transversal connection),
the wall (distribution of openings, lintels, etc.) and the global construction (wall-wall
and wall-horizontal diaphragms connections). The systematic presence of effective
tie rods (WT) or ring beams (WRB) may prevent from out-of-plane mechanisms and
increase the strength and ductility of spandrels, for the in-plane behavior; it is worth
noting that RC ring beams drive the seismic response to weak story mechanism
(SSWP behavior), while tie rods increase the ductility of uniform mechanisms
(WSSP behavior).

The Floor System (FS) influences the seismic behavior, with reference both to its
mass (which increases the horizontal seismic actions) and its stiffness (which
allows a certain degree of redistribution of the horizontal seismic actions between
the vertical walls). A rough categorization is obtained by distinguishing between
Rigid (R) and Flexible (F); the attribution has to consider not only the stiffness but
also the effectiveness of the connection with vertical walls. A more detailed
classification can consider also the material and configuration (i.e. the presence of
masonry vaults can also induce horizontal thrusts).

Similar information are required on the Roof System (RS), which is an important
parameter for the vulnerability assessment, because of its mass (dynamically
amplified due to its position at the top of the building) and the possible presence
of a horizontal thrust (Tr), which can induce local collapse mechanisms.

The Height Level (HL) is very important because it influences very much the
seismic vulnerability and is always available or very easily detectable. The possible
categories (L, M, H and Ta) must be redefined, in terms of number of stories, for
masonry buildings, because they are on average lower than RC or steel buildings.

Finally, the Code Level (CL) category is very important and must be properly
defined in the case of masonry buildings, which are usually old and not seismically
designed (PC); in this case, it is useful to estimate the local seismic culture, which is
high (HAC) in areas frequently affected by earthquakes. For modern buildings,
designed by considering a seismic code (LC, MC and HC), the categories should
mainly consider the seismic hazard used for the design, taking also into account the
accuracy of the code provisions.

The vulnerability assessment at territorial scale requires to group the buildings
that have a similar seismic behavior in order to evaluate the damage and losses of
the built environment due to a given hazard assessment. To this aim, the proposed
taxonomy cannot be directly used, because available information is always
incomplete and, anyway, a too very detailed subdivision of the building stock
considered in the risk analysis might be useless and difficult to be managed.

Depending on the available data and after a preliminary study of the characteristics
of the built environment in the urban area under investigation, the first step of the
vulnerability assessment is to proceed to a proper classification of buildings. To this
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aim, among the available information, the parameters that mostly affect the seismic
behavior must be singled out. Each vulnerability class, which can be synthetically
named by a number or a short acronym, is clearly identified by a precise taxonomy,
that is a list of category and related classification information. Missing information
in the taxonomy means that no data are available to better describe the buildings,
so fragility functions must represent the average vulnerability of a large set of
configurations. On the contrary, if some parameter is excluded, all other options
should be listed in the taxonomy.

Fragility functions must be defined, according to suggestion of Sect. 5.4, for each
building class. It is worth noting that the dispersion is higher when few building
classes are used, each one including constructions characterized by quite different
behavior; on the contrary, a too much detailed classification may lead to the definition
of classes with quite similar fragility functions, but with a lower dispersion.

As an example, in the case of a risk analysis at regional scale, when little
information is available, the following tags of the taxonomy could describe a
possible classification:

— Class 1:/BW/URM-FB-HM/R/R/RO/HM/R/P/M/PC-MAC/
— C(Class 2:/BW/URM-HS-UC-LM/R-A/R/IRO/LM/F/G-Ti/M/PC-LAC/

If the analysis is focused on a urban district, with a small number of buildings,
it is possible to limit the possible options, after a quick sample check survey, and
split the classes proposed above, on the base of: quality of seismic design and
construction details, materials of floor and roof system, etc.

5.2 Review of Existing Functions and Gaps

Many fragility functions have been developed and can be taken from the literature for
the risk analysis of masonry buildings (Benedetti et al. 1988, 1990; HAZUS 1999;
Kappos et al. 2008; D’Ayala and Ansal 2009; Barbat et al. 2010; Cattari et al. 2010,
2013; D’Ayala and Paganoni 2010; Ferreira et al. 2013). They have been derived
according to different approaches, which can be traced back to the classification
introduced in Chap. 2 (Sect. 3.2.) by Rossetto et al. (1) empirical (e.g. Nuti et al. 1998;
Colombi et al. 2008; Rota et al. 2008); (2) expert elicitation based (e.g. Lagomarsino
and Giovinazzi 2006); (3) analytical, based on nonlinear static approaches through
simplified (e.g. Bernardini et al. 1990; D’ Ayala et al. 1997; Calvi 1999; Glaister and
Pinho 2003; Restrepo and Magenes 2004; D’Ayala 2005; Borzi et al. 2008; Molina
et al. 2009; Oropeza et al. 2010; Pagnini et al. 2011; Lagomarsino and Cattari 2013)
and detailed models (e.g. Rota et al. 2010) or based on linear dynamic approaches
(e.g. Erberik 2008; Gehl et al. 2013); (4) hybrid methods (e.g. Jaiswal et al. 2011).
Many fragility functions have been obtained from observed damage after the
occurrence of an earthquake; these data are valuable, because they are directly
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correlated to the actual seismic behavior of buildings and can be very useful for
validation of analytical methods and calibration of hybrid fragility functions.
However, empirical fragility functions are strongly influenced by the reliability of
the damage assessment, which is often made by a quick survey aimed to other
scopes, as the building tagging for use and occupancy.

Once in the study area masonry building typologies have been analyzed and
building classes defined, it is necessary to derive the appropriate fragility functions.
To this end, for each class, fragility functions taken from different authors may be
used and properly combined, but attention must be paid because these functions
could be biased due to some parameters or aspects.

First of all, a crucial factor is the choice of the seismic intensity measure.
Empirical data are usually referred to macroseismic intensity, which is not an
instrumental measure but is based on a subjective evaluation. This approach is
suitable when the aim of the risk analysis is to draw a comparative scenario,
probably useful to plan mitigation strategies; for an accurate loss estimation,
however, it is necessary to convert macroseismic intensity into an instrumental
intensity measure, and this step introduces important approximation and normally
huge uncertainties. On the contrary, if empirical fragility functions are given in
terms of Peak Ground Acceleration (PGA), it is worth noting that this parameter is
directly related to the spectral characteristics of the input motion of the specific
seismic event. In these cases, the correlation between intensity and damage should
present a low dispersion, which has to be increased before using those functions.

Another difficult task is the definition of consequences that are evaluated by the
fragility functions. Usually Damage States (DS) are considered, which are referred
to physical damage to structural and non-structural elements, but fragility functions
can be also drawn in terms of a Damage Index (DI), related to the cost of repair, or
of some Performance Indicators (PIs), which are related to the conditions of use
(operational, occupancy, life safety). All the above mentioned effects (except DI)
are discrete states and are defined by a qualitative judgment (in case of observational
functions) or by a correlation with some structural parameter, as the interstory drift
(in case of analytical based functions).

Finally, it is worth noting that the characteristics of masonry buildings are
dependent from the local seismic culture and the available materials in the area; as
an example, the apparently detailed description “irregular stone masonry with lime
mortar” may correspond to very different seismic capacities, if it is assigned to
buildings in different countries. Thus, the extrapolation of empirical fragility functions
for traditional masonry buildings to other geographic areas is questionable.

In conclusion, the use of existing fragility functions has to be made carefully. In
order to increase the reliability of the results, it is suggested to combine a significant
number of fragility functions, obtained from different authors and with different
methods, assigning to each one a proper subjective probability, related to the
reliability of the source and the fitting with the characteristics of the building
class under investigation, in order to obtain a weighted fragility function.
Depending on the availability and reliability of fragility functions, the building
classification should be more or less detailed. An excessive splitting of the built
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environment into detailed classes, with associated low dispersed fragility functions,
turns out to be specious if their reliability is not robust; in these cases it is better to
reduce the number of buildings classes and ascribe to each one a more reliable
fragility function, even if defined by a bigger dispersion.

In the context of analytical based on nonlinear static approaches, this chapter
proposes a procedure to derive fragility functions for masonry buildings, once a
building class is defined by tagging the various categories of the taxonomy (Table 5.1).
The general framework of the method, the probabilistic key assumptions and the
modeling bases are treated in Sect. 5.3, while some operative recommendations for the
different possible approaches are given in Sect. 5.4. The development of tailored
fragility functions is the suggested way to improve the reliability of the vulnerability
and risk analysis.

