
 
 

DOCUMENT 

 

PROJECT INFORMATION 

Project Title: Systemic Seismic Vulnerability and Risk Analysis for Build-
ings, Lifeline Networks and Infrastructures Safety Gain 

Acronym: SYNER-G 

Project N°: 244061 

Call N°: FP7-ENV-2009-1 

Project start: 01 November 2009 

Duration: 36 months 

 

DELIVERABLE INFORMATION 

Document Title: General methodology for systemic vulnerability assess-
ment 

Date of issue: April 2011 

Work Package: WP2/Task2.1 

Deliverable/Task Leader: UROMA 

 

REVISION: Final (April, 2011) 

 

 Project Coordinator:
Institution:

e-mail:
fax:

telephone:

Prof. Kyriazis Pitilakis 
Aristotle University of Thessaloniki 
kpitilak@civil.auth.gr 
+ 30 2310 995619 
+ 30 2310 995693 

mailto:kpitilak@civil.auth.gr




Abstract 

This deliverable report presents the general methodology developed within the SYNER-G 
project in order to assess the seismic vulnerability of an interconnected Infrastructure. The 
main features of the methodology are: 

o A detailed taxonomy of the Infrastructure in a number of interconnected infrastructural 
systems, consisting of the description of each system and of its components, reported 
in Appendix B of this report. This taxonomy provides naming for all components that 
are consistently used throughout the set of SYNER-G reports. 

o An object-oriented model of the Infrastructure describing the relations between all 
systems and components (inter- and intra-dependencies) within the taxonomy (see § 
4.2). This model is key to the implementation of a simulation framework in a software. 

o Consideration of all uncertainties in the problem, and in particular: on the seismic ac-
tivity of the seismo-genetic sources/faults, on the local seismic intensities at the sites 
for any given scenario, on the physical damageability of the components of the Infra-
structure (the fragility models from WP3), on the functional consequences at compo-
nent and/or system level of the physical damage at the component level, on the 
socio-economic consequences of physical damage (this source of uncertainty is de-
scribed within WP4 deliverables), and, finally, the epistemic uncertainty in all the 
above models. 

o The categorization of performance indicators in three groups, based on the level 
within the Infrastructure where they are evaluated: component, system or Infrastruc-
ture. 

o  An integrated evaluation of physical and socio-economic performance indicators. 

In order to test the practical applicability of the methodology a proof-of-concept software has 
been developed (source-code in Matlab attached to this report, a brief description in Chapter 
5) and applied to the analysis of the seismic vulnerability of an hypotethical Infrastructure, 
consisting of a subset of the whole SYNER-G taxonomy (results in Chapter 6). 

Keywords: distributed seismic hazard, physical damage, functional damage, inter-
dependence, socio-economic indicators, randomness and epistemic uncertainty 
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1 General 

1.1 INTRODUCTION 

This report presents the general methodology developed in SYNER-G for the assessment of the 
seismic vulnerability of an Infrastructure (see definition in §1.2). This general methodology is de-
tailed for all the infrastructural systems making up the whole Infrastructure and considered within 
the SYNER-G project in the deliverables output of WP5. Within this report, however, for the sake of 
illustration, modelling of a subset of the complete set of systems included in the SYNER-G Taxon-
omy (see Appendix B) is presented in more detail, with reference to an example, called the proto-
type infrastructure. 

This report has the following structure: 

o Chapter 1 introduces definitions and gives the terms of reference for the developed meth-
odology. 

o Chapter 2 presents a non exhaustive review of the technical literature on the vulnerability 
assessment of infrastructural systems. For each system in the taxonomy a short list of ref-
erences is presented, together with a more detailed illustration of one representative exam-
ple. 

o Chapter 3 describes the prototype infrastructure employed as a test-bed for the develop-
ment of the methodology and software. 

o Chapter 4 presents the methodology itself, starting from the object-oriented modelling ap-
proach adopted, the details of the models for the Infrastructure, with all its interacting com-
ponents, the Seismic hazard and the Analysis. Modelling of the Uncertainty and Analysis 
methods close the chapter. 

o Chapter 5 describes the prototype software implementation in the MATLAB environment pro-
duced as a support to the methodology validation. 

o Chapter 6 presents sample results of the analysis of the prototype infrastructure from Chap-
ter 3 with the software from Chapter 5. 

o Chapter 7 reports conclusions. 

o Appendix A provides a short introduction to object-oriented modelling and software devel-
opment employed in the previous chapters, together with reference to background material. 

o Appendix B reports the SYNER-G Taxonomy, i.e. the list of systems and systems’ compo-
nents making up the Infrastructure and considered within the SYNER-G project. 

o Appendix C provides a list of relevant research projects and software packages. 

1.2 DEFINITIONS 

The following is a list of definitions employed consistently throughout the SYNER-G set of projects 
outputs. 
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o Hazard (seismic) 

o A probabilistic model describing the occurrence (in space/time) of earthquakes, 
and/or the corresponding intensity at a site. When dealing with a single site the 
hazard is often represented by the final outcome of a probabilistic seismic hazard 
analysis, PSHA, (where the above model is the input), i.e. a seismic hazard curve 
(or surface). The latter yields the annual rate of exceedance of a scalar (or vector) 
measure of local intensity above (outside) any given threshold. When dealing with a 
distributed system where the simultaneous intensity at several sites is of interest 
(conceptually a vector of random, statistically dependent intensity values), the 
complete model is used (i.e. seismic sources characterization in terms of geometry 
and activity, plus attenuation laws and a model for spatial correlation amongst in-
tensity measures at different sites). 

o Hazard map 

o A map of uniform-hazard or iso-probable intensity values (often, but not exclusively, 
peak ground acceleration or a spectral ordinate) over a region. Used for design 
purposes, it cannot be employed in systemic studies since the intensity values are 
not simultaneous. 

o Scenario (seismic) 

o It refers to a single seismic event. It can be presented in terms of the event location, 
magnitude, faulting style, etc., or in terms of the corresponding distribution of local 
intensity (e.g. a “shake map”), or, finally, in terms of the event consequences (e.g. a 
damage map). 

o Limit state (or Damage state, or Performance level) 

o The state when a demand quantity reaches a corresponding threshold/capacity. It is 
not limited to extreme states (such as collapse of a structure or structural element), 
but it can be formulated for any intermediate state of performance/damage, e.g. 
continued functionality/operativity, light, medium or severe structural and non-
structural damage. It can be expressed in terms of different performance measures, 
such as physical, structural quantities (drift, shear), or socio-economic ones (num-
ber of casualties, economic value of loss, downtime, number of unfed users on a 
network, etc). 

o Fragility 

o A function representing the conditional probability of a component or system (com-
ponent fragility, system fragility) exceeding a pre-defined limit-state as a function of 
a parameter. The latter is most commonly a scalar (or vector) measure of seismic 
intensity, but it can also be a structural response parameter (such as floor accelera-
tion or interstorey drift) e.g. for non-structural components’ fragility. 

o Risk 

o A probabilistic measure of the consequence of a probabilistically defined hazardous 
event. It is often the unconditional probability or the mean annual frequency (prob-
abilistic measure) of a component or system exceeding a pre-defined limit-state 
(consequence). Risk is also used to indicate the expected value, and possibly vari-
ance (within the reference time frame) of: Economic value of physical damage; 
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Casualties/fatalities; Downtime; Economic loss: direct (physical damage/lives) + in-
direct (downtime, etc). 

o System 

o A set of connected parts (components) interacting to perform a function, such as 
producing or transporting goods or services. 

o Component 

o A basic part of a system. Its definition depends on the resolution of the study. It can 
be a single non-reducible item, or it can be itself a sub-system within the larger sys-
tem. 

o Network 

o In Mathematics, a weighted directed graph (digraph) made up of vertices (nodes) 
connected by edges (arcs, links). The weights may represent the links’ capacity to 
accommodate flows between vertices. The in-coming and out-going flows in verti-
ces usually sum up to zero, unless the vertex is a source or a sink. 

o A network is a system and any system can be represented as a network. 

o Lifeline 

o See network. Usually employed with reference to Utilities networks. 

o Infrastructure 

o A network of distinct man-made systems and processes that function collaboratively 
and synergistically to produce and distribute a continuous flow of essential goods 
and services1. In this sense the Infrastructure is a super-system comprising all sys-
tems (buildings, lifelines, critical facilities, etc) and constitutes the physical layer 
supporting the functioning of a Society2. 

o Intra- and Inter-dependencies 

o Dependencies between components within (intra) the same system, or between (in-
ter) different systems (see Fig. 1-1). 

o Dependencies can be of different types. Several classifications have been pre-
sented to categorize the types of dependencies. For instance, Rinaldi, Peeren-
boom, and Kelly (2001) describe dependencies in terms of four general categories: 
Physical: a physical reliance on material flow from one infrastructural system to 
another; Cyber: a reliance on information transfer between infrastructural systems; 
Geographic: a local environmental event affects components across multiple infra-

 

1 An adaptation of the definition of Infrastructure given in the 1997 report of the US President’s Commission 
on Critical Infrastructure Protection. 

 
2 According to the Joint Committee on Structural Safety, Society is an entity of people for which common 
preferences may be identified, exogenous boundary conditions are the same and which share common re-
sources. 

 



 

structural systems due to physical proximity; Logical: a dependency that exists be-
tween infrastructural systems that does not fall into one of the above categories. In 
the slightly different classification proposed in Dudenhoeffer and Permann (2006) 
additional categories are introduced: Policy/Procedural Interdependency: An in-
terdependency that exists due to policy or procedure that relates a state or event 
change in one infrastructure sector component to a subsequent effect on another 
component. Note hat the impact of this event may still exist given the recovery of 
an asset. Societal Interdependency: The interdependencies or influences that an 
infrastructure component event may have on societal factors such as public opin-
ion, public confidence, fear, and cultural issues. Even if no physical linkage or rela-
tionship exists, consequences from events in one infrastructure may impact other 
infrastructures. This influence may also be time sensitive and decay over time from 
the original event grows. 

o Loss (direct) 

o Loss incurred as a direct consequence of physical damage to systems’ compo-
nents. This category includes the economic value of damaged structural and non 
structural components (architectural, content, equipment, etc), the equivalent 
monetary value of lives lost. 

o Loss (indirect) 

o Loss incurred as an indirect consequence of the physical damage and related to 
functional disruption in the systems. This category includes the monetary value of 
the increased travel times for people and goods on the damaged transportation 
system, the economic equivalent of the business interruption and industrial produc-
tion, up to the complete halting of a whole economic sector in the affected region, 
the economic value of the social disruption. 

(components’)
Intra-relations

Systems

Components

(systems’)
Inter-relations

Infrastructure

(components’)
Intra-relations

Systems

Components

(systems’)
Inter-relations

Infrastructure  
Fig. 1-1  Abstract representation of the Infrastructure. 

1.3 TIME, SPACE  AND STAKEHOLDER DIMENSIONS IN A SYSTEMIC STUDY 
The impact of the disaster caused by a natural hazard (the earthquake within SYNER-G) on a sys-
tem evolves with time elapsed from the event and in space. Further, different stakeholders may 
have different stakes and play different roles in dealing with the various phases of the disaster, and 
are correspondingly interested in the assessment of the impact in different ways. These dimen-
sions of the systemic study are represented in Fig. 1-2. 
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As far the time dimension is concerned, two aspects are of interest: the time-frame and the obser-
vation point-in-time. Typically, three frames are considered: 

o short-term: in the aftermath of the event the damaged Infrastructure operates in a state of 
emergency; 

o mid-term: the Infrastructure progressively returns to a new state of normal functionality; 

o long-term: the Infrastructure is upgraded/retrofitted with available resources to mitigate the 
risk from the next event. 

Correspondingly, the spatial extent of interest to the study of the Infrastructure response increases 
with time, initially (short-term) involving  only the local struck area, then, an increasingly wide area 
covering adjacent regions up to the national scale in the economic recovery phase and long-term 
risk mitigation actions. 

 
Fig. 1-2  The three dimensions in an Infrastructure vulnerability study. 

The position on the time axis of the observer with respect to the time-frame changes the goal of the 
systemic study: 

o before the time-frame: the goal of the system analyst is forecasting the impact in order to 
set-up mitigation measures. It is important to underline how the information basis in this 
case can be considered as constant. 

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

o after the time-frame: the goal of the system analyst is to validate the models against oc-
curred events. 

Systemic studies of different nature most commonly address the two phases: 
- Emergency phase: short-term (a few days/weeks) at the urban/regional scale 
- Economic recovery phase: medium to long-term, at the regional/national scale 

The contribution of Engineering disciplines is obviously capital to the first phase. During the second 
phase their role becomes to some extent ancillary, due to the intervention of political and economic 
factors in the decision-making process. 
 
The developed SYNER-G methodology focuses on the first phase only, with Emergency managers 
as the reference Stakeholders, and with the goal of forecasting before the event the expected im-
pact for the purpose of planning and implementing risk mitigation measures. 
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1.4 SPATIAL CHARACTERIZATION AND APPROACH LEVEL 
The spatial characterization of the components (sub-systems) of the Infrastructure has a direct re-
lation with the approaches to be used for the definition of both the corresponding hazard and vul-
nerability. From a geometric point of view three categories can be identified: 

o Point-like components (Critical facilities): single-site facilities whose importance for the 
functionality of the Infrastructure makes them critical, justifying a detailed description and 
analysis. Examples include hospitals, power-plants. 

o Line-like components (networks, lifelines): distributed systems comprising a number of 
vulnerable point-like sub-systems in their vertices, and strongly characterized by their flow-
transmission function. Examples include Electric networks with vulnerable power plants, 
sub-stations, etc, or road networks with vulnerable bridges. 

o Area-like components: this is a special category specifically intended to model large popu-
lations of residential, office and commercial buildings, that cannot be treated individually. 
These buildings make up the largest proportion of the built environment and generally give 
the predominant contribution to the total direct loss due to physical damage. 

 
The approach for vulnerability study of the area-like components is not homogeneous with that of 
point-like and line-like sub-systems. As shown later on in Chapter 4, area-like components for the 
purpose of a systemic study within SYNER-G have been modelled with geo-cells characterized in 
terms of physical (distribution of buildings amongst standardized typologies with associated fragili-
ties) and socio-economic (population, income, etc) parameters. The above definitions are summa-
rily illustrated in Fig. 1-3, where the area-like component is represented by a census tract. 
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Fig. 1-3  Illustration of the different categories of components/sub-systems of the Infrastruc-

ture. 
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2 A selected literature review 

2.1 INTRODUCTION 

Amongst the vast amount of research on seismic risk analysis of single pieces of the Infrastructure, 
a few examples have been selected for a brief illustration, with the purpose of setting the premises 
of the methodological proposal presented in Chapter 4. The presentation of studies follows the 
SYNER-G Taxonomy of Infrastructural systems reported in Appendix B. For every system a brief, 
incomplete but reasoned survey is provided, together with more detail on a sample study. Often, 
some studies present attempts to consider multiple systems (usually, at most two) and their inter-
action. 

2.2 BUILDING AGGREGATES (BDG) 

2.2.1 Selected references 

2.2.1.1 Introduction 

In practice, while the vulnerability assessment of a single building of special interest is based on a 
detailed and specific structural analysis, the global evaluation of vulnerability (i.e. for several hun-
dreds or thousands of buildings at an urban or regional scale) relies mostly on the use of statistical 
or probabilistic vulnerability functions. These functions represent the “typical” behavior of a group 
of buildings characterized by a limited number of similar physical parameters. The vulnerability 
functions can be obtained from (Sedan et al., 2008): 

o Data analysis from post-earthquake observations (empirical methods, calculation of a dam-
age matrix or a vulnerability index for each building “type”); 

o Development of numerical models (mechanical methods, calculation of performance points 
for each building “type”); 

Whatever the procedure used, a vulnerability assessment study of common buildings at urban or 
regional scale is based on the following elements: 

- A building typology and its census within the studied area: while the seismic behavior of buildings 
cannot be specified one by one, it is required to define a building typology based on structural crite-
ria (material used, height, bracing system…), that can be more or less accurate. 

- A damage probability matrix or fragility curves that correspond to the chosen typology: for a given 
building typology, they represent the percentage of buildings that exceed a given damage state, for 
a given level of seismic intensity. 

2.2.1.2 Empirical methods 

The application of RISK-UE vulnerability indices can be done at different scales. One option is to 
work at the scale of homogeneous urban zones, within which we suppose a uniform distribution of 



 

building types (Bernardie et al. (2006) and Sedan et al. (2008)). Then, these different building 
types are related to RISK-UE building types.  

In other cases, the assessment is directly adapted to the census data format, which sometimes 
has data about construction age and materials (Lantada et al. 2007).  

2.2.1.3 Mechanical methods 

In the scope of large-scale vulnerability assessments, a dataset of capacity curves for various 
building typologies must first be developed and validated by a group of experts. These catalogues 
of capacity curves can contain the following information: 

o Typology description (masonry bearing walls, reinforced-concrete with masonry infills, RC 
frames,… , number of stories, level of seismic code,…); 

o The coordinates of the limit point between elastic and plastic domain (Dy and Ay); 

o The coordinates of the ultimate displacement point (Du and Au); 

These capacity curves can then be used to develop fragility curves for each typology, expressing 
the probability of damage for a given seismic intensity. These probabilities will finally be used as 
input in a GIS tool to perform the large scale vulnerability analysis. 

2.2.2 Illustration of a sample study 

The studies of Bernardie et al. (2006) and Sedan et al. (2008) have applied the RISK-UE method 
to elaborate seismic risk scenarios in urban areas in France (Lourdes, Aix-en-Provence).  

The first step is to map the entire area into five types of homogeneous urban areas: historical 
downtown, city-center, residential buildings, subdivisions and isolate buildings. The buildings age is 
estimated using topographic maps of different ages (ex: sector built before or after the edition of 
the map). Within these zones a field survey establishes the distribution of the different types of 
buildings used by the RISK-UE method. This field data is compared with the census data (number 
of dwellings, ranked by age). 

Finally, following the Risk-UE method, one vulnerability index (Vi) is assigned to each building 
type, and one mean vulnerability index is calculated by zone.  

A sort of mean damage grade, µD, enables to completely characterize the expected damage for a 
building typology, for a given intensity. 

 

 (2.1) 

This mean damage grade is evaluated along with a given dispersion, which allows getting the dis-
tribution (beta law) of each damage state for each building typology within a homogeneous zone. 
These probability values can finally be aggregated and pondered, in order to obtain the number of 
buildings in a given damage state, within the homogeneous zone.  

Instead of vulnerability index, it is also possible to use adequate fragility curves (if available), which 
give directly the probability of damage with respect to seismic intensity. 
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The results of the risk scenarios are usually expressed as the number of heavily damaged or col-
lapsed buildings (damage states D4 and D5 – EMS-98 scale) within the studied area. The results 
are detailed for each homogeneous zone, or projected into a grid (usually 500 x 500 m squares). 

 
Fig. 2-1 Fieldwork procedure - GIS localization of the building within an urban area and table 

with information about the building 
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Fig. 2-2 Delimitation of homogeneous urban zones 

 
Fig. 2-3 Semi-Empirical damage grades for different building types (RISK-UE) 
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Fig. 2-4 Seismic risk scenario in Trinité (Martinique, France) - Number of buildings in dam-

age states D4 and D5 (Roullé et al., 2010) 

2.2.3. Roads obstruction 

Especially in urban context, serious damage to buildings may cause debris closing the road. Thus, 
it is necessary to compare the widths between roads and debris deposits. The width of the road is 
an important parameter to estimate the effect of the area occupied by the generated debris for the 
road functionality. Additionally, the distance between the building face and the road is important: 
the longer is the distance, the lesser is the impact. This parameter is related to the type of urbani-
zation in each area. Moreover, corner buildings are weakest as they are open on two sides. 

The WP6 of RISK-UE project proposes two different approaches to assess these phenomena.  In 
order to assess possible debris extensions, both empirical and analytical approaches are consid-
ered, respectively for reinforced concrete and masonry buildings. 

The empirical approach proposed in the WP6 of Risk-UE is based on observations done after the 
Kocaeli 1999 earthquake for collapsed RC buildings. In this case, one may consider, as a first ap-
proximation, the following trend (with: X, debris obstruction in m): 

 (2.2) 

Analytical approach, developed in the case of masonry buildings, considers that basic volume of 
debris depends on the following hypothesis: 

o The pile of debris may be a simple volume, depending on the number and location of adja-
cent buildings; 

o The debris volume is a ratio (kv, e.g. 30%) of the initial building volume. 

o The slope of the pile of debris may be defined like a friction angle (φ, e.g. 45°). 
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Fig. 2-5 Debris obstruction (collapsed RC buildings) 

 
Fig. 2-6 Debris obstruction (collapsed buildings confined in two opposite sides, debris vol-

ume is 30% of initial volume, friction angle 45°) 

In the project RISK Iran, which asses the seismic risk in 4 Iranian cities, the phenomena of streets 
obstruction was taken into account. The criteria used was to evaluate the possibility that a col-
lapsed building (D5 state) is close to one street with a width <= 2/3 * Nb of floors (WP6 RISK-UE). 
The assessment was done at district scale, because the number of collapsed buildings was only 
available at this scale.  

The different input data was:  

o Streets GIS and width.  
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o Estimation of collapsed buildings / by type / by district (result of seismic risk scenario in cur-
rent buildings).   

 (2.3) 

Where Length_obstruct_N is the total street length into a district with a width that could be ob-
structed by a collapsed building of N floors (width <= 4/3 * Nb of floors): it was considered here that 
a street is blocked as soon as half of the width is obstructed. 

Finally the result was the number of probable obstructed streets into a district. 

 
Fig. 2-7 Example of application, number of obstructed streets by district 

2.3 HEALTH-CARE SYSTEM (HCS) 

2.3.1 Selected references 

2.3.2 Illustration of a sample study 

The study3 presents the seismic risk analysis of a single health-care facility. This facility is a critical 
one and hence a detailed system analysis is required. 

                                                 
3 Lupoi G, Franchin P, Lupoi A, Pinto PE, Calvi GM Probabilistic Seismic Assessment For Hospitals 

And Complex-social Systems, IUSSpress, Pavia, 2008 
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2.3.2.1 Definition of risk and performance measure 

The definition of risk adopted for this critical facility is the following: Risk is the mean annual fre-
quency of the random demand for surgical treatment (proportion of severe cases out of the total 
number of casualties4) on the hospital exceeding its random treatment capacity. Formally: 
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Fig. 2-8   shows the mean and mean ± sigma bands of the HTD and HTC, as a function of seismic 
intensity at the site (measured in terms of PGA). 

 
Fig. 2-8  Demand and capacity “distribution” as a function of peak ground acceleration. 

The next two sections briefly illustrate how the demand and capacity terms are evaluated. In par-
ticular, the capacity term is the result of three contributions, coming from the three macro-
components (m/c) making up the hospital system: the physical m/c (structural and non-structural 
element of the facility), the organizational m/c (the procedure in the emergency plans) and the hu-
man m/c (skill and training of the operators using the facilities and equipments according to the 
procedures). 

2.3.2.2 Hospital treatment demand (HTD) 

Victims in a urban area struck by an earthquake can be attributed to four severity classes accord-
ing to Disaster Medicine practice: 

• Red, requiring immediate care (T1 denotes number of Reds) 

                                                 
4 Herein the term casualty indicate an injured person, while the term fatality denotes a person killed as a 
consequence of the event. 
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• Yellow, for which treatment can be postponed (T2 denotes number of Yellows) 
• Green, requiring minimal treatment (T3 denotes number of Greens) 
• Black/Blue, deceased (T4 denotes number of Blacks) 

 

Based on statistics from past earthquakes severity indices have been defined: 

S1 = T4/(T1+T2+T3) usually 0.10 to 0.50 
S2 = (T1+T2)/T3  usually 0.15 to 0.60 

Based on statistics from past earthquakes a model is available to predict the number of casualties 
(T1+T2) and fatalities (T4) due to an earthquake striking an urban area (Coburn and Spence): 

NT1+T2+T4(i) = k(i-iMIN)4NpopεCS (2.5) 

Where “i” is the event intensity (MMI), Npop is the total population, and εCS is a model error term. 

The Hospital Treatment Demand is the proportion z (usually in the range 0.33 to 0.50) of severe 
(Red/Yellow) casualties requiring surgical treatment: 

HTD(i) = z×NT1+T2 (i) = z×S1×NT1+T2+T4(i)/(S1+S1S2+S2) (2.6) 

2.3.2.3 Hospital treatment capacity (HTC) 

The Hospital treatment capacity, yielding the number of surgical treatments that can be carried out 
per hour, is expressed as the product of three factors, divided by the average treatment duration in 
hours: 

HTC = αβγ / tm (2.7) 

The three factors correspond to the three already mentioned m/c: 

- α → organisational m/c: measures the effectiveness of the emergency plan 
- β → human m/c: measures quality/skill/training of the staff 
- γ = γ1γ2 → physical m/c  

o γ1 number of operating theatres still operational after the event 
o γ2 system boolean function: 1 if essential medical services (minimum subset of all 

the medical services required to support the operating theaters) are available, 0 
otherwise 

The quantitative assessment of the first two factors requires interaction with specialists from out-
side the Engineering disciplines, and direct contact (interview) of the local staff. 

For the evaluation of the third factor, it is necessary to establish the conditions under which the 
hospital (system) can keep on providing its function (essential medical services). These are: 

- Structural and non-structural damage are compatible with continued functioning 
- Medical equipment and essential utilities (electric power, water, medical gases, etc) are 

available 

Establishing whether the above conditions are met requires checking that all necessary subsys-
tems remain operational. This is done by describing the whole hospital system with a fault tree. 
Fig. 2-9   shows the tree for an hospital in Southern Italy (where the portion related to the behav-
iour of the structural members is not expanded for reasons of space). 



 

 
Fig. 2-9  The fault tree of an hospital system in Southern Italy. 
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The evaluation of the probability distribution of HTC is carried out by simulation. 

To limit the computational effort associated with the simulation this is split into two steps. In the first 
one a limited number of recorded ground motions is used to carry out nonlinear time-history analy-
sis on a structural model of the building(s) housing the hospital and to collect samples of all the 
correlated response quantities (e.g. floor drifts, floor accelerations, columns shears, etc) needed to 
establish whether the structure stands after the earthquake and the non-structural elements and 
equipment are operational. 

The second step consists of a Monte Carlo simulation with structural responses sampled from a 
joint model fit to the responses collected in the first step, and structural and non-structural capaci-
ties sampled from their respective fragilities, to obtain the state of each component and that of the 
system as a whole (according to the logic spelled out in the fault tree). 

2.3.2.4 Fragility models employed in the study 

Fragility models, either generic, e.g. from Hazus, or specific, whenever available, are used for 
structural and non-structural components. 

For the former, columns shear strength and ultimate deformation (drift) capacities have been mod-
eled as longnormal with median and dispersions given by the Priestley and Panagiotakos-Fardis 
models, respectively. 

Non-structural components have been divided into either drift- or acceleration-sensitive compo-
nents. A sample of the fragility models employed is given for the medical-gas supply sub-system in 
Fig. 2-10  , showing also the corresponding portion of the fault-tree and pictures of typical medical 
gas containers. 



 

Medical gas 
(fixed supply)

Oxygen

CylindersBottle Cylinders

Supply line EquipmentsNitrogen

Object Demand Distr. Mean CoV References 

Cylinders Acceleration LN 0.50g 0.25 Expert judgment 

Pipes Drift LN 0.90% 0.25 Kuwata and Takada (2003) 

Medical gas 
(fixed supply)

Oxygen

CylindersBottle Cylinders

Supply line EquipmentsNitrogen

Object Demand Distr. Mean CoV References 

Cylinders Acceleration LN 0.50g 0.25 Expert judgment 

Pipes Drift LN 0.90% 0.25 Kuwata and Takada (2003) 

 
Fig. 2-10  Medical-gas supply sub-system. 
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2.4 HARBOUR (HBR) 

2.4.1 Selected references 

Current engineering practice for seismic risk reduction for port facilities is typically based on design 
or retrofit criteria for individual physical components (e.g., wharf structures) expressed as pre-
scribed levels of displacement, strain, etc. However, the resilience and continuity of shipping op-
erations at a port after an earthquake depend not only on the performance of these individual com-
ponents, but on their locations, redundancy, and physical and operational connectivity as well; that 
is, on the port system as a whole. 

Several researchers have studied the seismic performance of systems such as highway, power 
supply, and water distribution networks, as described in the respective sections of the present re-
port. On the contrary, available approaches for the seismic performance of port system are limited. 
In almost all past relevant studies, the evaluation of the post-earthquake performance of the port 
system is based on the simulation of the damage states of each component under given scenario 
earthquakes, i.e.  without considering how damage and downtime of these structures might disrupt 
the overall port system’s ship handling operations and the regional, national, and even international 
economic impacts that could result from extended earthquake-induced disruption of a major port. 
These studies basically remain at the estimation of direct physical losses (structural damage and 
corresponding replacement and repair costs) (NIBS 2004). In few cases economic loss, such as 
business interruption and income loss (Pachakis and Kiremidjian 2003, 2004, Na et al. 2007, 2008) 
and economic impact that is driven by the damages in other sectors led by an earthquake (Rix et 
al. 2009) are assessed, but in general the interaction effects and the integrated response of the 
port system are not taken into consideration.  

One of the most well-known and widely used risk assessment methodologies for analyzing poten-
tial losses from earthquakes (as well as other natural hazards such as floods and hurricane), in-
cluding also the assessment of seismic risk for port facilities, is the one developed by FEMA (Fed-
eral Emergency Management Agency) and incorporated in the HAZUS software (NIBS 2004). It 
couples scientific and engineering knowledge with geographic information systems (GIS) technol-
ogy to produce estimates of hazard-related damage before, or after, a disaster occurs. However, 
this methodology has been developed for application in the United States and its application in 
Europe may not be always appropriate given the specific feature of European elements at risk.  

Seismic risk reduction decisions for a port depend on the particular operational, economic, and po-
litical framework within which the port operates. Werner et al. (1999) proposed a method for the 
reduction of seismic risk in port systems, which is based on the concept of “acceptable seismic 
risk” for evaluating various factors and deciding upon the final retrofit design approach. Different 
seismic scenarios are considered and Monte Carlo simulation is used, to assess the effect of the 
involved uncertainties. 

Few years later Pachakis and Kiremidjian (2003, 2004) proposed a methodology to simulate the 
seismic response, planning and risk management of port facilities. A model for estimating physical 
losses is developed and a simulation model for evaluating revenue losses from wharf closure until 
repaired is described. The methodology is based on a set of data from a US port. Losses are clas-
sified as usual in the two categories: losses due to physical damage of port facilities (direct losses) 
and revenue losses due to reduction or loss of functionality for the time seismic damages are being 
repaired (indirect losses). The methodology is conditioned on specific seismic scenario events with 
known anticipated characteristics. For the estimation of revenue losses, two necessary interrelated 
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components are needed: a methodology to predict the damage state of the port facilities after a 
seismic event (vulnerability model) and a methodology to relate the damage state with the mone-
tary loss. The current methodology is based on the use of existing fragility curves proposed in HA-
ZUS (NIBS 2004). 

The analysis of seismic risk to the entire system of wharf structures at the Port of Oakland was per-
formed by Werner and Taylor (2004), in order to assess the effectiveness of various seismic up-
grade options in reducing potential economic losses from interruption of shipping operations and 
damage repair costs (which are typically much lower than losses due to shipping interruptions). 
Werner and Taylor (2004) have shown how deterministic or probabilistic estimates of economic 
losses may present important differences.  

One of the most recent studies is the one developed by Na et al. (2007, 2008) and Na and Shino-
zuka (2009) aiming at the estimation of earthquake effects on the performance of the operation 
system of a container terminal in a seaport. In particular, the methodology focuses on indirect eco-
nomic loss (revenue loss) of port operators, resulting from the reduced throughput associated with 
downtime. To evaluate the economic loss of damaged system, an analytical framework is devel-
oped by integrating simulation models for terminal operation and fragility curves of port compo-
nents in the context of seismic risk analysis. The simulation model is verified with actual terminal 
operation data obtained from 15 different container terminals. The assessment of the functionality 
of port components is performed using fragility functions proposed by the authors (for quay wall 
structures) incorporating uncertainties associated with a scenario earthquake. The critical compo-
nents regarding port operations and earthquake recovery schedule are the quay walls and the con-
tainer gantry cranes; therefore they considered only these two elements as the main components 
to represent the terminal operation system after an earthquake without taking into consideration 
functional and physical interdependencies between port facilities. The economic losses are de-
scribed in terms of the reduced container throughput and increased ship waiting time. Based on 
the analytical procedure to assess the seismic performance of the terminal system, fragility curves 
for the entire system are also produced through Monte Carlo simulations. This approach can be 
used not only for estimating the seismically induced revenue loss but also serve as a decision-
making tool to select specific seismic retrofit techniques on the basis of benefit–cost analysis.  

A model to assess the seismic vulnerability of the port facility in the form of fragility curves, consid-
ering the associated uncertainties, has been developed by Shinozuka (2009). These fragility 
curves are derived from the seismic response analysis of wharf structures as a function of PGA, or 
any alternative measure of the base-rock ground motion intensity; different levels of damage and 
corresponding performance levels of the wharf allowing the ships to dock has been proposed. The 
seismic response analysis is performed through a Monte Carlo simulation of the facility response, 
and the response analysis is repeatedly carried out for each of a large number of probabilistic sce-
nario earthquakes, consistent with the regional seismic hazard. The global fragility curves can be 
used to make probabilistic prediction of the expected damage states and associated direct losses 
of the port facilities under the seismic hazard in the form of a risk curve. The proposed methodol-
ogy has been applied in the Port of Kobe. 

Rix et al. (2009) describe an ongoing research project for the seismic risk management and down-
time of port systems. A probabilistic risk analysis framework is proposed through Monte Carlo 
analysis to estimate the system-wide economic consequences of a particular seismic risk man-
agement option. The port system fragility is expressed as business interruption losses due to re-
duced container throughput and ship delays or re-routing. In particular, the basic concepts and de-
veloped methods to address the analysis of seismic risks to a port-wide system of berths (with their 
particular wharf and crane structures) are presented. The way in which the results can guide port 
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decision makers in making a better selection of design, retrofit, operational, and other seismic risk 
management options is also discussed. The framework is based on previous work to assess wharf 
seismic design criteria and upgrade strategies for major projects at the Ports of Los Angeles and 
Oakland (Taylor and Werner 1995, Werner 1998, Werner and Taylor 2004, Werner et al. 2002, 
Werner et al. 1999). Again, as in previous models, the port system is described only by its water-
front structures, and not by the whole system of components and facilities affecting the port func-
tionality after the occurrence of an earthquake event. 

2.4.2 Illustration of a sample study 

The model proposed by Pachakis and Kiremidjian (2003, 2004, 2005) has been selected to illus-
trate a methodology for the risk assessment of multi-terminal container port facilities. The model 
provides a methodology for estimating downtime revenue losses for scenario earthquake events 
and the cumulative distribution function of the aggregate loss for these scenario events. The first 
objective is achieved by simulating the port operations and measuring the differences in revenues 
between regular and post-earthquake interrupted operations. The second one is achieved by 
adapting methods used in actuarial science to calculate the statistical characteristics of the total 
aggregate loss for a given exposure period, assuming earthquake arrivals as a Poisson process 
and discounting losses due to future earthquakes in the present.  

The basic steps for conducting a comprehensive seismic risk analysis of a port system are the fol-
lowing: 

o Evaluation of the seismic hazard. 

o Assessment of the damage states of port components. 

o Evaluation of the system functionality, downtime and replacement costs. 

o Estimation of the difference in revenues. 

o Use of the revenue loss process for financial risk analysis and risk management decisions. 

The probabilistic revenue loss estimation is achieved by creating a stochastic model of a container 
port. In such a model, stochastic ship traffic moves cargo through the port, generating revenues for 
the port authority through various fees. Discrete Event Simulation is used for obtaining answers 
regarding revenues because multi-terminal port operations are too complex to be described in de-
tail by closed-form mathematical models. 

The ships-berth operations, as modeled for the purpose of revenue estimation, are shown sche-
matically in Fig. 2-11. Ship arrivals are modeled as a non-homogeneous Poisson process with arri-
val rates changing over monthly intervals. Then ships are distributed to the various terminals ac-
cording to the actual or assumed percentages of monthly traffic volume that goes to each terminal. 
From there, each ship is assigned to a berth that can accommodate its specifications and cargo 
type. After berth assignment, the ship joins the line of its assigned berth and waits for service. If no 
available berth is found in the current terminal, or the waiting lines have reached their capacity, the 
ship is diverted from its terminal to another according to a prescribed preference, specific for each 
terminal. If the ship cannot find another terminal to dock it leaves the port. When there are enough 
available cranes and berth length, the ship service begins. The assigned berth has a service rate 
which is stochastic according to the type of cargo handling and storage equipment used. The total 
service time for the ship is a function of the number of handled containers, the number of cranes 
used and the berth service rate. During the service time, the fees are calculated and accrued. 



 

 
Fig. 2-11  Ship-Berth operations as a queuing system. 

The port operations model is a system that takes as input the information regarding the arriving 
ship traffic, processes it according to a number of algorithms and produces the output, which in this 
case is the port revenues. The system comprises the following stochastic components: ship traffic, 
berth service rates and port revenues. 

The ship-berth operations are modeled traditionally as queuing systems. In these systems, whose 
basic building block is the container terminal consisting of berths, the ships are the clients and the 
berths with their cranes are the servers. Although most of the queuing models for ports assume 
that a berth is a single server, in the model considered here, the servers are the cranes and many 
cranes can work on one ship. Moreover several ships can dock at a single berth. Close-form ana-
lytical solutions are available for these models, describing the arriving and service time probability 
distributions. The proposed algorithms have been validated with the simulation of the port of Oak-
land. 

Fig. 2-12 illustrates how the results of the assessment of the damage states of port components 
and evaluation of the system functionality, downtime and replacement costs can be used by the 
port simulation model to yield the revenue loss. Taking as inputs the ship traffic and the cargo that 
passes through the port and the results of the vulnerability assessment with respect to the post-
earthquake functionality of the port structures, port operations are simulated and revenues are 
tracked two times for each ship traffic input stream: one assuming regular operations, and the 
other assuming reduced operating capacity for a period of time after the seismic event. The differ-
ence in these two revenue streams gives a sample point of the revenue loss. The port revenues 
estimation methodology is using several algorithms to create the stochastic input, the generation of 
the operating revenues and their aggregation before and after the earthquake event. A number of 
elaborate algorithms are formulated in order to simulate realistically the ship-berth operations in 
multi-terminal container ports and the way they are affected by an earthquake. 
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Fig. 2-12  Overview of the loss estimation methodology via simulation. 

In particular, the following setup, shown in Fig. 2-13, is implemented: 

1. Many sets of ship traffic are obtained through the traffic generator. Each set represents a 
period of operations sufficient to include warm-up, downtime, and recovery time. 

2. Each ship traffic data set is used by the operations simulator to generate weekly revenue 
streams for regular operations (without an event). 

3. Step 2 is repeated given that an event has occurred and some of the port characteristics 
are modified. The details of post-event operations and the duration of downtime are the re-
sults of the vulnerability assessment study. The operations simulator runs until the port 
reaches steady state. The corresponding weekly revenue streams are again generated. 

4. The post processor reads the two output files (with and without event) and extracts the 
warm-up period. Next, for each traffic data set, the difference between the total cumulative 
revenues, with and without event, is calculated. This difference yields one sample point. 
The procedure is then repeated for all ship traffic data sets and the population of revenue 
differences is obtained. 

5. The statistics of the revenue differences are calculated and smoothed ensemble averages 
of weekly revenue streams with and without event are plotted. 
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Fig. 2-13  Flowchart of simulation setup. 

When a seismic event occurs, changing the total berth length, the number of available cranes, and 
their service rate, representing the effects on the operational capacity of the berths, alters the state 
of the system. The operation of the system is continued under the modified terminal conditions until 
a steady state (normal) is reached again. In addition to the revenues, there is also the option to 
record the operational output. For each replication, time averages excluding the warm-up period 
are collected for various quantities of interest, such as crane and berth utilisation factors, ship ser-
vice and waiting times. The effect of a seismic event on the terminal operations can be assessed in 
two ways, by looking at the time histories of the quantities of interest before and after the event and 
also by simulating the same period using common random numbers but without an event. The use 
of common random numbers in the ship traffic input reduces the variance of the estimated quanti-
ties and is recommended when two different operating modes of a system are compared.  

In the following figures several representative results of the simulation procedure are illustrated for 
a single and a multi-terminal container port. 
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Fig. 2-14  Effect of ship traffic intensity and maximum queue length on revenue losses for 
different functionality states of the terminal (M = 7.5 earthquake scenario, single terminal). 

 
Fig. 2-15  Effect of downtime on revenue losses for different functionality states of the ter-

minal (M = 7.5 earthquake scenario, single terminal). 
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Fig. 2-16  Estimated mean revenue differences after closing Terminal 6 of the Port of Oak-

land for six months (1989 Loma Prieta earthquake, multiple terminal). 
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2.5 ROAD NETWORKS (RDN) 

2.5.1 Selected references 

The selected works referenced in this section can be classified based on the importance of the role 
played by the transportation network itself. In a way of simplification available studies can be as-
signed to the following three levels: 

o Level I: the attention is focused on the functioning of the network in terms of pure connec-
tivity. This type of studies focuses on just one of the services provided by the network, e.g. 
most typically the rescue function immediately after the earthquake, and may be of interest 
in identifying portions of the network which are critical with respect to the continued connec-
tivity of the network. 

o Level II: the scope of the study is widened to include consideration of the network capacity 
to accommodate traffic flows. The damage to the network causes traffic congestion, result-
ing in increased travel time which is in turn translated into monetary terms. This indirect loss 
summed to direct loss incurred due to damage to the building stock results in a first partial 
estimate of the overall economic impact of an earthquake. 

o Level III: The most general approach, which aims at obtaining a realistic estimate of total 
loss, inclusive of direct physical damage to the built environment (residential and industrial 
buildings as well as network components), loss due to reduced activity in the economic sec-
tors (industry, services), and network-related loss (increased travel time). Economic inter-
dependencies are accounted for, such as the reduction in demand and supply of commodi-
ties (due to damaged factories, etc.), hence in the demand for travel, and due to the in-
creased travel costs. At this level the  relevance and the complexity of the economic models 
become dominant over that of  the transportation network. This is a full systemic study re-
quiring important inputs from the economic disciplines. 

Two similar examples of Level I studies can be found in (Franchin et al 2006), which is described in 
some detail in the next section, and in (Nuti and Vanzi, 1998). In the latter study the road network 
serves the purpose of connecting the hospitals in a regional health-care system. The mortality rate 
of casualties, in case of seismic event, is substantially reduced if they receive care in a short time. 
After a strong earthquake damage and/or congestion of hospitals, and of the transportation net-
work, cause an increase in the distance to be covered, because casualties exceeding the hospitals 
capacity have to be moved to non full ones and because of interrupted links which result in a de-
crease in the transportation speed. The study proposes the distance covered by each casualty, 
defined in probabilistic terms, as a meaningful system performance measure. Comparing the dis-
tance distribution after an earthquake (accounting for damage to hospitals and road network, as 
well as for casualties and congestion), under different seismic retrofit/upgrade scenarios with the 
baseline distribution gives useful indications for the allocation of resources. 

A further example of Level I study is that in Kang et al (2008). This paper applies matrix-based sys-
tem reliability (MSR) method to a transportation network consisting of bridge structures in order to 
evaluate the probability of disconnection between each city/county and a critical facility is esti-
mated. Unlike existing system reliability methods whose complexity depends highly on that of the 
system event, the MSR method describes any general system event in a simple matrix form and 
therefore provides a more convenient way of handling the system event and estimating its prob-
ability. The probability mass function of the number of failed bridges is computed as well. In order 
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to quantify the relative importance of bridges, the MSR method is used to compute the conditional 
probabilities of bridge failures given that there is at least one city disconnected from the critical fa-
cility. The bounds on the probability of disconnection are also obtained for cases with incomplete 
information. 

Examples of Level II studies are those in Shinozuka et al (2003) and Chang et al (2011). The ap-
proach in Shinozuka et al. (2003) aims at the determination of direct and indirect economic loss 
due to damage to a transportation network. Direct loss is related to physical damage to vulnerable 
components, while indirect loss is related to functionality of the system, whose degradation is 
measured in terms of a system-level performance index called Driver’s delay (DD), i.e. the in-
crease in total daily travel time for all travellers. Indirect loss is expressed as the DD times a unit 
cost of time. Traffic flows are evaluated by equilibrium analysis under a static origin-destination 
matrix. The vulnerable components are the bridges within the network, for which four states of in-
creasing damage and corresponding fragilities are employed: minor, moderate, major and col-
lapse. The state of each link, corresponding to a different residual traffic capacity, equals that of its 
most severely damaged bridge. Total DD is obtained by summing the values for all days over 
which the delay persists. However, the DD decreases over time due to repair activity taking place 
after the event, modelled in an admittedly over-simplified manner. This study is extended in Zhou 
et al. (2004), to consider the effect of retrofit strategies in improving the performance in future 
events.  

The work by Chang et al (2011) advances a proposal for going beyond the use of the per-
earthquake (static) origin-destination matrix as an input for traffic flow analysis. The post-quake 
travel demand is complicated and the change of traffic pattern after the event is coupled with the 
damage of transportation infrastructures. To arrive at a new origin-destination matrix the paper 
modifies the trip generation and distribution stages of a traffic analysis to accommodate for earth-
quake-induced damage. Traffic analysis zones (TAZ) are classified into four types, depending on 
the presence of attractants (e.g., hospitals or emergency shelter) and repellents (e.g., HAZMAT 
release, fire following earthquake, or damaged facilities). Then the pre-earthquake travel demand 
of each TAZ is modified according to the classification. Several general assumptions are made on 
post-earthquake travel behaviour and emergency traffic management measures. The paper reports 
also an extensive literature review on attempts to model traffic pattern changes in the aftermath of 
an earthquake. 

Finally, among the few available Level III studies, an example is the work by Karaca (2005). The 
work reports a regional earthquake loss methodology that emphasizes economic interdependen-
cies at regional and national scales and the mediating role of the transportation network. In an ap-
plication to the Central U.S. under threat from earthquakes from the New Madrid Seismic Zone, 
regional and national losses from scenario earthquakes are evaluated, together with a quantifica-
tion of the corresponding uncertainty including contributions from seismicity, attenuation, fragilities, 
etc. The effectiveness of alternative mitigation strategies is also considered. The loss assessment 
methodology includes spatial interactions (through the transportation network) and business inter-
action (through an input-output model) and extends geographically to the entire conterminous U.S. 
The losses reflect damage to buildings and transportation components, reduced functionality, 
changes in the level of economic activity in different economic sectors and geographical regions, 
and the speed of the reconstruction/recovery process. Evaluation of losses for a number of sce-
nario earthquakes indicates that losses from business interruption may be as significant as infra-
structure repair costs. 

 



 

2.5.2 Illustration of a sample study 

The study in (Franchin et al, 2006) presents a possible point of view on the role of a road network 
in the emergency phase at the regional scale. The aim is that of assessing the “incremental fatali-
ties” due to loss of connectivity between struck municipalities, operational rescue centers and 
health-care facilities, as a consequence of a scenario earthquake. 
The fragility curves employed for the study are those of: bridges, health-care facilities, rescue cen-
ters, schools. The latter represent high-occupancy sensitive public buildings. Fig. 2-17 shows the 
region (Irpinia, in Central-Southern Italy), the road network with its vulnerable bridges, and the mu-
nicipalities where health-care facilities, rescue centers and schools are located. In a way of simpli-
fication, component fragilities refer to the ultimate state (collapse), no intermediate damage state 
being considered. 
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Fig. 2-17  The network studied: location of vulnerable elements. 

Some of the fragility curves employed are shown in Fig. 2-18. Both sets of fragility curves are 
based on expert-judgement. All fragility curves employ spectral acceleration at the fundamental 
period of the structure as the IM and are assumed to have lognormal shape. Schools have been 
assigned to three categories in decreasing order of seismic resistance (The grand total of schools 
considered in the test area is 131, of which 57, 42 and 32 of Type I, II and III, respectively): 

o Type I and II schools are assumed to be RC structures built after the 1980 earthquake ac-
cording to the pertinent seismic design code and seismic zonation. 

o Type III schools are assumed to be masonry buildings of lower resistance and ductility. 

The 16 hospitals of the region are assigned to a single category, namely that obtained through the 
application of the post-1980 code in the highest seismicity area and with a design seismic action 
increased by an importance factor I=1.4. The same seismic resistance as for hospitals has been 
assigned to the 9 operation centres of the civil protection agency. 

A total of 132 bridges has been selected among those included in the test area. Roughly half of 
these are of modern RC construction with simply supported decks and a number of spans ranging 
from 1 to 6, the remaining ones being masonry bridges. The modern bridges have been grouped 
into three categories based on normalised ultimate base shear of 0.07g, 0.10g and 0.15g. The fun-
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damental periods vary in the range 0.3s to 05s. All possible combinations of period and normalised 
base shear capacity result in 9 bridge classes into which existing selected bridges have been 
lumped. 
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Fig. 2-18  Fragility of the vulnerable components. 

The study employs Monte Carlo simulation to evaluate the risk, which, as anticipated, in this case 
consists of the expected number of additional fatalities in each municipality due to loss of connec-
tivity, conditional on the scenario event (the study does not explore all possible events affecting the 
region, i.e. does not cover the entire seismic hazard). In each simulation run the following steps are 
carried out: 

o Intensity is attenuated in terms of the relevant measure at all vulnerable components → ln 
Sai = g(M,Ri)+ε1+εi2 

o The terms ε1 and εi2 are random variables describing the inter-event and intra-event 
residual error in the attenuation relation. These are sampled from their distribution 
as part of the attenuation of local intensity at the site. 

o The fragility curve for the component is used as a distribution for component capacity to 
sample a capacity in terms of seismic intensity 

o The state of each component (binary, either failed or operational) is determined by compar-
ing attenuated intensity with threshold intensity 

o This determines the number of victims in each school, the availability of hospitals 
and rescue centers, the bridges that can still support traffic 

o The state of the damaged road network is determined in terms of residual connectivity (ana-
lysing the adjacency matrix modified to account for collapsed bridges) 

o For each municipality the union event of no connection with an available hospital and res-
cue center is checked 

 
The simulation procedure continues until stabilisation of the results. Results are shown in Fig. 2-19  
, Fig. 2-20  and Fig. 2-21  . Fig. 2-19   shows the final result of the MC simulation in terms of prob-
ability of collapse of each bridge and probability of closure of each link. The former is evaluated as 
the ratio of collapses over total number N of simulation runs, while the latter is evaluated as the 
ratio of closures (a closure occurs when at least one bridge in the link collapses) over N. Fig. 2-20 
shows the probability of collapse of critical facilities, i.e. the hospitals and the rescue centres. In 
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Fig. 2-21  , for each municipality the average value of the conditional probability of collapse of the 
schools is represented by a circle of radius proportional to the probability. The smaller inner circles 
represent, on the same scale, the probability of the union event of additional human losses due to 
either the inefficiency of the road network or to the insufficient resistance of the centres/hospitals. 
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Fig. 2-19  Bridge collapse (red circles of increasing radius) and Link closure (Black lines of 

increasing thickness) probabilities. 
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Fig. 2-20  Hospitals (blue circles) and rescue centres (red circles) collapse probability. 
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Fig. 2-21  Collapse probabilities of the schools in the area (inner circle refers to probability 

of having additional life losses). 

2.6 WATER-SUPPLY NETWORK (WSN) 

2.6.1 Selected references 

Water is vital for human survival and for the continuity of all human activities. In general, water sys-
tem may experience important damages during earthquakes, with significant impact on potable 
water uses and emergency activities such as fire suppression. This has been observed in almost 
all past strong earthquakes. Reliability assessment of water networks comprises a complex, yet 
essential process. Many issues should be taken into account, such as the variations in demands, 
the reliability of individual components and their locations, the fire fighting requirements, etc. 

The seismic reliability of water networks is possible to be measured using different indices of 
physical nature or not, like vulnerability, connectivity, serviceability, maximum flow, redundancy 
and economic loss (ATC 25-1, 1992). Connectivity analyses measure post-earthquake integrity, 
the extent to which links and nodes in a network are connected or disconnected. Serviceability 
analyses estimate the remaining or residual capacity between selected nodes following an earth-
quake. Serviceability is a performance assessment measure that tends to focus more on the hy-
draulic perspective and less upon the underlying robustness of the network in terms of its layout.  

Closely related to reliability is redundancy, a characteristic of the overall system performance that 
is often neglected. Redundancy in a water supply network indicates the existence of reserve ca-
pacity of the network and also the existence of alternative routing (supply paths to the demand 
nodes in case the supply links go out of service) (Awumah et al. 1991). The redundancy of water 
supply system under earthquake risk can be evaluated from three points of view; 1) along with reli-
ability when assessing system performance, 2) in order to design a new network, 3) for efficient 
seismic mitigation of the existing network. 

In several cases, reliability assessment is related with mitigation prioritization procedure. Multi-
criteria analysis (MCA) is more efficient than traditionally benefit-cost analysis, as it copes with the 
uncertain judgment of experts. Moreover, the model should consider customers importance, pipe-
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line properties and hazard factors. Hence, a fuzzy analytic hierarchy process (FAHP) to support 
the MCA for renewal prioritization of the lifeline systems can be developed. This optimized fuzzy 
prioritization method can be applied as an evaluation tool (Alexoudi et al., 2009), where uncertain 
and imprecise judgments of experts are translated into fuzzy numbers. 

Seismic risk of water system has been investigated extensively (Ballantyne et al, 1990; Taylor 
1991; Shinozuka et al, 1992; Hwang et al, 1998; Shi et al, 2006 and Wang, 2006). System reliabil-
ity of San Francisco auxiliary water supply system and the effects of water supply performance on 
fire following earthquakes are described in Scawthorn et al. (2006) research for both 1906 San 
Francisco and 1989 Loma Prieta earthquakes. Seismic risk assessments have been reported for 
the water supply systems in Memphis Tennessee (Chang et al., 2002). 

The methods presented in the selected references in this section can be classified in the following 
four levels: 

o Level I (Vulnerability Analysis): The scope is to estimate the percentage of the physical 
damages in a specific region based on the vulnerability analysis of water components. The 
latest can be estimated through appropriate fragility curves or/and Monte-Carlo technique.  

o Level II (Connectivity Analysis): A vulnerability analysis is essential, as a first step, in or-
der to estimate the physically damaged components (pipes, nodes). In a second stage, the 
damaged components should be removed from the network. Furthermore, some of the re-
maining nodes which can be completely isolated from all supply nodes must be removed 
from the original network. In a third stage, a connectivity analysis may be performed (simpli-
fied- Level IIa or advanced- Level IIb).     

o Level III (Flow Analysis): Firstly, water head, flow rate and amount of leakage at each de-
mand node are calculated under intact (pre-earthquake) conditions as well as the quantity 
of flow and head loss in each pipe. After the evaluation of the physical vulnerability of the 
pipes (break, leak), a flow analysis is performed involving the newly formed network. It is 
assumed that, when a pipe is broken, a shutdown device will be automatically activated at 
the starting and terminating nodes of the pipe so that the water leakage is prevented. It is 
also postulated that capabilities of the supply nodes are not reduced by seismic damages. 

o Level IV (Serviceability Analysis): Vulnerability estimation of water system components 
beside with a flow analysis is repeated for different seismic intensities using Monte-Carlo 
simulations. When the task is completed, average values of the flow rate and water pres-
sure are calculated at each node together with their ratio to the corresponding parameters 
under intact condition. The above procedure comprises a full serviceability analysis (Level 
IV.b). Moreover, a simplified serviceability analysis (Level IVa) can be accomplished con-
necting the pipeline break rate with a simple Serviceability Index.   

The majority of the studies performed for water system can be categorized as Level I that means 
simple physical vulnerability studies of water system components (ATC-13, ATC-25, NIBS 2004). 
The performance index used in Level I studies is the “Damage Ratio” that describes the expected 
number of failures per unit length or per link or per node of the system. Moreover, the “Damage 
Ratio” can be considered as a percentage of the damaged nodes/ links.  

A simple connectivity analysis (Level II) of the network can be accomplished using Graph Theory 
(clustering coefficient of a graph, Redundancy Ratio, Service Ratio Reachability Ratio) and Statis-
tical Methods (Level IIa). Level IIb studies can be found in Shinozuka et al. (1977) and O’Rourke et 
al. (1985) that use minimal cut set paths in reliability evaluation of lifeline networks. Moreover, 
techniques available for tracing the minimal paths and minimal cut sets have mainly been pre-
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sented in literatures as connectivity analysis of the network (Jasmon and Kai, 1985; Fotuhi-
Firuzabad et al., 2004). Another example of Level II analysis is the study performed by Kawakami 
(1990), which uses the “Damage Ratio” and “Service Ratio” as performance indexes. Service Ratio 
indicates the ratio of normally supplied houses to the total number in the system. Dueñas-Osorio et 
al. (2007a) propose the concept of “Connectivity Loss” in order to quantify the average decrease of 
the ability of distribution vertices to receive flow from the generation vertices. Dueñas-Osorio et al. 
(2007b) introduce “Redundancy Ratio” as the appropriate parameter to measure the performance 
of water system. Moghtaderi-Zadeh et al. (1982) proposes “Reachability” of water as performance 
index, indicating the probability that a certain amount of water flow would reach key locations 
(nodes). Conclusively, “Damage Ratio”, “Service Ratio”, “Connectivity Loss”, “Redundancy Ratio” 
and “Reachability” are the performance indicators used in such Level of Analysis (Level II). 

Many researchers have contributed to the advancement of seismic reliability methods for water 
supply systems from the flow and serviceability analysis viewpoint (Level III). Examples of Level III 
studies are those of Shinozuka et al. (1981) that developed, for the first time, a methodology to as-
sess seismic reliability of transmission pipeline system to the city of Los Angeles, in terms of the 
degree of serviceability. It was assumed that the system is considered serviceable when its fire-
fighting capabilities remain intact in the aftermath of an earthquake. Monte Carlo simulation was 
carried out in order to estimate the probability of serviceability on the basis of simulated states of 
physical damage of the system under seismic condition. Furthermore, a Level III study is the one 
performed by Isoyama and Katayama (1981) that developed a Monte Carlo simulation method for 
evaluating the seismic reliability of Tokyo water supply system during the post earthquake period 
using maximum possible flow method. The method was intended for relatively large water supply 
systems, considering network topology, supply and distribution station capacities, and system op-
erating strategies. Moreover, O’Rourke et al. (1985) simulated the serviceability of seismically 
damaged water supply system for the city of San Francisco through a flow analysis. Performance 
of the system was defined explicitly as the ratio of available to required water flow at a standard 
operating pressure of 14 m near the location of the predicted fire outbreak (Level III). The perform-
ance indexes used in Level III analyses accounts the probability distribution of the percentage of 
customers who would lose their service after a specific earthquake. 

Level IV approaches necessities complex hydraulic analyses, which are time consuming and re-
quire expertise and availability of several data. For this reasons, a number of researches have de-
veloped simplified models to assess the serviceability of pipeline networks under various amounts 
of pipe damages. A diagram correlating the Serviceability Index (SI) to average break rate is pro-
posed in HAZUS (NIBS, 2004 – Level IVa). If SI is over 90%, the capability of water system for fire 
suppression is high, compared to SI below 20%. Generally, the performance indexes of Level VI 
studies involve the system ability to meet hydraulic requirements including existing and future wa-
ter needs (i.e. fire flow, maximum day or MD and maximum hour or MH domestic needs, storage 
needs, etc) and to properly size future facilities. 

The works of Markov et al. (1994), Hwang et al. (1998), Javanbarg et al. (2006) and Shi (2006) can 
be classified as Level IVb analyses. In particular Markov et al. (1994) developed a special algo-
rithm for the hydraulic analysis of the seismically damaged network and calculated serviceability 
measures for the auxiliary water supply system in San Francisco. Hwang et al. (1998) performed a 
hydraulic simulation analysis to assess the serviceability of the water supply system in the city of 
Memphis. The serviceability of a system was determined based on the connectivity and flow analy-
sis of a seismically damaged network, which was established through a Monte Carlo simulation. 
Javanbarg et al. (2006) evaluated the performance of water supply in Osaka City considering hy-
draulic analysis and modelling both breakage and leakage as the damage states of pipeline sys-
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tems. Two performance parameters were considered; availability index, which is the ratio between 
the output available water pressure in damaged network and the required pressure at each de-
mand node within the undamaged network, and serviceability index, which is the ratio between the 
output available water flow in damaged network and the required water flow volume at each de-
mand node within the undamaged network. Shi (2006) developed a hydraulic network model for 
earthquake simulation of water network operated by the Los Angeles Department of Water and 
Power. The model accounted for flows and pressures in a heavily damaged system and provided a 
method for simulating pipeline leakage and breakage.  

Besides models classified in the above four categories (Level I to IV), other models have been also 
proposed, such as redundancy approaches (Awumah et al., 1991; Kalungi and Tanyimboh, 2003; 
Hoshiya and Yamamoto, 2002; Hoshiya et al., 2004) and studies for the identification of critical 
links of water supply systems under earthquakes (Yu Wang et al. 2008). Yu Wang et al. (2008) de-
scribe a process for seismic risk assessment and identification of critical links of water supply sys-
tems under earthquakes. Probabilistic performance of water supply systems is reflected by the 
System Serviceability Index (SSI)- a ratio of sum of the satisfied customer demands after an earth-
quake, and two other performance indices like Damage Consequence Index (DCI) and Upgrade 
Benefit Index (UBI). With the aid of Monte- Carlo simulations in conjunction with a special hydraulic 
analysis computer program (GIRAFEE), the seismic risk of the system is evaluated for a hypotheti-
cal seismic damage scenario. The concept of efficient frontier is then employed to identify critical 
links of the system. 

Awumah et al. (1991) and Kalungi and Tanyimboh (2003) have been extensively studied the re-
dundancy for water networks. They developed an entropy-based measure of redundancy and ex-
amined through a series of network simulations a range of network layouts when a link goes out of 
service. However, one or two damaged components are taken into account for redundancy estima-
tions, therefore these methods cannot be applied to a heavily damaged system. Hoshiya and Ya-
mamoto (2002) and Hoshiya et al. (2004) proposed a redundancy index for the lifeline systems un-
der seismic risk based on the entropy of an event of damage modes conditioned on system dam-
age. In particular Hoshiya and Yamamoto (2002), consider the physical probability of connectivity 
between nodes within a network as a remarkable parameter in redundancy analysis. However, the 
leakage state of damage of pipelines may not be considered in simulations. 

2.6.2 Illustration of a sample study 

The methodology proposed by Javanbarg (2008) for the seismic reliability for water networks has 
been selected as an illustrative example of the Level IV models (Fig. 2-22). 

According to this model the first step considers the collection of the input data including layout and 
topology of the network, seismic excitation (input scenario), site conditions and component charac-
teristics and properties. A hydraulic analysis is then performed to simulate the hydraulic perform-
ance of the undamaged system. In the meantime, damage rate of the components due to seismic 
hazards is estimated.  

In the next step, a probabilistic simulation of the components performance considering their dam-
age state is performed, using a Monte Carlo simulation technique. Introducing simulated damage 
of the components to the system, a hydraulic simulation of the damaged network is performed ei-
ther in a deterministic or a probabilistic way. A simple and effective procedure in evaluating the 
seismic performance of the system is the statistical probabilistic analysis of various flow parame-
ters in a deterministic hydraulic model of the damaged system. In each run of the hydraulic analy-



 

sis, the connectivity of the network is checked. The hydraulic analysis is repeated several times 
until all nodes with connectivity error or negative pressure are treated. 

 
Fig. 2-22 Flow chart of seismic reliability model for water networks (Javanbarg 2008) 

The final step includes calculation of the reliability measures namely serviceability index and avail-
ability index. The output of reliability analyses is the probability that a pipeline system complies with 
one or more performance criteria (O’Rourke et al., 1985). If the reliability analysis involves the ser-
viceability measure as the parameter of the system performance, the components performance in 
the probabilistic analyses on one hand, and the flow analysis of both undamaged and damaged 
system, on the other hand, should be considered. A probabilistic model of leakage simulation is 
applied to estimate the leakage rate of the pipelines under seismic condition. A Monte Carlo simu-
lation is then performed to probabilistically simulate damage in the system. The hydraulic analysis 
of the damaged simulated network is performed and reliability measures are calculated as the final 
results 

2.7 WASTE-WATER NETWORK (WWN) 

2.7.1 Selected references 

Over the last twenty years, waste-water systems have been heavily damaged by natural disasters 
as earthquakes, worldwide. The societal and economic disruption caused by waste-water network 
damages is important, as for example, the impact on public health and environment due to the dis-
charge of raw/inadequately treated sewage.  

There is limited real data specifically referring to the vulnerability of waste-water system compo-
nents and furthermore to the post-earthquake functionality of waste-water networks. However, 
relevant damage databases have been assembled for buildings associated to the waste water sys-
tems and of course for certain waste water components (pipes, tunnels, reservoirs and treatment 
plants). In general almost all available methodologies use “water” damage databases for waste-
water systems. Moreover, the vulnerability analysis for waste-water system components is per-
formed using the same fragility curves with the components of the water supply system (ATC-13, 
ATC-25, NIBS, 2004). 
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Nevertheless, there are some differences between water and waste water systems that should be 
mentioned and emphasized: 

o Waste- water facilities are, in general, located in low-level areas to take advantage of trans-
porting sewage via gravity. As a result, waste-water treatment and pumping facilities typi-
cally have larger exposure to earthquakes, because they are more likely to be located in 
soft and loose alluvial soils exposed to large ground deformations and probably to liquefac-
tion. 

o Gravity sewers differ from water pipelines because: 

o They are generally buried deeper. 

o The pipe body/materials and joints are typically weaker as they are not designed for 
pressure. 

o They are more buoyant as they are partially filled with sewage. This makes them 
more vulnerable to flotation in areas with high groundwater tables or liquefaction. 
Similarly, manholes are vulnerable to displacement under surcharged conditions. 

o Sewer pipelines can generally withstand more damage and remain functional (even 
partially) compared to pressurized water pipelines. Damaged sewers often continue 
to operate, transporting sewage until the sewer pipe is offset (shear) and/or sepa-
rated to the point that sewage flow is blocked. By comparison, pressurized pipe-
lines (such as water pipelines) will discharge far greater amounts of water than 
gravity pipelines given the same physical leak size. 

o Furthermore, waste-water lift stations differ from water booster stations. They are designed 
with a deep wet well (typically over 5m deep and in extreme cases approaching 30m deep) 
where sewage is collected by gravity. Water booster stations are usually located on grade 
or in shallow vaults. Therefore, lift stations can be vulnerable to liquefaction or excessive 
buoyant forces in areas with high groundwater tables. 

The required effort to assess the performance of waste-water systems varies with the level of 
analysis and the complexity of the system. Most of the available methodologies used for waste-
water systems, stop their analysis in the estimation of the vulnerability, the estimation of the re-
placement cost and the restoration time (ATC-13, ATC-25, NIBS, 2004). No specific care is given 
to the performance of the waste-water network.  

ALA (2004) propose as performance indicators for waste-water system, capacity measures (e.g. 
flow of waste-water at selected points); measures of reliability (such as frequency and magnitude 
of sanitary or combined sewer overflows (SSOs, CSOs), and the frequency and magnitude of dis-
charge of inadequately treated sewage, percentage treated, etc.); measures of safety and health 
(backup of any raw sewage into buildings-not acceptable, overflow of raw sewage into streets-
acceptable in localized areas for less than 24 hrs); and financial measures. The Environmental 
Protection Agency National Pollution Discharge Elimination System (EPA NPDES) permit require-
ments incorporate relevant performance measures such as discharge volume and water quality.  

Potential metrics recommended for the performance of waste-water system according to ALA 
(2004), are:  

1) Public health/backup of raw sewage: This accounts the probability of achieving performance ob-
jective (e.g. – 90% probability of achieving), the probabilities of occurrence (e.g. 50% in 50 years) 
and different criteria as a function of method of contact (backup into buildings, overflow onto city 
streets). 
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2) Discharge of raw/inadequately treated sewage: Metrics commonly used quantify the impact on 
public health and the environment (e.g. flow associated with biochemical oxygen demand, dis-
solved oxygen of the receiving water). 

3) Direct damage/financial impact: Direct damage to waste-water system components can include 
cleanup and repair costs associated with flood inundation of a treatment plant or repair cost of the 
collection system (pipelines, tunnels etc) while secondary damage (economical cost) can be oc-
curred to commercial or industrial facilities (e.g., factories shut down) due to loss of waste-water 
service.  

4) Security system performance: The performance objective is stated in terms of probability of limit-
ing raw sewage discharge when subjected to a design basis threat. 

Moreover, performance indexes for waste-water system can account “Societal Factors” (ALA, 
2004): 

o Fines and/or jail time - resulting from illegal discharges. 

o Loss of public confidence – resulting from release of raw sewage, backup of raw sewage 
into households, or discharging partially treated sewage into the receiving body. 

o Political – resulting from peer pressure from other regional waste-water organizations, or lo-
cal politicians concerned about discharge of raw or partially treated sewage in their area. 

o Public health and safety – injury or death to utility staff or the public due to exposure to raw 
or partially treated sewage, chemical release or building collapse 

 

According to ALA (2004), the performance of waste-water systems can be assessed in three lev-
els: Simplified, Intermediate and Advanced.  

 

o Simplified Assessment: It can be a deterministic one, where the result is calculated di-
rectly (no uncertainty taken into account), using scenario events without using the probabil-
ity of the event in the calculations. A normal   probabilistic risk assessment is also possible, 
using approximations (e.g., high, medium, and low) for the three risk components (hazard, 
vulnerability, consequence). 

o Intermediate Assessment: It is a probabilistic risk assessment using a mean or median 
value for each of the three risk parameters, with minimal consideration of the variability of 
each term.  

o Advanced Assessment: It is again a probabilistic risk assessment incorporating the vari-
ability of one or more of the risk parameters to capture their randomness and uncertainty.  

 

The three levels of assessment are summarized below: 

 

Level I: Simplified Assessment 
o Step 1: This is a screening assessment for either the collection system or the treatment 

plant(s). The risk of loss of function is calculated for each component and for each relevant 
hazard, using the risk equation. 

 

Relative Risk = Hazard x Vulnerability x Consequence              (1) 
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o Step 2:  The “system” is considered by the consequence term, but no system method is 

prepared. 

o Step 3: A “feel” for the variability of the result can be estimated by using the extremes of the 
ranges for each of the parameters in the risk equation   

o Step 4: The correlation factor is incorporated to the risk equation. 

o Step 5: After proper review and validation the highest risk components and hazards are se-
lected for an Intermediate or Advanced Assessment. 

o Step 6: There is no repair cost or outage time evaluation. 

Level II: Intermediate Assessment 
o Step 1: The quantitative hazard intensity and vulnerability is defined using ranges  (i.e. high, 

medium, low). 

o Step 2: The results for each sewer branch and flow train in the treatment plant are properly 
reviewed and combined; the probability of loss of function is estimated for each one. 

o Step 3: The outage time can be calculated by combining the total number of pipeline fail-
ures or man-hours for the treatment plant and lift station restoration. The results can be di-
vided by the available manpower to estimate the system restoration time. 

o Step 4: The repair cost can be calculated by applying a repair cost-damage relationship to 
each component, and summing the results. Repair cost-damage relationships are typically 
developed in terms of percent of replacement cost, so replacement costs of each compo-
nent must be developed. 

It must be mentioned that probabilistic assessments to address uncertainties are not required for 
this level of assessment 

Level III: Advanced Assessment 
o Step 1: A spreadsheet method is in general developed incorporating the connectivity of the 

system. For each component (including pipeline segments), the specific seismic scenario 
probability of loss of function is calculated by multiplying the hazard probability of occur-
rence by the probability of loss of function. The probabilities of loss of function for each 
component along the pipeline branch or treatment plant train are then combined, and the 
sub-system or system probability of loss of function is calculated. A method is designed to 
show where loss of function occurs and where sewage overflows take place. Then each 
branch and flow train through the plant is analyzed, and the results are combined. Depend-
ing on the complexity of the system, as for example in the case of the treatment plant, the 
method can take the form of a fault tree. 

o Step 2: The outage time is calculated by developing restoration rates for pipelines and other 
system components. The repair rates are applied to the various components until they are 
all repaired. This is performed in incremental steps and the method can be run at each step, 
showing the status of the system in progressive time increments. 

o Step 3: The same procedure can be used to calculate repair costs, except if the connectivity 
module is not required. Damage relationships for repair costs are applied rather than loss of 
functionality estimates. The total repair cost for the specific scenario is estimated as the 
sum of the repair cost of the individual components. 
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o Step 4: A probabilistic estimate is made taking into account the variability of the risk pa-
rameters and quantification of the uncertainty of the results. Both the hazard intensities and 
the vulnerability relationships cover a range with a distribution of probabilities. 

o Step 5: At the end the functionality assessment is the probability of collecting (or treating) 
the sewage flow through the selected portions of the system. This result is updated in time 
steps until the system is totally restored. 

2.7.2 Illustration of a sample study 

According to ALA (2004), eight (8) steps are needed for the assessment of a waste-water system 
(Fig. 2-23). 

Step 1: Definition of the objectives and selection of the required level of assessment.  
The objectives can be driven by government regulations, risk management concerns, public policy, 
prudent engineering design, or other issues or concerns. In certain cases, the regulation itself can 
describe the evaluation process and the associated level of assessment.  

Several objective examples are: 
 Quantification of the risk of discharge of untreated sewage into receiving water due to loss 

of function of the collection system. 
 Quantification of the risk of backing up sewage into residences. 
 Quantification of the potential direct damage (and associated economic loss) due to a major 

hazard event. 

Step 2: Selection of performance metrics that serve to quantitatively describe how the waste-
water system is performing relative to the objectives. Examples are capacity measures (e.g. flow of 
waste-water at selected points); measures of reliability (such as frequency and magnitude of sani-
tary or combined sewer overflows (SSOs, CSOs), and the frequency and magnitude of discharge 
of inadequately treated sewage, percentage treated, etc.; measures of safety and health (similar to 
reliability examples as they impact water quality); and financial measures.  

Step 3: Definition of the performance objectives in terms of the metrics identified in Step 2. 
Performance objectives define “acceptable performance” of the waste-water system in probabilistic 
terms (Table 2-1). 

Step 4: Definition of the waste-water system to be assessed. The assessment must include all 
components of the system whose performance influences the metric of interest. Examples are: 1) 
the entire system evaluated using general, planning level information, and 2) a limited number of 
components selected for assessing a localized region. 

Step 5: Definition of credible hazard scenarios that could affect the reliability of the waste-water 
system. Hazards are quantified in terms of the probability of occurrence in a given time period 
along with the associated hazard intensity for each component of the system included in the as-
sessment.  