5.3 Key Assumptions, Uncertainties and Modeling Issues

The fragility function gives the probability that a generic Limit State (LS) is
reached given a value im of the Intensity Measure IM:

log (H{;"LS)

pustin) = P > Duslim) = Plimss < im) ==~
LS

(5.1)

where: d is a displacement representative of the building seismic behavior, D, ¢ is its
Limit State threshold, /M| s is the median value of the lognormal distribution of the
intensity measure in; g that produces the LS threshold and j, 5 is the dispersion.

A fragility function is thus defined by two parameters: /M, g and ;5. The median
intensity /Mg can be obtained from the statistical analysis of data from damage
observation after earthquakes (empirical methods) or by a mechanical model
(analytical methods), which is considered representative of the average seismic
behavior of buildings of that particular class.

The dispersion f; ¢ depends on different contributions, related to: (a) the uncer-
tainties in the seismic demand (epistemic Sy, for the derivation of the hazard curve,
and intrinsic ffp, in the variability of the seismic input described only by the value of
IM); (b) the uncertain definition of the Limit State threshold (f7); (c) the variability
of the capacity (B¢) of buildings that belong to the considered vulnerability class
(which collects buildings of different behavior, even if characterized by the same
taxonomy tags). As all the above contributions can be assumed statistically inde-
pendent, the dispersion is given by:

Bus = /By + By + B + B (5.2)
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In case of analytical methods each contribution can be computed, while for empirical
methods S is directly evaluated from the damage distribution of observed data,
which includes all of them; however, in this case, it is necessary to verify if the
dispersion has to be increased, because empirical data are not fully representative, in
terms of masonry typology (f¢) or characteristics of the input motion (fp).

The following sub-sections describe the main aspects related to the derivation of
fragility functions for masonry buildings from analytical methods, based on
nonlinear static approaches.

5.3.1 Seismic Capacity and Demand by Nonlinear
Static Analysis

The seismic vulnerability of the building is described by its capacity curve, which
gives the acceleration A of an equivalent nonlinear single-degree-of-freedom
system, as a function of its displacement D. The capacity curve can be obtained
by a proper conversion of the pushover curve, obtained by a nonlinear static
analysis of a multi-degrees-of-freedom model of the structure, or through simplified
analytical models. In the latter case the capacity is usually described by a bilinear
curve, without hardening for masonry buildings.

The seismic demand is expressed by an Acceleration-Displacement Response
Spectrum (ADRS), which gives the spectral acceleration S, as a function of the
spectral displacement S, for a damping coefficient §, = 5 %, considered valid in
the initial elastic range. Usually in hazard analysis the spectral shape is assumed
constant with the annual rate of exceeding, which is given by the hazard curve as a
function of a proper IM of the ground motions.

The evaluation of the displacement demand for a given value im of the IM can be
obtained through various methods, like the N2-Method originally proposed by Fajfar
(1999), the Capacity Spectrum Method (Freeman 1998), the Displacement-Based
Method (Calvi 1999), the Coefficient Method (FEMA 356 2000; ASCE/SEI 41/06
2007), the MADRS Method (FEMA 440 2005). They all consider, under different
approaches, the reduction of the seismic demand in the nonlinear phase of the
building response. These methods look for the intersection of the capacity with the
properly reduced demand, by using either acceleration/displacement or displacement/
period as coordinates (S, = S, T?/An?).

For the evaluation of fragility functions it is necessary to get the value IM; g of
the IM that produces any LS threshold. To this end the use of over-damped spectra
(Freeman 1998) is very effective, once these thresholds D; ¢ have been fixed on the
capacity curve (Sect. 5.3.3) and the corresponding equivalent viscous damping &; g
is evaluated, which also takes into account the hysteretic contribution. It results:

 Sai(Trs)n(éLs) 5-3)
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Fig. 5.1 Application of overdamped spectra for the evaluation of IM; g

where: S,; is the displacement response spectrum, normalized to IM, T, is the
linear equivalent period corresponding to LS:

Dy

Tis =2 5.4
15 =27\ [ Dyy) (5.4)
and 5(&.s) is the damping correction factor (CEN 2004):
10
=)/ 5.5
n(Ls) 51¢ (5.5)

It is worth noting that over-damped spectrum is obtained simply multiplying by
n(&rs) in the range of typical periods for buildings, while for very low and high
periods the effect of damping tends to vanish.

Figure 5.1 shows the procedure, considering generic LS on the capacity curve
and the identification of IM g, using PGA as IM and a typical response spectrum
shape.

5.3.2 Identification of Proper Intensity Measures

The vulnerability assessment, embodied by the application of fragility functions,
is one of the steps of the seismic risk analysis. The identification of the proper
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Intensity Measure (IM) comes out from different constraints, which are first of
all related to the adopted hazard model, to the typology of the exposed asset
but also to the availability of data and fragility functions for all different exposed
assets.

Empirical fragility functions are usually expressed in terms of the macroseismic
intensity / (defined according to the different Macroseismic Scales: EMS, MCS,
MM), which can be regarded as an empirical IM. The macroseismic intensity
already contains implicitly the vulnerability, because it is defined on the basis of
the damage observation; in order to overcome this gap, modern macroseismic
scales, such as EMS, assign the intensity taking into account a detailed building
types classification. The accuracy of the risk analysis results is then linked to the
reliability of the hazard assessment, if an empirical IM is used.

Analytical based or hybrid fragility functions are, on the contrary, related to
instrumental IMs, which are related to parameters of the ground motion (PGA,
PGV, PGD) or of the structural response of an elastic SDOF system (spectral
acceleration S, or spectral displacement S,, for a given value of the period of
vibration T). Sometimes, integral IMs can be useful, which consider a specific
integration of a motion parameter (Arias Intensity /4) or of a spectral value
(Housner Intensity /) (Douglas et al. 2013).

Correlation is necessary when hazard and vulnerability assessments are made by
using different IMs or one wants to calibrate analytical fragility functions (related
to a detailed building classification) by available empirical fragility functions
(referred to wider classes of buildings). Anyhow, the use of correlation always
increases the uncertainties of the results (dispersion f; ¢ of the fragility function).

Similarly to what has been said about different types of fragility functions
(empirical, expert elicitation, analytical based and hybrid), for the identification
of proper IMs it is worth noting that empirical ones give results coarse but correct
on average, while instrumental IMs allow to better take into account a detailed
taxonomy, in the definition of building classes, and the local site effects, but, when
these fragility functions are used, it is necessary to pay attention to the character-
istics of the input motion that was considered for their derivation.

The seismic performance of a masonry building cannot be described by only one
IM but, at least, the response spectra shape should be known. If a vector-valued
hazard assessment is available (Bazzurro and Cornell 2002), more than one IM
could be used and vector-valued fragility functions derived (e.g. Gehl et al. 2013).
If already available fragility functions are used, it is better to refer to the spectral
value for the period compatible with the specific Limit State threshold (acceleration
S.(T) and displacement S,(T') response spectra are linked by the period of vibration
T, so the two IMs are equivalent). In this case the dispersion f;¢ of the fragility
function is mainly due to the variability of the capacity of buildings in the class.

Most of available fragility functions are in terms of PGA; in this case, if the
difference between the spectral shapes of the input motion obtained by the hazard
assessment and that used for deriving the fragility function is known, it is possible
to properly tune the last one. Otherwise, the use of PGA as IM implies a wider
dispersion f; s of the fragility function, due to the uncertainty in the spectral shape.
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As masonry buildings are usually not flexible, PGD or spectral values for long
periods (T > 1 s) are not significant, except for some types of monumental struc-
tures (churches, slender towers) or for the verification of local mechanisms.

With reference to local site amplification, spectral values are better correlated
with vulnerability, because they take into account the modification of the seismic
input for the significant periods. If PGA is used, fragility functions should be tuned
by considering a mean ratio between the spectral values on local site and stiff soil
conditions, for the relevant periods of the buildings, or a greater value of the
dispersion should be used, in order to consider the increased uncertainty due to
the spectral demand (fp).

In case of using empirical IM (macroseismic intensity), it is not correct to
include local site amplification in the hazard curve, because this phenomena
affects buildings depending on their dynamic properties; a possible solution is
to modify the empirical fragility function, so considering it as representative
of the vulnerability of a particular class of buildings on a specific soil type
(Lagomarsino and Giovinazzi 2006).

5.3.3 Definition of Damage States and Performance Levels

In seismic risk analysis the scenario of the built environment is expressed in terms
of Damage States (DS), which are a discrete qualitative description of the overall
damage in structural and non-structural elements of the building. Usually five
damage states are considered: DS1 slight, DS2 moderate, DS3 extensive, DS4
near collapse and DSS5 collapse.