Step 6: Assessment of the vulnerability of system components and associated intensities as 
determined in Step 5. Vulnerability is generally expressed in terms of direct damage and/or loss of 
function as a function of hazard intensity. Each component would be assigned a probability of be-
ing in a certain damage state when subjected to a given hazard intensity.  

Step 7: Assessment of the system performance by considering the damage state (functionality) 
of each component and the resulting impact of its associated loss of function on the overall system. 
This impact on the system performance is the consequence of loss of function, as included in the 
risk equation.  



 

Step 8: Assessment of whether the performance objectives are met by comparing the system 
relative risk in Step 7 with the performance objectives (acceptable risk) defined in Step 3. The risk 
due to hazards is calculated in the same terms as the risk defined in the performance objectives. If 
the performance objectives are not satisfied, the performance objectives should be reduced or 
mitigation should be provided by modifying the system response or modifying system components. 

 
Fig. 2-23 Overview of performance assessment for natural hazard assessment process of 

waste-water systems (ALA 2004). 

Table 2-1 Performance objectives for waste-water systems (ALA 2004). 
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2.8 FIRE-FIGHTING SYSTEM (FFS) 

2.8.1 Selected references 

Fire is a common consequence of large earthquakes in urban and industrial areas. Fire fighting 
activities can be prevented due to damages in the water or other (e.g. roadway) networks after 
large earthquakes, resulting to serious loss of life and property. Losses from such fires can vary 
from insignificant (e.g. Izmit earthquake 1999, Turkey; ChiChi earthquake 1999, Taiwan) to disas-
trous (e.g. San Francisco 1906, USA; Tokyo 1923, Japan, Kobe 1995). In the other hand, fire fol-
lowing earthquake is an extremely variable phenomenon, characterized by a high level of variability 
in the number of ignitions and in the extent of fire-spread from each ignition.  

The fire fighting system is characterized by strong interactions with other lifelines such as the water 
supply, gas, electric power and communication-transportation networks. However, the supply of 
water and the functionality of fire hydrants employ the major role for the functionality of the fire 
fighting system. It is possible that the water pressure will be reduced after an earthquake due to 
pipe breaks/leaks or/and tank failures, aggravating the fire effects in case of lack or inadequacy of 
alternative water supplies. Fire-station buildings and tanks are also important components, as they 
house the fire fighting vehicles, they provide the necessary water quantities and they constitute 
administrative and management centers in cases of crisis. Consequently, the vulnerability of fire 
fighting system is strongly related to water system. The literature review of available approaches 
for the seismic risk analysis of water system was previously described (section 2.6). A short review 
of available methods for the estimation of fire ignitions and fire spreading is presented in the follow-
ing. 

Cousins et al. (1991) developed a methodology for the assessment of areas susceptible to fire 
conflagrations and estimation of induced losses due to post-earthquake fires in central New Zea-
land. The fire losses are estimated in comparison to losses due to ground shaking based on em-
pirical earthquake data from North America. More recently, a model for post-earthquake fires 
spreading was elaborated for Wellington City, by Cousins et al. (2002). The life-safety risk against 
post-earthquake fires from the perspective of gas and electricity distribution systems was investi-
gated by Williamson and Groner (2000), based on data from 11 earthquake events.  

A study by Robertson and Mehaffey (2000) recommends that performance based building codes 
should contain a framework to prevent undue reliance on sprinkler and other life safety systems 
that are dependent on seismically vulnerable water and electrical services. A two-level design pro-
cedure is proposed to be applied to the fire safety design of buildings located in areas of high 
seismicity. The first level assumes normal operational conditions for detection and suppression 
systems as well as fire service response, while the second level is based on impaired lifelines ser-
vices and fire service response following a major earthquake.  

At the individual building level, Chen et al. (2004) proposed a performance-based seismic analysis 
procedure considering earthquake and subsequent fires. It consists of four major steps: hazard 
analysis, structural and/or non-structural analyses, damage analysis and loss analysis. Further de-
tails are provided in the next section. 

Scawthorn (1986, 1987, 1991, 1997, NDC, 1992; ICLR 2001), developed different models for simu-
lation of post earthquake fire spread in urban areas. The annual expected loss is estimated con-
sidering the building density, the wind speed, the adequacy of fire fighting response and the seis-
mic intensity. Himoto and Tanaka (2002) have been focused on fire spread based on the physics 
of fire, assuming building- to- building fire spread due to thermal radiation and fire-induced plume.  
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Several computer codes were developed for the estimation of Burnt Area, such as HAZUS, 
URAMP, SERA and RiskLink. HAZUS (NIBS 2004) proposed a relationship for the estimation of 
ignition rate per square meter of built area as a function of PGA, based on the study of Eidinger et 
al. (1995). HAZUS except of the prediction of the fire ignitions, estimates the potential dollar loss 
caused by fires assuming wind speed, fire engine response time etc. URAMP estimates losses and 
incorporates avoid losses as benefits in a benefit – cost framework to determine the most effective 
seismic risk reduction program for water utility. URAMP incorporates the functionality of EPANET, 
a hydraulic modeling software package. URAMP analysis modules include modern hazard models 
to facilitate regional network analysis and consider both deterministic and probabilistic seismic risk 
assessment. Moreover, it calculates potential damage and economic losses due to fire-following 
earthquake and other economic impacts on the provider utility and community such as lost reve-
nue, business impacts of fire and cost of sewage cleanup.  In a simplified way, the procedure pro-
vided includes an identification of the neighborhoods as high, medium or low density residential, 
commercial or industrial occupancies. Final, the burnt areas are determined using Monte-Carlo 
simulation (see Fig. 1.3).      

A recent monograph (Scawthorn et al. 2005) details the current state of the art in modeling fire fol-
lowing earthquake. Post – earthquake ignitions for a particular locality can be calculated as a ran-
dom Poisson process with mean probability determined as a function of MMI or PGA and building 
inventory (i.e. millions of building floor area). 

All previous post-earthquake fire spread models are based on the use of empirical approaches. 
Recent efforts combine physical laws and empirical data, attempting to simulate separately the dif-
ferent modes of fire spread (Lee et al. 2008). 

In several studies a detailed examination of the causes of ignitions is also illustrated based on the 
building contents, type of use, usage hours, structural types and time of day. Tokyo Fire Depart-
ment (1997) has developed a set of curves (six) considering the building occupancies (residential, 
commercial, industrial) and materials (wood and non-wood). These curves have been calibrated 
against recent US earthquakes such as San Fernando (1971), Morgan Hill (1984), Whittier (1987), 
Loma Prieta (1989) and Northridge (1994). Moreover, four ignition curves were produced consider-
ing the effect of time and season based on fuzzy approach.  In addition, Tokyo Fire Department 
developed the TOSHO model that determines the fire spreading speed in four directions as a func-
tion of time. It requires a specific description of the exposure at risk and is therefore location inde-
pendent. 

2.8.2 Illustration of a sample study 

Three representative approaches are briefly described in the following: 

A) The methodology proposed by Chen et al. (2004) has been selected to illustrate a seismic 
analysis procedure considering earthquake and subsequent fires, at the individual building level. A 
performance-based analysis procedure was developed, consisting of four major steps, as shown in 
Fig. 1.1: 

1. Hazard analysis, considering the probability of earthquake occurrence, the magnitude of 
the earthquake, the probability of fire ignition after earthquake and the magnitude of the ig-
nited fire.  

2. Structural and/or non-structural analyses. The analysis is performed in two levels: analysis 
of the building subjected to the earthquake (damage to structure and to fire protection of 
structural and non-structural members) to evaluate the post earthquake status of the build-



 

ing and re-evaluation of the fire hazard accounting also for the induced damage to the fire 
protection systems. 

3. Damage analysis: assessment of the physical damage of the building, including structural 
and non-structural system. The definition of damage states is performed based on actual 
damage or functionality level.  

4. Loss analysis (economical and life loss).  

B) A GIS-based approach for earthquake hazard mitigation at regional level was also developed. 
The method provides a decision support tool for assignment and routing optimization of fire en-
gines to the fire locations, taking into consideration the geographic distribution of ignited fires and 
injuries, locations of emergency response facilities (including emergency operation centres, health-
care facilities, fire stations, police station, etc.), the earthquake damage to critical buildings, such 
as the fire stations, and to the transportation system, as shown schematically in Fig.1.2. The haz-
ard analysis, fire ignition analysis and fire station analysis are carried out employing the HAZUS 
methodology (NIBS 2004). For the transportation system performance analysis, the methodology 
proposed by Shinozuka et al. (2003) is being used, assuming that the performance of the highway 
system is highly dependent on the functionality of bridges. Based on the damage of the transporta-
tion system and using GIS, the residue capacity of fire stations and the distribution of fire ignitions, 
the number of fire engines from each fire station to each zone and the fastest route are finally de-
fined.  

 
Fig. 2.1 Analysis procedure of building considering post-earthquake fire. 
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Fig. 2.2 Assignment and Routing Optimization of Fire Engines. 

C) TCLEE (2005) describes six steps for fire suppression after earthquake.  

1) Occurrence of the earthquake- description at the time of the earthquake,  

2) Ignition –estimation of the number of fires in a square box, 

3) Fire Initiation− description of the phase when fire undiscovered but grows. A typical rule of 
thumb in the fire service is that the rates of growth of an uncombated fire in this phase will double 
each seven seconds. 

4) Fire Report- Under normal circumstances fires are reported to fire department by telephone, 
voice or telegraph, “citizen alarms” and automatic detection and reporting equipment usually main-
tained by private companies.   

5) Response- may be impeded by blocked streets due to collapsed structures or by traffic jams. 
Police and fire personnel can help control the critical situation. Time of fire engine travel to the fire 
following fire report is based on distance and vehicle speed. Depending on time of day, traffic jams 
may be a more critical factor.  

6)  Suppression progress- a strategy that includes fire-brigades and fire-fighting personnel and pri-
oritization process.  

C) Finally the methodology used by URAMP is illustrated in the diagram of Fig. 1.3. 
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Fig. 2-24 Overall Approach for Estimating Potential Losses and Benefits Associated with 

Mitigation Measures  
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2.9 ELECTRIC POWER NETWORK (EPN) 

2.9.1 Selected references 

2.9.2 Illustration of a sample study 

The study5 presents the model, risk analysis and results of the seismic behavior of  electric power 
networks. The goal is twofold: on one side, assess the risk of electric black out after an earth-
quake; on the other6, determine the best, in monetary terms,  seismic retrofitting strategy for the 
network as a whole. In what follows, a short qualitative description of the functioning of the net-
work as a whole, the substations, the power flow equations, the indexes used to quantify the net-
work response in terms of safety, and the overall Montecarlo procedure are explained. Next, the 
models used for the substation equipment seismic fragility and the earthquake hazard are de-
scribed with some more details. Finally, some of the results are shown.  

2.9.2.1 Description of EPN’s and of their model 

The network is used to dispatch electric power from the place of production (thermal, hydroelec-
tric, nuclear, wind etc.) to the final user. As any network, it is composed of nodes, the stations, and 
links, the lines. There is a hierarchy within it, since the term network usually indicates all three net-
works at high (380-220 KV, HT), medium (150-60 KV, MT) and low (below 60 KV, LT) tension. The 
three networks are used to dispatch power across different distances, ranging from hundreds of 
kilometres (HT) to kilometres (LT). The network redundancy (ratio of lines to nodes) increases with 
decreasing voltage; LT networks are really a net, while HT show comparatively fewer lines. Lines 
are either of the aerial type, with steel or wood poles, or of underground type, less often. Their 
seismic fragility is much lower than that of stations and thus is often disregarded. This assumption, 
which is less true for underground cables, is made in this study also.  Stations may be classified 
as production, transformation and distribution ones, with the latter two functions often concentrated 
within a single station. Production stations are not considered because generally each one requires 
ad-hoc study. Hence the most general station to model is the transformation – distribution one, 
whose scheme may be depicted as in Fig. 2-25. 

 
5 Nuti, C., Rasulo, A., Vanzi, I., Structural safety evaluation of electric power supply at urban level,   

Earthquake Engineering and Structural Dynamics, Special Issue on  Earthquake Engineering for Electric 
Power Equipment and Lifeline Systems, John Wiley and Sons, New York, USA, Vol. 36, n. 2, pp. 245-263, 
2007 
6 Vanzi, I., Structural upgrading strategy for electric power networks under seismic action 

International Journal of Earthquake Engineering and Structural Dynamics, John Wiley and Sons, Stati Uniti, 
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STATION LAYOUT AND MACROCOMPONENTS  

MICROCOMPONENT PARAMETERS  

Name Coil 
bearing 

Switch 

A 

TA TV Horiz. 

Section. 

Vertic. 

Section. 

Dis-
charger 

Bar bear-
ing 

Trans-
former 

Box Power 
supply  

Symbol          

λ  1.59 1.89 1.25 1.60 2.44 1.69 1.68 1.48 3.16 2.93 1.40 

ζ 0.34 0.33 0.27 0.27 0.22 0.34 0.32 0.44 0.29 0.52 0.16 
 
Fig. 2-25 Layout of a transformation – distribution station. Microcomponent parameters are 

required to define the lognormal fragility curve   

The station has two sides, high and low tension. Power flows from low to high tension when the 
station connects a production site to the network, from high to low tension when the station dis-
patches power to a lower tension network. At the bottom of Fig. 2-25 the different types of electrical 
components are highlighted. They belong to 11 different types and each type is herein referred to 
as microcomponents. Microcomponents are generally slender vertical beams, with heights up to 8 
m, with steel below and ceramic above, and with a considerable mass on top; therefore, they are 
very fragile with respect to the horizontal forces induced by the earthquake. In Fig. 2-25 seven se-
rial arrangements of microcomponents, numbered from 1 to 7, are indicated. Each serial arrange-
ment is here named macrocomponent, to highlight that it contains several smaller components, the 
microcomponents.  

Within each station, several short-circuit protection switches are present; they are driven by elec-
tronic logic, located inside the box macrocomponent, and are fed by the power supply to protection 
macrocomponent. In short, active protection against short-circuits exists: if it works, short-circuits, 
possibly originating from structural failures, are insulated; if it fails, possibly for structural reasons, 
short-circuit spread within the network and affect other stations, even located hundreds of kilome-
ters away. There is clearly an important interaction between structural and electrical aspects, which 

50  

 



 

must be part of the model to make it realistic. This complex behavior was analysed and is a part of 
the ASK4ELP7 computer code. 

Structural failures and spread of short – circuits after an earthquake cause the electric network 
configuration be different from the one under normal operating conditions, e.g. because one or 
several nodes will be disconnected from the network. The computation of the power – flow within 
the network must therefore be repeated for each configuration. Under the assumption of station-
ary conditions, the power flow within a network with N nodes, requires solution of a system of 2N 
quadratic equations in the unknown tensions at the nodes (at each node the unknowns are the real 
and imaginary parts of the tension). The solution of the system of equations can be implemented 
using standard computer libraries, as was done in ASK4ELP. 

The ratio between power fed at node n after the earthquake and the power fed in normal operating 
conditions is used for earthquake damage assessment on the network. For electrical engineer-
ing reasons, only the real part of power (which is a complex number) must be considered. This in-
dex is called rn. The value of rn under normal operating conditions is 1. In post-earthquake condi-
tions the value of rn may vary continuosly from 0 (no power delivered at the node) to 1 (normal op-
erating conditions). The power fed at the load nodes, in fact, is one of the boundary conditions for 
the system of equations which model the load-flow problem. The system of equations is  non linear 
in the unknown node voltages, and is solved with an overall minimum error objective and with trial 
and error procedures. In the different example cases examined by the authors, the power fed at 
the nodes in the epicentral area, for large earthquakes, varied nearly continuously from 0 at the 
epicentre, to the value under normal operating conditions, far from the epicentre.  Correspondingly, 
rn varied from 0 to 1.  

Each municipality on the territory is generally fed by the closest node of the electric network; r can 
therefore be computed either at each node n (rn) or at each municipality m (rm). 

The values of rn show the post – earthquake situation from the electrical point of view, but do not 
say anything about the urgency to deliver power. In fact, while it is undesirable that municipality m 
has no power delivered (rm =0), it is much worse if high damage has at the same time occurred and 
hence electric power is needed for rescue operations. To deal with this issue, an indicator of local 
damage must be first chosen; the casualties at municipality m, cm, were chosen. Generally this in-
dex can be correlated with local seismic intensity and population, but strongly reflects local condi-
tions (like housing characteristics, population density etc.). For the case of Sicily, the correlation 
between earthquake intensity (modified Mercalli scale, IMM) and expected casualties at a munici-
pality m, with popm inhabitants, can be expressed as: 

 

mĉ =expected casualties at municipality m = popm
.[(IMM-7)/6.75]4 if IMM ≥ 7 

0ˆ =mc                     otherwise.  

In order to consider the bias in values predicted with the above equation, the actual value of casu-
alties at municipality has been treated as a log-normal random variable, whose mean value is the 
one obtained through the above equation and coefficient of variation cmδ is estimated equal to 15%, 

                                                 
7 Giannini, R., Pinto, P.E., Vanzi, I., Earthquake hazard analysis software: ASKxELP, Assessment of seismic 
risK for Electric Power networks and interaction with other indicators of seismic damage, National Informa-
tion Service for Earthquake Engineering, University of California, Berkeley, USA, 1999 
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)15.0,ˆ(~ =cmmm cLNc δ . To tell away cases with no power delivered but no local damage from 
cases with no power delivered and high local damage (and hence high need of electric power), a 
second index, crn, was used at each node n and at each municipality m. crn is defined as: 

( nnn rccr −⋅= 1 )           
  
crn may vary continuously between 0 (no casualties and/or no decrease of power feeding) and cn, 
the casualties at node n; it has been named unfed casualties. With the models briefly described for 
the network and the substations, the computation of network safety, quantified via rn and crn, at the 
nodes or municipalities, has been made using numerical simulation. The Montecarlo scheme, as 
depicted in the flow chart in Fig. 2-26 starts with a sampled value for the earthquake (epicenter and 
intensity), computes local intensities at each station, samples the state of each macrocomponent 
(failed/safe) according to its fragility curve, assesses the state of the network (spread of short – 
circuits), computes the power – flow (and hence rn), samples the casualties and computes the un-
fed casualties at each municipality (and hence crm). Repeated simulations give the statistics of the 
desired output quantities, e.g. the mean value of power delivered at a specific node.  
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GENERATE THE COORDINATES OF THE EPICENTER
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Fig. 2-26 Ask4elp procedure flow-chart 

2.9.2.2 Seismic fragility of equipment; earthquake generation and attenuation models 

The assumptions and some of the results of the SAC/FEMA procedure, developed by Cornell, 
have been used to define microcomponents fragility curves. In short, both the structural capac-
ity and demand are assumed lognormally distributed. The median value of demand is defined by a 
power function of the spectral acceleration computed at the first natural period of the structure, and 
the function is determined throughnon-linear analyses of a single piece of electrical equipment. A 
short description of the SAC/FEMA method application to one of the microcomponents modelled, 
the 420 KV switch, is here given. The switch is modelled with a commercial finite element code 
(figure 13); from tests made on similar components in Italy (Fig. 2-27 and Fig. 2-28) and in the US, 

52  

 



 

oil leakage at the connection between the steel and ceramic parts, was recognised the dominant 
mode of failure. The ultimate limit state was shear at the steel – ceramic connection. 

 

 
Fig. 2-27 Finite element model of the 420 KV 

switch 

 

 
Fig. 2-28 Shaking table test on a vertical 
sectionalising switch (courtesy of Cesi 

S.p.A., Milan) 

 

The first step was control of the method applicability to microcomponents. This involved computa-
tion, using different earthquake sets, of structural fragility and of the maximum structural demand, 
in terms of shear at the steel-ceramic connection. Eleven sets of 15 earthquakes each were cho-
sen, with the earthquakes within each set being homogeneous for the single characteristic defining 
the set, while randomly chosen for the remaining ones. The sets included soil type (four sets, from 
very stiff to very deformable), distance site – epicentre (two sets, small and large distance), earth-
quake magnitude (three sets, small, medium and large magnitudes), and two more sets, one con-
taining 15 records of the 1980 Irpinia earthquake and one with 15 artificial accelerograms compati-
ble with the Eurocode 8 soil B spectrum. Each accelerogram was scaled at the spectral accelera-
tion corresponding to the first mode of the switch, 0.83 sec. The results, relative to a range of spec-
tral accelerations well inside inelastic behaviour, were unequivocal: the fragility curves computed 
with the different earthquake sets were coincident, thus confirming that the earthquake intensity 
measure selected within the SAC/FEMA method is effective.  For the switch and for the remaining 
microcomponents, the actual fragility curves was then computed with a standard application of the 
method, using the few data on piece of equipment made available by the electric utility owner.  

With the fragility of each microcomponent known, the fragility curve of each macrocomponent was 
constructed using basic structural reliability methods. Each macrocomponent is a serial arrange-
ment of microcomponents and failures are assumed independent. The model is not repeated here 
for the sake of conciseness. 
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As for earthquake generation and attenuation models the earthquakes are sampled according 
to the classical Cornell model. Within the general Montecarlo scheme, event location and magni-
tude are sampled randomly, according to their probabilistic distribution (uniform within pre-
assigned seismogenetic areas for the epicentre and bounded exponential directly derived from 
Gutenberg and Richter recurrence model for magnitude), and then: 

- for each electric substation (where ground shaking is needed to assess damage to electric 
equipment with SAC method) the acceleration spectrum is computed directly through the attenua-
tion law discussed below. 

- for each municipality (where ground shaking is needed to assess causalities) the Modified Mer-
calli Intensity is derived trough conversion formulas. 

Several attenuation laws have been included in the model, namely the Ambraseys et al. one (here 
referred to as AMB96), the Sabetta and Pugliese (SP96), the modified Ambraseys law (AMB03). 
All the attenuation laws include a measure of the error in predicting the ground shacking, providing 
the standard deviation of the observational data used in deriving, through regression analysis, the 
best estimate.  

2.9.2.3 Some results 

Among the many possible results, the black out probability at large (regional) and small (a city dis-
trict) are shown in figures 15 and 16. They are relative to a large earthquake historical scenario 
event (Ms 7.3) happening near Catania.  

 

Electric Power Outage
Return period 475 y

90-100%  (218)
80-90%   (82)
70-80%   (17)
60-70%   (23)
50-60%   (25)
40-50%   (22)
10-40%   (3)

Catania

Electric Power Outage
Return period 475 y

90-100%  (218)
80-90%   (82)
70-80%   (17)
60-70%   (23)
50-60%   (25)
40-50%   (22)
10-40%   (3)

CataniaCatania

 
Fig. 2-29 Sicily island: probability of electric power outage for AMB96 attenuation laws and 
475 years return periods. The number of municipalities falling within each probability range 

is shown between brackets 

It is clearly visible that, for a large earthquake, there is a generalized black out near the epicenter, 
with further extensive damages well far from the epicenter. 
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Fig. 2-30 Catania: probability of electric power outage for AMB96 attenuation laws and 475 

years return periods. 

2.10 NATURAL GAS SYSTEM (GAS) 

2.10.1 Selected references 

The selected works referenced in this section can be classified based on the different goals  that 
the network is expected to meet and the approach used for the network analysis.  

o The reliability of an utility network such as gas network, can be measured in three perspec-
tives: a) structural component reliability where the main goal is related to the performance of 
a single component of the network (e.g. for a gas system it could involve the number of 
breaks/km for the pipeline system). In particular, regarding pipeline system, the commonly 
used approaches express pipeline damage in terms of number of repairs occurring per unit 
of length of pipeline; meanwhile  various quantitative approaches to estimate seismic per-
formance are developed in order to account for structural parameters and to identify specific 
location of damage [Wijewickreme et al., 2005]; b) connectivity reliability between node 
pairs where the main goal is related to determine the probability of the existence of a path 
connecting the source and the demand node when the links and the nodes are subjected to 
random failure events [Ching and Hsu, 2007] or in terms  of serviceability defined by the 
aggregate functionality of facilities (nodes) composing the system, i.e. the number of distri-
bution nodes which remain accessible from at least on supply node following the earth-
quake [Adachi and Ellingwood, 2006; Poljanšek et al., 2010]; c) flow-performance reliability 
includes consideration of the network capacity, e.g. maintaining minimum head pressure re-
lated to leakages from two particular points of the network or related to a demand node [Li 
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et al., 2006; Helseth and Holen, 2006] or determining flow discharge  of the network that 
quantifies the undelivered flow related to i -th distribution demand node related to leakages. 

o  Methodologies used in the  evaluation of risk of  natural gas networks  usually rely on sam-
pling methods , i.e. by repeated simulations on network connectivity or flow, each of which 
is based on random samples of seismic intensities and corresponding component status. 
These methods suffer for the huge number of simulations to achieve an acceptable level of 
convergence but novel computationally-efficient MCS procedure [Jayaram and Baker, 2010] 
based on importance sampling and K-means clustering have been developed to solve this 
issue. In fact the importance sampling technique can be used to preferentially sample im-
portant hazard maps and the K-means clustering technique can be used to identify and 
combine redundant maps.  Meanwhile various non-sampling based approaches have been 
also developed  such as matrix-based system reliability analysis methods and usually those 
methods deal with network connectivity. The basic idea of analytic network reliability analy-
sis is to convert a complex network to the combination of simple sub-networks computing 
the system reliability from the probabilities of the sub-systems. In addition, the matrix-based 
system reliability method allows to account for the statistical dependence between demands 
and capacities of network components through efficient matrix-calculations [Chang and 
Song, 2007]. Using also efficient decomposition algorithms it is possible to handle large-
scale networks; multi-scale methods [Song and Ok, 2009] allows to reduce the level of 
computational effort and to identify the relative importance of components and subsystems 
at multiple scale. In Song an Ok (2009), gas networks are decomposed into super-
components representing line elements (pipelines) and node elements (stations) and each 
link is decomposed in a series of discretized segments whose number is related to the 
strength of spatial correlation. The failure probabilities of the links are computed by lower-
scale matrix-based reliability (MSR)  analyses based on the failure probabilities of the links 
segments and the probability that a service area is disconnected from the sources is com-
puted by higher-scale MSR analysis based on the results of the lower-scale analyses. 

2.10.2 Illustration of a sample study 

The study in (Poljanšek et al., 2011) for seismic vulnerability assessment of European gas network 
(sown in Fig. 2-31a) has been selected as an illustrative example. 

The aim of the study is to characterize the network reliability in terms of different performance 
measures (connectivity loss, power loss, and impact on the population) using a Geographic Infor-
mation System (GIS) and evaluating also network interdependencies with electricity transmission 
network. The probabilistic reliability model proposed in the study relies on the classical MCS to ex-
amine how failure probabilities of the singular elements are propagated through the network analy-
sis (Fig. 2-32), and to assess the probabilities of different network damage states for the whole 
system. The network functionality has been assessed solely by the network connectivity analysis 
even if the methodology developed can be extended constructing a flow model. 



 

a)  b) 

Fig. 2-31 The European gas network (a) and electricity network (b) (Poljanšek et al., 2011)  

 Briefly the methodology developed can be summarized in the following steps: 

1. Hazard assessment though a seismic hazard map (e.g., 475-year return period peak 
ground acceleration, PGA); 

2. Assignment of the intensity measure (IM) value (PGA) to the location of all the elements of 
the network from the seismic hazard map; 

3. Evaluation of the probability of exceeding the limit damage state from the chosen fragility 
curve for all the vulnerable elements of the network; 

4. Assignment of a random number from the uniform probability distribution to compare the 
probability attained in step 3; 

5. Definition of the damaged network; 
6. Perform the network analysis to obtain the connectivity characteristics of the damaged net-

work; 
7. Determine the performance measures . 

For a specific hazard level (e.g., 475-year return period) repeating steps4-7, series of trials are ob-
tained and the probability of exceeding a given value of the performance measure is calculated as 
the ratio of the number of trials where the performance measure exceeds this value according to 
the number of all the trials. Then for each damage state the network fragility curve is constructed 
performing series of trials with respect to different hazard levels; the probabilities of exceedance of 
a certain damage state at each hazard level (characterized by the maximum IM in the network) are 
evaluated and the probabilities to a cumulative lognormal distribution function are fitted.  
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Fig. 2-32 Flow chart of probabilistic reliability method (Poljanšek et al., 2011) 

The gas transmission network considered consists of gas pipelines, LNG (liquefied natural gas) 
terminals and compressor stations; moreover gas-fired power plants have been considered in the 
study. GIS tools have been used both to characterize the spatial variability of hazard demand on 
the overall system and to evaluate connectivity matrix using graph-theoretic methods. The hazard 
assessment has been evaluated though the European seismic hazard map of PGA (available only 
for the 475-year return period) and different hazard levels have been obtained with a PGA factor, 
since an extensive earthquake catalogue to consider different earthquake scenarios has not yet 
been computed for Europe. In addition, no local site amplifications and geotechnical hazard have 
been considered since for the whole of Europe this set of data is unknown. The fragility analysis 
has been performed using HAZUS curves since not European fragility curves are available for the 
case study. For pipelines, since no peak ground velocity (PGV) hazard maps are available, a con-
version from PGA has been applied. The network analysis has been performed though the use of 
graphic theory: after defining the topology of the network identifying nodes and links and their con-
nectivity, the shortest path from one vertex to another (in the sense of the least number of links that 
verify the connection between two vertices) is calculated for each simulation and performance 
measures are computed. Performance measures considered in the study (connectivity loss, power 
loss, and impact on the population) describe the damage to the network in terms of the loss of ser-
vice due to the disconnections between LNG terminals, compressors and power plants. 

In particular connectivity loss (CL) that measures the average reduction in the ability of sinks (gas-
fired power plants) to receive flow from sources (gas fields and LNG terminals) has been evaluated 
counting the number of the sources connected to the ith sink in the original (undamaged) network 

 and then in the damaged network : 

 
 

Moreover the study investigates the issue of physical inter-dependencies between the European 
Gas Transmission network and the European Electricity transmission network (shown in Figure 1), 
which are dependent on each other since the gas-fired power plants (source nodes of the electric-
ity network) depend on the gas network for the gas supply. The physical dependence of the elec-
tricity network on the gas network introduces an additional seismic vulnerability of the electricity 
network respect to the case of independent networks, and it has been evaluated though the use of 
interoperability matrixes, weighted version of inter-connectivity matrixes that account the influence 
(in terms of probability of failure) of a gas vertex on an electricity vertex. 
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2.11  OIL SYSTEM (OIL) 

2.11.1 Selected references 

The methodology for dealing with the vulnerability assessment  of natural gas systems can be also 
applied to oil systems. The abovementioned classification can be used considering that  the per-
formance of a single component of the oil system can be different for the structural component reli-
ability perspective (e.g. the structural damage state potentially related to loss of content of a stor-
age tank farm [Fabbrocino et al., 2005]) 

 

 



 

3 Prototype Infrastructure 

3.1 INTRODUCTION 

The general methodology described in the following chapter and implemented in the prototype 
software described in Chapter 5, has been developed and tested with reference to an ideal Infra-
structure which is shown in Fig. 3-1. The application to a sub-set of the systems in this example is 
illustrated in Chapter 6. The example has been designed to satisfy the requisites of completeness, 
in that it contains all elements of the taxonomy for each of the selected systems (a sub-set of all 
systems in the Taxonomy), and of minimum-size, i.e. to have the lowest dimensions to be mean-
ingful while constraining complexity and facilitating implementation and interpretation of results. 
The systems that have been included are: BDG, RDN, WSS, EPN, HCS. Fig. 3-1 shows the sys-
tems with different colours. 

 
Fig. 3-1  The prototype infrastructure. 
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3.2 SEISMIC HAZARD 

The region is subject to seismic hazard due to three active seismogenetic regions SZ1, SZ2 and 
SZ3, represented with a rectangular geometry in Fig. 3-1, which reports also the activity parame-
ters for the truncated Gutenberg-Richter model. 

Later on, for the purpose of systemic vulnerability analysis, ground motion intensities at all loca-
tions of interest are simulated (see Section 4.3.7.3 and the illustrative application in Chapter 6) 
employing the Akkar-Bommer ground motion prediction equation, including inter- and intra-event 
error terms, valid for Europe, and the Jarayam and Baker model of spatial correlation of the intra-
event errors, with parameters calibrated for Italy. 

3.3 CITIES (BDG) 

The example represents a small region with three urban areas, denominated in Fig. 3-1 City A, B 
and C. The three cities have approximately circular shape, with diameters of 14, 12 and 10 km, 
respectively. The total population has been determined starting from a population density of about 
2000 inhab./km2 for the larger city down to about 1200 inhab./km2 for the smaller one, resulting in 
populations of 307000, 226000 and 97000, respectively.  

The developed general methodology accounts for the type and  format of information in the avail-
able data bases. Socio-economic data, as well as data on building type and distribution for Euro-
pean cities are available from Eurostat through the European Urban Audit (EUA) and the Building 
Census (BC), respectively. Data on land use are available on a local basis in the form of a Land 
Use Plan (LUP). For the sake of designing the prototype infrastructure, fictitious realistic EUA, BC 
and LUP zonations have been created. 

Fig. 3-2 shows summary information on the three cities. For clarity of presentation the three differ-
ent subdivisions of the urban territory according to the three data sources are shown separately, 
while they obviously overlap. The difference in geometry and size of the basic statistical unit for 
which data are supplied in each data base pose a practical problem that calls for an appropriate 
treatment when a model needs to be set up for the purpose of systemic vulnerability analysis. The 
solution to this problem is described later in Section 10.   



 

  
Fig. 3-2  The three cities in the  prototype infrastructure (SCD is the acronym for sub-city 

district, the unit for which data are specified in the EUA). 

Some further simplifying assumptions have been made: 

o Building Census: Only two building typologies are present in the example for all three cities: 
old masonry construction and RC construction from the 1960s on. The proportion of each 
typology varies from city to city and total number of buildings and percentage per typology 
in each BC area, for all three cities is reported in Table 3-1. Each typology is characterised 
by a set of fragility curves for increasing state of damage, provided in Deliverable D3.1 and 
D3.2. Table 3-2 reports the parameters for the fragility sets of the two considered typolo-
gies. 

o European Urban Audit: only two SCD per city have been considered, representing two dif-
ferent socio-economic levels in terms of average income, education, etc. Table 3-3 reports 
for the three cities the socio-economic data relative to the two SCDs. 

As far as the Land Use Plan is concerned, four area types are identified: green (G), residential (R), 
commercial (C) and Industrial (I). Table 3-4 reports the use of each area of the three cities accord-
ing to the LUP. 

 Table 3-1  Building population distribution in the BC areas, per typology. 

City BC area Nbldg % type 1 % type 2 
A 1 42500 40 60 
 2 42700 45 55 
 3 42000 30 70 
 4 43000 80 20 
 5 40000 75 25 

62  

 



 

 63 

 

 6 41000 77 23 
 7 42000 70 30 
 8 42700 20 80 
 9 26700 25 75 

B 1 45000 50 50 
 2 43000 70 30 
 3 44000 75 25 
 4 42500 80 20 
 5 43600 45 55 
 6 44700 30 70 

C 1 36000 50 50 
 2 36500 40 60 
 3 37000 75 25 
 4 35600 70 30 
 5 34400 45 55 

Table 3-2  Fragility curves parameters for each building typology. 

Typology Damage state Log-mean Dispersion 
1 – Old masonry 1   

 2   
 3   
 4   
 5   

2 – RC construction 1   
 2   
 3   
 4   
 5   

Table 3-3  Socio-economic data. 

City A City B City C Socio-
Economic 
Factors 

Urban Audit Indicators 

1 2 1 2 1 2 

Population Total Resident Pop. 163000 144000 124000 102000 37600 56400
Children Aged 0-4 (%) 3,98 4,33 3,45 4,22 4,96 4,84 
Elderly Aged 75 and over (%) 11,11 7,06 13,45 8,09 7,38 6,15 

Education 
Working-age pop. quali-

fied at level 3 or 4 ISCED 
(%) 

8,38 12,41 9,32 6,29 4,12 2,07 

Lone Par- Lone-parent households 2,21 2,15 2,45 2,66 2,39 3,36 
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ent with 
Children 

(%) 

Migration/ 
Ethnicity 

Residents not EU Nation-
als and citizens of a me-

dium/low HDI Country (%) 
2,06 1,01 5,15 3,09 6,19 11,22 

Income 
Population with less than 
60% national media an-

nual income (%) 
2,71 1,21 3,17 4,04 8,52 12,77 

Substan-
dard Hous-

ing 

Dwellings lacking basic 
amenities (%) 1,17 1,08 2,15 1,09 2,21 

3,72 
 
 

Crime Recorded Crimes per 
1000 population 20,5 30,4 13,2 4,0 60,8 77,9 

 
 

City SCD Population Education Income (€/year) 
A 1 163000   
 2 144000   

B 1 124000   
 2 102000   

C 1 37600   
 2 56400   

 

Table 3-4  Land Use Plan. 

City Area Use 
A 1 I 
 2 C 
 3 G 
 4 R 

B 1 C 
 2 R 
 3 I 
 4 G 

C 1 R 
 2 G 
 3 C 
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3.4 THE HEALTH-CARE SYSTEM (HCS) 

The health-care system, the only system of the Critical facilities type considered in this example, is 
composed of health-care facilities of two different typologies, i.e. old and new. The assumed num-
ber of beds for each typology is shown in Table 3-5, and reflects the tendency in new designs to 
have smaller facilities with less beds and a higher surface/beds ratio. 

Table 3-5  Number of beds of health-care facilities. 

Health-care fa-
cility typology 

Number of 
beds 

New 400 
Old 800 

Based on the cities population and the assumed hospital equipment (for both typologies) of 3.5 
beds for 1000 inhabitants (a representative value in Italy), health-care facilities have been assigned 
to the three cities, as indicated in Table 3-6. 

Table 3-6 Health-care facilities. 

City # of health-care facilities Typology 
A 1 Old 
 1 New 

B 1 Old 
C 1 New 

 

3.5 THE WATER-SUPPLY SYSTEM (WSS) 

The water-supply system of the prototype infrastructure includes the distribution networks of the 
three cities as well as the aqueducts connecting them. Some WSS nodes are source nodes, while 
the remaining ones are intended to be demand nodes for an entire BC area. Water delivery pipes 
from these demand nodes to single houses are not included in the model, consequently both the 
considered typologies of networks are grid-like, according to the level of detail/resolution required 
within the SYNER-G analysis framework for the description of lifelines.  

The distribution networks of City A and B are fed by a river and a dam basin, respectively, both 
modelled as constant head water tanks. City C is fed by a well, equipped with a submersible pump 
for water lifting; the pump feed pipe runs into a tunnel and conveys water to a variable head water 
tank, linked to a source node. 

The water daily equipment has been set to 250 litres per inhabitant per day. This figure is em-
ployed to compute the demand flows at nodes on the base of the population they serve. 



 

 
Fig. 3-3  The WSS of the prototype infrastructure. 

3.6 THE ELECTRIC POWER NETWORK (EPN) 

The electric power network of the prototype infrastructure is composed of stations or nodes and the 
transmission lines connecting them. One balance node, two generation nodes and several load 
nodes are present. These latter are distinguished into two typologies, i.e. transforma-
tion/distribution and distribution, depending on the presence or absence of transformers. 

The transmission lines are classified into three types on the base of their nominal voltage. Three 
high voltage levels are considered, in particular 380 kV, 220 kV and 60 kV. Only the grid-like 
transmission system is considered (distribution system not included in the model. 

The installed capacity per capita has been set to 2.8 kW per inhabitant and can be used in the pro-
totype software (see Chapter 5) to compute the demand at nodes on the base of the population 
they serve. 

 
Fig. 3-4  The EPN of the prototype infrastructure. 
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3.7 THE ROAD NETWORK (RDN) 

The road network of the prototype infrastructure is composed of intersections and roads. 

The intersections are considered as the RDN nodes. Within a city, the nodes are located in the BC 
areas centroids. Depending on the types of road joining in the intersection, the nodes can be of two 
different typologies: at grade crossroad and grade separated interchange. 

Different types of road are present. City A is served by a ring road, which enables traffic to avoid 
the city centre. Within the city are present major urban roads, also called primary distributors, con-
necting the nodes, as well as radial roads from the inner BC area to the others. City B and C are 
served by partial ring roads and primary distributors connecting the nodes. The minor urban roads 
or streets are not present in the prototype RDN. 

The three cities are connected by three clearways, two of them linked by one highway. On the way 
of these major roads are present tunnels, cable-stayed bridges and girder bridges. 

 
Fig. 3-5  The RDN of the prototype infrastructure. 
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4 Methodology 

4.1 INTRODUCTION 

The goal of the general methodology developed within the SYNER-G project is to assess the 
seismic vulnerability of an Infrastructure of urban/regional extension, accounting for all relevant and 
meaningful inter- and intra-dependencies among infrastructural components, as well as for the un-
certainties characterizing the problem. 

The achievement of this goal requires first to devise a model of the Infrastructure and of the hazard 
acting upon it, then to enhance this model with the introduction of the uncertainty and of analysis 
methods that can evaluate the system performance accounting for such uncertainty. 

The model for the Infrastructure consists of two sets of models that form a sequence. The first set 
consists of the physical models of the systems making up the Infrastructure. These models take as 
an input the hazards and provide as an output the state of physical/functional damage of the Infra-
structure. The second set of models consists of the socio-economic models that take as an input 
the output of the physical models and provide the socio-economic consequences of the event. 
Within the SYNER-G project the physical models are developed in WP3 and WP5, while socio-
economic models are developed in WP4. The SYNER-G methodology integrates these models in a 
unified analysis procedure. In its final form the entire procedure is base on a sequence of three 
models: a) seismic hazard model, b) physical vulnerability model, and c) functional and socio-
economic system model. 

For illustration purposes, with reference to the two socio-economic models identified and studied 
within WP4 (the SHELTER and the HEALTH-CARE model), Fig. 4-1 shows in qualitative terms the 
integrated procedure that leads from the evaluation of the hazard to that of the demands on the 
shelter and health-care system in terms of Displaced Population (DP) and Casualties. 

The Environment acts upon the Infrastructure through the Hazards. These induce in the compo-
nents of the Infrastructural systems a certain level of physical damage. In the figure, this is repre-
sented in terms of damage to buildings (Bldg damage) and damage to lifelines (Utility loss). The 
level of induced damage depends not only on the hazard but also on the fragility, a function of 
Building Typology. 

To compute both casualties and displaced population the occupancy level of the buildings (Bldg 
occupancy) is used as a first input. Building occupancy depends on the typology, the total built-
up area, the Population, the building usage (Use type) and the Time of the day. The population 
at risk of being displaced is computed from the building occupancy and habitability of buildings in 
at the time of the event (Bldg habitability). Building habitability in turn depends upon the state of 
Bldg usability,  whether the buildings are still served by fundamental utilities, and also on the 
Weather conditions. Casualties are obtained as the number of deaths and injured by combining 
building occupancy, building damage and building typology. 

The number of casualties and displaced persons are inputs into a multi-criteria utility model to de-
termine health impacts and shelter needs. A Shelter Needs Index (SNI) is determined by simulat-
ing a households' decision-making process and considers the Resistance to Evacuate (RE) as a 
multi-criteria function of the individual’s vulnerabilities and coping capacities (e.g., age, housing 
type, housing tenure and household type), as well as external spatial and temporal factors in the 



 

community. Furthermore, not all persons who leave their homes will seek public shelter, and some 
may find alternative shelter accommodations (rent motel rooms or apartments), stay with family 
and friends, or leave the affected area. Thus, the SNI also accounts for a Shelter Seeking factors 
(SSF) by combining major factors contributing to demand for public shelters.   

The post-disaster Health Impacts Index (HII) combines the estimated casualty numbers with three 
additional inputs in a multi-criteria utility model: Health-care Treatment Capacity (HTC), hospital 
accessibility, and a health impact vulnerability model which accounts for Health Vulnerability Fac-
tors (HVF) pre-disposing the exposed population to aggravated health impacts following the earth-
quake disaster. 

The figure shows also how the required input information is usually contained in three distinct data 
bases maintained by different sources. In Europe a harmonized source for physical data on the 
buildings and socio-economic data on urban areas, in the form of the Building Census and Euro-
pean Urban Audit, respectively, is EUROSTAT. The information on usage is usually provided in 
the form of a Land Use Plan, maintained from a local source (the Municipality)  

 
Fig. 4-1  Integrated evaluation of physical and socio-economic performance indicators. 

The above conceptual sketch can be practically implemented by developing: 

o A model for the spatially distributed seismic hazard 
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o A physical model of the Infrastructure 

o Socio-economic models 

Development of the hazard model has the goal of providing a tool for: a) sampling events in terms 
of epicentre, magnitude and faulting style according to the seismicity of the study region b) predict-
ing maps of seismic intensities at the sites of the vulnerable components in the Infrastructure. The-
se maps, conditional on M, epicentre, etc. should correctly describe the variability and spatial cor-
relation of intensities at different sites. Further, when more vulnerable components exist at the 
same location and are sensitive to different intensities (e.g. acceleration and displacement), the 
model should predict intensities that are consistent at the same site. 

Development of the physical model starts from the SYNER-G Taxonomy (see Appendix B) and 
requires: a) for each system within the Taxonomy, a description of the functioning of the system 
under both undisturbed and disturbed conditions (i.e. in the damaged state following an earth-
quake); b) a model for the physical and functional (seismic) damageability of each component with-
in each system; c) identification of all dependencies between the systems; d) definition of adequate 
performance indicators for components and systems, and the whole Infrastructure. 

Development of the socio-economic model starts with an interface to outputs from the physical 
model in each of the four domains of SYNER-G (i.e., buildings, transportation systems, utility sys-
tems and critical facilities). Thus, four main performance indicators - Building Usability, Transporta-
tion Accessibility, Utility Functionality and Healthcare Treatment Capacity – are used to determine 
both direct and indirect impacts on society. Direct social losses are computed in terms of casualties 
and displaced populations. Indirect social losses are considered in two models – Shelter Needs 
and Health Impact – which employ the multi-criteria decision analysis (MCDA) theory for combining 
performance indicators from the physical and social vulnerability models.  

For the purpose of modelling the Infrastructure and the seismic hazard acting upon it, the object-
oriented paradigm (OOP) has been adopted. In abstract terms, within such a paradigm, the prob-
lem is described as a set of objects, characterized in terms of attributes and methods, that interact 
with each other (see Appendix A for notation and a brief description of the Unified Modelling Lan-
guage, UML, which is the way models built according to the OOP are described). Objects are in-
stances (concrete realizations) of classes (abstract models, or templates for all objects with the 
same set of properties and methods). 

The developed model of the problem is described in the next sections as follows: 

o Section 4.2 has an introductory character and, without entering into the details of their at-
tributes and methods, provides an outline description of the classes, focussing on their mu-
tual relations. This is done by means of so-called class-diagrams. The section gives also 
examples of actual sets of objects corresponding to sample physical systems, through so-
called object-diagrams. 

o Section 4.3 illustrates the Infrastructure portion of the model. In particular, a detailed de-
scription is given of the functioning (governing flow equations for networks, demand models, 
seismic damageability of components, physical and socio-economic performance indicators, 
inter-dependencies) of a sub-set of the systems in the Taxonomy (specification of the meth-
odology for all other systems is the task of WP5).  

o Section 4.3.7.3 illustrates the Hazard portion of the model. In particular, the method used for  
simulating spatially correlated fields of vector intensities at the sites of the vulnerable com-
ponents is described. 



 

o Section 4.4.2 describes the Uncertainty model and the Analysis methods for the probabilis-
tic evaluation of Infrastructure performance. 

4.2 OBJECT-ORIENTED MODEL: GENERAL 

4.2.1 Class diagrams 

The highest-level representation of the object-oriented model of the Infrastructural vulnerability as-
sessment problem is shown in Fig. 4-2. The first class in the scheme is the Analysis one. This 
class contains the analysis methods required to evaluate the overall impact of hazards on the In-
frastructure, and acts upon the Environment class. This latter class is composed8 of three classes, 
the Infrastructure, the Hazard and the Weather. 

The Environment is the portion of physical space, inclusive of the Earth crust and the atmosphere, 
that needs to be considered in evaluating the impact of the hazard on the Infrastructure. Within this 
general scheme, ideally, one could evaluate the impact of a chain of events such as an earthquake 
occurring on a fault, inducing physical damage in the Infrastructure, triggering e.g. fires and the 
dispersion of pollutants, as affected by weather conditions, in the atmosphere. 

Within the SYNER-G project the scope is the evaluation of the direct physical damage due to an 
earthquake and of its direct and indirect socio-economic consequences.  
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Fig. 4-2  Highest level class diagram for the Infrastructural vulnerability assessment prob-
lem (the stars indicate a “higher than one” multiplicity for the Hazard class, i.e. the fact that 
multiple hazards – objects -- can act on the same Infrastructure within the same time frame). 

Fig. 4-3 shows the Hazard class in more detail. This class is the composition of two abstract 
classes (see Appendix A, name in italic), i.e. man-made and natural hazards. The class Natural 
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8 The relationships between classes (i.e. between objects from those classes) can be of several types, from 
simple association, to generalization, composition, etc. See Appendix A for an explanation of the differences. 



 

contains environmental hazards such as the seismic one, volcano eruption, floods, etc. The Seis-
mic hazard, in turn, is modelled as the composition of three classes: one class for seismo-genetic 
sources, one for ground-motion prediction equations and one for the description of events.  
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Fig. 4-3  Class diagram for the Hazard class. 

Fig. 4-4 shows the Infrastructure class still at a high-level definition. Two portions are described by 
corresponding classes: the Physical portion and the SocioEconomic portion. As already stated in 
Section 1.4, the physical portion of the Infrastructure is made up of a number of systems that can 
be subdivided into three groups from a geometric point of view: point-like, line-like and area-like 
systems. Correspondingly, the Physical class is the composition of three classes: the Critical facil-
ity class (point-like), the Network class (line-like) and the Inhabited Area class (area-like). The 
Network and Critical facility classes are abstract ones, and are the generalizations of all types of 
networks and of critical facilities. 

Network

Physical

InhabitedArea CriticalFacility

1

*

1

*

1

**

1

*

1

* *

*
*

*

1

*
*

**

Infrastructure

SocioEconomic

g

 

Fig. 4-4  High-level class diagram for the Infrastructure portion of the model. 
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As shown in the figure, the classes interact with each other (are associated) and the Network class 
is also associated with itself (reflexive association). Association means that an object from a class 
can call the methods from another class, and reflexive association means that an object from Net-
work class can call the methods from another object from the same class. In physical terms this 
means that the object describing the set of buildings in a neighbourhood (an object from the class 
InhabitedArea) can “ask” to the object electric power network (from the corresponding class) 
whether there is still electric power fed to the neighbourhood after the seismic event, or, for exam-
ple, that a pumping station object within the water supply system object (from Network/WSS), can 
make the same query to the distribution station object within the  electric power network object. 

Fig. 4-5 shows the Critical facility class as the generalization of the Health Care system, Industrial 
plant and Power generation plant classes. 

CriticalFacility

HealthCareSystem IndustrialPlant PowerGenerationPlant

g [ ]

 

Fig. 4-5  Class diagram for the Critical facility class. 

Fig. 4-6 shows the Network class as the generalization of all the networks in the Taxonomy: the 
road and railway networks, the electric power networks, the oil and gas distribution networks, the 
water and waste-water networks and the fire-fighting network. The class-diagrams for two of these 
networks, that are studied in more detail within this document to test the methodology, are illus-
trated in Fig. 4-7. 
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Fig. 4-6  Class diagram for the Network class. 

As shown in Fig. 4-7, networks are made up of nodes and links connecting them. Both the WSS 
and EPN classes are composition of the corresponding node and link classes. The latter, in gen-
eral, are abstract classes, since there can be several types of links and nodes within a network, 
differentiated in terms of properties and functions. For instance, for the water-supply system, links 
can either be pipes or tunnels, while nodes can be end-user demand nodes, water sources or 
pumping stations. The Water source class is an abstract one, since there can be both variable and 
constant head water sources. As far as the electric-power network is concerned, there is only one 
link type (the line), and three nodes: end-user demand nodes (load bus), electric power sources 
(PVgenerator) and a balance node, called the SlackBus, which is used when the model of the elec-
tric power of the region does not encompass the entire power network, in order to account for the 
remaining non-modelled portion of the network. 

WSS
EPN

Pipe

WaterSource

ConstantHeadWaterSource VariableHeadWaterSource

Tunnel

PumpingStation

WSSnode EPNnode

SlackBusPVGeneratorLoadBus

TransformationDistributionDistribution

WSSlink

DemandNode

EPNlink

1

*

1

*

1

**

1

*

1

*

1

1

* *

1

Component

Microcomponents

VoltageTransformer

CurrentTransformer

Transformer

CoilSupport

BarSupportVertDisconnectSwitch

HorDisconnectSwitch

LightningArrester

Box

PowerSupplyToProtectionSystem

CircuitBreakerCircuitBreaker

PowerSupplyToProtectionSystem

Box

LightningArrester

HorDisconnectSwitch

VertDisconnectSwitch BarSupport

CoilSupport

Transformer

CurrentTransformer

VoltageTransformer

Visual Paradigm for UML Personal Edition [not for commercial use] 

 

Fig. 4-7  Class diagram for the WSS and EPN classes. 

The two networks are shown in the same figure to highlight the association between the pumping 
station class and the distribution and transformation/distribution classes. This is a concrete in-
stance of the reflexive association of the abstract Network class mentioned before, and is an ex-
ample of the way inter-dependencies of the physical type (see Section 1.2 and the later Section 
4.3.2) are modelled within the methodology. 

The specification of the full set of class-diagrams down to the basic component level for all sys-
tems in the Taxonomy is the output of WP5. 
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4.2.2 Object diagrams 

While classes are useful to represent all the systems with their high-level relationships, the actual 
models on which the vulnerability analysis is carried out are not made of them, but, rather, as al-
ready explained in the Section 4.1, they are collection of objects. For the purpose of illustration Fig. 
4-8 and Fig. 4-9 show a sample WSS and a sample EPN (top), respectively, with the correspond-
ing set of objects (bottom). For example, the elementary WSS has two sources, a tank and a well 
(with the associated pump), two demand nodes (end-users) and a number of connecting elements 
(five pipe segments and a tunnel). Correspondingly, there are five objects (pipe1 to pipe5) of the 
class Pipe, one object tunnel of class Tunnel, etc. 

 

 

 

Fig. 4-8  Sample WSS (top) and corresponding object-diagram (bottom). 
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balance: SlackBus generator: PVGenerator

load1: TransformationDistribution

load2: Distribution load3: Distribution

line1: Line line2: Line

line3: Line line4: Line

line5: Line

 

Fig. 4-9  Sample EPN (top) and corresponding object-diagram (bottom). 

4.3 INFRASTRUCTURE MODEL 

4.3.1 Introduction 

This section provides details on the modelling of the physical behaviour of the systems from the 
Taxonomy that have been implemented in the prototype software: the buildings and two utilities, 
the water supply system and the electric power network. In particular, with reference to the WSS 
and EPN systems, the description consists of an explanation of the governing flow equations, on 
information on the fragility models for their components, as well as on the models to evaluate de-
mands on these networks, both in reference pre-earthquake conditions and in the damaged post-
earthquake state. 
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Among the selected systems, as it will appear clearly later on, a central role is played by the area-
like system made up of all residential/commercial/industrial buildings and in general of buildings 
that are not included among critical facilities. These buildings is where people live, work and use 
goods and services. For this reason this system is the source of demands on all other systems 
(e.g. electric power and water supply demands, but also casualties to be transported through the 
road network to health-care facilities, displaced households seeking public shelter, etc.). Further, in 
terms of economic loss estimation, the largest proportion of direct loss due to physical damage and 
a considerable one of the indirect (e.g. business interruption) come from damage to these build-
ings. The corresponding class (InhabitedArea) is thus described first and in more detail. 

4.3.2 Interdependencies 

Interaction within and between systems have been classified in Section 1.2, as Physical, Cyber, 
Geographic, Logical, Societal, Policy-related. The Geographic interactions (physical proximity) are 
modelled in the seismic case by correctly incorporating within the seismic hazard model the statis-
tical dependence structure between intensities at the same or close sites. Societal interactions are 
accounted for, e.g. in passing from a potential number of shelter-seeking population to the actual 
figure, incorporating factors such as anxiety, neighbourhood effects, income, etc. as shown in Fig. 
4-1. In this Section and the remainder of the chapter, the focus is on Physical (functional) interac-
tions which are those related to the physical modelling of the Infrastructure. 

Table 4-1 reports the interdependencies between some of the systems in the Taxonomy: the i-th 
row presents the influences of the i-th system on the other systems, while the j-th column collects 
the influences from other systems on the j-th system. Numbers refer to the interdependency de-
scription that follows the table. 

Table 4-1  Interdependencies for sample system from the Taxonomy. 

 BLDG RDN WSS EPN HCS 
BLDG - 1 2  3 
RDN 4 -   5 
WSS 6  -  7 
EPN 8  9 - 10 
HCS     - 

 

1. In a urban setting, structural damage to buildings produces debris that can cause road 
blockages; 

2. Fires in buildings can be triggered by earthquake induced damage thus raising the water-
supply demand on the WSS (when this is not independent of the FFS); 

3. Structural and non-structural damage to buildings may result in casualties that need to be 
treated in a health-care facility; 

4. Damage to the transportation network can block access to damaged buildings hindering 
emergency response; 

5. Damage to the transportation network can block access to health-care facilities hindering 
emergency response; 
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6. Damage to the WSS can lower service levels in the struck area; 

7. Damage to the WSS can lower service levels in the health-care facilities hindering emer-
gency response; 

8. Damage to the EPN can lower service levels in the struck area; 

9. Damage to the EPN can prevent functioning of pumping stations in the WSS; 

10. Damage to the EPN can lower service levels in the health-care facilities hindering emer-
gency response. 

4.3.3 Deterministic links vs Non-deterministic links 

To preserve generality of the developed methodology it is paramount to devise a scheme which 
can accommodate information from the very detailed to the less accurate. In many practical appli-
cations there will not be enough data to adopt throughout a modelling approach whereby all physi-
cal components are characterized and their functional links are described deterministically. 

A distinction is thus made between: 

o Deterministic (hard) links: direct physical/functional link between components that allow 
for deterministic evaluation of a system state from a known components’ states vector. This 
is the case, e.g. when one knows the exact topology of an electric power network with 
enough details on the lines and loads that the system behaviour can be modelled through 
the governing power flow equations. 

o Non-deterministic (soft) links: links of “statistical” nature, which describe the probability of 
a given system state, given the state of its components, or of another system. This links are 
an additional source of uncertainty that needs to be accounted for in the vulnerability esti-
mation and one that ideally should be removed by improving on the data gathering phase. A 
typical example of a situation in which such a link is unavoidable, since the required resolu-
tion is not compatible with a realistic study, is that of road blockage due to debris. 

4.3.4 The InhabitedArea class 

4.3.4.1 Functional modelling 

Three dimensions have been identified for the regional seismic vulnerability assessment problem: 
the time, space and stakeholder dimensions (see Fig. 1-2). Each stakeholder is interested in differ-
ent outcomes from such an analysis. For instance, the insurance industry as well as, in view of re-
construction, government agencies, are interested in an estimate of the economic loss, while in the 
emergency phase, civil protection and emergency managers are more interested in the number of 
casualties and displaced people. Evaluation of all these quantities starts from the assessment of 
damage to buildings, which can be safely said to make up the largest proportion of the built envi-
ronment. 

The very large number of buildings to be considered in a regional study, but even in a urban-scale 
one, prevents in all but exceptional cases, a detailed individual analysis of all buildings. The ap-
proach taken within SYNER-G as well as in similar large-scale projects is to model buildings in 
“statistical terms” as populations where information is given at the level of the buildings group 
(the group size depends on the refinement of the analysis and can vary from a single block to a 



 

larger extent of the urban territory), in terms of percentage of each building typologies within the 
group, with associated fragility models, population, income, education, etc. etc. 

As already mentioned in Section 4.1 and depicted in Fig. 4-1, the above information is usually 
available in a fragmented form through several data bases. These are e.g. the Building Census 
data base or the European Urban Audit, maintained by EUROSTAT, or the Land Use Plan. A first 
problem to be solved in modelling buildings for the purpose of a regional study is that of “mesh 
compatibility”. Each of the above sources adopts a different meshing of the urban territory, accord-
ing to its own criteria. For example, the urban territory is subdivided in the EAU into sub-city dis-
tricts (SCD) which are areas sufficiently homogeneous in terms of some socio-economic indicators 
(e.g. income). The Land Use Plan by its very nature, on the other hand, subdivides the territory in 
areas that are homogenous per use type (green, industrial, commercial, residential). 

Two approaches can be adopted to arrive at a set of mutually exclusive and collectively exhaustive 
cells that cover the study region. One, on the left in Fig. 4-10, is the so-called vector approach. It 
consists in taking the intersections of all the polygonals describing meshing in different data bases 
to define the cells and their content. The second one, more convenient from a numerical point of 
view, is the raster approach, on the right in the figure. In this approach cells are defined in a regular 
grid (right, top) and the intersections between these predefined cells and the polygonals from the 
data bases are used only to project the data to the grid cells using an area ratio (right, bottom). 
This is the approach adopted within SYNER-G. 

 

Fig. 4-10  Vector vs Raster approach in the discretization of the study region. 

In the physical model of the Infrastructure all buildings/structures that are not modelled as Critical 
facilities, nor belong to one of the Networks, are modelled as a set of Cells on a square grid that 
covers the entire study region. 

By construction, the cells are not internally homogeneous neither in terms of buildings, nor in terms 
of socio-economic indicators, since in general they receive contributions from different SCD’s, dif-
ferent BC areas, etc. Hence all cells are characterized in terms of physical and socio-economic 
parameters that describe the total number of buildings, as well as its distribution among different 
types, together with fragility, the total population, and its distribution in income and education 
classes, etc. 
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Further, in order to model inter-dependencies, each cell maintains a link with a number of nodes in 
the other systems of the Infrastructure. In particular each cell “knows” what is its reference node in 
each of the lifelines, i.e. the EPN substation feeding power to it or the WSS node supplying water, 
the RDN junction where incoming and outgoing traffic transits into the transportation system, etc. 
Conversely, nodes in the networks maintain a list of links to all tributary cells. This is an important 
feature of the adopted modelling strategy, since it makes the meshing refinement of each system 
within the Infrastructure independent of each other. For example, if a model of the RDN is set up, 
that is rough with respect to the building cells, this will translate into a larger number of cells per 
RDN node. The accuracy of the analysis results will of course be affected by large differences in 
the meshing refinement, the approach, however, has the advantage of allowing for different mesh-
ing, which may be the only possibility in some cases, due to the inhomogeneous quality of avail-
able data, and it is convergent upon mesh refinement. 

According to the OOP adopted for the model, the InhabitedArea class has no sub-classes, and 
each object istantiated from this class describes a single cell of the grid. 

The following section presents a list of the attributes/properties of the class, followed by a list of its 
methods. Consistently with the character of this methodological document only the more significant 
methods are described in some detail. This applies also to the classes described in the following 
for other systems. 

4.3.4.2 Description of the class 

The following is the list of attributes of the class. Some properties have sub-properties (the names, 
as explained before, follow the naming convention adopted for variables in developing the proto-
type software, whereby multi-word names have no blank spaces in between words, the latter are 
separated by capitalizing the initial letter of each word). The list is split into four parts: 

Geometry 

o parentInfrastructure: this is a pointer to the parent object which is in this case the Infra-
structure (the object from the Infrastructure class) 

o vertices: the coordinates of two vertices on a diagonal of the square cell 

o centroid: average of the vertices, used to evaluate the IMs from the seismic hazard model 
to be used for damage evaluation 

o adjacentCells: pointers to the grid cells that share a border with the current cell 

 

Physical and Socio-economic data (projected from relevant data bases) 

o buildingTypologies: a nT×1 vector with the percentages of buildings in each of the nT ty-
pologies (see Deliverable 3.1 and 3.2) (from BC) 

o fragilitySets: a nT×nDS×3 matrix with nT fragility curves for each of the nDS damage states, 
specified in terms of IM, median and logarithmic standard deviation (from SYNER-G/WP3) 

o demographic: collection of demographic properties (from EAU): 

o population: total population in the cell 

o households: 
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o economic: collection of demographic indicators (from EAU): 

o income 

o unemployment 

o social (from EAU): 

o socialHousing 

o bldgUsage: a 4×1 vector of percentages of usage of the cell area in the use types Green, 
Residential, Commercial, Industrial 

o builtUpArea: 

 

Connection with other systems in the Infrastructure 

o refNodes: pointers to reference nodes in each of the other systems 

o WSS 

o EPN 

o RDN 

o GAS 

o OIL 

 

Properties that record the state of the cell for each event  

o states: nE×1 collection of properties that describe the current state for each of the nE events 

o buildingDamage:  

o utilityLoss 

 WSS 

 EPN 

 … 

o buildingUsability 

o DP 

o Casualties 

o supplyRequirements 

The following is the list of the methods of the class: 

o evaluateBuildingDamage 

o readUtilityLoss 

o evaluateBuildingUsability 

o evaluateBuildingOccupancy 

o evaluateResistanceEvacuation 



 

o evaluateDP 

o evaluateSupplyRequirements 

o evaluateCasualties 

The evaluateBuildingDamage method is illustrated qualitatively in Fig. 4-11. The damage state is 
determined for all buildings within each typology by sampling a standard uniform variable. The 
value between 0 and 1 falls within one and only one of the intervals defined, at the intensity value 
obtained for the cell centroid from the seismic hazard model, by the sets of fragility curves for in-
creasing damage states stored for the typology in the property fragilitySets of the cell. This is the 
damage state of the buildings of this type within this cell for the event. 
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Fig. 4-11  The evaluateBuildingDamage method of the InhabitedArea class. 

The evaluateBuildingUsability method is based on a simplified semi-empirical approach by which 
building usability is derived from estimates of building damage rates for three building usability 
classes. Buildings can be either immediately non usable (NU), partially usable (PU) or fully usable 
(FU) as a function severity of damage and an empirically-derived Usability Ratio (UR). 

 

The evaluateBuildingHabitability method is illustrated in Fig. 4-12. Habitability of a building is dif-
ferent from its usability. If a building is fully or partially usable, depending on the level of residual 
service in the utilities and the climatic conditions, the buildings can be habitable or inhabitable.  
Non-usable buildings are assumed to also be uninhabitable. As shown before in Fig. 4-1, building 
habitability is a function of BuildingUsability, UtilityLoss, and Weather conditions. For each utility, 
the level of residual service is satisfactory when the utility loss (defined as one minus the ratio of 
satisfied to required demand) is lower than a threshold value (ULi<ULTi). The total Utility loss is a 
weighted average of ULi/ULTi on each of the utilities (with weights wi). The threshold values depend 
on Weather conditions and BuildingUsability.  
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Fig. 4-12  The evaluateBuildingUsability method of the InhabitedArea class. 

4.3.4.3 Damageability model 

The damageability model for buildings consists of fragility functions. The review of the existing fra-
gility functions, the categorization of building typologies into a number of classes, the attribution of 
each reviewed study into a class and the harmonization of fragilities to the same IM (PGA), has 
been the object of WP3, Task 3.1. All assumptions results are reported in deliverables D3.1 (RC 
and steel buildings) and D3.2 (Masonry buildings), respectively. Two limit states have been con-
sidered: yield and collapse. 

As expected the fragility functions within each class show a significant amount of dispersion, 
mainly due to two sources: the differences in buildings lumped into the same class (within-class 
variability), and the difference in the methods employed to produce the fragilities (consider, for ex-
ample, the conventional character of the definition of yielding for masonry buildings). Hence, for 
each class, all curves have been fitted with a lognormal function. The sets of values of log-mean 
and log-standard deviation have been used to estimate mean and cov of both parameters. This 
allows for explicit consideration in the probabilistic analysis of the uncertainty in the damageability 
model (see §4.5.1, Fig. 4-24). 

For illustration purposes the curves and corresponding parameters for the two typologies consid-
ered in the prototype Infrastructure (see §3.3) are reported below. 

For low-rise un-reinforced bearing wall masonry buildings, 29 sets with two limit states (yielding 
and collapse) and the same intensity measure type of reference (PGA) have been collected after 
harmonization. Some sets have then been removed from the comparison for a number of reasons. 
Thus, 17 sets have finally been used in the comparison. Fig. 4-13 shows the individual and the 
mean fragility curves, while Table 4-2 reports the mean and coefficient of variation (CoV) of the 
parameters of the fragility functions (i.e. logarithmic mean and logarithmic standard deviation). 
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                                  (a)                                                               (b) 

Fig. 4-13 Mean and individual curves  for the (a) yielding and (b) collapse limit states, for low rise 
bearing wall un-reinforced masonry buildings. 

Table 4-2  Mean and CoV of the lognormal fragility parameters for low rise bearing wall un-
reinforced masonry buildings. 

 Masonry – Low Rise 
 Yielding Collapse 
 Log-Mean Log-Standard Deviation Log-Mean  Log-Standard Deviation 

Mean -2.041 0.574 -1.269 0.550 
CoV (%) 18 17 27 26 

Table 4-3 Correlation coefficient matrix for low rise bearing wall masonry 

 λyield ζyield λcollapse ζcollapse 
λyield 1 -0.302 0.642 -0.098 

ζyield -0.302 1 0.053 0.710 

λcollapse 0.642 0.053 1 0.209 

ζcollapse -0.098 0.710 0.209 1 

 

For RC moment-resisting frame buildings, mid rise, seismically designed, bare, non ductile, 9 sets 
with two limit states (yielding and collapse) and the same intensity measure type of reference 
(PGA) have been collected after harmonization. Fig. 4-13 shows the individual and the mean fragil-
ity curves, while Table 4-4 reports the mean and coefficient of variation (CoV) of the parameters of 
the fragility functions (i.e. logarithmic mean and logarithmic standard deviation). 
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                                  (a)                                                               (b) 

Fig. 4-14 Mean and individual curves  for the (a) yielding and (b) collapse limit states, for RC moment-
resisting frame, mid rise, seismically designed, bare, non ductile buildings. 

Table 4-4  Mean and CoV of the lognormal fragility parameters for low rise bearing wall un-
reinforced masonry buildings. 

 Masonry – Low Rise 
 Yielding Collapse 
 Log-Mean Log-Standard Deviation Log-Mean  Log-Standard Deviation 

Mean -1.832 0.474 -1.091 0.485 
CoV (%) 33 21 48 24 

Table 4-5 Correlation coefficient matrix for reinforced concrete with moment resisting frame 
buildings, mid rise, seismically designed, bare non ductile model building type 

 λyield ζyield λcollapse ζcollapse 
λyield 1 0.158 0.783 0.033 

ζyield 0.158 1 0.118 0.614 

λcollapse 0.783 0.118 1 -0.453 

ζcollapse 0.033 0.614 -0.453 1 

4.3.4.4 Casualty Model 

The casualty model is derived from an original idea developed by Coburn and Spence (1992). The 
model computes casualties directly caused by building damage for each class of buildings using a 
“Lethality Ratio” (LR). LR is defined as the ratio of the number of people killed to the number of oc-
cupants present in collapsed buildings of that class. Multiplying LR by the number of collapsed 
buildings of each class, the number of deaths for that building type can be estimated. Lethality Ra-
tios used in Coburn and Spence (2002), Spence and So (2010), ELER (Erdik et al, 2008), and 
ATC-13 (HAZUS) were evaluated. As Lethality Ratios are very specific to the building typologies 
and vulnerability classes in each region, a Global or Pan-European casualty model is not feasible.  
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The aim is to produce a semi-empirical approach by which Lethality Ratios would be derived from 
empirical data on building damage classes and Super classes of building typologies. In the current 
approach Lethality Ratios for an Italian Model are obtained by optimization with casualty and dam-
age data for 3 Italian earthquakes (1976 Friuli, 1980 Irpinia, 2008 L’Aquila). The approach can be 
described in terms of three components: 

o The building stock of any region is grouped in terms of its distribution in 3 (vulnerability-to-
lethality) building classes (Classes A to C).  

o Using assumed occupancy rates for each of the building classes, lethality rates are com-
puted by optimizing their values so that a best-fit is achieved between simulated and sur-
veyed casualty numbers. The optimization algorithms used constraints and restrictions de-
rived from common assumptions in Coburn and Spence (2002), Spence and So (2010) and 
ATC 13. 

o Using the optimized Lethality Ratios for the region, the number of deaths are determined for 
that region, using the mean inhabitants by building type, and occupancy rate by day and 
night 

As the lethality ratio computations have not yet been finalized, the lethality ratios from Zuccaro and 
Cacace (2011) which are based on an application to the L’Aquila event are used. Accordingly, the 
number of deaths (Nd) and injured (Ni) are determined using the following expressions: 

  

where: 

o t = building type (t = 1, … n) 

o i = damage level (i = 1, … 5) 

o Nt,i= number of buildings of type t having damage level j 

o NOt = number of occupants (at the time of the event) by building type 

o QDt,i = proportion of deaths by building type and damage level 

o QIt,i = proportion of injured by building type and damage level 

Table 4-6 Lethality Ratios by damage level and building type (Zuccaro and Cacace, 2011) 

Damage level 
Lethality 
Ratios 

D0 D1 D2 D3 D4 D5 Vertical Structure
   

Vulnerability 
Class 

QD 0 0 0 0 0.04 0.15 Masonry A or B or C 
QD 0 0 0 0 0.08 0.3 R.C C or D 
QI 0 0 0 0 0.14 0.7 Masonry A or B or C 
QI 0 0 0 0 0.12 0.5 R.C C or D 
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4.3.4.5 Displaced Persons Model 

The methodology for the evaluation of the number of homeless persons considers all persons lo-
cated in buildings that are estimated to be uninhabitable at risk of being displaced. The build-
ingHabitability method uses the buildingUsability, UtilityLoss and WeatherConditions attributes to 
compute the portion of buildings that are uninhabitable. 

It has been observed that buildings experiencing the same damage levels can be physically non-
usable, partially usable or usable depending on the building typology and building use. To compute 
buildingUsability, for each building usability class, empirical data from the L’Aquila event was used 
(preliminary results) to estimate the Usability Ratio (UR) for buildings in each of the three usability 
classes (Table 4-2). 