Empirical methods describe the DS through a qualitative damage observation,
on the basis of distribution and severity of cracks, according to specific forms and
sketches; to this end, modern macroseismic scales can be a good reference
(e.g. EMS98, Grunthal 1998).

In the case of analytical methods, if a detailed numerical model of the building
is available, the damage in each structural element is obtained through static or
dynamic nonlinear analysis and a sort of virtual damage state attribution could be
made. However, it is worth noting that numerical models give continuum damage
variables and identification of discrete DS is not an easy task. As an example,
Cattari and Lagomarsino (2012) have proposed a multi-scale approach for
masonry buildings that defines Limit States (LS) on the capacity curve by
checking (i) the spread of damage in masonry elements (piers and spandrels),
(i1) the interstory drift in masonry walls and (iii) the global behavior of the
building (described by its capacity curve). LSs are the thresholds that separate
various DSs (Fig. 5.2).

Damage States can be related to specific performances of the building: the use
and occupancy, the safety of people and the reparability (in terms of economic
convenience). Usually Performance Limit States (PLS) can be defined as coincident
to related Damage Limit States (LS); this means the fulfillment of a certain
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Fig. 5.2 Example of capacity curve of a masonry building, obtained by pushover analysis on a
detailed model, with the definition of LS thresholds and DS ranges

performance is guaranteed if the seismic displacement demand is not beyond the
corresponding LS threshold.

The above mentioned detailed mechanical based methods are used in hybrid
approaches, while analytical methods adopt simplified models, which give directly
the capacity curve without a detailed description of damage in the building. In these
cases, LSs may be defined: (a) by considering limit values of macro-parameters of the
building response, on which the simplified model is based (as, for example, the
interstory drift); (b) by a heuristic approach, which considers that the transition
from a DS to the following one usually occurs in certain positions of the capacity
curve. An example of the former case is presented in Sect. 5.4.2.1. In the latter, a
possible positioning of LSs is obtained as follows (Fig. 5.3a): LS1: D; = 0.7D,; LS2:
D; = ¢yDy; LS3: D3 = ¢c3D; + (1 — ¢3)Dy; LS4: Dy = D,,. The position of LS2
depends on the complexity and irregularity of the building; the coefficient c, may
vary between 1.2 and 2, being lower for simple and regular buildings. LS3 is usually
closer to LS4, in particular for simple and regular buildings (0.3 < c3 < 0.5).

Equivalent viscous damping may be defined for each LS as a function of the
displacement (Fig. 5.3b), by a simple relation (Calvi 1999; Priestley et al. 2007;
Blandon and Priestley 2005):

-(2)
Dis

where: & is the initial damping (usually assumed equal to 5 %), &y is the maximum
hysteretic damping and { is a free parameter (ranging between 0.5 and 1).

Once the seismic demand is defined (Sect. 5.3.2), by the spectral shape and the
selection of a proper Intensity Measure to scale it, the values IM; g and the disper-
sions frg (k = 1,...,4) can be evaluated by (5.3) and by the procedure described in
Sect. 5.3.4. Fragility curves are then given by (5.1) and shown in Fig. 5.4a.

s = S0 +&u (5.6)




124 S. Lagomarsino and S. Cattari

a
DSO0 DSH1 DS2 DS3 DS4
R e >mmmmmmmnnnee PR

z
o Ay & o
'<_( LS2 LS3 LS4
T
w
m Ls1
&)
&)
<

D, D,

DISPLACEMENT
b 25
LS4
20 - LS3
S
~ 15 4
0]
Zz
=
2 10 LS2
a
LS1
5 4
0
b,

DISPLACEMENT

Fig. 5.3 (a) Example of capacity curve of a class of masonry buildings, with heuristic definition
of LS thresholds (c, = 1.35, c3 = 0.4) and (b) typical equivalent viscous damping relation

The DS probability distribution, for a given value of the IM, can be thus obtained
from fragility functions; for k = 1, 2 and 3, the discrete probabilities are given by:

tos ()| (1oewie) 5

ﬁLSk ﬂLSk+1

Posi(im) = pp g (im) *PLSkH(im) =0

With regards to DS4, it is worth noting that analytical methods usually are not
able to define LS5, and thus p;gs; this LS occurs after important local collapse
mechanisms that make the mechanical model meaningless. If it is considered that
DS4 is generically named “complete” damage, including both “near collapse” and
“collapse” DSs, it results that ppgs = prss. However, by assuming that the
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Fig. 5.4 (a) Fragility curves and (b) damage States probability distribution

probability distribution of DSs is well represented by the binomial distribution, it is
possible to share p; g, according to the following formulas (ups = Y 1prsp):

ppss(im) = 0.8 [1 - (1 - O-”ﬂb’;‘)ms}hﬂ(im) (58)

Ppsa(im) = ppsu(im) — ppgs(im) (5.9)

In order to complete the DS distribution it is necessary to evaluate the probability
that the building has “no damage” (DSO0):

o)

R — 5.10
Brsi ( )

Ppso(im) =1 — pyg (im)
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Fig. 5.5 Influence of the selection of the IM on the propagation due to the uncertainty on the
spectral shape of the seismic demand: (a) IM = PGA; (b) IM = g, max

Figure 5.4b shows a typical discrete damage distribution of damage states,
directly obtained from fragility functions of Fig. 5.4a for a given value IM = im.

5.3.4 Sources of Uncertainties and Propagation

In a probabilistic seismic risk analysis many uncertainties have to be taken into
account; Pinto gives a general overview in Chap. 2 (Sect. 2.2). Their propagation is
considered in fragility functions through the dispersion f; 5, which can be evaluated
by Eq. (5.2). The estimation of different contributions is discussed in the following.

5.3.4.1 pp - Uncertainty on the Spectral Shape of the Seismic Demand

The Probabilistic Seismic Hazard Analysis (PSHA) gives the occurrence of
earthquakes with a proper IM through the hazard curve A(im). Usually a fixed
shape of Acceleration-Displacement Response Spectrum is associated, except
the case of a complex Vector-Valued PSHA (Bazzurro and Cornell 2002). The
normalized response spectrum S,;(S,), scaled to the value im = 1, can be defined as
a stepwise function or through some analytical formulas in fixed ranges of the
period T (as it is made in seismic codes).

In order to take into account the uncertainty on the spectral shape, which plays a
significant role due to the large variability of possible records, it is necessary to
define the response spectra S,; ;6(S,) and S,; s4(Sy), for the confidence levels 16 and
84 %. They can be obtained by the selection of a large number of real digital
records, compatible with the characteristics of earthquakes that give the maximum
contribution to the hazard and of soil conditions; in particular, from the disaggregation
of the PSHA, it is important to consider: magnitude, epicentral distance, focal depth,
source mechanism. Figure 5.5a shows a typical example of a median response
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Fig. 5.6 Influence on the spectral demand of the epistemic uncertainty on the hazard curve

spectrum and the corresponding confidence intervals, if the Peak Ground Acceleration
PGA is used ad IM; Fig. 5.5b shows the same response spectra in the case where the
maximum spectral acceleration S, ., is assumed as IM.

For each LS, the estimation of fBp requires the evaluation of the intensity
measures IMp ;s and IM, 5, that correspond to a displacement demand equal to
D s, on the median capacity curve of the considered class of buildings, by using the
confidence levels response spectra S,; ;6(S4) and S,; s4(S,) respectively. It results:

/))D = 05|10g(1MD,g4) — lOg(IMD,16)| (511)

This contribution to the dispersion is lower if a good IM is used. It is quite
evident from Fig. 5.5 that, at least for LS1 and LS2, S, ,,,. is better than PGA.

5.3.4.2 py - Epistemic Uncertainty on the Hazard Curve

Epistemic uncertainties in the seismic sources and the attenuation laws give rise to
confidence intervals, which can be summarized by the hazard curves A,4(im) and
Ag4(im), representative of the confidence levels 16 and 84 %.

For each LS, it is necessary to valuate /M s that corresponds to the displacement
demand D; 5 on the median capacity curve of the considered building class, by using
the median response spectrum S,;(S,). The dispersion Sy is given by:

ﬁH = OS[ZOg(IM[-],gzl[/I(]MLs)]) — lOg(IMH’m[/I(IMLs)])] (512)

where IMy ;6 and IMy g, are the inverse functions of A;4(im) and Ag,(im), respec-
tively, and A(im) is the median hazard curve.