Table 4-7 Usability percentages by damage level 

Damage Level Usability  
Ratio D0 D1 D2 D3 D4 D5 
FU – Fully Usable 0,87 0,69 0,17 0,02 0,00 0,01 
PU – Partially Usable 0,13 0,31 0,45 0,21 0,04 0,01 
NU – Non Usable 0,00 0,00 0,38 0,77 0,96 0,98 

 

Using the Usability Ratios in Table 4-7, the number of persons in each of the three building usabil-
ity classes can be obtained using the following expressions: 

   

where: 

o i = damage level (i = 1, … 5) 

o Ni = number of buildings having damage level i 

o NOi= number of occupants (at the time of the event) in each building for damage level i 

o URj = usability ratio for damage level i for each usability class 

The number of uninhabitable buildings is derived as a proportion of partially usable and usable 
buildings where the total Utility loss is greater or equal to the threshold level of the tolerated utility 
levels (Figure 4-12). The threshold utility loss values depend on Weather conditions and Buildin-
gUsability for which default values are proposed in Table 4-8. The total Utility loss for each building 
(UL) is a weighted average utility loss for each of the three utility systems (EPN, GAS and WSS), 
with proposed default weights wi provided in Table 4-9. Due to the subjective nature of percep-
tions, users may want to change proposed values provided in Table 4-8 and Table 4-9. Thus, the 
total Utility loss for each building (UL) is computed according to the following expression: 
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where: 

o j = utility systems (j = 1, …3) 

o ULj = Utility Loss in each system j defined as one minus the ratio of satisfied to required 
demand 

o wj = weight associated with the importance of loss of utility system j in making the building 
uninhabitalbe 

 

Table 4-8 Default values proposed for Utility Loss Tolerance Thresholds 

Weather Conditions Utility Loss Tolerance 
Thresholds  
ULT 

Good Bad 

FU – Fully Usable 1.0 0.0 
PU – Partially Usable 0.9 0.0 

Table 4-9 Defaults weights proposed for each utility system 

Weight Factor Default Value 

WEPN 0.5 
WGAS 0.3 
WWSS 0.2 

 

The total number of displaced persons (DP) is thus calculated as the portion of occupants of build-
ings that are uninhabitable according to the following relationship: 

 

where: 

o i = damage level (i = 1, … 5) 

o NFU = number of occupants in buildings that are fully usable 

o NPU = number of occupants in buildings that are partially usable 

o NNU = number of occupants in buildings that are non-usable 

o NFU = number of occupants in buildings that are fully usable 

o NHFU = percent fully usable buildings that are non-habitable, where UL ≥ ULT 

o NHPU = percent partially usable buildings that are non-habitable, where UL ≥ ULT 

o Nd = number of dead persons estimated in casualty model 
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4.3.5 Selected systems: the WSS class 

The next sections describe briefly water supply systems, their function and its analytical modelling, 
the description of the system within the presented object-oriented framework, the fragility models 
for representative components and the demand models under both reference non-seismic and 
seismic conditions. The illustration does not cover all details which can be found in the specific de-
liverable from WP5, D5.4. 

4.3.5.1 Functional modelling 

4.3.5.1.1 Description of a WSS 

Water supply systems are networks whose links and nodes are pressure pipes and either pipe 
junctions, water sources or end-users, respectively. The function of a WSS is to provide end-users 
with water with a sufficient pressure level.  

For obvious reasons pipes usually follow the plan layout of the road network. From a topological 
point of view, WSS can be either tree-like networks or grid-like networks, as shown in Fig. 4-15. In 
tree-like networks whenever an interruption (due to failure or maintenance) occurs in a point of the 
network, the whole downward portion of the network is out-of-service. This undesirable behaviour 
is avoided with grid-like networks, which are more reliable since water can flow through pipes in 
different directions upon changed boundary conditions reaching otherwise unserviced end-users. 

The network can be decomposed into hierarchically arranged levels or orders. The first order col-
lects all pipes in the main distribution, which follows the main roads in the area and through which 
the largest water volumes flow. This is usually designed as a grid-like network in order to reliably 
reach the second and third order networks. The latter follow the lower-order roads and have the 
task of reaching as close as possible to the end-users. Mainly for economic reasons these portions 
of the networks are most often of the tree-type (and each of these sub-networks on one hand 
serves a smaller demand, thus limiting the impact of service interruption, and on the other is made 
up of smaller diameter pipes which can be repaired with ease). 

 
Fig. 4-15 Typical topological structures, grid-like (on the left) and tree-like (on the right). 

In terms of components the WSS is comprised mainly of pipes and junctions, which depend on the 
pipes’ typology. Then there are tanks, pumps, water meters and other pieces of equipment. 

Pipes currently in use are of three types: 
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o Metallic pipes 

o Cast iron pipes: diameter usually in the 60mm to 700mm range, with custom diame-
ters easily arranged by producers; junctions are commonly of the spigot-and-socket 
joint, which is realized by means of compression of an O-ring positioned on the 
pipe entering the junction (this junction has the advantages of having some flexibil-
ity to accommodate relative movements of the pipes thus reducing seismic vulner-
ability and being pressure-tight in both directions). 

o Steel pipes: diameters as above; junctions usually welded, with the conic type allow-
ing some flexibility and being used mostly for larger diameters; they usually have 
lower thickness for the same diameter with respect to cast-iron pipes; they are 
more flexible and resistant to seismically induced ground deformations. 

o Concrete pipes 

o Reinforced (possibly prestressed) concrete pipes: diameters in the range 400mm to 
1000mm;  

o Asbestos cement pipes: older pipes, not produced for health reasons since the early 
‘90s and in the process of being replaced, they are still in use, however, and may 
be part of older portions of the WSS; the asbestos fibers are used to provide tensile 
strength to the concrete matrix. Junctions of the Simplex and Gibault types. Main 
advantage was the reduced cost. 

o Plastic pipes (PVC, PEad, PRFV): these pipes have reduced roughness which is conven-
ient from a hydraulic point of view; they are highly resistant to corrosion and are light and 
flexible, thus being easily installed and able to accommodate ground displacements; they 
have, however, reduced mechanical properties with respect to metallic pipes; PVC pipes 
have diameters up to 630mm and can be jointed mechanically or by chemical welding; 
PEad pipes up to 1200mm, and can be jointed either mechanically or by welding (polifusion 
or electrofusion); PRFV pipes have high strength due to the glass fibers and can be pro-
duced in diameters up to 2000mm. 

Finally, as anticipated, pipe-work requires more than just pipes, but also a number of special 
pieces and pieces of equipment. The most common special pieces are curves (1/4, 1/8, 1/16, 1/32, 
1/64), T-junctions and H-junctions, connections, sleeve joints, filters. The main equipment typolo-
gies are gate valves, air valves, pressure valves, devices for water delivery (public drinking foun-
tains and hydrants); water meters and all domestic distribution equipment. 

4.3.5.1.2 Analysis of a WSS 

The functioning of a WSS is described analytically by a set of N+L nonlinear equations in N+L un-
knowns, written in matrix form as: 
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where N, L and S are the number of internal (non-source) nodes, the number of links and the num-
ber of water sources, respectively. The first N equations are balance equations and express  flow 
balance at the internal nodes (sum of incoming and outgoing flows equal to zero or the end-user 
demands  in end-user nodes), while the second L equations express resistance in the links. ( NhQ

90  

 



 

The L×N and L×S matrices  and  are sub-matrices of the L×(N+S) matrix  which contains 

0, 1 and -1 terms as a function of the network connectivity. The Nx1 and Sx1 vectors  and  
are the corresponding partition of the (N+S)x1 vector  collecting the N unknown heads in the in-
ternal nodes and the S known heads in the water-source nodes. The L×1 vector 

NA SA A

Nh Sh
h

q  collects the un-
known flows in the L links and R  is the LxL diagonal matrix of resistances, with terms ri = ui Li , 
where ui = β D-5 (according to Darcy’s law) and Li the i-th link length. 

It can be observed that in the above set of equations the end-user demands  are written as 
functions of the unknown heads in the internal nodes. The solution of the system in this form is 
called “head-driven”, and is what should be used in the perturbed seismic conditions where satis-
faction of prescribed demands is not guaranteed. It is customary in the analysis of WSS for the 
purpose of design to treat the end-user demands Q  as fixed boundary conditions (the system 
must be proportioned in order to satisfy them). The solution of the system with Q  independent of 

 is called “demand-driven”. 

( NhQ )

Nh

The set of nonlinear equations holds in so-called stationary conditions, i.e. it assumes constant 
end-user demands. This is a simplification, which is valid as long as the boundary conditions vary 
smoothly with time, in which case one speaks of quasi-stationary conditions. In seismic conditions 
this is not the case but the abrupt variation due to ruptures and leakages is soon replaced by a 
new stationary state.  

Solution of the above set of equations by a numerical algorithm allows verification of the service-
ability levels in each end-user node. The performance indicators to express satisfaction of per-
formance requirements are reported later in Section 4.3.7. In general, however, what is required is 
that heads are always positive and larger than minima within accepted ranges depending on the 
typology of the end-users. Heads should never fall below 5m above the highest tap in the building 
which is “hydraulically” farthest away from the water sources, nor they should be more than 70m 
above the lowest floors taps in order to avoid excessive pressure and damage to equipment. Fur-
ther requirements and range modifications can follow from Fire-fighting needs when the systems 
are not separated. 

4.3.5.2 Description of the classes 

4.3.5.2.1 The WSS class 

As shown in the left part of Fig. 4-7, the water supply system is made up of nodes and links con-
necting them. As a consequence, the WSS class is the composition of WSSnode and WSSlink ab-
stract classes, of which the first is the generalization of the Pipe and Tunnel classes, while the 
second is the generalization of the DemandNode, WaterSource and PumpingStation classes. In 
particular, the WaterSource abstract class is the generalization of the VariableHeadWaterSource 
and ConstantHeadWaterSource classes. 

The following is the list of properties of the WSS class, with the names following the naming con-
vention adopted for variables in developing the prototype software, whereby multi-word names 
have no blank spaces in between words and the latter are separated by capitalizing the initial letter 
of each word. The list is split into four parts: 

List of pointers 
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o parentInfrastructure: this is a pointer to the parent object which, in this case, is the Infra-
structure (the object from the Infrastructure class) 

o pipe: pointers to all the pipes in the system, objects from the Pipe class 

o demand: pointers to all end-user nodes, objects from the DemandNode class 

o source: pointers to all sources in the system, in general objects from the ConstantHeadWa-
terTank and VariableHeadWaterSource classes (at the present stage, though, the prototype 
software includes only the ConstantHeadWaterTank class) 

o pump: pointers to objects from the PumpingStation class 

 

Water supply system global properties 

o linkNumber: number of links in the WSS 

o nodeNumber: number of nodes in the WSS 

o linkDiameterNumber: number of diameter sizes present in the WSS 

o networkConnectivity: connectivity matrix of the WSS listing the start and end nodes of 
each link 

o refEPNnode: node(s) of the EPN which feeds power to the pumping station(s) 

o sourceHead: water head at the source nodes 

o endUserDemand: water flows at demand nodes 

o waterEquipment: water daily equipment of the region of interest 

o WSSvulnSites: list of vulnerable sites of the WSS, containing their location and IM type(s)   

 

Link and node characteristics 

o linkVs30: Vs30 value at the links centroid 

o linkType: typology (pipe or tunnel) of links 

o linkDiameter 

o linkRoughness 

o linkDepth: laying depth of links 

o linkIsVulnerable: flag indicating if the generic link is considered vulnerable or not 

o linkIMType 

o linkCentroidPosition 

o nodePosition 

o nodeAltitude 

o nodeMinimalHead: minimal head required at nodes for delivery of the assigned demand 
water flow; this property is a function of the average building elevation in the region of inter-
est 

o nodeDepth: laying depth of nodes 
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o nodeType: typology (demand, source or pumping station) of nodes 

o nodeVs30 

o nodeIsVulnerable 

o nodeIMType 

 

Properties that record the state of the WSS for each event  

o states: nE×1 collection of properties that describe the current state for each of the nE events 

o AHR: Average Head Ratio, first system-level performance indicator (see Section 
4.3.7.2) 

o SSI: System Serviceability Index, second system-level performance indicator (see 
Section 4.3.7.2) 

o covAHR: coefficient of variation of AHR 

o covSSI: coefficient of variation of SSI 

o covTot: maximum value among covAHR and covSSI; this value is monitored during 
simulation, so to stop the simulation itself in case its threshold is reached  

 

The following is the list of the methods of the WSS class (some of these are briefly explained): 

o discretizeLinks 

o computeFlow 

o saveResults 

o computePerformanceIndicator 

o computeCovMean 

o plotResults 

o drawNetworkAndSE 

o recorderWSS 

o plotStateNetwork 

o computeDemand 

 

The computeFlow method performs the computation of flows in all pipes and heads in all demand 
nodes, in both seismic and non-seismic conditions. In the prototype software this method, run after 
the estimation of pipes damage, relies on the SIMULINK package of MATLAB (see Chapter 5), auto-
matically builds the water supply system model, as shown in Fig. 4-16, and runs flow analysis. The 
latter is driven by time differential equations, thus allowing the analysis of both stationary (see Sec-
tion 4.3.5.1.2) and non-stationary problems. 

 



 

 
Fig. 4-16 The WSS Simulink model, built in the computeFlow method. 

The computeDemand method determines the water flow for all demand nodes in which the flow is 
set to 0 in the textual input. The computation for the generic demand node is based on the user-
specified water daily equipment and the population of its reference cells, if any, i.e. the cells fed by 
the node itself. 

Within the discretizeLinks method, all the links with a length greater than a threshold are subdi-
vided into smaller segments, so to allow a more refined computation of links intensity measure(s) 
and, consequently, damage. 

4.3.5.2.2 The WSSlink class and sub-classes 

The following is the list of properties of the WSSLink abstract class. These properties are common 
to all subclasses (Pipe and Tunnel) of this class (see Appendix A). 

o parentWSS: this is a pointer to the parent object which is in this case the water supply sys-
tem (the object from the WSS class) 

o siteID: link identification number inside the list of the Infrastructure vulnerable sites 

o connectivity: start and end node of the link 

o centroid: link centroid location 

o L: link length 

o D: link diameter 

o Roughness: link roughness 

o Vs30: Vs30 at link centroid 

o isVulnerable 

o IMType 

94  

 



 

 95 

 

o states: nE×1 collection of properties that describe the current state for each of the nE events 

o flow: link flow 

o primaryIM: primary intensity measure at link centroid, as interpolated from the regu-
lar grid points 

o localIMs: secondary or local intensity measures, correlated to the primary IM 

o leaksNumber: number of link leaks, caused by earthquake shaking 

o leakageArea: link leakage area, summed up on all link leaks 

o DCI: Damage Consequence Index, component-level performance indicator  

 

The subclass Pipe has one further property, i.e. Depth, that objects of this class do not share with 
those of class Tunnel. 

The following is the list of the methods of the WSSLink abstract class. These and only these meth-
ods must be present in all subclasses (Pipe and Tunnel) of this class, although can have different 
implementations in the subclasses. 

o computeLeaksNumber 

o computeLeakageArea 

o plotStateLink 

 

The computeLeaksNumber method estimates the number of leaks for the each link, based on a 
damageability model (see Section 4.3.5.2.1) and the assumption that the leaks number along a 
water link is Poisson distributed. 

The computeLeakageArea method computes the total outflow area, e.g. assuming an area for 
each leak along the link equal to 3% of the whole link section. 

4.3.5.2.3 The WSSnode class and sub-classes 

The following is the list of properties of the WSSNode abstract class. These properties are com-
mon to all subclasses (DemandNode, WaterSource and PumpingStation) of this class. 

o parentWSS: this is a pointer to the parent object which is in this case the water supply sys-
tem (the object from the WSS class) 

o siteID: node identification number inside the list of the Infrastructure vulnerable sites 

o position: node location 

o altitude: node altitude 

o type: typology (demand, source or pumping station) of the node 

o Vs30: Vs30 at node 

o isVulnerable 

o IMType 

o states: nE×1 collection of properties that describe the current state for each of the nE events 

o leakageArea: half of the leakage areas of all links converging in the node 



 

o demandFlow: demand water flow at the node 

o head: water head at the node 

o outFlow: water flow outgoing from the node, simulating half the flows outgoing from 
all links converging in the node 

o HR: Head Ratio, component-level performance indicator  

 

The subclass DemandNode has two further properties, i.e. minimalHead and referenceCells, that 
objects of this subclass do not share with those of the other subclasses. Only the subclass Water-
Source has one further property, i.e. head. Only the subclass PumpingStation has two further 
properties, i.e. refSource and refEPNStation, indicating respectively the source node served by 
the pumping station and the EPN node which feeds power to the pumping station. 

The only method of the WSSNode abstract class, present in all subclasses (DemandNode, Water-
Source and PumpingStation) of this class, is the computeLeakageArea method, summing up half 
of the leakage areas of all links converging in one node. 

4.3.5.3 Damageability model 

Within a seismic reliability analysis of water supply systems, usually buried pipelines are consid-
ered the sole vulnerable components. Separate pipeline fragility relations exist for permanent 
ground deformation and ground shaking effects. In this general methodology deliverable only 
ground shaking effects are considered, since this topic will be further dealt with in deliverable XXX. 

In pipeline fragility functions, the intensity measures used to define the level of ground shak-
ing/earthquake effects are mostly PGV and PGA. The dependent variable, indicating the number of 
pipe breaks or leaks per unit length, is given variously as repair rate, damage rate, damage ratio or 
failure rate. These terms are used interchangeably in the literature. 

Various fragility relationships concerning the ground shaking effects are available, some of which 
employing a linear model of type RR = a·IM, whereas others employ a power model of type RR = 
b·IMc. The a parameter is for instance the median slope of the data set, while the b and c parame-
ters are retrieved by applying the least squares method. 

As an example reference, two pipeline fragility relations are shown in the following. The first one, 
implemented in the prototype software (see Section 5), has been proposed by HAZUS (FEMA 
1999) to estimate the regional damage induced by an earthquake over the US water pipelines. The 
relation is derived from those of O’Rourke & Ayala (1993) and Barenberg (1988), who took into ac-
count mostly US earthquakes. In its expression,  

2.250.0001RR PG= ⋅ V

1 0.002416ALA

 (4.2) 

PGV is entered in cm/s and the repair rate RR is returned in km-1. 

The second relation was proposed by the American Lifelines Alliance (ALA, 2001). The used data 
set includes pipeline damage rates induced by 18 earthquakes since 1923 to 1995 and provided by 
different authors, such as Katayama et al. (1975),  O’Rourke & Ayala (1993), Eidinger et al. (1995), 
Shirozu et al. (1996) and Toprak (1998). The linear relation, expressed as 

RR K PGV= ⋅ ⋅  (4.3) 
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represents the median slope of the data points. PGV is entered in cm/s and the repair rate RR is 
returned in km-1. K1ALA is a tabulated corrective factor, accounting for material, joint type, soil type 
and pipe diameter. 

4.3.5.4 Demand model in reference non-seismic conditions and in seismic conditions 

The water demand is assigned to each demand node based on the reference cells population and 
a value of water daily equipment, 250 l/inhab.*day, which is common for Italian cities. 

4.3.6 Selected systems: the EPN class 

4.3.6.1 Functional modelling 

4.3.6.1.1 Description of an EPN 

A modern EPN (Electric Power Network) is a complex interconnected system that can be subdi-
vided into four major parts: 

• Generation 

• Transformation 

• Transmission and Distribution 

• Loads 

These are briefly described in the following A more detailed treatment can be found in deliverable 
D5.2 “Systemic vulnerability and loss for electric power systems”. The interested reader can also 
see Saadi, H. 2002. Power system analysis - second edition. McGraw-Hill Primis Custom Publish-
ing. 

Generation of electric power is carried out in power plants. A power plant (Fig. 4-17) is composed 
of several three-phase AC (Alternate Current) generators known as synchronous generators or 
alternators. Synchronous generators have two synchronously rotating fields, one of which is pro-
duced by the rotor driven at synchronous speed and excited by DC (Direct Current), while the sec-
ond one is produced in the stator windings by the three-phase armature currents. The DC current 
for the rotor windings is provided by the excitation systems, which maintain generator voltage and 
control the reactive power flow. Because of the absence of the commutator, AC generators can 
generate high power at high voltage, typically 30 kV. In a power plant, the size of generators can 
vary from 50 MW to 1500 MW. 

At the time when the first EPNs were established in the world, individual electric companies were 
operating at different frequencies anywhere, in US ranging from 25 Hz to 133 Hz. As the need for 
interconnection and parallel operation became evident, a standard frequency of 60 Hz was 
adopted throughout the US and Canada, while most European countries selected the 50 Hz sys-
tem. These two AC frequencies are still in use at the present time. 

The source of the mechanical power, commonly named “prime mover”, may be hydraulic turbines 
at waterfalls, steam turbines whose energy comes from the burning of coal, gas and nuclear fuel, 
gas turbines or occasionally internal combustion engines burning oil. Many alternative energy 



 

sources, like solar power, geothermal power, wind power, tidal power and biomass, are also em-
ployed. 

 
Fig. 4-17 Power plant  

One of the major components of a power system is the transformer (Fig. 4-18), which transfers 
power with very high efficiency from one level of voltage to another level. The power transferred to 
the secondary winding is almost the same as the primary, except for losses in the transformer. 
Therefore, using a step-up transformer of voltage ratio a will reduce the secondary current of a ra-
tio 1/a, reducing losses in the line, which are inversely proportional to voltage and directly propor-
tional to distance. This makes the transmission of power over long distances possible. At the re-
ceiving end of the transmission lines step-down transformers are used to reduce the voltage to 
suitable values for distribution or utilization. 

 
Fig. 4-18 High voltage transformer 
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The purpose of a power delivery system (simple sketch in Fig. 4-19), also known as transmission 
and distribution (T&D) system, is to transfer electric energy from generating units at various loca-
tions to the customers demanding the loads. 
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Fig. 4-19 Sketch of a T&D system for an EPN (TL = Transmission Lines, D = Distribution 

lines, TD [HV→MV] = Transformation (from high to medium voltage) and Distribution sta-
tion, TD [MV→LV] = Transformation (from medium to low voltage) and Distribution station, L 

= Load) 

A T&D system is divided into two general tiers: a transmission system that spans long distances at 
high voltages on the order of hundred of kilovolts (kV), usually between 60 and 750 kV, and a more 
local distribution system at intermediate voltages. The latter is further divided into a medium volt-
age distribution system, at voltages in the low tens of kV, and a low voltage distribution system, 
which consists of the wires that directly connect most domestic and small commercial customers, 
at voltages in the 220-240 V range for Europe. The distribution system can be both overhead and 
underground.  

The transmission and distribution systems are generally characterised by two different topological 
structures: the transmission system is an interconnected redundant grid, composed of stations as 
nodes and transmission lines as edges, while the distribution system is a tree-like network, follow-
ing the main streets in a city and reaching the end users 

The European high voltage transmission grid, composed of lines with a voltage greater or equal to 
220 kV, is displayed in Fig. 4-20. 
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Fig. 4-20 European high voltage transmission grid (V ≥ 220 kV). Higher voltage lines in blue, 

lower voltage lines in red. Line thickness is proportional to voltage (from Poljanšek, K., 
Bono, F. and Gutiérrez, E. 2010.).  

The lines at different voltages are terminated in substations. 

An electric substation (Fig. 4-21) is a facility that serves as a source of energy supply for the local 
distribution area in which it is located, and has the following main functions: 

• Changing or switching voltage from one level to another, by means of transformers. 

• Providing points where safety devices such as disconnect switches, circuit breakers, and 
other equipment can be installed. 

• Regulating voltage to compensate for system voltage changes. 

• Eliminating lightning and switching surges from the system. 

• Converting AC to DC and DC to AC, as needed. 

• Changing frequency, as needed. 

Substations can be entirely enclosed in buildings where all the equipment is assembled into one 
metal clad unit. Other substations have step-down transformers, high voltage switches, oil circuit 
breakers, and lightning arresters located outside the substation building.  

The electric power is delivered to the single customers through distribution circuits, that include 
poles, wires, in-line equipment, utility-owned equipment at customer sites, above ground and un-
derground conductors. Distribution circuits either consist of anchored or unanchored components. 
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Fig. 4-21 Substation 

Finally Loads of power systems are divided into industrial, commercial and residential.  

Industrial loads are served directly from the high voltage transmission system or medium voltage 
distribution system. Commercial and residential loads consist largely of lighting, heating and cool-
ing. These loads are independent of frequency and consume negligibly small reactive power. The 
real power of loads is expressed in terms of kilowatts (kW) or megawatts (MW).  

The magnitude of load varies throughout the day and power must be available to consumers on 
demand. The greatest value of load during a 24-hr period is called peak demand. Smaller peaking 
generators may be commissioned to meet the peak load that occurs for only a few hours. In order 
to assess the usefulness of the generating plant the load factor is defined, which is the ratio of av-
erage load over a designated period of time to the peak load occurring in that period. Load factors 
may be given for a day, a month or a year. 

4.3.6.1.2 Analysis of an EPN 

Analysis of an EPN in a seismically active environment can be carried out, as for other lifeline sys-
tems, at two different levels. The first basic one focuses on connectivity only and can only lead to a 
binary statement on whether any given node is connected with another node and, specifically, 
whether it is connected to a generation node through the network. This level of analysis is particu-
larly inadequate for a system such as the EPN since the tolerance on the amount and quality, in 
terms of voltage and frequency, of the power fed to any demand node for maintaining serviceability 
is very low. The actual power flow in the node must be determined to make any meaningful state-
ment on the satisfaction of the power demand at the node, not just its state of continued connec-
tivity. The latter is an intrinsically systemic problem since it depends on the determination of the 
flows on the entire (damaged) network. Further, before being able to evaluate flows it is necessary 
to determine what is the EPN portion still up and running after an event. This does not simply mean 
what components are damaged since damage to components has non-local consequences. In-
deed, damage to the components of a sub-station can lead to a short-circuit that may or may not 
propagate further away from that sub-station to adjacent others, generating in extreme cases very 
large black-outs. Hence power-flow analysis follows the analysis of short-circuit propagation. This 
is the modelling approach adopted within the SYNER-G general methodology. 

Within a power-flow analysis the target is to determine the voltage and power in all stations, as well 
as the current, power and power loss in all transmission lines. Voltage, power and current are 
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phasorial quantities, thus they are complex numbers. The first step is to retrieve the two voltage 
parts (magnitude and phase) in all stations where they are unknown. To this aim, a set of algebraic 
non-linear equations are available, representing the active (or real) and reactive power balance in 
the nodes. The system is written as 
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where  and  are the real and reactive powers at node i, iP iQ kV  and iV  are the voltage magni-

tude at nodes k and i,  and ikG ikB  are the real and imaginary parts of the ik term in the bus admit-

tance matrix Y, ikθ  is the difference of voltage phases between nodes i and k. The solution is 
found by using one the classical derivative algorithms, for instance Newton-Raphson. Once known 
the stations voltages, it is straightforward the computation of the lines currents and powers in both 
directions, the lines power loss and the powers (real and reactive) in all generation stations.     

These issues are further explained and dealt with in deliverable report D5.2. 

4.3.6.2 Description of the classes 

As shown in the right part of Fig. 4-7, the electric power network is made up of nodes and links 
connecting them. As a consequence, the EPN class is the composition of EPNnode and EPNlink 
classes, the first of which, being abstract, is the generalization of the SlackBus, PVGenerator and 
LoadBus classes. The latter is the generalization of the TransformationDistribution and Distribution 
classes, both of which are composed of the Component abstract class. This latter class is the gen-
eralization of eleven classes, one for each microcomponent composing the substations.  

The following is the list of properties of the EPN class, with the names following the naming con-
vention adopted for variables in developing the prototype software, whereby multi-word names 
have no blank spaces in between words and the latter are separated by capitalizing the initial letter 
of each word. The list is split into four parts: 

List of pointers 

o parentInfrastructure: this is a pointer to the parent object which, in this case, is the Infra-
structure (the object from the Infrastructure class) 

o line: pointers to all the transmission lines in the system, objects from the EPNLink class 

o slack: pointer to the slack bus, one object from the SlackBus class 

o generator: pointers to all power generators (excluded the slack bus) in the system, objects 
from the PVGenerator class 

o transfdistr: pointers to all transformation/distribution substations in the system, objects 
from the TransformationDistribution class 

o distribution: pointers to all distribution substations in the system, objects from the Distribu-
tion class 
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Electric Power Network global properties 

o lineNumber: number of transmission lines in the EPN 

o busNumber: number of buses in the EPN 

o networkConnectivity: connectivity matrix of the EPN listing the start and end nodes of 
each line 

o admittanceMatrix: admittance matrix of the EPN, containing the self and mutual bus admit-
tances 

o capacityPerCapita: required average power per inhabitant, for the region of interest 

o EPNvulnSites: list of vulnerable sites of the EPN, containing their location and IM type(s) 

o baseV: reference voltage to switch to per-unit system 

o baseP reference power to switch to per-unit system 

o baseY: reference admittance to switch to per-unit system 

 

Line and bus characteristics 

o lineVs30: Vs30 value at the lines centroid 

o lineVoltage: nominal voltage of the lines 

o lineElectricProp: electric properties of the lines, i.e. resistance, reactance and susceptance  

o lineVoltageRatio: lines voltage ratio, different from 1 if line with transformer 

o lineIsVulnerable: flag indicating if the generic line is considered vulnerable or not 

o lineIMType 

o busPosition 

o busAltitude 

o busBC: buses boundary conditions (voltage magnitude and phase for the slack bus, volt-
age magnitude and real power for generators, real and reactive power for load buses) 

o busType: typology (slack, generator, transformation/distribution or distribution) of buses 

o busVs30 

o busIsVulnerable 

o busIMType 

 

Properties that record the state of the EPN for each event  

o states: nE×1 collection of properties that describe the current state for each of the nE events 

o Ybus: current admittance matrix 

o X0: initial guess vector for power flow 

o P: current vector of real power at buses 

o Q: current vector of reactive power at buses 
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o loss: current vector of lines complex power losses 

o totalLossP: total real power loss 

o totalLossQ: total reactive power loss  

 

The following is the list of the methods of the WSS class (some of these are briefly explained): 

o buildAdmittance 

o powerFlow 

o buildInitialEstimate 

o saveResults 

o computeLineCurrFlowLosses 

o noSolutionFound 

o switchToPhysicalUnits 

o defineStatCompState 

o takeNonSeismicResults 

o deleteBuses 

o checkIsolatedBuses 

o spreadShortCircuitsInEPN 

o drawNetworkAndSE 

o recorderEPN 

o plotStateNetwork 

o computeDemand 

 

The powerFlow method performs the computation of voltage and power in all stations, as well as 
the current, power and power loss in all transmission lines, in both seismic and non-seismic condi-
tions. This method calls the buildInitialEstimate method to build an initial guess vector for the New-
ton-Raphson algorithm. If a solution is found for the stations voltages, then the computeLine-
CurrFlowLosses method is called to retrieve the lines current, power flow and power loss, as well 
as the slack bus real and reactive power and the generators reactive power. If a solution is not 
found, the noSolutionFound sets all quantities to zero for the current event. 

The switchToPhysicalUnits method is used to switch back to the physical units of voltage, power 
and admittance, in case the user chooses to work with the per-unit system.  

The computeDemand method determines the required real power at all load buses in which the 
real power is set to 0 in the textual input. The computation for the generic load bus is based on the 
user-specified average power per inhabitant and the population of its reference cells, if any, i.e. the 
cells fed by the node itself. 

4.3.6.2.1 The EPNlink class 

The following is the list of properties of the EPNLink class. 
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o parentEPN: this is a pointer to the parent object which is in this case the electric power 
network (the object from the EPN class) 

o siteID: line identification number inside the list of the Infrastructure vulnerable sites 

o connectivity: start and end node of the line 

o L: line length 

o Vs30: Vs30 at line centroid 

o voltage 

o resistance 

o reactance 

o susceptance 

o longAdmittance: line longitudinal admittance 

o transAdmittance: line transverse admittance 

o voltageRatio 

o isVulnerable 

o IMType 

o states: nE×1 collection of properties that describe the current state for each of the nE events 

o I: line current 

o invI: line inverse current 

o Flow: line power flow 

o invFlow: line inverse power flow 

o loss: line complex power loss 

o shortCircuitOut: flag indicating if a short circuit spreads over the network starting 
from the considered line  

o lineDown: flag indicating if the considered line is out of service  

 

The EPNLink class has just the constructor method, since lines are not considered vulnerable in 
this study. 

4.3.6.2.2 The EPNnode class and sub-classes 

The following is the list of properties of the EPNNode abstract class. These properties are common 
to all subclasses (SlackBus, PVGenerator and LoadBus) of this class. 

o parentEPN: this is a pointer to the parent object which is in this case the electric power 
network (the object from the EPN class) 

o siteID: station identification number inside the list of the Infrastructure vulnerable sites 

o position: station location 

o altitude: station altitude 
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o type: typology (slack, generator, transformation/distribution or distribution) of the station 

o Vs30: Vs30 at station 

o BC: boundary conditions of the station 

o isVulnerable 

o IMType 

o states: nE×1 collection of properties that describe the current state for each of the nE 
events. 

For the slack bus and generators, the state only indicates the output of the power flow 
analysis, while for load buses the properties are:  

o phi: voltage phase resulting from power flow (same property for the second bus, in 
case the station is of transformation/distribution type) 

o V: voltage magnitude resulting from power flow (same property for the second bus, 
in case the station is of transformation/distribution type) 

o primaryIM 

o localIMs 

o brokenComp: list of flags indicating if the generic component is broken 

o busDown: flag indicating if the considered bus is out of service (same property for 
the second bus, in case the station is of transformation/distribution type) 

o isolatedBus: flag indicating if the considered bus is isolated from the slack bus 
(same property for the second bus, in case the station is of transforma-
tion/distribution type) 

o shortCircuitOut: flag indicating if a short circuit spreads over the network starting 
from the considered station  

o shortCircuitIn: flag indicating if a short circuit, spread over the network, enters the 
considered station 

o VR: voltage ratio, ratio of voltage in seismic conditions to voltage in reference condi-
tion 

 

The abstract subclass LoadBus has two further properties, i.e. component (list of pointers to com-
ponents composing the stations) and referenceCells (cells fed by the station). The Tranforma-
tionDistribution and Distribution classes have further properties indicating the concerning bus or 
buses ID numbers and the pointers to lines entering or exiting from the station. 

The EPNNode abstract class has no methods, while the LoadBus abstract class has three meth-
ods, present in all subclasses (TransformationDistribution and Distribution classes) of this class. 

o createComponents 

o spreadShortCircuitsInStation 

o checkStationDamage 
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The checkStationDamage method is called inside the spreadShortCircuitsInStation method to 
eventually delete the transmission lines affected by short circuits. 

The TransformationDistribution and Distribution classes are composed of the Component abstract 
class, which is the generalization of eleven classes, one for each microcomponent composing the 
substations. In particular, these classes are: 

o BarSupport 

o Box 

o CircuitBreaker 

o CoilSupport 

o CurrentTransformer 

o VoltageTransformer 

o HorDisconnectSwitch 

o VertDisconnectSwitch 

o LightningArrester 

o PowerSupplyToProtectionSystem 

o Transformer 

 

The following is the list of properties of the Component abstract class. These properties are com-
mon to all subclasses of this class. 

o parent: this is a pointer to the parent object which is in this case one of the network stations 

o mean: log-mean, i.e. the first parameter of the lognormal fragility curve 

o beta: log-std, i.e. the second parameter of the lognormal fragility curve 

o fragility: vector of fragility curve values 

o states: nE×1 collection of properties that describe the current state for each of the nE 
events. For all component is present the flag broken. Only for circuit breakers, also the 
flags open and passive are present. 

 

The Component abstract class has no methods. 

4.3.6.3 Damageability model 

The details about the fragility functions for each EPN components’ typology are reported in Deliv-
erable D3.3. As a reminder, the three fragility functions of 230 kV circuit breakers are displayed in 
Fig. 4-22. They represent the probability of failure, according to three different failure modes, plot-
ted against the peak ground acceleration (PGA). 
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Fig. 4-22 Fragility functions for three failure modes of 230 kV circuit breakers 

4.3.6.4 Demand model in reference non-seismic conditions and in seismic conditions 

The power demand is assigned to each load bus based on the reference cells population and a 
reference value of installed capacity per capita, 2.8 kW/inhab. (see Saadi, H. 2002. Power system 
analysis - second edition. McGraw-Hill Primis Custom Publishing). A more detailed discussion 
about demand models can be found in deliverable D5.2 “Systemic vulnerability and loss for electric 
power systems”. 

4.3.7 Performance Indicators 

The ultimate goal of the general methodology is to assess the performance of the Infrastructure 
and all its systems and components, when subjected to a seismic hazard. The quantitative meas-
ure of this performance is given by Performance Indicators (PIs), that express numerically either 
the comparison of a demand with a capacity quantity, or the consequence of a mitigation action, or 
the assembled consequences of all damages (the “impact”). 

It is recognized that all Performance Indicators can be categorized according to the level in the hi-
erarchy of the Infrastructure to which they refer. Thus one has: 

o Component level PIs 

o System level PIs  

o Infrastructure (system of systems) level PIs 

For illustration purposes, and making reference to the specific deliverable reports D2.2 to D2.8, 
defining system components and system function to evaluate the performance of all systems in the 
Infrastructure, the following sub-sections give some examples of performance indicators from the 
literature, divided according to the three categories above. 
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4.3.7.1 Component-level PIs 

Examples of component-level PIs include (in this, as well as the following lists of PIs, the initial ac-
ronym indicates the system according to the SYNER-G taxonomy): 

o WSS: Junctions/Nodes, the Head Ratio, or HR. For each node, this index is defined as the 
ratio of the water head in the seismically damaged network to the reference value for non-
seismic, normal operations conditions:  

isii HHHR 0=  
The determination of the water head requires a flow analysis on the network. Hence this in-
dex expresses a functional consequence in the i-th component of the physical damage to all 
system components. When interactions with other systems are modeled, HRi expresses the 
functional consequence in the i-th component of the physical damage to components of all 
the systems, i.e. it is the value of the index that changes due to the inter- and intra-
dependencies, not its definition. 

o WSS: Pipes, the Damage Consequence Index, or DCI (Wang et al, 2008). This index is 
defined to measure the impact of each pipe on the overall system serviceability and to iden-
tify critical links that significantly affect the system seismic performance. The index is de-
fined at the component level in terms of a system-level PI that measures serviceability, the 
System Serviceability Index (SSI), defined afterwards. Thus, as for the HR index, this is a PI 
that reflects at component-level the functional consequence of damage to all systems’ com-
ponents (and incorporates the effect of the inter- and intra-dependencies, when modeled). 
The DCI for the i-th pipe is defined to reflect the consequence from damaging the pipe, in-
cluding pipe breaks and leaks. It is expressed as:  
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in which [ ]SSIE  is the (unconditional) expected value of SSI from a set of simulations in 

which the i-th pipe might or might not be damaged; and [ ]iLSSIE  is the conditional expec-

tation of SSI from another set of simulations under the same seismic hazard, but given that 
the i-th pipe is damaged. As damage to the i-th pipe is certain in the calculation of 

[ ]iLSSI , theoretically, E [ ]iLSSI  is always smaller than E [ ]SSIE  where the pipe might or 

might not be damaged. Therefore, DCIi is always positive, and it is the percent reduction of 
SSI given that the i-th pipe is damaged.  
DCI can be effectively estimated as:  
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in which m1 is the number of all Monte Carlo samples, and m2 is the number of Monte Carlo 
samples where damage occurs in the i-th pipe. 

o WSS: Pipes, the Upgrade Benefit Index, or UBI (Wang et al, 2008). Similarly to the DCI, 
the index measures the impact of an upgrade of an individual pipe on the overall system 
serviceability, and reflects at the component level the systemic functional consequence of 
damage to the whole system(s). It is defined as:  
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in which [ ]SSI  is the expected value of SSI given that the i-th pipe is “upgraded.” By 

“upgrade” it is meant that the probability of pipe damage given an earthquake is significantly 
smaller than its value before upgrade. UBIi is the percent increase of SSI given that the i-th 
pipe is upgraded, and its relative value is a measure of the pipe impact on the overall sys-
tem serviceability. UBI can be used to identify critical links in seismic mitigation, as those 
with relatively large UBI values. The meaning of DCI, on the other hand, is complementary 
to UBI but less direct since it is related to the consequence of damage. When the probability 
of damage in the i-th pipe after upgrade is small compared to its pre-upgrade value, say 

E
iupgarde

( ) ( ) 1.0≤iiupgrade LPLP , and can be approximated as zero, the UBI can be effectively evalu-

ated by means of conditional sample analysis. In the run for system risk assessment, a 
subset of the samples in which the i-th pipe is observed intact can be treated as an equiva-
lent set of Monte Carlo samples with the pipe upgraded. UBI can then be estimated as:  
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in which m1 is the number of all Monte Carlo samples, and m2 is the number of Monte Carlo 
samples where no damage occurs in the i-th pipe.  
It can be easily shown (Wang et al, 2008) that the UBI and DCI are related as:  
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which suggests that, as far as upgrading benefit is concerned, both the consequence of 
damage (DCI) and the likelihood of damage (the odds ratio ( ) ( )ii LPLP ) should be factored 
in. For example, for two pipes with equal damage consequence (DCI), the one with high 
odds of damage should be upgraded first. On the other hand, among the pipes that have 
the same odds of damage, the one with a high damage consequence has a high upgrade 
priority. These rather intuitive deductions are consistent with current practices in water sys-
tem upgrades, whereby priority is given to non redundant links with high flow rate and high 
repair rate, which correspond to severe damage consequence (i.e., DCI) and high damage 
probability (i.e ( ) ( )ii LP ), respectively. LP

4.3.7.2 System-level PIs 

Examples of system-level PIs include: 

o WSS: the Average Head Ratio, or AHR. This index is defined as the average over the net-
work nodes of the HR index:  
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where nN is the number of nodes in the WSS. 



 

o WSS: the System Serviceability Index, or SSI (Wang et al, 2008). The index is defined as 
the ratio of the sum of the satisfied customer demands after an earthquake to that before 
the earthquake:  
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where n and n0 are the number of satisfied demand nodes after and before the earthquake, 
and Qi is the demand at the i-th node. The SSI varies between 0 and 1. A single value can 
be determined for a given condition of the network. Its probabilistic characterization, in 
terms of either it full distribution or its expected value [ ]SSIE  that enters in the definitions of 
DCI and UBI, requires running multiple simulations for different earthquake realizations.   
The above definition from (Wang et al, 2008) assumes that the demand remains fixed be-
fore and after the earthquake, since it looks only at a single system, without considering the 
interactions of the WSS with the other systems. 

o RDN: the Driver’s Delay, or DD (Shinozuka et al, 2003). This system-level performance in-
dex is defined as the increase in total daily travel time (hours/day) for all travellers, not dis-
tinguishing between commuters and commercial vehicles:  

)aaa xtx   

where ax  and ax'  denote the traffic flows (in PCU/day

( ) (∑∑ −=
aa

aaa xtxDD '''

9) on the a-th link in the pre-event un-

damaged and the damaged conditions, respectively, while ( )aa xt  and ( )aa xt ''  denote the 
corresponding travel times (hours/PCU), which depend on the congestion level through the 
model: 
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where ac  is the “practical capacity” of the link, 0
at  is the travel time at “zero” flow in the link, 
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α  and β  are model parameters (frequently assigned values for α  and β are 0.15 and 
4, respectively). 

o HCS: the Hospital Treatment Capacity, or HTC (Lupoi et al, 2008). This system-level in-
dex, already introduced in §2.3.2.3, expresses the number of patients that can be given sur-
gical treatment per hour. It is defined as:  

mt
HTC 21γγβα ⋅⋅

=  

where α and β are factors accounting for organizational and human macro-components of 
the hospital system, γ1 is the number of undamaged operating theatres, γ2 a Boolean vari-
able that takes upon the value of one when essential utilities needed for the functioning of 
the operating theatres are properly working, zero otherwise, and tm is the average duration 
of surgical treatment. The performance of the system relative to its pre-earthquake state 
can be measured through HTC either by taking its ratio to the pre-earthquake value  

0HTCHTCHTCR = , or by taking its ratio to the corresponding demand HTDHTC . 

                                                 
9 PCU=Passenger Car Unit. 
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4.3.7.3 Infrastructure-level PIs 

Examples of Infrastructure-level PIs include: 

o The Total Infrastructure Loss, or TIL. This performance indicator is an assembled meas-
ure of the systemic consequences, or impact, of an earthquake on a region. It is defined as 
the sum of all direct and indirect economic loss over the Infrastructure:  

 
Direct loss is defined as the sum over all systems’ components of the economic value of re-
pair/replacement of the component as a function of its state of physical damage. In the 
crudest of forms this term can be assessed even with a simple portfolio study, without con-
sidering the inter- and intra-dependencies. Its evaluation requires cost functions, ideally af-
fected by uncertainty, relating physical damage states to the cost. Since repair and re-
placement are operated by a finite number of agents in a given period of time and with ex-
ternal constraints of the availability of basic materials, these costs cannot be predicted in 
principle based on the pre-earthquake market conditions. Hence, even the estimate of direct 
loss requires a systemic approach, to be realistic.  
Indirect loss is the sum of the economic value of all functional consequences of the physical 
damage, and its evaluation obviously requires a systemic study. An example of a term that 
contributes to this sum is the cost of additional time spent travelling, expressed as Driver’s 
delay times a unit cost of time (€/hour). The indirect loss term includes the cost of business 
interruption, cost of reduced production, etc. 

ID LLTIL +=

o The Shelter-seeking population or SSP. This index is an example of non-economic Infra-
structure-level PI. It is defined as the total number of people seeking public shelter in the af-
termath of the event and its evaluation within the presented SYNER-G general methodology 
follows the scheme shown in Fig. 4-1. 
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4.4 SEISMIC HAZARD MODEL 

4.4.1 Introduction 

The object of a seismic vulnerability assessment problem of an Infrastructure of regional extension 
is a system of systems, each one with many components of several different types. The fragility 
model of each component is usually a function of an intensity measure, usually a scalar one, but in 
some cases a vector (see e.g. §4.3.5.3, some fragility models of buried pipes). Further, in general 
different components may exist at the same site. Thus, in order to assess the damage state of the 
Infrastructure for any given event, it is necessary to predict a vector of IMs at all sites where one or 
more vulnerable components are present. This is the purpose of the seismic hazard model. 
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}The vector  of length { nsss K1= ∑= imm , where  is the vector of length of seismic IMs 

at the i-th site, exhibits a variable degree of statistical dependence between its components, de-
caying with the distance between the sites, and usually larger between the components within 
each  (zero distance). 

is im

is

There is sufficient statistical support for adopting a joint lognormal distribution for s , under which 
assumption the statistical dependence is fully described in terms of the correlation among the 
components of s. Available data from past earthquakes have been exploited to estimate models for 
the within-site correlation between different IMs (notably, spectral ordinates, e.g. Inoue and Cornell 
1990, Baker and Cornell 2006), and to estimate models of across-sites correlation for the same IM 
(Jayaram and Baker, 2009). Work has been undertaken within SYNER-G to develop a cross-IM 
spatial correlation model, which is documented in Deliverable D2.13. With this cross-IM model fully 
developed it will be possible to sample spatially distributed seismic intensities (maps or, as they 
are referred to in D2.13, shake maps) directly from the probability density of s . Within this docu-
ment an alternative approach is described which does not rely on cross-IM spatial correlation. 

Section 4.4.2 illustrates the model for generating events in terms of magnitude and localization. 
Section 4.4.3 describes how maps of spatially distributed intensity measures are predicted for any 
given scenario event, while Section 4.4.4 illustrates how local site effects are incorporated in the 
predicted intensity maps. Further discussion on efficient ways to sample seismic scenarios (event 
and corresponding spatially distributed intensities) is presented in Section 4.5.2.1. 

4.4.2 Model for event generation 

The seismicity of a region is usually described in terms of a number of zones, characterized by an 
approximately homogeneous seismo-tectonic features and hence activity, or, in some parts of the 
world, in terms of active faults. In both cases the activity is described by a magnitude-recurrence 
law, which most often follows the truncated Gutenberg-Richter law: 
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where i,0λ  is the mean annual rate of all events with magnitude between than the lower bound 

magnitude  and the upper bound magnitude , and ilm , ium , iβ  is the rate of decay of the mean an-

nual frequency with magnitude. 



 

By definition, within each zone earthquake epicenters are uniformly distributed. Also, the activity of 
the zones are assumed to be independent of each other. 

4.4.3 Model for the spatially distributed intensities (ShakeMaps) on rock 

The intensity at a site i, , as a function of earthquake and site characteristics such as magnitude 
M, faulting style F, source-to-site distance R and local soil properties (e.g. through shear-wave ve-
locity V), is the output of models called attenuation laws or ground-motion prediction equations. In 
general they have the form: 

is

( ) iiiiiisi VFRMs τησεμ ++= ,,,ln ln  (4.6) 

where ( iis VFRM ,,,ln )μ  is the mean of the logarithm of the intensity, iiσε  is the intra-event model 

error term at site i ( iε  being the standard Gaussian normalized error) and iiτη  is the inter-event 

model error term ( iη  being the standard Gaussian normalized error). The total variability of the in-
tensity around the predicted log-mean is split in two terms, the intra-event which varies from site to 
site, for a given earthquake, and the inter-event error which varies from event to event but is con-
stant for all sites (the product iiτη  is constant, i.e. kkii τητη =  with i and k denoting two different 

sites, but the standard deviation iτ  varies as a function of structural period, when applicable, and, 
in some models, also function of M and R). 

Spatial correlation is usually described through models of decay with distance of the form: 

( ) r
bh

eh
ji

−

=εερ  (4.7) 

where b and r (the so-called “range”, or correlation distance) are the model parameters. 

The approach adopted for the purpose of predicting seismic scenario maps of spatially distributed 
intensities consists of the following two steps. 

Step 1: an intensity measure for which a spatial correlation model is available is selected as the 
“primary IM”. A regular grid that covers the region of interest is identified based on the correlation 
structure of this IM, i.e. a grid with a subdivision that is adequately smaller of the IM correlation 
length. It is emphasized how this grid depends on the extension of the study region, but in general 
its nodes do not coincide with any of the sites of the Infrastructural components. The number of its 
nodes and their average distance are independent of the number and location of the sites of vul-
nerable components. The advantage of this choice is that the grid uses only the necessary and 
sufficient number of nodes to describe the spatial variation of the IM, which is usually a smooth 
function of distance, making its evaluation independent of the refinement in the modelling of the 
Infrastructure. The value of the primary IM at each site is obtained interpolating the grid values. A 
second advantage is that possible singularity problems in the correlation matrix are mostly 
avoided, since nodes are regularly spaced and never “too close” to each other. Fig. 4-23 shows the 
simulation of one map for a scenario event (the figure, taken from D2.13, shows the map for an 
event on a fault, generated with a planar fault model described in D2.13 and implemented in the 
prototype software). 
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Fig. 4-23 (from D2.13) Overview of the Shakemap process for strong motion on rock: attenuation of 

median ground motion (top), generation of field of spatially correlated ground motion residuals (mid-
dle) and calculation of ground motion on rock (bottom). Fault source indicated by black line, target 

sites indicated by black circles. 

Step 2: at each site, the vector  of the local IMs, partitioned in the primary IM  

(simply  in the following) and the sub-vector  (simply  in the following) of the secondary 
IMs, needed as an input to the components’ fragility models, is described by means of its joint dis-
tribution . Under the assumption that this joint distribution is lognormal, all marginal and condi-
tional distributions of lower order are still lognormal. Thus, as a second step of the procedure, the 
value of the secondary IMs in  is sampled from its distribution 

{ 21 iii s ss = } 1is

1s 2is 2s

( )sf

2s ( )12 sf s  conditional on the sam-
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1spled primary IM value  (sampled on the grid and interpolated at the site). The latter distribution, 
under the joint lognormality assumption for s , is: 
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where the conditional mean vector, and the conditional covariance and correlation matrices are: 

( ) ( ) ( )
2

ln1
lnlnlnlnln

1

1

12212

,,,ln
,,,,,,

s

s
ss

VFRMs
VFRMVFRM

σ
μ−

+= sss Cμμ  (4.9) 

2
lnlnlnln

lnlnlnlnln
1

2112

22122
s

ss
s σ

ss
ssss

CC
CC −=  (4.10) 

1
lnlnlnlnlnln

1
lnlnlnlnlnln 122122122122

= ssss ssssssss DCDR −−  (4.11) 

with: 

ssssss
sss

s
ss DRD

CC
C

C lnlnlnlnlnln
lnlnlnln

lnln
2

lnln
2212

211 =
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
=

s

ssσ
 (4.12) 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

=

ns

s

σ

σ

L

MOM

L

0

0
1

lnln ssD  (4.13) 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

=
1

1

1

1

lnln

lnln

lnln

L

MOM

L

ss

ss

n

n

ρ

ρ

ssR  (4.14) 

The standard deviations in Eq.(4.13) are total standard deviations 22 τσσ +=T . Models for the 
correlation coefficients in Eq. (4.14) are available in the literature, e.g. for spectral accelerations at 
different periods, as in Baker and Cornell (2006) or Inoue and Cornell (1990), the latter having the 
simple form (valid for periods between 0.1s and 4.0s): 

( )ijss TT
ji

ln33.01lnln −=ρ  (4.15) 

4.4.4 Modelling of site effects 

Several models are available for describing the amplification of ground motion at the site as a func-
tion of the local properties of the upper soil layers. Preference of a model over another strongly de-
pends on the information available to characterise the geotechnical properties of the sites under 
consideration, the quality and quantity of which may be hard to anticipate. It is expected that, at the 
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minimum, it should be possible to map the shallow geology in terms of design code site classes, 
such as those in Eurocode (CEN, 2004) and/or NEHRP. The option may also be available to char-
acterise 30-m shear wave velocity (Vs30), values for which can be derived directly by topographic or 
geological proxy. The accuracy of site parameters estimated from proxies may not be sufficient for 
application on an urban scale. At the upper end in terms of quality and quantity of information, it 
may be the case that an extensive micro-zonation study is available with detailed geotechnical 
characterization of soil profiles on a grid that cover that study area.  

In general, as reported in more detail in D2.13, the available options are: 

o GMPE amplification model 

o This approach considers only amplification factors associated with the GMPE used 
for the hazard analysis, and may be implemented in one of two ways, the prefer-
ence for which may depend on the GMPE in question: 

 The first approach assumes that each point where the motion is predicted 
can be characterised according to the site classification scheme adopted 
and modelled within the GMPE. 

 The second approach is preferred when a ground motion field is interpolated 
between neighbouring points, e.g. when generating ground motion values 
for an unevenly distributed set of points, from a fixed grid of ground motion 
points, such as is the case for the procedure presented in the previous sec-
tion. In this case the GMPE is used assuming a constant reference condi-
tion (usually rock) and the amplification factor is applied after interpolation.  

o Advantage(s): the approach requires a minimum amount of information within the 
site characterisation. In most cases each site need only be categorised according 
to a design code site class, or in terms of Vs30 (see Appendix A of D2.13 for classifi-
cation schemes). Such broad categorization makes application to an urban scale 
relatively simple. 

o Shortcoming(s): The most obvious is that application is limited to sites that can be 
classified according to the (usually gross) scheme applied in the GMPE. Often the 
set of records used for deriving the GMPE will not adequately represent all the site 
classes of interest (most likely very soft or liquefiable soils will be underrepresented 
to model amplification reliably), as is the case for many existing European models. 
Other models, such as Boore et al, 1997, or the recent NGA set of GMPEs (Abra-
hamson & Silva, 2008; Boore & Atkinson, 2008; Campbell & Bozorgnia, 2008; 
Chiou & Youngs, 2008), prefer to characterise site according to Vs30, some includ-
ing additional parameters to model the response of basin resonance. These models 
may capture a wider range of site effects, but they too may be limited to a narrower 
range of Vs30 than required for the vulnerability analysis, particularly for soft soil 
sites. Furthermore, many models of this type adopt nonlinear site amplification scal-
ing factors that may be functions of both Vs30 and expected ground motion on refer-
ence rock. 

o Design-code amplification model 

o In certain applications site amplification is estimated using factors specified in de-
sign codes. Such an approach can be found in the current HAZUS methodology, 
which uses the amplification factors specified in the 1997 NEHRP Provisions. Al-
though not stated in the original NEHRP Provisions (FEMA 450), the HAZUS man-
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ual applied FA to scale PGA and FV to PGV. Similar amplification factors can be 
derived from the Eurocode 8 classification, or indeed any other design code rele-
vant to the application in question. 

o Advantage(s): this method is simple and has relatively minimal requirements in 
terms of the site classification, as the GMPE-based approach. It is relatively easy to 
implement across a region. The issue of linear or nonlinear amplification need not 
be addressed directly, as nonlinearity may be implicit in the code amplification fac-
tors, as they are for the NEHRP Provisions. 

o Shortcoming(s): by implementing code-based amplification factors, this approach is 
limited to site categories for which the code supplies such factors, again as for the 
GMPE-based approach. This is particularly problematic for complex soil conditions 
or liquefiable soils, for which ad-hoc investigation is usually required in codes. As 
such, for potentially liquefiable sites this is a significant shortcoming. An additional 
limitation is that design codes are extremely unlikely to provide amplification factors 
for IMs other than PGA or spectral acceleration. This limits the extension of the 
code-based site amplification approach to less common IMs which, however, are 
needed for the fragility of many lifelines components. 

o Generic amplification model from site-response simulations 

o One such approach is implemented in Walling et al. (2008). In their application the 
amplification factors are calculated using a 1D equivalent linear analysis model of 
site amplification, applied to a synthetic time history generated by point source sto-
chastic simulation. Multiple randomly-generated site profiles are used to character-
ise each of the NEHRP classes, with given properties. The approach of Walling et 
al. (2008) represents a way of characterising a generic site amplification model, on 
the basis of ground motion simulations, for a broader range of site classes than is 
typically represented in observed strong motion records. 

o Advantage(s): the required input data to characterise the site condition is only the 
Vs30. 

o Application-specific amplification model from site-response simulations 

o It may be the case that extensive micro-zonation studies have been undertaken for 
the region of application. When this detailed information is available it is possible to 
define site-specific amplifications factors. It may be expected that a detailed micro-
zonation study of a region would produce a set of geotechnical profiles that charac-
terise the site condition (variation in Vs and density with depth, as well as describing 
both static and dynamic material properties for each layer) at many locations within 
the area in question. From this, it is possible to classify particular zones or areas 
with similar site profiles, using e.g. a clustering technique. For each micro-zone a 
characteristic site profile may be then developed. From this profile, and using a 1D 
numerical amplification tool (a particularly useful summary of the available tools is 
given in (Faccioli, 2007)), it is possible to estimate an amplification factor (Fij) par-
ticular to the micro-zone via the formulation of Bazzuro & Cornell (2004a,b). With 
the latter technique it is also possible to account for non-linear scaling. As for the 
Walling et al (2008) approach, multiple 1D analyses are performed for different rock 
input motions and randomly generated variations of the micro-zone characteristic 
site profile. As many 1D analyses may be needed for each zone, the relatively sim-
ple and efficient 1D equivalent linear approach (Schnabel et al, 1972; Robinson et 
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al, 2006), should be preferred for computational convenience to the more complex 
nonlinear amplification tools. Ground motions for the rock site may be taken from 
observed rock records or could be generated via stochastic simulation of ground 
motions relevant to the controlling earthquakes of the region in question (e.g. 
Boore, 2003; Motazedian & Atkinson, 2005; Rezaeian and Der Kiureghian 2008, 
2010). Depending on the likely hazard within a given region, it may be prudent to 
separate the rock ground motion records into bins according to PGA, and to de-
velop separate amplification factors for each bin. This may better capture any 
nonlinear amplification effects at a given site. 

o Advantage(s): This approach has several benefits over the generic amplification 
models to site amplification considered previously. The main benefit is that a 
greater quantity of geotechnical information is integrated into the analysis. Whilst a 
greater computational effort is required to develop the amplification functions, they 
remain characteristic for the region in question, hence this is one-time cost. Imple-
mentation of the site amplification within the stochastic earthquake hazard simula-
tion is a relatively simple and computationally efficient procedure. For the purpose 
of the current application we can incorporate cross-spectral (or cross-IM) correla-
tion in the amplification function, however, no spatial correlation can be estimated 
for the residuals if synthetic rock motions are used to estimate the amplification. 
The strength of this assumption is difficult to test from observed strong motion re-
cords, but may be better constrained in future. 

As already stated, in order to preserve the generality of the developed methodology it is paramount 
to devise a scheme capable of accommodating information with varying degree of detail. In many 
practical applications there will not be enough data to adopt an application-specific amplification 
model. 

In any case, the general scheme will be that of modelling the amplification of the required IMs at 
the site through random amplification functions, denoted by “A” in the following. These will be ei-
ther generic or site-specific, from (randomised) profiles of the sites.  

 



 

4.5 PROBABILISTIC ANALYSIS 

4.5.1 Uncertainty modelling 

The uncertainties entering the regional seismic vulnerability analysis have been briefly described in 
the previous sections. Here are summarized for convenience: 

o Seismic activity of the seismo-genetic sources/faults (modelled through magnitude-
recurrence laws, Section 4.4.2 and deliverable D2.13) 

o Local seismic intensities at the sites (modelled through ground-motion prediction equations, 
spatial correlation models, cross-IM correlation models and site amplification models, Sec-
tions 4.4.3 and 4.4.4 and deliverable D2.13) 

o Physical damageability of the components of the Infrastructure (modelled by fragility mod-
els, Sections 4.3.5.2.1 and 4.3.6.3 and all deliverable from WP3) 

o Uncertainty in the functional consequences at component and/or system level of the physi-
cal damage at the component level (see §4.3.3) 

o Uncertainty in the socio-economic consequences of physical damage (non-structural com-
ponents fragility models, probabilistic cost models, etc, deliverables from WP4) 

o Epistemic uncertainty in all the above models. 

The goal of the analysis is to evaluate probabilities or mean annual rates of events E defined in 
terms of performance-indicators of the types presented in Section 4.3.7. This requires the joint 
probability model (distribution) of all the above uncertainties, denoted by , where  is the vec-
tor that collects all random variables in the problem. The latter variables form a sequence of cause 
and effect and this sequence can be represented graphically in the form of a directed acyclic graph 
as shown in 

( )xf x

Fig. 4-24, which illustrates the flow from the rupturing fault/source, to event location 
and magnitude, the local intensities, the components’ state of physical damage, the functional con-
sequences at system-level and finally the value of the performance indicators at the highest, Infra-
structure, level. 

Additional uncertainty in the results of the analysis comes from the epistemic uncertainty on the 
models. This uncertainty is of two types. The first type is that characterizing the parameters θ of 
the probabilistic models employed, e.g. those of the magnitude-recurrence laws, or the parameters 
of the fragility models, etc. etc. This uncertainty can be included in the overall scheme, by enhanc-
ing the joint probabilistic model, as shown in Fig. 4-24 by the grey variables. 

The second type refers to the model form itself, since, in general, for each uncertainty there are 
alternative models available (e.g. different fragility models for pipes, see Section 4.3.5.2.1). The 
latter form could be dealt with by repeating the whole analysis for different choices of the models. 
Alternative choices could be arranged in the form of a logic-tree, as it is done for instance in Engi-
neering Seismology, when assessing hazard weighting different attenuation laws, hypotheses on 
the boundaries of seismo-genetic sources, etc. 

Finally, Fig. 4-24 (light blue N variables, or “Non-deterministic link” variables) also shows how the 
soft links (§4.3.3) can be included as additional random terms that enter in the relation between the 
physical damage state D and the performance PI. The scheme shows how these links can be at 
any level, from the component to the system, or system of system level. 
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Within the simple example shown in the figure the discrete random variable Z describes the 
seismo-genetic zones, the r.v.’s M and L, whose distribution depends on the active zone, describe 
magnitude and location, variables η and ε  (the vector is represented as dependent on a standard 
normal vector u, because this is usually the way correlated normal vectors are sampled) describe 
the inter-event and intra-event errors, Sgi are the values of the primary IM at the grid points, still on 
rock/stiff-soil, Sri are the primary IM values interpolated at the components’ location, on rock/stiff-
soil, Ai are the amplification functions for each site, Si are the vector of IMs needed at each site, 
incorporating the site effects, Ci is and the i-th component capacity, whose randomness is de-
scribed by the fragility function, Di its physical damage state, PIci the corresponding performance 
indicator, which is computed together with system performance PIsi (e.g. the AHR system indicator 
for the WSS is a function of the HR indicators at component-level) through a functional analysis of 
the damaged system. Finally all systems concur to determine the performance of the Infrastruc-
ture, described by the vector of indicators PIinf. Infrastructure-level performance indicators of socio-
economic type require also the input from socio-economic models and the corresponding random 
quantities SE. 

It can also be observed how the above graphical representation allows an efficient writing of the 
joint density , by highlighting the statistical dependencies between the variables. Under the 
assumption that the grey links in the scheme are not bidirectional as indicated (a simplifying as-
sumption), the joint density can be written as a product of a set of conditional distributions in the 
form: 
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The network of statistical dependencies represented above allows a drastic reduction in the terms 
of Eq.(4.16), which can be rewritten neglecting epistemic uncertainties as: 
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and accounting for them as: 
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This representation has direct consequences on the sampling procedure in simulation methods 
(see Section 4.5.2.1.1). Under the assumption of unidirectional links between variables the scheme 
illustrated in the figure represents a directed acyclic graph (DAG) and represents a Bayesian hyer-
archical model. For the assumption to hold, however, one needs to consider only interactions of 
the cascading type. 
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Fig. 4-24  The network of random variables modelling the uncertainty in the regional seismic 
vulnerability assessment problem. 
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Comments: 

o The prototype software written to illustrate the SYNER-G methodology in its current stage of 
development does not account for the epistemic uncertainties in the models, or for the soft 
links (additional variables in Fig. 4-24). 

o The uncertainty related to the socio-economic portion of the integrated model is only sym-
bolically represented in the diagram through a random vector SE. Characterization of the 
uncertainty associated with models such as those described in §4.3.4.4 and 4.3.4.5 requires 
fundamental research and will be partly documented in the relevant deliverables from WP4. 

Finally, Fig. 4-25 shows in very general terms what are the inputs and outputs exchanged by the 
three models for hazard, physical vulnerability and systemic consequences. 
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Fig. 4-25  The sequence of models with associated input and output quantities. 

4.5.2 Methods 
Evaluation of the effect of the uncertainties on the performance of the Infrastructure can be  carried 
out with methods of different scope. The most general class is that of simulation methods, de-
scribed in Section 4.5.2.1, and adopted in the prototype software. Other methods are briefly de-
scribed in Section 4.5.2.2. 

4.5.2.1 Simulation methods 

4.5.2.1.1 Plain Monte Carlo method and variance-reduction techniques 
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Simulation is a robust way to explore the behaviour of systems of any complexity. It is based on 
the observation of system response to input . Simulation of a set of inputs from  and evalua-
tion of corresponding outputs allows to determine through statistical post-processing the distribu-
tion of the output. 

x ( )xf

The expression of the probability of an event E defined in terms of a PI is: 

( )∫Ω
=

E

dfpE xx  (4.19) 

where  is the portion of the sample space (the space where x  is defined) collecting all x  val-
ues leading to the event E. Eq. 

EΩ
(4.19) is called “reliability integral”. 

Simulation methods start from Eq. (4.19) by introducing the so-called “indicator function” IE(x), 
which equals one if x belongs to E, zero otherwise. It is apparent that pE is the expected value of 
IE: 

( ) ( ) ( ) ( )[ ]xxxxxx EEEE IdfIdfp E=== ∫∫  (4.20) 

Monte Carlo (MC) simulation (Rubinstein, 1981) is the crudest possible way of estimating pE, in 
that it amounts to estimating the expectation of IE as an arithmetic average  over a sufficiently 
large number N of  samples: 
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The problem is then reduced to that of sampling realizations xi of x from the distribution f(x), and 
evaluating the PI for each realization in order to assign a value to the indicator function. 

Sampling of realizations from the joint distribution ( )xf  can be performed according to different 
algorithms. These are not independent of the simulation method and, actually, “smart” sampling of 
the realizations can result in drastic improvements of efficiency, in terms of computational effort 
required. For the problem at hand, and plain Monte Carlo simulation, sampling is carried out in a 
conditional fashion, according to the representation of the joint density given in Eq.(4.17): the first 
variable to be sampled is the zone Z, then, conditional on the sampled zone, magnitude M, location 
L and inter-event error η are sampled from the appropriate conditional distribution, then at each 
site Si follows, together with the component capacity from the fragility Fi, etc.  

A basic well-known result about plain MC simulation is that the minimum number of samples re-
quired for a specified confidence in the estimate (in particular to have 30% probability that 

) is given by: [ ] EE pp ⋅∈ 33.1,77.0ˆ

EE

E
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pN 10110 ≅

−
≥  (4.22) 

In order to reduce the required minimum N one must act on the variance of . This is why the 
wide range of enhanced simulation methods that have been advanced in the last decades fall un-
der the name of “variance reduction techniques”. One such technique is Importance sampling (IS). 
This is a form of simulation based on the idea that when values of x that fall into  are rare and 
difficult to sample, they can be conveniently sampled according to a more favourable distribution, 
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somehow shifted towards . Of course the different way x values are sampled must be ac-
counted for in estimating pE according to: 

EΩ
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where now pE is expressed as the expectation of the quantity IE(x)α(x) with respect to the distribu-
tion h(x), called sampling density. The IS ratio α(x) corrects the estimate to account for the differ-
ent probability content of the neighbourhood of x assigned by the original and the sampling den-
sity. The difficulty with the IS method is to devise a good sampling density h(x), since it inevitably 
requires some knowledge of the domain E. One way to do this is to start with a sampling density 
and change it during the simulation while samples closer to E occur. This is called adaptive impor-
tance sampling. 

The prototype software implements both plain MC simulation and a highly effective brand of IS 
specifically developed for distributed Infrastructure analysis (Jayaram and Baker, 2010). The latter 
is explained in detail in the following section. 

4.5.2.1.2 Importance sampling method with K-clustering 

Jayaram and Baker (2010) propose a simulation-based framework for developing a small but sto-
chastically representative catalogueue of earthquake ground-motion intensity maps that can be 
used for risk assessment of spatially distributed systems. In this framework, Importance Sampling 
is used to preferentially sample ‘important’ ground-motion intensity maps, and K-Means Clustering 
is used to identify and combine redundant maps in order to obtain a small catalogueue. The effects 
of sampling and clustering are accounted for through a weighting on each remaining map, so that 
the resulting catalogueue is still a probabilistically correct representation. 

While Crowley and Bommer (2006) are perhaps the first to point out the need for using a model 
such as that in Eq.(4.6) within the framework of MCS of a spatially distributed system, though they 
do not account for the spatial correlation amongst intra-event errors, Kiremidjan et al (2007) are the 
first to employ IS to selectively sample in the larger magnitude range. The inter- and intra-event 
errors, however, are still sampled using plain MCS. The method by Jayaram and Baker (2010) in-
stead, employs a sampling density for magnitude as well as the above error terms. The IS tech-
nique leads to a reduction of two orders of magnitude in the required number of maps. 

The second step of the procedure, the K-clustering, is even more important then the first and, as 
explained later, is instrumental in maintaining probabilistic consistency of the reduced set of inten-
sity maps with the hazard model in Section 4.4. Indeed, previous attempts can be found in the lit-
erature to drastically reduce the number of scenarios to represent the regional seismicity: Shiraki et 
al. (2007), within an MCS-based approach to estimate earthquake-induced delays in a transporta-
tion network, generated a catalogueue of 47 earthquakes and corresponding intensity maps for the 
Los Angeles area and assigned probabilities to these earthquakes such that the site hazard curves 
obtained using this catalogueue match with the known local-site hazard curves obtained from 
PSHA. In other words, the probabilities of the scenario earthquakes were made to be hazard con-
sistent. Only median peak ground accelerations were used to produce the ground-motion intensity 
maps corresponding to the scenario earthquakes, however, and the known variability about these 
medians was ignored. While this approach is highly computationally efficient on account of the use 
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of a small catalogueue of earthquakes, the selection of earthquakes is a somewhat subjective 
process, and the assignment of probabilities is based on hazard consistency rather than on actual 
event likelihoods. Moreover, the procedure does not capture the effect of the uncertainties in 
ground-motion intensities. The K-clustering technique solves this problem by providing a scenario 
selection algorithm, thus removing subjectivity, and values of the scenarios probabilities that ac-
count for the full variability in the model. 

Importance sampling density 

As already stated the method uses an importance sampling density  on magnitude, inter-event 
error 

h
η  and intra-event errors . This is built as the product of three sampling densities on each 

variable. 
ε

The original density for M is defined starting from the densities ( )mfi  (e.g., for sources whose ac-
tivity is specified in terms of the truncated Gutenberg-Richter law, the absolute value derivatives of 
the ratio of exponentials in Eq.((4.5))) specified for each of the active faults/sources and the cor-

responding activation frequencies 
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Given that an earthquake with magnitude M=m has occurred the probability that the event was 
generated in the i-th source is: 
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To devise the sampling density for the magnitude, ( )mh , consider the range  of the 

magnitudes of interest and its partition (stratification) into  intervals: 

[ ]maxmin , mm

mn
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mn=  (4.26) 

Where the partitions are chosen so as to be small at large magnitudes and large at smaller magni-
tudes. The procedure, also referred to as stratified sampling, then requires sampling a magnitude 
value from each partition using within each partition the original density. These leads to a sample 
of  magnitude values that span the range of interest, and adequately cover important large 

magnitude values. The IS density  for m lying in the k-th partition is then: 
mn
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Once the magnitudes are sampled using IS, the rupture locations can be obtained by sampling 
faults using fault probabilities ( miP ), which will be non-zero only if the maximum allowable magni-

tude on fault i exceeds m. Let  denote all such faults with non-zero values of ( )mn f ( )miP . If 

 is small (around 10), a more efficient sampling approach will be to consider each of those ( )mn f
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( )mn f  faults to be the source of the earthquake and consider ( )mn f  different earthquakes of the 

same simulated magnitude. It is to be noted that this fault sampling procedure is similar to the IS of 
magnitudes. The IS ratio for fault i chosen by this procedure is computed as: 

 ( ) ( )
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( )mn
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mih
mif
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==α  (4.28) 

It can be observed that a consequence of the above choice for the density is that it is difficult to 
separate fault/source contributions and, hence, the mean annual frequency of a PI exceeding a 
predefined level, normally written and evaluated fault by fault: 
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where  is the mean annual rate of all events, from any fault/source, and ∑= iλλ0 0λλi  is the 

probability that given an event, it occurs on the i-th fault/source. The use of the maps generated by 
the present method ensures that  is evaluated with the correct distribution of events over 
the active faults. 

( uPIP ≥ )

The intra-event normalized errors  have a multivariate correlated standard normal distribution, 
with correlation specified as a function of distance (See Section 

ε
4.4.4). A good sampling density is 

a multivariate normal with the same covariance matrix  but mean vector  shifted towards 
positive values: 
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As described in the original paper, the choice of an adequate shifted mean vector is a delicate mat-
ter and the result of a compromise between the likelihood of the generated maps and the desire of 
sampling large epsilon values. In general, numerical tests show that an optimal value of the shift is 
a function of the number of sites, their average separation distance and the range of the exponen-
tial decay function describing spatial correlation. 

Fig. 4-26 shows the sampling densities for magnitude (stratified sampling) and intra-event errors 
(shifted normal, marginal view). 