Figure 5.6 shows an example of hazard curves, median and confidence intervals,
and the corresponding response spectra; in this case for the evaluation of S only
the median response spectrum is used.
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5.3.4.3 pc - Uncertainty on the Capacity Curve

The dispersion on the capacity curve of a masonry building is related to random
variables, such as the material parameters (strength and stiffness on masonry), the
geometry (effective thickness of masonry walls and vaults), the drift capacity of
masonry panels or the in-plane stiffness of horizontal diaphragms, but also to epistemic
model uncertainties, related for example to the assumptions in the definition of the
equivalent frame or in modeling the connection between walls. Usually, if accurate
as-built information is available, these uncertainties can be reduced.

This is not the case in seismic vulnerability analysis at territorial scale, when an
“equivalent capacity curve” must be evaluated representative of a wide class of
buildings, defined by the taxonomy through a proper list of tags. Then the above
parameters have to be considered as random variables, with a dispersion compatible
with the variability of the characteristics of buildings in the class.

The uncertainty propagation can be evaluated by Monte Carlo simulations or by
using the response surface method (Pagnini et al. 2011; Liel et al. 2009). The latter
approach is very effective and is based on the approximation of the surface of
log(IM|s), in the hyperspace of the significant random variables, by a hyper-plane,
whose coefficients are determined by a least square regression on a set of numerical
experiments. If N is the number of random variables, M = 2V models are defined
by a complete factorial combination at two levels, in which each variable
assumes values correspondent to the confidence levels of 16 or 84 %. The matrix
Z. (M rows x N columns) collects in each row the combination of values assumed
by each standard normalized random variable (—1 for confidence level 16 %, +1 for
confidence level 84 %).

For the i-th model, the capacity curve A¢(D) is obtained and the Limit States are
fixed (Dyski» kK = 1,...,4). By considering a generic LS, the value IM, g is evalu-
ated by the median seismic demand S,;(S,), using (5.3). The vector Y (M rows)
collects the values log(IM,s ), i = 1,...,M. The angular coefficients of the hyper-
plane are obtained as:

a=(2"2)"'77Y (5.13)

By assuming the parameters as statistically independent, The dispersion f is
given by:

Be=Vda (5.14)

5.3.4.4 pr - Uncertainty on the Limit State Thresholds

The definition of the LS thresholds is also subjected to dispersion, because models
adopted for the evaluation of the capacity curve are simplified and the displacements
D, s usually derives from a heuristic approach.

Considering the median capacity curve, obtained by using the mean values of the
N random variables, D; g, (k = 1,...,4), usually distributed as in Fig. 5.3a, can be
assumed as median values. Proper distributions should be defined for these random
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Fig. 5.7 Uncertain definition of the LS thresholds

variables, which take into account that in a single building the k-th DS could
be reached a little bit before or after the median value Dj ;. It is reasonable to
assume the four distributions do not intersect. LS1 is always in the “elastic” branch
of the capacity curve. LS2 is in the first part of the “plastic” branch and it is not
reasonable to assume it moves too much further the median value D;g,. The
position of LS3 is very variable and sometimes it occurs even for a low value of
the displacement, but the possible intervals of LS2 and LS3 can be separated.

The use of a Beta distribution seems to be the best option, but for the sake of
simplicity, due to the large number of uncertainties involved in a seismic risk
analysis, very simple uniform distributions are suggested, which probably lead to
a slight overestimation of 7. Figure 5.7 shows a proposal, with the indication, for a
generic LS, of the 16 and 84 % confidence levels of D;g, named Dy ;6 and Dy g 54
they are simply obtained by moving from the median value, on the left and right
side, of 2/3 of the semi-wide of the uniform distribution.

For each LS, it is then necessary to evaluate /My ;s and IMr g, that corresponds
to a displacement demand equal to D g ;6 and Dy g s, on the median capacity curve
of the considered class of buildings, by using the median response spectrum S,,;(S,).
The dispersion pr is given by:

ﬂT = O.S[IOg(]MT,M) — lOg(IMT,m)] (515)

5.4 Recommendations for Deriving Fragility Functions

After a proper building classification, tailored to data already available or that can
be acquired through the survey, fragility functions can be defined by using existing
ones or developing new customized curves.
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In the first case, for each building class, the available functions have to be
collected and examined. After the assignment of a subjective probability to each
one (logic tree approach), related to its reliability and coherence with the considered
building class, the fragility function can be obtained by a simple weighted summation.
The use of existing fragility functions must consider several critical aspects. When a
fragility function refers to a broader class of buildings, the dispersion f;¢ should be
reduced and it is worth considering if the mean value /M, ¢ has to be modified (if the
behavior of the subclass is better or worse than the average). When a fragility function
refers to a subclass of buildings, within the class of interest, it would be necessary
to have fragility functions for the other subclasses (in the other branches of the
logic tree), otherwise the obtained final fragility function would result biased; as an
alternative, the dispersion f; ¢ should be increased and the mean value /M, g properly
modified, on the base of expert judgment.

Next sections give some hints for the development of new fragility functions.
This can be done either by empirical data, if a robust database of damage observations
is available in the area or in other regions where built environment has similar
characteristics, or by analytical data, by the definition of mechanical models
representative of each building class and able to assess the dispersion due to the
variability of seismic behavior in the class.

5.4.1 From Empirical/Macroseismic Data

In this ambit, Lagomarsino and Giovinazzi (2006) have proposed a macroseismic
vulnerability model, which can be considered an expert elicitation method. It is
directly derived from the European Macroseismic Scale (Grunthal 1998), which
defines six vulnerability classes (named from A to F) and various building types
(seven of them related to masonry buildings).

It is worth noting that macroseismic scales are not instrumental based and they
implicitly contain a vulnerability model. If a building class is considered, the
linguistic definitions of EMS98 may be translated in quantitative terms, by the
fuzzy set theory, and an incomplete Damage states Probability Matrix (DPM) is
obtained. The completion is made by using the binomial probability distribution.
The vulnerability is synthetically expressed by a vulnerability curve (Bernardini
et al. 2011), which gives the mean damage up(=). kppsi) as a function of the
macroseismic intensity /:

14625V —12.7

up =25+ 3tanh<
P 0

JRCEVEE BN

where: the vulnerability index V and the ductility index Q are parameters

representative of the seismic behavior of a group of homogeneous buildings.
The vulnerability index has been defined to vary between 0 and 1 for the six

vulnerability classes of EMS98. To each building class a plausible range of values
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Table 5.2 Ranges of maximum plausibility for vulnerability index of the six EMS98 classes

Building
class A B C D E F
\'% 0.84 - 092 0.68 ~-0.76 0.52 - 0.60 0.36 ~ 0.44 0.20 =~ 0.28 0.04 - 0.12

of V is associated, defined by a proper membership function, according to the fuzzy
set theory (Klir and Yuan 1995); Table 5.2 shows intervals for each class of
maximum plausibility. The ductility index is equal to 3, in order to obtain the
best fit.

Fragility functions, in terms of macroseismic intensity /, can be evaluated by the
binomial distribution:

5
Prsk = ZPDS[ (k=1,...5) (5.17)
i=k

Posi = H(Ssilky (”DS([)>k(1 _ ”DT(I)fk (k=0,...5) (5.18)

Limit States can be identified on the vulnerability curve as points for which
prsk = 0.5 (k = 1,...,5). The vulnerability curve is, for the macroseismic method,
analogous of the capacity curve for the analytical ones. Figure 5.8a shows the
vulnerability curves, with LS thresholds, for the central (white expected) values for
the six EMS98 vulnerability classes. Figure 5.8b shows the correspondent fragility
functions of DSs for Class B (V = 0.72).

If a proper correlation law between intensity and PGA is assumed, the fragility
functions in terms of PGA are obtained; it is worth noting that, given the high
number of uncertainties involved in the process, all macroseismic intensity scales
may be assumed equivalent to this end. Many correlations may be found in
literature, which have been calibrated in different areas and are usually in the form:

I =a, + a;Log(PGA) (5.19)

Figure 5.8c shows the fragility functions in terms of PGA, having assumed two
different correlation laws: (a) Faccioli and Cauzzi (2006), described by Eq. (5.16)
with a; = 6.54, a, = 4.51 (PGA in m/sz); (b) Murphy and O’Brien (1977) for
Europe (a; = 7, a, = 4), which gives higher values of PGA for I > 8, if compared
to the former one. It is worth noting that fragility functions looks very similar to a
lognormal cumulative distribution; the dashed lines represent the best fit, which is
obtained for all LSs by the following values of the dispersion: (a) S, = 0.54;
(b) frs = 0.61.

It is worth noting that fragility functions in Fig. 5.8 refer to the central value of
V for Class B and can be considered representative of a subset of buildings in the
class. In order to consider the whole class, the range of plausible values of the
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Fig. 5.9 (a) Fragility curves of DS4 for Class B, in terms of macroseismic intensity, considering
all plausible values of V; (b) corresponding fragility curves in terms of PGA, with derivation of the
overall behavior of Class B (dashed lines)

vulnerability index V must be considered. As an example, Fig. 5.9a shows fragility
functions of LS4 in terms of macroseismic intensity, for the extreme plausible
values of the vulnerability index V and for the two values that define the interval of
maximum plausibility (Table 5.2). Figure 5.9b shows the fragility functions in
terms of PGA (considering Murphy and O’Brien correlation law). The fragility
function of the whole vulnerability class is obtained by a convolution of all
plausible fragility functions; the result is the dashed line in Fig. 5.9b, which is
well fitted by a lognormal cumulative distribution with dispersion f;¢, = 0.64
(0.57 in case of Faccioli and Cauzzi correlation law). The dispersion is increased
a little because in this case the fragility function represents the behavior of all
different building of the class, instead of a small sub-set of these.
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EMS98 proposes a classification of buildings into various types, according to
masonry and horizontal diaphragms characteristics. The seismic behavior of these
macro-typologies can include two or even more vulnerability classes, each one with
a different subjective probability (see Fig. 5 in Lagomarsino and Giovinazzi 2006).
The corresponding vulnerability functions for each DS can be obtained with the
procedure described above and showed in Fig. 5.9b. As an example, if the building
class involves two EMS98 vulnerability classes, the value of f;g, for the two
considered correlation laws, increases to: (a) 0.62; (b) 0.7.

Within the ambit of SYNER-G seismic risk procedure, once the building classes
have been defined by a proper list of tags from the taxonomy, fragility functions
may be derived through the macroseismic method by defining a proper membership
function for the vulnerability index (range of plausible values). The range can be
very wide, if the building class is generic, while can be very narrow, smaller than
that of a single EMS98 vulnerability class, if much information is available.

The general format of the macroseismic vulnerability method can also be used
when empirical data are available. In this case, for a specific building class (defined
by data acquired and by the constructive characteristic of the built environment in
the area where damage survey was made), the DSs distribution (and thus the mean
damage up) is supposed to be known for one or more values of the macroseismic
intensity. If only one point of the vulnerability curve is available, the vulnerability
index V can be fitted and, for each LS, the corresponding /M, ¢ can be evaluated and
a proper value of ;5 can be assumed, by considering the variability of behavior in
the class. If damage data are available for more values of the intensity, both V and
O can be fitted. After the conversion into fragility functions, the values of ;¢ may
be directly fitted.

5.4.2 From Analytical Methods

5.4.2.1 Use of Simplified Mechanical Models

The use of simplified mechanical models presents the following main advantages:
(a) fully employ all results of PSHA (instrumental IMs, seismic input in the spectral
form); (b) keep explicitly into account the various parameters that determine the
structural response (and evaluate accurately the uncertainty propagation). However,
the reliability of the vulnerability assessment is affected by the capability of the
model to simulate the actual seismic response of the examined class; to this end
simplified models must be validated and calibrated with observed damage or results
from more sophisticated models.

Making reference to the taxonomy in Table 5.1, this section deals with Unreinforced
Masonry (URM), among the FRMM. The first Force Resisting Mechanism to
be considered is the Out-of-Plane response (OP), which occurs in ancient masonry
buildings without good connections. Buildings vulnerable to these mechanisms suffer
moderate damage (DS2) even for low levels of seismic intensity. The problem of
assessing OP mechanisms is crucial in aggregates of buildings in ancient historical



5 Fragility Functions of Masonry Buildings 135

o
— =
(9]
n
Z|l 1] Fp=———=-
S
'_
<
o L
L L
—
Ll
(6]
(G]
<
o
9]
2]
=

DISPLACEMENT

Fig. 5.10 Influence of the stiffness and strength of masonry piers and spandrels on the capacity
curve: generalized internal forces (V, M) in masonry piers and damage patterns according to the
EF model and the two limit conditions of SSWP and WSSP (Adapted from Tomazevi¢ 1999)

centers, formed all along the centuries through progressive additions and continuous
transformations (such as unstable raising), which produced a large sample of vulnera-
bilities: unconnected portions of the main facade, irregularities in elevation, staggered
floors, thrusting roofs. Simplified mechanical-based models are available to derive
fragility functions of masonry buildings with regard to these mechanisms
(e.g. Bernardini et al. 1990; D’ Ayala and Speranza 2003; D’Ayala 2005).

As far as global response of existing masonry buildings is concerned, in-plane
behavior of masonry walls can be modeled by an Equivalent Frame (EF), made by
vertical piers (the columns) and horizontal spandrels (the beams), connected by rigid
nodes of non-zero size. The generalized actions in masonry elements, all along the
pushover analysis, depend on the relative stiffness and strength of piers and spandrels.
The solution can be obtained only numerically, while analytical simplified models can
make reference to two limit conditions: (1) Strong Spandrels Weak Piers (SSWP),
which corresponds to the shear-type frame model and is associated to the occurrence
of a soft-story failure; (2) Weak Spandrels Strong Piers (WSSP), in which full height
piers (from the base to the top) work like fixed-end cantilevers and fail at the base due
to axial and bending failure (rocking with crushing at the toe). Figure 5.10 summarizes
the effects of the coupling effectiveness of masonry piers, both in terms of deformed
shape at collapse and distribution of the generalized forces (shear V and bending
moment M), in a masonry building subjected to seismic loads, passing from the case of
very weak spandrels (WSSP) to the shear-type idealization (SSWP). The effects on the
capacity curve, in terms of overall strength, stiffness and displacement capacities, are
also shown.
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It is evident, in particular for medium and high-rise buildings, the range of
variation of the seismic response is significant; thus, it is necessary to be able to
catch these different behaviors for a reliable assessment. Usually, the presence of
specific constructive details plays a crucial role in addressing the choice of the correct
intermediate behavior between the two limit idealizations (WSSP and SSWP). In
general, the SSWP hypothesis is consistent with new masonry buildings, in which
masonry spandrels are always connected to lintels, tie beams and floor slabs, made of
steel or reinforced concrete. On the contrary, in ancient buildings spandrels are in
many cases quite weak elements, as lintels are in timber or made by masonry arches,
tie beams are very rare and horizontal diaphragms are flexible (e.g. due to the
presence of vaults or wooden floors). In these cases the behavior is closer to WSSP.

Among the different mechanical models proposed in literature (as mentioned in
Sect. 5.2), in this section the DBV-masonry (Displacement Based Vulnerability)
method is suggested. It was originally proposed by (Cattari et al. 2005) with some
further modifications (Pagnini et al. 2011; Lagomarsino and Cattari 2013). The
analytical formulation makes reference to the SSWP model, under the simplified
hypothesis, in the evaluation of the total base shear, that all masonry piers fail at the
same time, which is true if they are more or less of the same size and the building is
regular in plan. The vulnerability of actual buildings, which do not meet these
hypotheses, is estimated applying proper corrective factors. Similarly it is possible
to evaluate the capacity curve of buildings characterized by EF or WSSP behavior.

This model can be used to derive fragility functions for masonry buildings, both
isolated or in aggregate, making reference to the global behavior. Thus, in case of
possible activation also of out-of-plane mechanisms, in particular for aggregated
buildings in historical centers, in addition another model should be used in a
complementary way. Fragility curves representative of OP (Out-of-Plane) and IP
(In-Plane) seismic response have to be combined by the logic tree approach.

DBV-masonry model defines the capacity curve by three variables: the pseudo-
elastic period of the structure T; the spectral acceleration at yielding A, (equal to
the ultimate one A,, because no hardening is assumed); the ultimate displacement
capacity D, (corresponding to LS4). In the case of masonry buildings the evaluation
by a proper model of A, instead of the yield displacement D, seems to be more
reliable. The evaluation of these variables requires the definition of limited number
of mechanical and geometrical parameters, the assumption of a fundamental modal
shape and the attribution of specific correction factors, aimed to take into account
the effects related to the comprehensive set of constructive and morphological
details (categories P, E, CO, DM, FS and CL of Table 5.1).

In order to evaluate a fragility function representative of a wide class of
buildings, proper ranges of values should be defined for all parameters. However,
only those whose variability significantly affects the response have to be assumed
as random variables, with a proper probability distribution and related parameters
(mean value and confidence levels at 16 and 84 %), for the evaluation of the
contribution S to the total dispersion of the fragility function, for each LS.