 

 
Fig. 4-26 Sampling densities for the magnitude and intra-event errors/residuals (from 

Jayaram and baker 2010) 

The inter-event normalized error η  is a standard normal variable. Following standard conventions, 
since the inter-event error is a constant across all the sites during a single earthquake, the simu-
lated normalized inter-event residuals should satisfy the following relation (which does not assume 
that the that τ  is a constant, in order to be compatible with ground-motion models such as that of 
Abrahamson and Silva, 2008): 

i
i τ

τ
ηη 1

1=   (4.32) 

Thus, the normalized inter-event residuals can be simulated by first simulating 1η  from a univariate 
normal distribution with zero mean and unit standard deviation, and by subsequently evaluating 
with the above equations the values at the other sites. The IS density is chosen simply as a shifted 
univariate normal, with shifted mean ημ . 

In conclusion, the IS ratio is given by the product of the corresponding ratios for M,  and ε η : 
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K-Means clustering 

K-means clustering groups a set of observations into K clusters such that the dissimilarity between 
the observations (typically measured by the Euclidean distance) within a cluster is minimized 
(McQueen, 1967). Let ,…,  denote r maps generated using IS to be clustered, where each 
map  is a p-dimensional vector (p being the number of points in the grid used to sample the 

primary IM) defined by 

1S rS

jS

[ ]pjijjj sss 1111 ,,,, KK=S , where is the primary IM ( ) for the i-th site in 

the j-th map. The K-means method groups these maps into clusters by minimizing V, which is de-
fined as follows: 

ijs1 1s
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where K denotes the number of clusters, Si denotes the set of maps in cluster i, 
[ ]piqiii CCC ,,,,1 KK=C  is the cluster centroid obtained as the mean of all the maps in cluster i, 
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−=−

p

q qiqjij Cs
1

2
1

2
CS )

)

 denotes the distance between the map j and the cluster centroid, 

evaluated as the Euclidean distance, and adopted to measure dissimilarity 

In its simplest version, the K-means algorithm is composed of the following four steps: 

o Step 1: Pick K maps to denote the initial cluster centroids. This selection can be done ran-
domly. 

o Step 2: Assign each map to the cluster with the closest centroid. 

o Step 3: Recalculate the centroid of each cluster after the assignments. 

o Step 4: Repeat steps 2 and 3 until no more reassignments take place. 

Once all the maps are clustered, the final catalogue can be developed by randomly selecting a sin-
gle map from each cluster, which is used to represent all maps in that cluster on account of the 
similarity of the maps within a cluster. In other words, if the map selected from a cluster produces a 
value PI=u of the performance indicator, it is assumed that all other maps in the cluster produce 
the same value by virtue of similarity. The maps in this smaller catalogue can then be used in place 
of the maps generated using IS for the risk assessment (i.e. for evaluating ), which re-
sults in a dramatic improvement in the computational efficiency. This procedure allows us to select 
K strongly dissimilar intensity maps as part of the catalogue (since the maps eliminated are similar 
to one of these K maps in the catalogue), but will ensure that the catalogue is stochastically repre-
sentative. Because only one map from each cluster is now used, the total weight associated with 
the map should be equal to the sum of the weights of all the maps in that cluster: 

( uPIP ≥

( )∑ ∈
=

ij S ji S
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where ( )jSα  is evaluated according to Eq.(4.33). 

4.5.2.2 Non-simulation methods 

Reliability methods other than simulation-based ones have been applied to the analysis of infra-
structural systems. In particular, these are the so-called Matrix System Reliability Method (Song 
and Kang, 2009) (Song and Ok, 2010) and the model of Bayesian Networks (Nielsen 2007) 
(Straub et al, 2008) (Der Kiureghian, 2009) (Straub and Der Kiureghian, 2009) (Bensi et al, 2009). 
The former method hits its limits when dealing with capacitive (flow) modelling of networks (appli-
cations are limited to connectivity problems, Kang et al 2008), while the latter, which seems very 
promising in perspective, especially for dealing with the problem of real-time or near-real-time de-
cision-making (observer within the time-window of interest, in the language adopted in §1.3), ap-
pears to be not mature for dealing with problems of realistic dimensions. The strength of this mod-
elling approach resides in the capability of the model of updating the probabilities associated with 
its states in real-time under a continuous stream of incoming information on the states of an enlarg-
ing sub-set of its components (the typical situation in the aftermath of an earthquake). The problem 
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with this modelling technique is the computational effort, which is large since the system state must 
be known in advance for all possible combinations of the components’ states. As it is somewhat 
candidly put in (Der Kiureghian 2009): After an earthquake, the [system] assumes one of 
N=m1m2…mn distinct configurations, where n denotes the number of components. For example a 
[system] with two-state components, has N=2n distinct configurations. […] For each of these dis-
tinct configurations one can perform disciplinary analysis (e.g., water, power, traffic connectivity or 
flow analysis) to determine the state of the infrastructure and whether or not it performs the in-
tended function. […] It should be obvious that a [system] with a large number of components can 
have an extremely large number of distinct configurations. Therefore, disciplinary analysis will have 
to be performed for a very large number of cases. One of the challenges in infrastructure risk as-
sessment is to devise methods to handle the large amount of computations. 

Pragmatically, with the current state of knowledge in mind, the option adopted in this report and 
project to deal with the uncertainty is to use simulation technique to reduce the required number of 
system evaluations in order to arrive at probability estimates of the performances of interest. 

 

 

 



 

5 Proof-of-concept software implementation 

5.1 INTRODUCTION 

The methodology presented in Chapter 4 has been tested throughout its development via the im-
plementation of a prototype software in the Matlab environment (Mathworks, 2010). The software 
developed at UROMA, with some modules contributed by UPAV for the seismic hazard portion, 
adheres to the object-oriented paradigm previously illustrated. Given its prototypical nature, the 
code does not implement the full class diagram presented in §4.2. Fig. 5-1 shows the classes cur-
rently implemented, which correspond to those described in §4.3.4, 4.3.4.4, 4.3.6 and 4.4. 
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Fig. 5-1 Classes implemented in the prototype software at the time of release of this deliver-

able report. 

Development of the software has taken advantage of the Matlab environment and in particular of 
two features: the data exchange functions that allow to import/export from/to Excel worksheets, 
and the set of functions provided through the Mapping toolbox. The import functions from Excel 
where used as a convenient means to provide large input in an orderly and manageable way. Fur-
ther, since the software is only a proof of concept, it does not have all the features of a complete 
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GIS, but, given the spatial nature of the input and output data from the vulnerability analysis, it was 
necessary to provide graphical geo-referenced echo of the input and representation of the output. 
This was achieved through the functions of the Mapping toolbox.  

The next two sections describe the way input is provided, with reference to the prototype Infra-
structure example presented in Chapter 3, and give a complete listing of the implemented classes 
at the date of release of this deliverable report, with indications of attributes/properties and meth-
ods for each class. 

5.2 DESCRIPTION OF THE INPUT FILE 

The MATLAB environment provides through the function xlsread the capability of importing data 
organized within an Excel workbook. The latter was chosen as the format of the input file for the 
prototype software. Input is prepared as a workboox (file extension .xls) within which, in general, 
each sheet correspond to a class in Fig. 5-1, and in particular, to a different system in the SYNER-
G taxonomy, as shown in Fig. 5-2.  

 
Fig. 5-2 Input workbook: in general, each sheet correspond to a class in the SYNER-G taxonomy. 

The sheet active in the figure is the analysis one, where type of analysis (montecarlo) is specified 
in cell A1, followed by the corresponding appropriate analysis parameters, and other global pa-
rameters on the location, size and discretization of the study area. In particular the user specifies 
the number of intervals in which the longitude and latitude ranges defining the study area are to be 
subdivided for the purpose of the primary IM generation (numStepLongSeis, numStepLatSeis), 
as well as the number of intervals for the subdivision in cells (numStepLong, numStepLat). The 
latter is only the definition of the larger mesh size, since the software automatically refines the 
mesh (by subdividing a square cell intro four smaller squares in each refinement step) n times (3 in 
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the application presented in Chapter 6) whenever the cell intersects with a building census area, or 
land use plan area or sub-city districts, etc. (see e.g. §6.2). 

The variable whichState indicates for which simulation runs the program should report detailed 
state information down to the component-level (snap-shots of the run with shakemap, damage 
maps, etc.). 

Other sheets, presented in the following, contain the input for the seismic hazard (h_seismic), and 
for the systems in the case study. The user can then conveniently add as many sheets as desired 
to store temporary data or make other computations, that are not read by the software but can be 
kept together with the input (e.g. the support sheet). 

5.2.1 Input of the seismic hazard 

Fig. 5-3 shows the data in the sheet h_seismic. The first line contains indication of the GMPE to 
be used (in this case the only one implemented so far, i.e. that in (Akkar and Bommer, 2010)), and 
the IM chosen as primary IM for the prediction of spatially distributed intensity values on rock over 
a regular grid (in this case PGA). The second line specifies the number of seismo-genetic sources 
that describe seismicity of the region. The following set of lines, one of which is hatched in light 
blue, specify the input for each area source. For instance, source 1 is an areal source, with 4 
points defining the polygonal shape, a lower and upper magnitude of 4.76 and 6.14, respectively, α 
= 0.11 and β = 1.18. The last three parameters are mesh size, fault rake and mechanism (1 non 
specified, 2 strike-slip, 3 normal fault, 4 reverse fault). 

gmpe name AkkarBommer primary IM PGA
# source 3

source type 1 1 1
areal

4 4.76 6.14 0.11 1.18 1 -90 3
42.773 13.095
42.672 13.013
42.427 13.567
42.528 13.650
areal

4 4.76 6.14 0.14 1.26 1 -90 3
42.540 13.654
42.476 13.519
42.160 13.791
42.224 13.926
areal

4 4.76 7.06 0.43 0.74 1 -90 3
42.172 14.011
42.228 13.871
41.806 13.571
41.751 13.710  

Fig. 5-3 Input workbook: specification of seismic hazard. 

5.2.2 Input of the EPN 

Fig. 5-4 and Fig. 5-5 show the input for the electric power network, contained in the sheet epn. The 
first line in Fig. 5-4 specifies the number of lines (sides) and of nodes, 67 and 34, respectively, to-
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gether with the installed capacity per capita, employed by the inhabitedArea class to automatically 
determine and assemble in demand nodes (stations) a power demand proportional to the popula-
tion. The base voltage and base power fields contain values used to normalize the power flow 
equations and make them non-dimensional (see §4.3.6.1.2), which highly facilitates the solution of 
the set of nonlinear equations. 

# sides # nodes installed capacity per capita (kW/inhab) base voltage (kV) base power (MVA)
67 34 2.8 380 100

nodes

lat (°) long (°) z (m) Vs30 (m/s) Type BC 1st part BC 2nd part Vulnerable IMtypes
42.022 12.710 0 400 slack 380 0 no none
42.086 12.937 0 400 gen 380 816.2 no none
42.236 13.160 0 400 gen 380 816.2 no none
42.164 13.219 0 400 td 0 0 yes pga
42.299 13.245 0 400 td 0 0 yes pga
42.304 12.797 0 400 td 0 -20 yes pga
42.324 12.768 0 400 d 0 -20 yes pga
42.323 12.728 0 400 d 0 -20 yes pga
42.302 12.701 0 400 d 0 -20 yes pga
42.272 12.702 0 400 d 0 -20 yes pga
42.252 12.731 0 400 d 0 -20 yes pga
42.252 12.771 0 400 td 0 -20 yes pga
42.274 12.798 0 400 d 0 -20 yes pga
42.288 12.750 0 400 d 0 -20 yes pga
42.280 13.596 0 400 d 0 -20 yes pga
42.295 13.560 0 400 td 0 -20 yes pga
42.279 13.524 0 400 d 0 -20 yes pga
42.248 13.524 0 400 td 0 -20 yes pga
42.232 13.561 0 400 td 0 -20 yes pga
42.249 13.597 0 400 d 0 -20 yes pga
41.941 13.156 0 400 td 0 -20 yes pga
41.940 13.118 0 400 d 0 -20 yes pga
41.913 13.107 0 400 td 0 -20 yes pga
41.897 13.138 0 400 d 0 -20 yes pga
41.914 13.169 0 400 d 0 -20 yes pga
42.164 13.219 0 0 tr 0 0 no none
42.299 13.245 0 0 tr 0 0 no none
42.304 12.797 0 0 tr 0 0 no none
42.252 12.771 0 0 tr 0 0 no none
42.295 13.560 0 0 tr 0 0 no none
42.248 13.524 0 0 tr 0 0 no none
42.232 13.561 0 0 tr 0 0 no none
41.941 13.156 0 0 tr 0 0 no none
41.913 13.107 0 0 tr 0 0 no none

localization and soil information functional information

 
Fig. 5-4 Input workbook: specification of the Electric power network (nodes). 

The following lines, after the nodes keyword, specify in a standardized way (similar for all net-
work/line-like systems) the nodes of the system. In particular the information to be provided for 
each node is always in the order: localization, site properties, functional (system-specific) and re-
lated to seismic damageability. Localization is given in terms of latitude and longitude in degrees, 
as well as altitude above sea level in m. The site properties are specified in terms of the average 
shear wave velocity Vs30. Functional information for the node of an EPN are the type of node (ei-
ther a slack bus, a power generation plant, a transformation/distribution or a distribution or a 
transformation station, demand node or, as it is called, a load bus). The next two columns contain 
boundary conditions (BC) for the solution of the power flow equations, and are specified as two 
parts, which depend on the node/bus type: 

o For the slack bus the first and second part of the BC are the values assigned to the magni-
tude |V| (in kV) and phase θV (radians) of the complex-valued voltage, respectively; 
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o For the power generation plants the first and second part of the BC are the values assigned 
to the magnitude |V| (in kV) and the real part Re(P) (in MW) of the complex-valued voltage 
and power, respectively; 

o For load buses (i.e. all stations, either transformation, distribution or transforma-
tion/distribution) the first and second part of the BC are the values assigned to the real 
Re(P) (in MW) and imaginary Im(P) parts  (in MW) of the complex-valued power, respec-
tively. 

The last two columns specify whether the node is vulnerable, and in case it is which is the IM(s) to 
be input to the corresponding fragility model. 



 

sides
# start bus  end bus Vs30 (m/s) Voltage (kV) Resistance (Ω/km) Reactance (Ω/km) Susceptance (S/km) Voltage ratio Vulnerable IMtypes
1 1 2 400 380 0.0001 0.255 2.8E-09 1 no none
2 2 26 400 380 0.0001 0.255 2.8E-09 1 no none
3 26 4 400 0 0 0.255 0 1.727 no none
4 4 31 400 220 0.0001 0.255 2.8E-09 1 no none
5 31 18 400 0 0 0.255 0 3.667 no none
6 3 26 400 380 0.0001 0.255 2.8E-09 1 no none
7 3 27 400 380 0.0001 0.255 2.8E-09 1 no none
8 27 5 400 0 0 0.255 0 1.727 no none
9 5 28 400 220 0.0001 0.255 2.8E-09 1 no none
10 28 6 400 0 0 0.255 0 3.667 no none
11 5 30 400 220 0.0001 0.255 2.8E-09 1 no none
12 30 16 400 0 0 0.255 0 3.667 no none
13 6 7 400 60 0.0001 0.255 2.8E-09 1 no none
14 7 8 400 60 0.0001 0.255 2.8E-09 1 no none
15 8 9 400 60 0.0001 0.255 2.8E-09 1 no none
16 9 10 400 60 0.0001 0.255 2.8E-09 1 no none
17 10 11 400 60 0.0001 0.255 2.8E-09 1 no none
18 11 12 400 60 0.0001 0.255 2.8E-09 1 no none
19 12 29 400 0 0 0.255 0 0.273 no none
20 12 13 400 60 0.0001 0.255 2.8E-09 1 no none
21 13 6 400 60 0.0001 0.255 2.8E-09 1 no none
22 6 14 400 60 0.0001 0.255 2.8E-09 1 no none
23 7 14 400 60 0.0001 0.255 2.8E-09 1 no none
24 8 14 400 60 0.0001 0.255 2.8E-09 1 no none
25 9 14 400 60 0.0001 0.255 2.8E-09 1 no none
26 10 14 400 60 0.0001 0.255 2.8E-09 1 no none
27 11 14 400 60 0.0001 0.255 2.8E-09 1 no none
28 12 14 400 60 0.0001 0.255 2.8E-09 1 no none
29 13 14 400 60 0.0001 0.255 2.8E-09 1 no none
30 29 34 400 220 0.0001 0.255 2.8E-09 1 no none
31 34 23 400 0 0 0.255 0 3.667 no none
32 23 24 400 60 0.0001 0.255 2.8E-09 1 no none
33 24 25 400 60 0.0001 0.255 2.8E-09 1 no none
34 25 21 400 60 0.0001 0.255 2.8E-09 1 no none
35 21 33 400 0 0 0.255 0 0.273 no none
36 21 22 400 60 0.0001 0.255 2.8E-09 1 no none
37 22 23 400 60 0.0001 0.255 2.8E-09 1 no none
38 33 32 400 220 0.0001 0.255 2.8E-09 1 no none
39 32 19 400 0 0 0.255 0 3.667 no none
40 19 20 400 60 0.0001 0.255 2.8E-09 1 no none
41 20 15 400 60 0.0001 0.255 2.8E-09 1 no none
42 15 16 400 60 0.0001 0.255 2.8E-09 1 no none
43 16 17 400 60 0.0001 0.255 2.8E-09 1 no none
44 17 18 400 60 0.0001 0.255 2.8E-09 1 no none
45 18 19 400 60 0.0001 0.255 2.8E-09 1 no none
46 23 21 400 60 0.0001 0.255 2.8E-09 1 no none
47 23 25 400 60 0.0001 0.255 2.8E-09 1 no none
48 22 24 400 60 0.0001 0.255 2.8E-09 1 no none
49 22 25 400 60 0.0001 0.255 2.8E-09 1 no none
50 21 24 400 60 0.0001 0.255 2.8E-09 1 no none
51 17 19 400 60 0.0001 0.255 2.8E-09 1 no none
52 16 19 400 60 0.0001 0.255 2.8E-09 1 no none
53 15 19 400 60 0.0001 0.255 2.8E-09 1 no none
54 18 20 400 60 0.0001 0.255 2.8E-09 1 no none
55 18 15 400 60 0.0001 0.255 2.8E-09 1 no none
56 18 16 400 60 0.0001 0.255 2.8E-09 1 no none
57 17 20 400 60 0.0001 0.255 2.8E-09 1 no none
58 17 15 400 60 0.0001 0.255 2.8E-09 1 no none
59 6 8 400 60 0.0001 0.255 2.8E-09 1 no none
60 6 9 400 60 0.0001 0.255 2.8E-09 1 no none
61 6 11 400 60 0.0001 0.255 2.8E-09 1 no none
62 4 5 400 220 0.0001 0.255 2.8E-09 1 no none
63 4 33 400 220 0.0001 0.255 2.8E-09 1 no none
64 5 31 400 220 0.0001 0.255 2.8E-09 1 no none
65 4 29 400 220 0.0001 0.255 2.8E-09 1 no none
66 4 32 400 220 0.0001 0.255 2.8E-09 1 no none
67 4 28 400 220 0.0001 0.255 2.8E-09 1 no none   

Fig. 5-5 Input workbook: specification of the Electric power network (lines). 

The following portion of the epn sheet, shown in Fig. 5-5, after the sides keyword, specifies in a 
standardized way (similar for all network/line-like systems) the sides/lines of the system. In particu-
lar, the first column is the line id, the following two columns its connectivity (start and end bus), 
then, again, local soil conditions in terms of Vs30 (this can be debatable and is provisionally kept 
this way given the prototypical nature of the software; the local soil conditions should in general 
change along a side in a network and ideally be determined by comparing the trace of the side with 
a micro-zonation study). Functional information follow in the form of the five properties of a line: 
Voltage (kV), Resistance (Ω/km), Reactance (Ω/km), Susceptance (S/km) and Voltage ratio. The 
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latter is normally equal to one, and should always be equal to one. A different value tells the soft-
ware that the corresponding line is actually two line segments with a transformer in the middle, and 
the value specified is the transformation ratio for the transformer. The line is a short internal line 
within a substation. The transformer is automatically added to the substation model by the soft-
ware. The last lines specify whether the line is vulnerable (usually no for aerial lines, yes for buried 
lines, not yet implemented in the software), and the corresponding IM needed for the fragility 
model. 

5.2.3 Input of the WSS 

Fig. 5-6 and Fig. 5-7 show the input for the water supply system, contained in the sheet wss. The 
first line in Fig. 5-6 specifies the number of lines (sides) and of nodes, 36 and 20, respectively, to-
gether with the number of different pipe diameters, the water daily equipment per capita, employed 
by the inhabitedArea class to automatically determine and assemble in demand nodes a water 
demand proportional to the population. The want discretization and following fields contain values 
used to (if the former parameter is assigned a “yes” value) discretize pipes specified between dis-
tant nodes into a number of smaller pipes to improve the description of the vulnerability (each pipe-
section is considered as a separate vulnerable element, with the IM evaluated at the section cen-
troid). 

# sides # nodes # diameters water daily equipment (l/inhab•d) want discretization? max pipe length (km) approx. length after discr. (km)
36 20 2 250 no 8 8

nodes

lat (°) long (°) z (m) Vs30 (m/s) Type H (m) Q (l/s) h_bldg (m) depth (m) ref EPN bus Vulnerable IMtypes
42.304 12.797 0 400 demand 0 0 20 1.5 - no none
42.324 12.768 0 400 demand 0 0 20 1.5 - no none
42.323 12.728 0 400 demand 0 0 20 1.5 - no none
42.302 12.701 0 400 costtank 100 0 0 0 - no none
42.272 12.702 0 400 demand 0 0 20 1.5 - no none
42.252 12.731 0 400 demand 0 0 20 1.5 - no none
42.252 12.771 0 400 demand 0 0 20 1.5 - no none
42.274 12.798 0 400 demand 0 0 20 1.5 - no none
42.288 12.750 0 400 demand 0 0 20 1.5 - no none
42.280 13.596 0 400 costtank 100 0 0 0 - no none
42.295 13.560 0 400 demand 0 0 20 1.5 - no none
42.279 13.524 0 400 demand 0 0 20 1.5 - no none
42.248 13.524 0 400 demand 0 0 20 1.5 - no none
42.232 13.561 0 400 demand 0 0 20 1.5 - no none
42.249 13.597 0 400 demand 0 0 20 1.5 - no none
41.941 13.156 0 400 demand 0 0 20 1.5 - no none
41.940 13.118 0 400 demand 0 0 20 1.5 - no none
41.913 13.107 0 400 demand 0 0 20 1.5 - no none
41.897 13.138 0 400 demand 0 0 20 1.5 - no none
41.914 13.169 0 400 costtankpump 100 0 0 0 25 no none

localization and soil information functional information

 
Fig. 5-6 Input workbook: specification of the Water supply system (nodes). 
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sides
# start end Vs30 (m/s) Type diameter (mm) depth (m) roughness Vulnerable IMtypes
1 1 2 400 pipe 600 1.5 0.23 yes pgv
2 2 3 400 pipe 600 1.5 0.23 yes pgv
3 3 4 400 pipe 600 1.5 0.23 yes pgv
4 4 5 400 pipe 600 1.5 0.23 yes pgv
5 5 6 400 pipe 600 1.5 0.23 yes pgv
6 6 7 400 pipe 600 1.5 0.23 yes pgv
7 7 8 400 pipe 600 1.5 0.23 yes pgv
8 8 1 400 pipe 600 1.5 0.23 yes pgv
9 1 9 400 pipe 600 1.5 0.23 yes pgv
10 1 6 400 pipe 600 1.5 0.23 yes pgv
11 2 4 400 pipe 600 1.5 0.23 yes pgv
12 3 8 400 pipe 600 1.5 0.23 yes pgv
13 3 5 400 pipe 600 1.5 0.23 yes pgv
14 4 9 400 pipe 600 1.5 0.23 yes pgv
15 5 9 400 pipe 600 1.5 0.23 yes pgv
16 5 7 400 pipe 600 1.5 0.23 yes pgv
17 8 9 400 pipe 600 1.5 0.23 yes pgv
18 10 11 400 pipe 600 1.5 0.23 yes pgv
19 11 12 400 pipe 600 1.5 0.23 yes pgv
20 12 13 400 pipe 600 1.5 0.23 yes pgv
21 13 14 400 pipe 600 1.5 0.23 yes pgv
22 14 15 400 pipe 600 1.5 0.23 yes pgv
23 15 10 400 pipe 600 1.5 0.23 yes pgv
24 10 14 400 pipe 600 1.5 0.23 yes pgv
25 11 13 400 pipe 600 1.5 0.23 yes pgv
26 12 14 400 pipe 600 1.5 0.23 yes pgv
27 16 17 400 pipe 600 1.5 0.23 yes pgv
28 17 18 400 pipe 600 1.5 0.23 yes pgv
29 18 19 400 pipe 600 1.5 0.23 yes pgv
30 19 20 400 pipe 600 1.5 0.23 yes pgv
31 20 16 400 pipe 600 1.5 0.23 yes pgv
32 17 19 400 pipe 600 1.5 0.23 yes pgv
33 18 20 400 pipe 600 1.5 0.23 yes pgv
34 7 18 400 pipe 700 1.5 0.23 yes pgv
35 14 16 400 pipe 700 1.5 0.23 yes pgv
36 2 12 400 pipe 700 1.5 0.23 yes pgv  

Fig. 5-7 Input workbook: specification of the Water supply system (pipes). 

5.2.4 Input of the inhabitedAreas 

Fig. 5-8 shows the input for the urban areas, employed to define the objects of the inahbitedArea 
class, and provided through the bldg sheet in the input workbook. 

The figure shows for brevity input only up to the data of city A, the input for the other two cities be-
ing analogous and available in the example input file together with the Matlab code. 

The first line specifies the number of cities. Then, for each city, the input specifies the city name 
and the sub-city districts geometry and associated indicators (population, etc etc). 

 



 

# cities 3
city A
EUA

# SCDs 2
SDC #1

geometry 42.26002 12.81923 42.26978 12.75026 42.27472 12.73292 42.2873 12.72538 42.33588 12.70235 42.35077 12.74737 42.33349 12.80805 42.28941 12.83446
indicators pop 163000
SDC #2

geometry 42.26002 12.81923 42.2444012 12.81114 42.22478 12.75186 42.24205 12.69125 42.28608 12.66478 42.33113 12.68799 42.33588 12.70235 42.2873 12.72538 42.27472 12.73292 42.26978 12.75026
indicators pop 144000

LUP
# LUP areas 4
LUP area I
geometry 42.31145 12.82127 42.2894129 12.83446 42.2444 12.81114 42.23459 12.7815 42.28778 12.74962
indicators

LUP area C
geometry 42.23459 12.7815 42.2247834 12.75186 42.24205 12.69125 42.26406 12.67802 42.28778 12.74962
indicators

LUP area G
geometry 42.26406 12.67802 42.2860816 12.66478 42.33113 12.68799 42.34095 12.71768 42.28778 12.74962
indicators

LUP area R
geometry 42.34095 12.71768 42.350773 12.74737 42.33349 12.80805 42.31145 12.82127 42.28778 12.74962
indicators

BC
# BC areas 9
BC area #1
geometry 42.2894 12.8345 42.2883 12.7739 42.3008 12.7663 42.3335 12.8081
indicators Nbldg 42500 % masonry 40 % RC 60

BC area #2
geometry 42.3335 12.8081 42.3008 12.7663 42.3058 12.7490 42.3508 12.7474
indicators Nbldg 42700 % masonry 45 % RC 55

BC area #3
geometry 42.35077 12.74737 42.3057771 12.74897 42.30017 12.73201 42.33113 12.68799
indicators Nbldg 42000 % masonry 30 % RC 70

BC area #4
geometry 42.33113 12.68799 42.3001744 12.73201 42.2873 12.72538 42.28608 12.66478
indicators Nbldg 43000 % masonry 80 % RC 20

BC area #5
geometry 42.28608 12.66478 42.2873001 12.72538 42.27472 12.73292 42.24205 12.69125
indicators Nbldg 40000 % masonry 75 % RC 25

BC area #6
geometry 42.24205 12.69125 42.2747158 12.73292 42.26978 12.75026 42.22478 12.75186
indicators Nbldg 41000 % masonry 77 % RC 23

BC area #7
geometry 42.22478 12.75186 42.26978 12.75026 42.27539 12.7672 42.2444 12.81114
indicators Nbldg 42000 % masonry 70 % RC 30

BC area #8
geometry 42.2444 12.81114 42.2753887 12.7672 42.28825 12.77386 42.28941 12.83446
indicators Nbldg 42700 % masonry 20 % RC 80

BC area #9
geometry 42.28825 12.77386 42.2753887 12.7672 42.26978 12.75026 42.27472 12.73292 42.2873 12.72538 42.30017 12.73201 42.30578 12.74897 42.30085 12.7663
indicators Nbldg 26700 % masonry 25 % RC 75  

Fig. 5-8 Input workbook: specification of the inhabitedAreas (up to City A). 

5.3 CLASSES 

The following is a listing of all Matlab classes defined in the proof-of-concept software attached to 
the report. For each class the number of code lines, the class properties, and the methods with in-
puts and outputs are reported. 

 
**** ANALYSIS **** 431 rows 
PROPERTIES 
 environment, outputDir 
METHODS 
 obj = Analysis(outputDir) 
 importanceSampling(obj) 
 montecarloSampling(obj, hazardPresent, data) 
 plotShakeMap(obj, whichState, data) 
 plotState(obj, whichState, data) 
  
**** ENVIRONMENT **** 22 rows 
PROPERTIES 
 parent, infrastructure, hazard, weather 
METHODS 
 obj = Environment(parent) 
  
**** WEATHER **** 19 rows 
PROPERTIES 
 parent 
METHODS 
 obj = Weather(parent) 
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**** INFRASTRUCTURE **** 36 rows 
PROPERTIES 
 parent, WSS, EPN, RDN, OIL, GAS, HCS, inhabitedArea, vulnSites, systemPresent 
METHODS 
 obj = Infrastructure(parent) 
 plotState(obj, whichState) 
 recorderWSS saveStateInfrastructure(obj) 
  
**** InhabitedArea **** 1866 rows 
PROPERTIES 
 parent, cityNum, BCgeometry, BCbldg, EUAgeometry, LUPgeometry, cells,  
cellsInLine, squares, adjacentSquares 
METHODS 
 obj = InhabitedArea(parent, inputFileName, dataAn) 
 createCellsAndAdjacent(obj) 
 determineAdjacentSquares(obj) 
 evaluateDH(obj) 
 generateGrid(obj, dataAn, dataBLDG) 
 plotAreas(obj) 
 plotBuildingDamage(obj, kEvent) 
 plotCells(obj, dataAn) 
 plotEPNandGrid(obj) 
 plotGrid(obj, dataAn) 
 plotItalyAndCities(obj) 
 plotPopulation(obj) 
 plotWSSandGrid(obj) 
 plotWSSdamage(obj, kEvent) 
 projectBCData(obj, tmpCell, geomBC) 
 projectEUAData(obj, tmpCell, geomEUA, popEUA) 
 projectLUPData(obj, tmpCell, geomLUP) 
 projectToGrid(obj, dataBLDG) 
 setVulnSites(obj) 
  
**** CELL **** 171 rows 
PROPERTIES 
 parent, adjacentCells, vertices, centroid, area, buildingTypologies,  
demographic, economic, social, bldgUsage, refNodes, states, builtUpArea,  
waterDemand, powerDemand, built, resistanceToEvacuation, weightEUA, weightLUP, 
weightBC 
METHODS 
 obj = Cell(parent, square) 
 determineAdjacentCells(obj, adjacentSquares) 
 evaluateBldgDamage(obj, kEvent, fragility) 
 evaluateBldgOccupancy(obj) 
 evaluateBldgUsability(obj) 
 evaluateCasualties(obj) 
 evaluateLocalDH(obj) 
 evaluateRE(obj) 
 evaluateSSP(obj) 
 evaluateSupplyRequirements(obj) 
 Static plotCell(tmpCell) 
 readUtilityLoss(obj) 
  
**** WATERSUPPLYSYSTEM **** 1164 rows 
PROPERTIES 
 parent, line, pipe, node, demand, source, pump, lineNumber, junctionNumber,  
lineDiameterNumber, networkConnectivity, junctionPosition, junctionMinimalHead, 
junctionDepth, junctionAltitude, junctionType, junctionVs30, refEPNnode,  



 

 141 

 

junctionIsVulnerable, junctionIMType, lineVs30, lineType, lineDiameter,  
lineRoughness, lineDepth, lineIsVulnerable, lineIMType, lineCentroidPosition, 
sourceHead, endUserDemand, hydricEquipment, WSSvulnSites, states 
METHODS 
 obj = WaterSupplySystem(inputFileName, parent) 
 checkPGV(obj, figExtension) 
 [meanPI1, meanPI2, meanPI3, meanPI4, meanPI5, stdPI1, stdPI2] = 
computeCovMean(obj, j) 
 computeDemand(obj) 
 computeFlow(obj, m) 
 PI = computePerformanceIndicator(obj, i, results_nonseis, results_seis, iSim, 
whichPI) 
 discretizeLines(obj, data) 
 draw3DWSS(obj) 
 drawNetworkAndSE(obj, figExtension) 
 plotResults(obj, mean_AHR, mean_SSI, mean_HR, mean_DCI, mean_UBI, std_AHR, 
std_SSI, figExtension, data) 
 plotStateNetwork(obj, whichState) 
 results = saveResults(obj, m) 
 recorderWSS = saveStateNetwork(obj) 
  
**** PIPE **** 68 rows 
PROPERTIES 
 depth, D, roughness, parent, siteID, connectivity, centroid, L, Vs30,  
isVulnerable, IMType, states 
METHODS 
 obj = Pipe(parent, j) 
 computeLeakageArea(obj, i, evNum) 
 computeLeaksNumber(obj, i, evNum) 
 plotStatePipe(obj, whichState, i) 
  
**** DEMANDNODE **** 37 rows 
PROPERTIES 
 minimalHead, refCells, parent, position, altitude, type, Vs30, isVulnerable, 
IMType, states 
METHODS 
 obj = DemandNode(parent, i) 
 computeLeakageArea(obj, i, evNum) 
  
**** CONSTANTHEADWATERSOURCE **** 36 rows 
PROPERTIES 
 refEPNStation, head, parent, position, altitude, type, Vs30, isVulnerable,  
IMType, states 
METHODS 
 obj = ConstantHeadWaterSource(parent, i) 
 computeLeakageArea(obj, i, evNum) 
  
**** PUMPINGSTATION **** 55 rows 
PROPERTIES 
 refSource, refEPNStation, parent, position, altitude, type, Vs30, isVulnerable, 
IMType, states 
METHODS 
 obj = PumpingStation(parent, i) 
 computeLeakageArea(obj, i, evNum) 
  
**** HAZARD **** 28 rows 
PROPERTIES 
 parent, seismic, flood 
METHODS 
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 obj = Hazard(parent) 
 plotShakeMap(obj, whichState) 
 plotState(obj, whichState) 
  
**** SEISMIC **** 304 rows 
PROPERTIES 
 parent, gmpe, event, source, gmpeName, sourceNumber, sourceType, sourceMech, 
sourceDiscreteDistribution, sourceAlpha, vulnSites, sitesCorrelation,  
pointsGridLong, pointsGridLat, primaryIM, secondaryIMs 
METHODS 
 obj = Seismic(inputFileName, parent, dataAnalysis) 
 buildSitesCorrelation(obj) 
 buildSourceDiscreteDistribution(obj) 
 plotScenario(obj, whichState) 
 plotStateNatural(obj, whichState) 
 sampleSourceFromDiscreteDistribution(obj, kEvent) 
  
**** AKKARBOMMER **** 246 rows 
PROPERTIES 
 bIM1, sigma1IM1, sigma2IM1, bIM2, sigma1IM2, sigma2IM2, parent, rangeIM1, C11, 
C21, C22given1 
METHODS 
 obj = AkkarBommer(parent) 
 attenuate(obj, kEvent, closerPoints, closerPointsDistance) 
 buildGrid(obj) 
 logMean = primaryLogMean(obj, M, R, F) 
 logMean = secondaryLogMean(obj, M, R, F, b) 
  
**** SEISMICEVENT **** 106 rows 
PROPERTIES 
 parent, states 
METHODS 
 obj = SeismicEvent(parent) 
 R = Source2SiteDistance(obj, Sites, kEvent) 
 computeEventEps(obj, kEvent) 
 sampleEventParameters(obj, kEvent) 
  
**** SEISMICSOURCE **** 316 rows 
PROPERTIES 
 parent, geometry, alpha, beta, upperM, lowerM, meshRes, rake, mech, mesh,  
faultClosePoint, faultIDX, numericalArea 
METHODS 
 obj = SeismicSource(parent) 
 FaultNodeErrorCheck(obj, l) 
 RenderFaultMesh(obj, l) 
 nn = setParameters(obj, numnodes, l, data) 

 

 



 

6 Vulnerability of the prototype infrastructure 

6.1 INTRODUCTION 
This chapter demonstrates some of the results obtainable through the application of the methodol-
ogy implemented in the prototype software. The system analyzed consists of the cities and the 
WSS and EPN of the prototype Infrastructure described in Chapter 3. Fig. 6-1 shows the position 
of the three cities and of the three seismo-genetic sources in the example, fictitiously placed in 
Central Italy. 

The next sections describe: the graphical echo of the input (§6.2), as specified in the previous 
chapter, results for the reference non-seismic conditions (§6.3), results for a simulation of a se-
lected scenario event (fixed epicentre location and magnitude) (§6.4.1) and for the simulation of 
the regional hazard resulting from all three seismo-genetic sources (§6.4.2). 