The reference prototype of the building class could present different charac-
teristics along the two principal directions (X and Y); this is particularly
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important for buildings in urban aggregates (due to the different percentage of
openings in two directions and the usual disposition of timber floors), but also in
isolated buildings the prototype could be asymmetric. Thus, two capacity curves
are obtained, defined by T, x, A, x, Dy,x and Tyy, A, y, D,y for the X and
Y directions, respectively, and the related fragility functions are evaluated. For
the risk analysis, the worse direction has to be assumed, which could not be the
same for all LS and in the all range of values of the IM.

Figure 5.11 summarizes the basic steps of the application of such simplified
mechanical model, which are summarized as follows: (1) analysis of available data
from on site survey in order to aggregate the built environment in classes of
homogeneous behavior; (2) definition of all necessary parameters and factors in
two directions (X and Y); (3) evaluation of the capacity curves; (4) derivation of the
related analytical fragility functions.

The parameters and factors that are necessary to define the capacity curve
according to the DBV-masonry model are:

e N: number of stories (i = 1,...,N is the level counter);

* ¢y;and ¢y i-th component of the assumed normalized modal shape in X (¢x)
and Y (¢y) directions, respectively (¢pxy = ¢yn = 1);

* h;: interstory height of i-th level;

e g total seismic floor load at i-th level (dead load and a fraction of live loads);

» {x, fraction of floor load supported by walls in X direction at i-th level (variable
from O to 1); then, in Y direction, {y,;, = 1 — {x;

e y,;: masonry specific weight at i-th level;

* ky,;and ky;: spandrels contribution fraction to the mass of i-th level; it is defined
as the ratio of the total volume of the walls (spandrels and piers) over that of the
piers only, computed separately in X and Y direction;

* 7yx and 74 y: shear strength of masonry at ground level in X and Y direction,
respectively;

* Gy,; and Gy,: shear modulus of masonry at i-th level in X and Y direction;

* ay,;and ay,: resistant area ratio at i-th level, in X and Y direction, computed with
respect the gross area;

* K;x, Kxx, Ksx, Kyx and K, y, K>y, K3y, K4yt correction factors of the base
shear strength at ground floor in X and Y direction, respectively; they affect the
computation of A, x and A,, y;

* Ksyx, Ksx and K5y, Ksy: correction factors of the initial stiffness in X and
Y direction, respectively; they affect the computation of T x and T, y;

* Agsrss, Appsq: interstory drift limit values assumed for the shear (S) and flexural
(F) response of masonry piers, corresponding to LS4;

e ¢ex and &y: weight assigned to the in-plane SSWP mechanism in X and
Y direction, respectively.

By way of example, in the following the expressions presented only refer to
X direction; moreover, all the summations, where not differently specified, are
intended as extended from 1 to N.
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The spectral acceleration at yielding and ultimate A, x is provided by:

fx

Au,X = (520)

where: fx is the base shear at ground floor for unity gross area; I'x and mjy are the
participation factor and the equivalent mass of the equivalent SDOF system; g is the
gravity acceleration (equal to 9.81 m/sz). According to Fajfar (1999), I'y and my, are
computed on basis of the assumed modal shape ¢y as follows:

m; ; *
rX—Z Pxi_ _ my (5.21)

- 2 2
Zmifﬁxd‘ Zmi‘ﬁx,i

where, by using the common lumped masses distribution (Fig. 5.11), m; is the mass
of the i-th story defined as:

i+1
m; = q; + O.SZ hiye(ax ekx .k + ay Ky k) (5.22)

where it is formally defined ax ., (and ay ;) equal to 0.

The base shear fy is basically related to the shear strength offered by the resistant
walls area at the first floor level; only the contribution of walls that are parallel to the
examined direction is considered. The analytical formulation starts from the hypoth-
esis that masonry piers fail at the same time, with a fixed rotation constraint at both
ends (shear type model — SSWP), according to a diagonal shear failure mode; then
correction factors are introduced in order to consider also WSSP and intermediate
seismic behaviors (EF). The derivation of correction factors is discussed later and
proper values are provided in Table 5.4. It is worth noting that also the WSSP model
could be analytically formulated in a simple way, on the basis of a cantilever model
for full-height piers subjected to a prevailing flexural failure mode. However, in that
way it would lead to results too conservative, since even for small but non-zero
strength of spandrels, the contribution to the total shear strength is not negligible.

In particular fy may be computed as follows:

4
fX :ax,erHK,-,X (523)
1
where:
* 7y is the masonry shear strength at the ground level, according to the criterion

proposed by Turnsek and Cacovic (1970) as:

ox

X = Tk,X 1+ (524)

1.51’/(’)(
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where oy is the average vertical compressive stress at the middle height of the first
level masonry piers:

B Z Cx,iqz"f‘z vihiax,ikx,i — 0.5y hax, 1kx,1

ax, 1

ox (5.25)

* K, x modifies the strength as a function of the main prevailing failure mode
expected at scale of masonry piers; it varies from 0.8 (in case of a prevailing
flexural behaviour, with very slender panels) to 1.5;

* K, x accounts for the influence of the non homogeneous size of the masonry piers
(related to CO category tags);

* Kj;x accounts for the influence of geometric and shape irregularities in the plan
configuration (related to E category tags);

* K,x accounts for the effectiveness of spandrels, which influence the global
failure mechanism of the building (EF, WSSP and SSWP).

The definition of the elastic period Ty x is based on the proposal of Pagnini
etal. (2011), which originally referred only to the contribution of the shear stiffness,
with the introduction of some additional correction factors. From the general
definition of the period of a SDOF system, it follows:

* m: ;
Tyx = 21y | = 21H > miy, (5.26)
gky 6

gHKi,XZ Gx,ihiay,i
s

where H is the total height (equal to X ;) and ky is the stiffness of the SDOF system,
being defined as:

6
[ kx> Gx.ihiax.i
_ s

H2

K (5.27)

The introduction of K; x (i = 5,6) correction factors aims to consider the flexural
contribution in piers (K5 x) and the effects on the stiffness related to the spandrel
influence on the boundary conditions on piers (K; x). It is worth noting that, since
the bilinear behavior assumed for the capacity curve is an approximation of the
actual response, this period has to be considered as representative of a partially
cracked state; as a consequence, mechanical parameters representative of cracked
conditions have to be assumed.

Finally, the ultimate displacement capacity D, x may be calculated as a function
of a proper combination of two basic collapse modes (WSSP and SSWP).
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In case of WSSP mode, by assuming a linear deformed shape at collapse,
D, wssp 1s computed as:

H
D, sswp = Arsa ™ (5.28)
X

where A; g, is alternatively assumed equal to Ag;ss Or Ap g4 as a function of the
prevailing failure mode in masonry piers for the examined direction (if shear or
flexural one).

In case of SSWP mode, by assuming a soft storey mechanism located at ground
floor, D,, sswp 1s given by:

r
Dy sswp = Arsshi + Dy x (1 - %) (5.29)

where D, x = A, x(T ,,X/ZTC)Z is the yielding displacement; the latter term accounts
for the elastic deformed shape, assumed as linear, that involves the whole building.

Finally, D, x is computed as a combination of the afore introduced values,
related to the possible failure modes, as:

Dy x = exDy sswp + (I — ex)Du,wssp (5.30)

A proper assignment of ex allows considering intermediate failure modes, which
occur in Equivalent Frame (EF) behavior.

The proposed expressions allow to consider building prototypes characterized
by an irregular configuration at the various levels, as often is observed in actual
cases, in particular in historical centers where porticos and shops are present at the
ground level. However, it is sometimes possible to define more regular configura-
tions, for which the above proposed formulas may be simplified. In particular it
could be considered a constant or linear variation with height of ay ;, or a constant
mass at each floor (m; = M/N, where M is the total mass per unit gross area of the
building), or even constant values with height of parameters g;, {x ;, kx> Ky.i» ¥i» Gx.i-
A common assumption for the modal shape ¢ is the linear one. Table 5.3 summarizes
how some of the previous expressions are modified in the case these assumptions are
adopted. They are useful for application at large scale, in order to reduce the effort in
achieving all necessary data.

Table 5.4 illustrates the ranges for correction factors for K;x and K;y
(i = 2,...,5) as a function of two basic failure modes (WSSP, SSWP); they have
been calibrated on the basis of comparison with results carried out by detailed
numerical non linear static analyses using Tremuri software (Lagomarsino
etal. 2012, 2013). Indeed, for some of them (such as K y, K; x and K x) analytical
formulations may be found in Lagomarsino and Cattari (2013) and in an Italian
document of Guidelines for cultural heritage buildings (Recommendations
P.C.M. 2011). However, since these latter formulations imply a degree of accuracy
of data incompatible in most of cases with aims of vulnerability analyses at large
scale, their evaluation on expert judgment basis seems to be more realistic.
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Table 5.4 Ranges proposed

. Correction factor EF WSSP SSWP

for the correction factors - - -

K (i=1,..6) K; 0.8+ 1.5 0.8 =1 1+15
K> 0.8 =1 1 1
K; 0.75 + 1 0.75 + 1 0.75 + 1
Ky 0.6 =1 0.5+0.8 1
Ks 0408 0408 0.6 = 0.8
Ks 0.6 -1 0.3 +0.7 1

Table 5.5 Proposefl ranges Ag (shear) Ay (flexural)

for the interstory drift limits
LS3 0.0025-0.004 0.004-0.008
LS4 0.004-0.006 0.008-0.012

Once the capacity curves in X and Y directions have been evaluated, the
displacement values related to the different LS have to be defined.

In particular, the values of the displacement thresholds D, s; and D; 5, are proposed
as a function of the yielding displacement D, x (or D, y); as a consequence, they may
be expressed as analytical functions of the mechanical and geometrical parameters on
which the model is based on. Considering that the period is associated to a cracked
state, it seems coherent to define the slight damage (D) before D, x. In particular
the following relationships (based on expert judgment) are proposed:

Dys1 =0.7Dy x
Drsy = 2Dy x (5:31)
where c; is a coefficient that varies as a function of the prevailing global failure mode.
It is proposed to assume a value for ¢, from 1.2 to 2 (Lagomarsino and Cattari 2013),
varying from the SSWP to the WSSP failure mode, as introduced also in Sect. 5.3.3.
This differentiation is based on the different global behavior that occurs for these two
failure modes. In particular, it is observed that, in case of WSSP mode, damage
spreads progressively with a first localization of the damage on spandrels and with a
subsequent collapse of piers only in the final phase. Thus the pushover curve is from
the beginning strongly non linear. On the contrary, in case of SSWP, collapse damage
in piers occurs suddenly and this justifies the definition of LS2 closer to D, x than in
the case of WSSP mode. Moreover, in case of the SSWP failure mode, since damage
in piers strongly compromises both the operational requirements and reparability of
buildings, it seems justifiable the distance of the slight damage state (DS1) from the
moderate one (DS2) is smaller than in the WSSP case.

Finally, with reference to D, g3, it seems reasonable to define it by assuming a
formulation analogous to that of D;g, = D, x that is from Eq. (5.30) by properly
defining interstory drift limit for masonry: Ag;s3, Ap 153

Table 5.5 proposes some possible ranges of interstory drift limits for LS3 and
LS4. Reference values are also proposed in both national and international codes,
e.g. in Eurocode 8-Part 3 (CEN 2005) and in ASCE/SEI 41/06 (2007), as well
in literature (Calvi 1999). Limit values proposed in codes seem much more



144 S. Lagomarsino and S. Cattari

EQUIVALENT FRAME IDEALISATION OF MASONRY WALLS
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Fig. 5.12 Plan configuration of the URM building analyzed and equivalent frame idealization of a
wall oriented in Y direction (see Fig. 5.2 for a 3D view of the model)

L 1m

representative of LS3, being on the safe side because they are used for the design,
while in this case they have to be used for the vulnerability assessment, so they must
be correct on average. According to this, it seems reasonable to assume higher drift
limits as proposed in Table 5.5.

5.4.2.2 Use of Static or Dynamic Analyses on Prototype Buildings

An alternative to the use of simplified analytical models is to assume, for each
building class, one or more then one completely defined prototype buildings, and to
perform static pushover or incremental dynamic analyses with detailed MDOF
nonlinear models. The variability of seismic response can be evaluated by analyz-
ing the uncertainties propagation of model parameters and/or by considering a
proper number of different prototypes, representative of the class.

This approach can be more detailed than the one presented in Sect. 5.4.2.1,
because specific constructive details of buildings in the region under investigation
may be taken into account explicitly. However, it is strongly dependent from the
choice of prototypes and it is necessary to be sure they are really representative of
all the building stock.

5.4.2.3 Validation

In order to validate the simplified mechanical model illustrated in section Sect. 5.4.2.1,a
three storey URM building is considered and a comparison has been made with the
capacity curves obtained by pushover analyses with a detailed equivalent frame model-
ling; to this end, Tremuri program has been used (Lagomarsino et al. 2012, 2013; Cattari
and Lagomarsino 2013a). Figure 5.12 shows the plan configuration of the examined
building and the equivalent frame idealization of a wall. In particular, masonry panels
have been modelled by non linear beams characterized by multi-linear constitutive
laws, recently implemented in the program (Cattari and Lagomarsino 2013b).
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Table 5.6 Parameters adopted for the URM prototype building examined

Level FRM

1 2 3 EF-a EFb WWSP  SSWP
E 750 K, 1 0.9 0.8 1.1
Gx;— Gy, 250 K, 0.9 0.9 1 1
Tx — Ty 0.076 K; 1 1 1 1
fin 3.2 K4 0.9 075 06 1
Ti 18 Ks 0.7 0.7 0.7 0.7
Cxi 0.75 Ko 0.9 0.8 0.3 1
ai 3.95 3.95 6.68° ey 0.8 0.5 0 1
text 0.6 0.6 0.4 ex 0.8 0.5 0 1
tint 0.36 0.36 0.24 Asrsa 0.005
h; 3.8 3.5 35 Aprss 0.008
oy i 0.130 0.130  0.087 ¢x—¢y  Linear
Qy.i 0.101 0.101  0.066
Kxi — Ky; 113 1.15 1.15

E (Young modulus) — Gx,; — Tk x — fm (masonry compressive strength) in MPa

¥; in kN/m® — q; in kN/m?

tex¢ (thickness of external walls) and t;,,, (thickness of internal wall) in meters

0n the top level an additional load (equal to 2.37 kN/m?) was added in order to consider the mass
contribution of the wooden roof

This building is considered to be made of fired bricks with hydraulic mortar
(FB-HM) and is representative of an existing URM structure in which IP mecha-
nism prevails, according to the EF behavior; in particular two situations are
considered: (EF-a) with ring beams (HQD-WRB); (EF-b) without ring beams and
tie-rods but with spandrels efficiently connected and supported by architraves
(HQD-WoT-WoRB). Floors are rigid, being made by a mixed masonry-r.c. typol-
ogy. According to the taxonomy discussed in Sect. 5.1, the two examined prototype
buildings are defined by the following tags:

* EF-a:/BW-EF/URM-FB-HM/R-I/R/RO/HQD-WRB/R-RC/P-Ti/M-3/PC-HAC
» EF-b:/BW-EF/URM-FB-HM/R-I/R/RO/HQD-WoT-WoRB/R-RC/P-Ti/M-3/
PC-HAC

Two additional configurations have been analyzed to be representative of the
limit conditions of WSSP and SSWP behaviors.

The simulation of the four prototype buildings by Tremuri has been made by
considering for spandrels the following assumptions:

¢ EF-a: non linear r.c. beams have been coupled to spandrels;

» EF-b: the flexural spandrel behavior has been described by the strength criterion
proposed in Cattari and Lagomarsino (2008), which considers an equivalent
horizontal tensile strength of masonry, due to the interlocking between blocks;

*  WSSP: only horizontal displacements have been coupled for piers;

* SSWP: fixed-end rotation condition has been considered for piers at each floor.

Table 5.6 summarizes the parameters adopted for both the detailed and simpli-
fied models, for the four considered cases (those employed only in the equivalent
frame one are in bold).
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Fig. 5.13 Comparison between the capacity curves obtained from the simplified mechanical
model and the detailed one in Y and X direction, respectively

Figure 5.13 illustrates the comparison between the capacity curves obtained
from the simplified mechanical model (dotted lines) and the detailed one (contin-
uous lines), for the X and Y direction, respectively. Despite some unavoidable
differences, the simplified model provides results in a good agreement with the
detailed one, being able, through the assignment of the correction factors K;, to
consider the different behavior of four examined cases. It is worth noting that, for
sake of simplicity, the same correction factors have been assumed in X and Y
direction. However, in Y direction the number of openings is lower than in the X
one, and the distribution is less regular; this justifies the better agreement obtained
in the X direction for the EF-a and EF-b configurations.

The overestimation of the ultimate displacement provided by the simplified
model could be ascribed to the fact that the drift is computed, in this case, on the
overall height, while, in the case of the detailed one, on the height of each single
panel (in general lower due to the equivalent frame idealization).

Finally, by way of example, Fig. 5.14 shows some output results at scale of each
single pier in the case of detailed model, compared with the average values
considered as an approximation in the case of the simplified model.

In Fig. 5.14a the compressive stress obtained from Tremuri program in each pier
at the ground level, after the application of the vertical loads, is compared with the
average stress state computed from Eq. (5.25) and used in the simplified model; it
emerges a certain degree of variability but a general good agreement. Figure 5.14b
illustrates the slenderness and the contribution of the flexural stiffness at scale of
each pier in case of the detailed model: this latter effect is taken into account in an
approximate way through the K factor in the simplified model.

Another validation of the proposed analytical method, based on damage
observation data after L’Aquila earthquake (2009), is presented in Cattari
et al. (2013).
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Fig. 5.14 Results of piers in X direction (ground level) from the detailed model: (a) compressive
stress state; (b) slenderness and influence of flexural stiffness

5.4.3 From Hybrid Approaches

Hybrid approaches are based on a combination of the methods described in
Sects. 5.4.1 and 5.4.2.

In particular, empirical data in terms of macroseismic intensity can be interpreted
by means of the macroseismic vulnerability method (Lagomarsino and Giovinazzi
2006, Bernardini et al. 2011), by fitting, for each defined building class, the two free
parameters: the vulnerability index V and the ductility index Q. Then, fragility
functions can be obtained through a proper I-PGA correlation. Simplified or detailed
mechanical models provide fragility functions by a complementary approach.

The comparison provides a cross-validation of the two methods and helps in
the definition of more reliable function for the seismic risk analysis. Depending on
the specific case, a different degree of reliability can be ascribed to the two
approaches.

5.5 Proposal of Fragility Functions for Masonry Buildings

In this section fragility functions for some widespread typologies masonry build-
ings are proposed. They have been derived from the analytical simplified model
proposed in Sect. 5.4.2.1; the results are compared with fragility curves derived by
the macroseismic vulnerability model (described in Sect. 5.4.1).

Four classes of URM building are considered, related to different types of
Blocks (see Table 5.1 for the meaning of the taxonomy tags): rubble (HS-RU),
uncut (HS-UC), fired bricks (FB), hollow clay tile (HC); lime mortar (LM) is
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Table 5.7 Nominal value
of parameters assumed as

Parameter ~URMI1 URM2 URM3 URM4 URMS

deterministic variables i 19 20 18 18 15
ex 0.7 0.5 0.5 0.7 0.7
Cxi 0.5 0.5 0.5 0.5 0.5
Kxi — Ky; 1.05 1.05 1.05 1.05 1.05
i (qn) 2(1.5) 25(5) 353 353 3503
bxi Linear  Linear Linear Linear  Linear
Kix 1 1 1 1 1
Ko x 0.8 0.8 0.9 0.9 0.9
Ksx 1 1 1* 1 1
Kux 0.6 0.7 0.7 0.8 0.9
Ksx 0.7 0.7 0.7 0.7 0.7
Ke.x 0.55 0.8 0.8 0.85 0.9
gi in kN/m2

“In case of plan irregularity, the value of 0.8 has been assumed

considered for the first three block types, while cement mortar (CM) is assumed
for the latter. Different classes of height have been considered, in order to show
what a mechanical based model is able to distinguish in the seismic behavior,
with reference to the four DSs. Finally, in case of FB, both the alterative cases of
presence of tie rods (WT) or r.c. ring beams (WRB) are considered, as well as, in
the former case, the influence of plan irregularity. Summing up, ten different
classes have been investigated, defined by the following lists of tags of the
taxonomy:

« URMI-L: BW-IP/URM-HS-RU-LM/R/R/x/LQD-WoT-WoRB/F-T/P-T/L/PC
* URM2-L: BW-IP/URM-HS-UC-LM/R/R/x/LQD-WT/F-T/P-T/L/PC

* URM2-M: BW-IP/URM-HS-UC-LM/R/R/x/LQD-WT/E-T/P-T/M/PC

e URM3-M: BW-IP/URM-FB-LM/R/R/x/LQD-WT/R-S/P-RC/M/PC

« URM3-H: BW-IP/URM-FB-LM/R/R/x/LQD-WT/R-S/P-RC/H/PC

* URM3-M-IR: BW-IP/URM-FB-LM/IR/R/x/LQD-WT/R-S/P-RC/M/PC

» URM3-H-IR: BW-IP/URM-FB-LM/IR/R/x/LQD-WT/R-S/P-RC/H/PC

+ URM4-M: BW-IP/URM-FB-LM/R/R/x/HQD-WRB/R-RC/P-RC/M/PC

» URM4-H: BW-IP/URM-FB-LM/R/R/x/HQD-WRB/R-RC/P-RC/H/PC

* URMS5-M: BW-IP/URM-HC-CM/R/R/x/HQD-WRB/R-RC/P-RC/M/MC

Table 5.7 shows the parameters for which a nominal representative value is
assumed for each different classes, considering their influence on the dispersion is
limited. Table 5.8 presents the range of values for the four set of parameters
assumed as random: the masonry mechanical properties (Gx,; and 7;x); the
interstory height (%,); the resistant area ratio (ax;); the interstory drift limits
(Asrs4> Arpses Aspss. Arppss). Parameters of the same set are assumed fully
correlated (16 and 84 % confidence levels are shown and a lognormal distribution
is assumed).

PGA is assumed as IM and the median response spectrum shape is that of soil
B —type 1, according to EC8 (CEN 2004). The epistemic uncertainty on the hazard
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Table 5.8 16 and 84 % confidence levels of parameter assumed as random variables

URMI1 URM2 URM3 URM4 URMS5

Parameter 16% 84 % 16% 84 % 16% 84% 16% 84 % 16% 84%
Gx i 230 350 340 480 400 600 400 600 875 1,400
T X 0.020 0.032 0.035 0.051 0.060 0.092 0.060 0.092 0240 0.320
h; 280 320 280 330 270 330 270 330 270 3.00

oxg 0.14 016 013  0.15 008 0.12 0.08 0.12  0.05 0.07

Asisa 0.002 0.004 0.002 0.004 0.004 0.006 0.004 0.006 0.004 0.006
Apsa 0.004 0.006 0.004 0.006 0.007 0.009 0.007 0.009 0.007 0.009
As1s3 0.001 0.003 0.001 0.003 0.002 0.004 0.002 0.004 0.002 0.004
Ap1s3 0.002 0.004 0.002 0.004 0.004 0.006 0.004 0.006 0.004 0.006

Gy and Ty x in MPa; h; in m
“In case of M and H height levels a linear variation is assumed, starting from the 3rd level

curve was assumed Sy = 0.2, while the uncertainty due to the response spectrum
shape (fp) was obtained, on the basis of the procedure described in Sect. 5.3.4,
by considering the following ranges of characteristic values for the normalized
acceleration response spectrum (where v is the exponent of T in branch for T > T¢):

. Sa],]é(TC) = 20 —Vj6 = 11
* Sar84(Tc) = 3.2 ~v;56 =09

The LS thresholds have been obtained by using ¢, = 1.5 (see Sect. 5.3.3) and
from proper drift limits (see Table 5.8). The uncertainty in their definition was
defined in accordance to the assumptions in Fig. 5.7.

Fragility functions are obtained by the analytical model for each building class
and for each number of stories; as in this case classes of height are considered
(Low-rise, Medium-rise, and High-rise), fragility curves are obtained by a weighted
average of the fragility curves for each number of stories. To this end, for Low-rise
sub-class, it is assumed that 80 % have two stories and only 20 % are one-story
buildings; for Medium-rise and High-rise buildings, a uniform distribution of height
was considered.

Figure 5.15 shows, as an example, fragility curves of DS2 (a) and DS3
(b) for classes URM2-L and URM2-M. It is worth noting that the fragility curve
obtained from the weighted average is not a lognormal cumulative function, but the
parameters of a lognormal can be evaluated by least squares regression. At least for
this class, it is worth noting that the building height has a bigger influence on DS2
than on DS3.

In Table 5.9 the two parameters of the fragility functions (PGA;s and f;5) for
each damage state and the ten building classes considered in this section are listed.
It is worth noting that the dispersion f; ¢ is, on average, equal to 0.51; only in very
few cases it is lower than 0.42 or greater than 0.6. These value are similar but a little
bit lower than those obtained in Sect. 5.4.1 from the macroseismic vulnerability
method; this is correct, because greater uncertainties are implicitly included in the
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Fig. 5.15 Fragility curves of DS2 and DS3 for URM2-L and URM2-M classes: both the curves
for single number of stories and the weighted average for height classes are shown

Table 5.9 Values of PGA| s and P s of the fragility 