 
Fig. 6-1 The cities in the prototype Infrastructure and their hypothetical location in Central 

Italy. 

6.2 ECHO OF THE INPUT 
The data about population, with the corresponding socio-economic indicators, is specified through 
the sub-city districts, the data about the buildings, in terms of number and typology, is specified by 
building census area, while the use of the territory is specified by land use plan area. This is done 
in the bldg sheet of the input workbook. Fig. 6-2, Fig. 6-3 and Fig. 6-4 show the visualization of 
these data from the software. All three figures also show the discretization of the study area into 
square cells. The discretization, as already explained, is carried out automatically by the software 
that initially subdivides the area into a regular grid of large square cells (11×8 in the example). 
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Then, the software proceeds to re-meshing up to n times (set to 3 in the application) the larger 
cells whenever they intersect with a urban area or the boundary between different portions of an 
urban area. 

 
Fig. 6-2 Echo of the input: sub-city districts of each city (see Fig. 3-2 on page 62), also 

shown the discretization of the study region into geo-cells with variable size. 

 
Fig. 6-3 Echo of the input: areas of the land-use plan of each city (see Fig. 3-2 on page 62), 

also shown the discretization of the study region into geo-cells with variable size. 

144  

 



 

 
Fig. 6-4 Echo of the input: Building census (BC) areas of each city (see Fig. 3-2 on page 62), 

also shown the discretization of the study region into geo-cells with variable size. 

The method projectToGrid of the InhabitedArea class then projects the information from the EUA, 
BC and LUP onto the square cells. For illustration purposes, Fig. 6-5 shows the resulting map of 
population density in the study area.  

 
Fig. 6-5 Echo of the input: Map of population density after projection onto the grid (see Fig. 

3-2 on page 62). 
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6.3 RESPONSE UNDER REFERENCE NON-SEISMIC CONDITIONS 
This section illustrates the flow analysis on the two utility networks under the normal operational 
conditions. The demands for potable water and electric power is automatically evaluated as a func-
tion of the cell population in each cell, and then aggregated to the corresponding node of the ap-
propriate network before running the flow analysis. Fig. 6-6 and Fig. 6-7 show the demands in each 
cell for the WSS and EPN, respectively. The figures show also the configuration of the two net-
works, with the location of the various components. The inset in the first figure shows with dashed 
lines the relation between each cell and its reference node (the inset is not provided by the soft-
ware) for City A. A red contour encloses the tributary cells of one of the demand nodes. 

 
Fig. 6-6 Map of the WSS, together with water demand in each cell after projection onto the 
grid. Dashed lines show relationship between demand nodes and the tributary grid cells. 
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Fig. 6-7 Map of the EPN, together with power demand in each cell after projection onto the 
grid. Dashed lines show relationship between demand nodes and the tributary grid cells. 

The execution of the analysis starts with the evaluation of the Infrastructure state under the ordi-
nary service conditions, i.e. with undamaged systems. For illustration purposes Fig. 6-8 shows the 
water head in each node of the WSS and the flow in each pipe as obtained from the analysis under 
the demands shown in the previous figure. 

 
Fig. 6-8 WSS, solution of the flow analysis under the pre-earthquake conditions: bars in 

demand nodes represent water head, pipes are colour-coded with flows. 
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6.4 RESPONSE UNDER SEISMIC CONDITIONS 

6.4.1 Single scenario event 

This section presents the results for a simulation where the magnitude and location of the event 
were held constant and equal to M=7 and Lat=42.3°, Long=13.7°. 

Fig. 6-9 and Fig. 6-10 show the maps of the average primary IM (contour obtained from the values 
on the rectangular grid) and of the corresponding total residuals (ε+η), for one simulation run, while 
Fig. 6-11 shows the resulting ShakeMap (see Fig. 4-23). 
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Fig. 6-9 Map of average value of the primary IM for one simulation of the chosen event. 
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Fig. 6-10 Map of the total residual of the primary IM for one simulation of the chosen event. 
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Fig. 6-11 Shakemap of the primary IM for one simulation of the chosen event. 

The next figures show the maps of physical damage to buildings and to the WSS. In particular Fig. 
6-12 shows the map of damage to masonry buildings. Each cell is colour-coded with one of four 
conditions: the cell has no buildings of the considered typology (white), the typology is present but 
buildings are undamaged (green), have exceeded yield (orange) or have collapsed (red). Consis-
tently with the PGA iso-lines, damage is larger closer to the epicentre. 
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Fig. 6-12 DamageMap to Masonry buildings for one simulation of a M=7 event. 
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Fig. 6-13 shows the map of damage to RC buildings. Observations similar to the previous ones can 
be made. It can be further observed how damage is lower to this typology than to masonry build-
ings, consistently with the fragility curves employed, presented in § 4.3.4.3. 
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Fig. 6-13 DamageMap to RC buildings for one simulation of a M=7 event. 

Fig. 6-14 shows the water head ratio HR (see §4.3.7.1) in all the cells of the grid. All tributary cells 
of a WSS node have the same colour node corresponding to the HR in that node. In general, for 
this simulation run, the damage is moderate with ratios around 0.6, close to the values shown later 
on in Fig. 6-21, obtained with a large number of scenarios (n = 200, leading to satisfactory confi-
dence in the estimates of the controlling parameters) representing the regional seismicity (in this 
sense damage for this simulation run is representative of the expected damage level on the WSS). 

Fig. 6-15 and Fig. 6-16 illustrate the damage to the EPN. For illustration purposes, given the resil-
ience of the EPN designed for this example application, the damage maps are produced for simu-
lation runs from a scenario event of magnitude 9, which is not feasible on the seismic sources in 
the hypothetical region. 

Both figures show the distribution of the voltage ratio in the grid cells (between 0 and 1), for two 
simulation runs where damage to the network occurred (the simulation runs differ for the random 
residuals). In one case damage is quite severe, in the other seems minor, but, actually, it should be 
kept in mind that what matters is whether the supplied voltage is above or below the tolerance 
threshold, which is usually quite stiff. The effect of the lack of power-feed in the EPN sub-station 
serving the water pump close to city C (see Fig. 3-3) is not considered in this simulation run (the 
systems are not coupled). Effect of this interaction on the serviceability of the WSS is illustrated 
instead in the next section (see e.g. Fig. 6-24). 
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Fig. 6-14 DamageMap to the WSS for one simulation of a M=7 event. 

 
Fig. 6-15 DamageMap to the EPN for one simulation of a M=9 event: Voltage ratio VR in the 

grid cells (inactive lines are removed from the plot). Damage level is severe. 
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Fig. 6-16 DamageMap to the EPN for one simulation of a M=9 event: Voltage ratio VR in the 

grid cells (inactive lines are removed from the plot). Damage level is relatively minor. 

Finally, the last two figures of this section provide an example of the evaluation of socio-economic 
performance measures starting from the physical damage to buildings. The model employed and 
implemented in the proof-of-concept is that described in §4.3.4.4. The model produces estimates 
of the number of both injured (Fig. 6-17) and dead people (Fig. 6-18). 

0 10 20 30 40     50 km0

 

 

50
50

50

50

50

100

10
0

100

100

10010
0100

150

15
0

200

20
0

250
300

350
400

Number of injured

 12.6° E  12.8° E  13.0° E  13.2° E  13.4° E  13.6° E 

 41.8° N 

 42.0° N 

 42.2° N 

 42.4° N 

Injured

0
1 - 1199
1800 - 2398
2399 - 2998 PG

A
 (c

m
/s

2 )

50

100

150

200

250

300

350

400

450

500

 
Fig. 6-17 Number of injured for one simulation of a M=7 event. 
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Fig. 6-18 Number of deaths for one simulation of a M=7 event. 
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6.4.2 Integration over all events 

This section presents the results for a simulation carried out sampling events from the three 
sources described in § 3.2. Fig. 6-19 shows a comparison of the target with the experimental dis-
tributions (the latter from simulation) for the random variable Z (the active zone), and for the ran-
dom variable M, conditional con the active zone. The top left plot shows how the simulated events 
respect the relative frequency of activation (rate of the fault over the sum of the rates over all 
faults) specified in the input, while the remaining plots show that also magnitude is correctly sam-
pled according to the Gutenberg-Richter distribution for each fault. 

 
Fig. 6-19 Validation of the event generation portion of the seismic hazard model: top left, 

relative frequency of activation of the three faults from the simulation (red) and as specified 
in the input (red); top right and bottom plots, magnitude PDF from the Gutenberg-Richter 

law and the histogram of relative frequencies as obtained from simulation. 

The simulation, of the plain Monte Carlo type, consists of 200 runs, and stops at this level when the 
largest between the coefficient of variation of the estimate of the SSI and AHR indices on the WSS 
network (an arbitrary termination criterion) falls below a target maximum value of 1%, as shown in 
Fig. 6-20. 
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Fig. 6-20 Maximum coefficient of variation of the estimated system-level performance indi-

cators (SSI, AHR) versus number of runs/samples. 

The head ratio estimate for 200 runs in each node is shown in Fig. 6-21, left, while the same figure 
in the right plot shows the variation with number of samples/run of the estimate of HR for three se-
lected nodes. 

 
Fig. 6-21 Head ratio: for all nodes, values for 200 runs (left); versus number of samples/run, 

for three selected nodes (right). 

Fig. 6-22 left, shows the variation of the AHR indicator (see §4.3.7.2) with the number of runs, and 
it is apparent how, as expected, this average quantity stabilizes faster than the individual HR, 
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shown in the previous plot. Overall, the water head falls by more than 40% due to an earthquake 
(the head ratio is equal to one only in three nodes which are constant head water sources). This 
fall in water head, however, is not paired by an equally alarming decrease in water flows. Indeed, 
as shown in Fig. 6-22, right, the serviceability index is lower but very close to one for all simulation 
runs, meaning that even with a reduced head the WSS can deliver on average the required flows. 

 
Fig. 6-22 Variation of the average head ratio (left) and the expected system serviceability  

(right) of the WSS vs number of samples/runs. 

 
Fig. 6-23 Damage consequence index for the pipes in WSS. 
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6.4.3 Effect of the interaction between EPN and WSS 

This section shows how the inter-dependence between systems reflects in the performance indica-
tors. A full simulation with 200 runs is carried out twice, excluding or including from the model of 
the Infrastructure a physical link between the pump feeding water into the Tank close to city C and 
the closer EPN sub-station. Both simulations are carried out for a scenario M=9 event, in order to 
produce significant damage in the rather resilient EPN designed for this application, as explained 
previously. 

Fig. 6-24 shows the evolution of the system serviceability index of the WSS versus the number of 
simulation runs for the case without (left) and with (right) inter-dependence between the WSS and 
the EPN, respectively. Without inter-dependence the serviceability index is almost constant and 
equal to one: this does not mean that the WSS is undamaged, actually it is, as shown in the follow-
ing figure (left). The reason for the SSI being so high is that this index is a function of the flows, 
which are a function of the water head, and even with reduced water head with respect to the ini-
tial, reference non-seismic conditions, the flows remain almost unchanged. The reason for this is 
that in all cities there is a supply node with a constant water head (a river, a dam and a tank), and 
in all cases the initial water head is large. When the inter-dependence is modelled and the EPN 
sub-station feeding power to the pump of the tank in city C fails, this water source head ratio de-
creases (see Fig. 6-26, right) and this reflects on the flows and hence on the SSI. 

 
Fig. 6-24 Expected SSI of the WSS with and without interaction with the EPN. 
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Fig. 6-25 Average head ratio of the WSS with and without interaction with the EPN. 

 
Fig. 6-26 Expected value (200 runs) of head ratios in each node of the WSS with and without 

interaction with the EPN. 
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7 Summary and conclusions 

This deliverable report presents the general methodology developed within the SYNER-G project 
in order to assess the seismic vulnerability of an interconnected Infrastructure. The main features 
of the methodology are: 

o A detailed taxonomy of the Infrastructure in a number of interconnected infrastructural sys-
tems, consisting of the description of each system and of its components, reported in Ap-
pendix B of this report. This taxonomy provides naming for all components that are consis-
tently used throughout the set of SYNER-G reports. 

o An object-oriented model of the Infrastructure describing the relations between all systems 
and components (inter- and intra-dependencies) within the taxonomy (see § 4.2). This 
model is key to the implementation of a simulation framework in a software. 

o Consideration of all uncertainties in the problem, and in particular: on the seismic activity of 
the seismo-genetic sources/faults, on the local seismic intensities at the sites for any given 
scenario, on the physical damageability of the components of the Infrastructure (the fragility 
models from WP3), on the functional consequences at component and/or system level of 
the physical damage at the component level, on the socio-economic consequences of 
physical damage (this source of uncertainty is described within WP4 deliverables), and, fi-
nally, the epistemic uncertainty in all the above models. 

o The categorization of performance indicators in three groups, based on the level within the 
Infrastructure where they are evaluated: component, system or Infrastructure. 

o  An integrated evaluation of physical and socio-economic performance indicators. 

In order to test the practical applicability of the methodology a proof-of-concept software has been 
developed (source-code in Matlab attached to this report, a brief description in Chapter 5) and ap-
plied to the analysis of the seismic vulnerability of an hypotethical Infrastructure, consisting of a 
subset of the whole SYNER-G taxonomy (results in Chapter 6). 

The methodology is comprehensive, in that it can be applied to Infrastructures comprising multiple 
systems and of large size, and it is capable of dealing with all the uncertainties characterizing the 
vulnerability problem. Further, importance of the components in terms of consequences of their 
damage or of their upgrade, can be assessed employing appropriate performance indicators (see 
§4.3.7.1). From the socio-economic point of view, the main focus is on the short-term period after 
the event (time-frame) and on the impact measures of interest for emergency managers (e.g. 
casualties, displaced people, …). From the physical point of view direct seismic damage to all 
components of all systems, as well as their functional consequences, can be assessed. 
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Appendix A  

A Some concepts of Object-Oriented Programming 
and of the Unified Modelling Language notation 

A.1 FROM EARLY PROGRAMMING LANGUAGES TO THE OBJECT-ORIENTED 
MODEL 

A possible classification of some of the more popular high-order programming languages in gen-
erations, without pretence of being an exhaustive list of all programming languages, is the follow-
ing10: 

o First-generation languages (1954–1958) 

o FORTRAN I, ALGOL 58, Flowmatic, IPL, V 

o Second-generation languages (1959–1961) 

o FORTRAN II, ALGOL 60, COBOL, Lisp 

o Third-generation languages (1962–1970) 

o PL/1, ALGOL 68, Pascal, Simula (introduction of classes and data abstraction) 

o The generation gap (1970–1980) Many different languages were invented, but few endured. 
However, the following are worth noting: 

o C, FORTRAN 77 

o Object-orientation boom (1980–1990, but few languages survive) 

o Smalltalk 80, C++, Ada83, Eiffel 

o Emergence of frameworks (1990–today). Much language activity, revisions, and standardi-
zation have occurred, leading to programming frameworks. 

o Visual Basic, Java, Python, J2EE, .NET, Visual C#, Visual Basic .NET 

In successive generations, the kind of abstraction mechanism each language supported changed. 
First-generation languages were used primarily for scientific and engineering applications, and the 
vocabulary of this problem domain was almost entirely mathematics. Languages such as FOR-
TRAN I were thus developed to allow the programmer to write mathematical formulas, thereby 
freeing the programmer from some of the intricacies of assembly or machine language. This first 
generation of high-order programming languages therefore represented a step closer to the prob-
lem space and a step further away from the underlying machine. 

 
10 Material in this section is largely taken and adapted from (Booch et al, 2007). 
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By the late 1960s, processing capacity had grown almost exponentially. Larger problems could 
now be solved, but these demanded the manipulation of more kinds of data. Thus, third-generation 
languages such as ALGOL 60 and, later, Pascal evolved with support for data abstraction. Now a 
programmer could describe the meaning of related kinds of data (their type) and let the program-
ming language enforce these design decisions. This generation of high-order programming lan-
guages again moved our software a step closer to the problem domain and further away from the 
underlying machine. 

Object-based and object-oriented programming languages best support the object-oriented de-
composition of software. The number of these languages (and the number of “objectified” variants 
of existing languages) boomed in the 1980s and early 1990s. Since 1990 a few languages have 
emerged as mainstream OO languages with the backing of commercial programming tool vendors 
(e.g., Java, C++). The emergence of programming frameworks (e.g., J2EE, .NET), which provide a 
tremendous amount of support to the programmer by offering components and services that sim-
plify the common and often mundane programming tasks, has greatly boosted productivity and 
demonstrated the elusive promise of component reuse. 

Object-oriented technology is built on a sound engineering foundation, whose elements we collec-
tively call the object model of development or simply the object model. The object model encom-
passes the principles of abstraction, encapsulation, modularity, hierarchy, typing, concur-
rency, and persistence. By themselves, none of these principles are new. What is important 
about the object model is that these elements are brought together in a synergistic way (REF). 

Let there be no doubt that object-oriented analysis and design is fundamentally different than the 
previous traditional structured design approaches: it requires a different way of thinking about de-
composition, and it produces architectures that are largely outside the realm of the structured de-
sign culture. 

The importance of data abstraction in mastering complexity cannot be understated: “The nature of 
abstractions that may be achieved through the use of procedures is well suited to the description of 
abstract operations, but is not particularly well suited to the description of abstract objects. This is a 
serious drawback, for in many applications, the complexity of the data objects to be manipulated 
contributes substantially to the overall complexity of the problem”. This is exactly the nature of the 
application considered within this report and more generally within the SYNER-G project: the 
analysis of a quite complex system of interconnected systems. 

Certainly, many good engineers have developed and deployed countless useful software systems 
using structured design techniques. However, there are limits to the amount of complexity we can 
handle using only algorithmic decomposition; thus we must turn to object-oriented decomposition. 
This is the reason why for the seismic vulnerability problem at hand, the OO paradigm has been 
adopted to produce the problem model. 

A.1.1 Object-Oriented Modelling/Programming and its principles 

What is object-oriented programming (OOP)? It can be defined as follows: 

o Object-oriented programming is a method of implementation in which programs are organ-
ized as cooperative collections of objects, each of which represents an instance of some 
class, and whose classes are all members of a hierarchy of classes united via inheritance 
relationships. 
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There are three important parts to this definition: (1) Object-oriented programming uses objects, 
not algorithms, as its fundamental logical building blocks; (2) each object is an instance of some 
class; and (3) classes may be related to one another via inheritance relationships. A program may 
appear to be object-oriented, but if any of these elements is missing, it is not an object-oriented 
program. Specifically, programming without inheritance is distinctly not object-oriented; that would 
merely be programming with abstract data types. A language is object-oriented if and only if it sat-
isfies the following requirements: 

o It supports objects that are data abstractions with an interface of named operations and a 
hidden local state. 

o Objects have an associated type [class]. 

o Types [classes] may inherit attributes from supertypes [superclasses]. 

For all things object-oriented, the conceptual framework is the object model. There are four major 
elements of this model (i.e. a model without any one of these elements is not object- oriented): 

1. Abstraction: An abstraction denotes the essential characteristics of an object that distin-
guish it from all other kinds of objects and thus provide crisply defined conceptual bounda-
ries, relative to the perspective of the viewer. Abstraction is at the very core of object-
oriented model, without it the idea of class of objects could not exist. Deciding on the right 
set of abstractions for a given domain is the central problem in object-oriented design. 
Amongst various types of abstraction, entity abstractions are very appealing since they 
represent a useful model of a problem domain or solution domain entity. One usually strives 
to build entity abstractions because they directly parallel the vocabulary of a given problem 
domain (e.g. the classes Infrastructure, and sub-classes, or Hazard, and sub-classes). 

2. Encapsulation: Encapsulation is the process of compartmentalizing the elements of an 
abstraction that constitute its structure and behaviour; encapsulation serves to separate the 
contractual interface of an abstraction and its implementation. Abstraction and encapsula-
tion are complementary concepts: Abstraction focuses on the observable behaviour of an 
object, whereas encapsulation focuses on the implementation that gives rise to this behav-
iour. Encapsulation is most often achieved through information hiding (not just data hiding), 
which is the process of hiding all the secrets of an object that do not contribute to its essen-
tial characteristics; typically, the structure of an object is hidden, as well as the implementa-
tion of its methods. “No part of a complex system should depend on the internal details of 
any other part”. Whereas abstraction “helps people to think about what they are doing,” en-
capsulation “allows program changes to be reliably made with limited effort”. 

3. Modularity: Modularity is the property of a system that has been decomposed into a set of 
cohesive and loosely coupled modules. Modularization consists of dividing a program into 
modules which can be compiled separately, but which have connections with other mod-
ules. Most languages that support the module as a separate concept also distinguish be-
tween the interface of a module and its implementation. Thus, it is fair to say that modularity 
and encapsulation go hand in hand. Deciding on the right set of modules for a given prob-
lem is almost as hard a problem as deciding on the right set of abstractions. Modules serve 
as the physical containers in which we declare the classes and objects of our logical de-
sign. The overall goal of the decomposition into modules is the reduction of software cost 
by allowing modules to be designed and revised independently. Each module’s structure 
should be simple enough that it can be understood fully; it should be possible to change the 
implementation of other modules without knowledge of the implementation of other mod-
ules and without affecting the behaviour of other modules (e.g. in the seismic vulnerability 
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problem at hand, three possible modules are the seismic hazard, the physical vulnerability 
and the systemic behaviour models). 

4. Hierarchy: Hierarchy is a ranking or ordering of abstractions. The two most important hier-
archies in a complex system are its class structure (the “is a” hierarchy) and its object struc-
ture (the “part of” hierarchy). Abstraction is a good thing, but in all except the most trivial 
applications, one may find many more different abstractions than can comprehend at one 
time. Encapsulation helps manage this complexity by hiding the inside view of our abstrac-
tions. Modularity helps also, by giving us a way to cluster logically related abstractions. Still, 
this is not enough. A set of abstractions often forms a hierarchy, and by identifying these 
hierarchies in our design, we greatly simplify our understanding of the problem (e.g. Infra-
structure, above critical facilities/networks/inhabited areas, each above its component sub-
classes, etc etc). 

Finally, there are three minor elements of the object model (each of these elements is a useful, but 
not essential, part of the object model): 

5. Typing  

6. Concurrency 

7. Persistence 

For the meaning of these minor elements the reader is referred again to (Booch et al, 2007). 

A.2 THE UNIFIED MODELLING LANGUAGE 

Having a well-defined and expressive notation is important to the process of software develop-
ment. First, a standard notation makes it possible for an analyst or developer to describe a sce-
nario or formulate an architecture and then unambiguously communicate those decisions to others. 
Second, by relieving the brain of all unnecessary work, a good notation sets it free to concentrate 
on more advanced problems. Third, an expressive notation makes it possible to eliminate much of 
the tedium of checking the consistency and correctness of these decisions by using automated 
tools. 

The Unified Modelling Language (UML) is the primary modelling language used to analyze, spec-
ify, and design software systems. As object-oriented program-ming languages began to see use in 
the software industry, object-oriented methodologies began to appear. From the late 1980s and 
well into the 1990s, numerous methodologies arose and were subsequently modified and refined. 
In the mid-1990s, Rational Software Corporation began to meld different methodologies to create 
what would be the first version of the UML. The work then enlarged to include other methodologies 
and to propose a standard modelling language to the Object Management Group (OMG), a consor-
tium that creates and maintains standards for the computer industry. In November 1997 the OMG 
adopted the UML as a standard. Since then the OMG has assumed the stewardship and ongoing 
development of the UML. 

It should be apparent how it is impossible to capture all the subtle details of a complex system, and 
of the software that models it, in just one large diagram. The UML has numerous types of dia-
grams, each providing a certain view of your system. One must understand both the structure and 
the function of the objects involved. One must understand the taxonomic structure of the class ob-
jects, the inheritance mechanisms used, the individual behaviours of objects, and the dynamic be-



 

haviour of the system as a whole. Amongst various types of diagrams only two are used within this 
report: the class and the object diagrams. 

A class diagram is used to show the existence of classes and their relationships in the logical view 
of a system. A single class diagram represents a view of the class structure of a system. The two 
essential elements of a class diagram are classes and their basic relationships. 

Fig. A-1 shows the icon used to represent a class in a class diagram. The class icon consists of 
three compartments, with the first occupied by the class name, the second by the attributes, and 
the third by the operations. A name is required for each class and must be unique to its enclosing 
namespace. By convention, the name begins in capital letters, and the space between multiple 
words is omitted. Again by convention, the first letter of the attribute and operation names is lower-
case, with subsequent words starting in uppercase, and spaces are omitted just as in the class 
name. 

 
Fig. A-1  The class icon 

An abstract class is one for which no instances may be created. Because such classes are so im-
portant to engineering good class inheritance trees, there is a special way to designate an abstract 
class, as shown in Fig. A-2. Specifically, we italicize the class name to show that we may have only 
instances of its subclasses. Similarly, to denote that an operation is abstract, we simply italicize the 
operation name; this means that this operation may be implemented differently by all instances of 
its subclasses. In the Hydroponics Gardening System, we have food items that have a specific vi-
tamin content and caloric equivalent, but there is not a type of food called “food item.” Hence, the 
FoodItem class is abstract. The figure also shows the subclass Tomato, which represents a con-
crete (instantiable) food item grown in the greenhouse.  

 
Fig. A-2  Abstract class. 

Classes rarely stand alone; instead, they collaborate with other classes in a variety of ways. The 
essential connections among classes include association, generalization, aggregation, and 
composition, whose icons are summarized in Fig. A-3. Each such relationship may include a tex-
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tual label that documents the name of the relationship or suggests its purpose, or the association 
ends may have names—but typically both are not used at the same time. 

The association icon connects two classes and denotes a semantic connection. Associations are 
often labeled with noun phrases, such as Analyzes in the figure, denoting the nature of the rela-
tionship. A class may have an association to itself (called a reflexive association), such as the col-
laboration among instances of the PlanAnalyst class. Note here the use of both the association 
end names and the association name to provide clarity. It is also possible to have more than one 
association between the same pair of classes. Associations may be further adorned with their mul-
tiplicity, using the syntax in the following examples: 

o 1 Exactly one 

o * Unlimited number (zero or more) 

o 0..* Zero or more 

o 1..* One or more 

o 0..1 Zero or one 

o 3..7 Specified range (from three through seven, inclusive) 

The multiplicity adornment is applied to the target end of an association and denotes the number of 
links between each instance of the source class and instances of the target class. Unless explicitly 
adorned, the multiplicity of a relationship should be considered unspecified. It is best to always 
show multiplicity so there is no misunderstanding. 

The remaining three essential class relationships are drawn as refinements of the more general 
association icon. Indeed, during development, this is exactly how relationships tend to evolve. We 
first assert the existence of a semantic connection between two classes and then, as we make tac-
tical decisions about the exact nature of their relationship, often refine them into generalization, 
aggregation, or composition relationships. 

The generalization icon denotes a generalization/specialization relationship (the “is a” relation-
ship) and appears as an association with a closed arrowhead. The arrowhead points to the super-
class, and the opposite end of the association designates the subclass. The GrowingPlan class in 
the figure is the superclass and its subclass is the FruitGrowingPlan. According to the rules of the 
chosen implementation language, the subclass inherits the structure and behavior of its super-
class. Also according to these rules, a class may have one (single inheritance) or more (multiple 
inheritance) super- classes; name clashes among the superclasses are also resolved according to 
the rules of the chosen language. Also, generalization relationships may not have multiplicity 
adornments. 

Aggregation, as manifested in the “part of ” relationship, is a constrained form of the more general 
association relationship. The aggregation icon denotes a whole/part hierarchy and also implies the 
ability to navigate from the aggregate to its parts. It appears as an association with an unfilled dia-
mond at the end denoting the aggregate (the whole). The class at the other end denotes the class 
whose instances are part of the aggregate object. Reflexive and cyclic aggregation is possible. 
This whole/part hierarchy does not mean physical containment: A professional society has a num-
ber of members, but by no means does the society own its members. In the figure, we see that an 
individual EnvironmentalController class has the Light, Heater, and Cooler classes as its parts. The 
multiplicity of * (zero or more) at the aggregate end of the relationship further highlights this lack of 
physical containment. 



 

The choice of aggregation is usually an analysis or architectural design decision; the choice of 
composition (physical containment) is usually a detailed, tactical issue. Distinguishing physical 
containment is important because it has semantics that play a role in the construction and destruc-
tion of an aggregate’s parts. The composition icon denoting a containment relationship appears as 
an association with a filled diamond at the end denoting the aggregate. The multiplicity at this end 
is 1 because the parts are defined as having no meaning outside the whole, which owns the parts; 
their lifetime is tied to that of the whole. The FoodItem class in the figure physically contains the 
VitaminContent and CaloricEquivalent classes. 

 
Fig. A-3  Relationships between classes. 
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Appendix B 

B Taxonomy 

This appendix presents the consolidated results of the questionnaires and the resulting SYNER-G 
taxonomy. The final systems list is: 

o System 1 Building aggregates BDG 

o System 2 Health-care facilities HCS 

o System 3 Harbour HBR 

o System 4 Road Network RDN 

o System 5 Railway Network RWN 

o System 6 Water-supply network WSN 

o System 7 Waste-water network WWN 

o System 8 Fire-fighting system FFS 

o System 9 Electric power network EPN 

o System 10 Natural Gas system GAS 

o System 11 Oil system OIL 
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System 1, Buildings aggregates, BDG 
Type Area-like 
Notes Buildings are the basic point-like component of building aggre-

gates/agglomerates/blocks (where buildings may or may not be in contact, with 
the ensuing interactions), which are delimited by roads. The description of the 

vulnerability of a urbanised area (e.g. a census tract, where several such build-
ing agglomerates are present) for the purpose of a system study requires fragil-
ity analysis of representative buildings for each typology, and statistical data on 

the incidence of each typology in the building population. 
Code Name Description 

UFB3 Unreinforced masonry Unreinforced fired brick masonry, ce-
ment mortar, timber flooring, timber or 
steel beams and columns, ties courses 

(bricks aligned perpendicular to the 
plane of the wall) 

UFB4 Unreinforced masonry Same s UFB3, but with reinforce con-
crete floor and roof slabs 

C1L Low-rise 
C1M Mid-rise 
C1H 

Ductile reinforced concrete moment 
frame 

High-rise 
C3L Low-rise 
C3M Mid-rise 
C3H 

Nonductile reinforced concrete frame 
with masonry infill 

High-rise 
S5L Low-rise 
S5M Mid-rise 
S5H 

Steel frame with unreinforced masonry 
infill walls 

High-rise 

BDG 

…. Other types ??  
BDGA Building aggregate ?? 

 

 



 

 

System 2, Health-care facilities, HCS 
Type Critical facility, Point-like 
Notes Hospitals represent a particular example of a category of systems that are called “com-

plex-social” systems. From an engineering point of view hospitals are systems made of 
many components of different nature which jointly contribute in delivering the medical 

services. These latter represent the system output. From a social point of view, hospitals 
provide a fundamental assistance to citizens in every-day life; their function becomes of 

paramount importance in the case of an earthquake event. 
The medical services, which consist of standardized procedures  to guarantee an ade-
quate treatment of patients, are delivered to patients by a joint contribution of the three 

“active” components of the system:  
The operators, which are the doctors, nurses and in general whoever plays an active 

role in providing medical care;  
The facility (physical component) where the medical services are delivered; 

The organisation, which is responsible of setting up the adequate conditions so that the 
medical services can be delivered. In general, this is up to the hospital management 

through the development, the implementation and the supervision of the standardized 
procedures. 

 
The environment includes all external influences to the functioning of a hospital system, 

which encompasses such diverse factors as cultural background and soil properties. 

 
 

A performance measure for such system should account for the contributions of all 
these components to the system services, i.e. 

PM = f (α, β, γ ),  
where α, β and γ are (random) factors accounting for the human, organizational and 

physical components, respectively. As state-of-art, an analytical formulation of the above 
relationship and of factors appearing in it is available only for γ (physical component).  

 
Under emergency conditions, the care-path of the victims at the hospital starts with tri-

age and continues with the proper medical operation according to a triage-code as-
signed to each patient. The understanding of the care-path of earthquake victims allows 
the identifications of the resources needed for providing health-care under emergency 

conditions. In particular, the minimum set of medical services necessary to treat victims 
with serious and critical injuries (yellow and red patients, respectively) results in: diag-
nostics, surgical treatments and intensive care unit. In addition to the needs of the in-

coming patients (earthquake victims), those of the in-patients (normal functioning of the 
hospital) have also to be considered. A list of the “essential” medical services which are 
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necessary to provide an adequate medical care in an emergency condition, both to the 
earthquake seriously/critically injured victims and to the in-patients of the hospital, is 

prvidend in [Lupoi et al., 2008]. The associated performance requirements, in engineer-
ing jargon, is the “operational” limit-state. 

Among the essential medical services, the surgical treatment and intensive care unit are 
by far the “bottleneck” of the care delivery of the hospital. In conclusion, the number of 
functioning operating theatres is the critical factor to the health-care delivering. Hence, 
this is taken as the basis of a quantitative measure of the hospital treatment capacity 

(HTC) under emergency condition.  
For all other medical services (i.e. those not included in the above mentioned list), which 

are referred to as “basic” medical services, it is sufficient to guarantee against the life 
threat. The associated performance level is the “life-safety” limit state. 

 
Code Name Description 

HCS01 Organisational Component The role of the organizational com-
ponent consists of developing, im-
plementing and supervising all the 

activities and procedures which 
have to be immediately activated 

after a seismic event in order to pre-
vent as much as possible and to 

promptly recover from the negative 
impact of the earthquake on the 
hospital performance. In simple 

words, this essentially means to set 
up a sound “emergency plan”.  

It is worth to emphasise that plan-
ning the emergency is the real tool 
to face the unbalance between re-

sources and needs that develops in 
the case of an earthquake. Experi-

ence tells that a hospital facility 
which is not provided of an emer-

gency plan will not be able to cope 
with the emergency 

HCS02 Human Component To positively evaluate the response 
capability of the system, it has also 

to be checked that simulation of 
emergency procedure involving 

both medical doctors and staff have 
been actually carried out periodi-
cally.  The human component has 
to be appropriately trained to per-

form in a state of emergency, when 
the operating conditions are physi-
cally and mentally much more de-
manding with respect to normal 

standard. 
The capability of the human re-

sources can be assessed only em-
pirically, usually by means of ques-

tionnaires distributed to medical 



 

personnel and staff.  
 

HSC03 Physical Component 
 
 
 

 

The severe target performance set 
for complex systems or part of 

them, i.e. to remain operational after 
a (major) seismic event, requires 

adequate consideration not only to 
the “structural” elements of the 

physical component but also of the 
“non-structural” elements, which are 
fundamental to preserve the hospi-

tal functionality. 
Typical classification subdivides the 
non-structural elements into three 
categories: architectural elements, 

basic installations and equip-
ment/contents. 

The operational performance level 
is related to the response of both 
structural and non-structural ele-

ments, ranging from architectural to 
medical equipment, basic power 

and water supplies. The structural 
integrity performance level is essen-
tially related to the behaviour of the 

structural elements only. 
HSC03-

1 
Structural Elements 

 

 

For structural elements local re-
sponse parameters can be either 
force-quantities, to evaluate the 

state of the element with respect to 
the activation of force-controlled 

failure mechanisms, such as shear 
failure (force mechanisms), or the 

displacement/deformation quantities 
such as inter-storey drift ratios or 
chord-rotations, to evaluate the 

element damage state with respect 
to displacement-related mecha-

nisms (deformation mechanisms) 
HSC03-

2 
Non-Structural Elements 

 
 
 

 

For a non-structural element, the 
selection of the local response pa-
rameter depends on which of the 
earthquake effects governs its re-
pose. The following major effects 

are identified:  
• local acceleration, which may 

cause the element sliding or over-
turning; 

• structural deformation; 
• relative movements between adja-

cent or connected structures. 
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Accordingly, non-structural ele-
ments are usually classified as: ac-

celeration-sensitive, deformation 
(drift)-sensitive or differential dis-

placement sensitive. 
In general, a restrained non-

structural element is drift sensitive, 
while a free non-structural element 
is acceleration sensitive.  The dif-
ferential displacement sensitive 

elements are those which provide a 
continuous link across a separation 
joint or between two different struc-

tures.  
 

HSC03-
3 

Architectural elements 
 

 

The architectural elements, as de-
fined by FEMA 74, are “typically 

built-in non-structural components 
that form part of the building”. 

Those that have jeopardised the 
functionality of several hospitals in 
past earthquakes are: (a) interior 
and exterior walls, (b) ceilings, (c) 

windows, glasses and doors. 

HSC03-
4 

Basic Installations 
 

 

The most disruptive kind of non-
structural damage is breakage of 

water lines inside buildings, includ-
ing fire sprinklers, domestic water, 
and chilled-water systems. Leaked 
water can travel quickly and exten-

sively throughout a building. Second 
in significance is failure of emer-

gency power systems. The power 
outage is usually so extensive that 
reliable backup power is necessary 

for essential facilities to operate. 
Others frequently damaged installa-

tions, which are essential for the 
functioning of hospitals, are the 

conveying and the medical gas sys-
tems. 

Each of such systems can be sub-
divided in two main components: 

Generation: in an emergency situa-
tion, all the essential systems have 

to be complemented with an internal 
source. Examples of internal 

sources are electrical generator, 
water tank, gas tank. Their typical 
mode of failure is the damage of 

anchorages 
Distribution: pipes for water, for 
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wastewater, for fuel, for gas, and 
electrical conduits (lines) that run 

underground or above grade, inside 
and outside the building. Damage to 

above ground transmission lines 
typically occurs along unsupported 
line sections when lines crack, leak, 

or fail. Damage to underground 
transmission lines usually occurs in 
areas of soil failure where the line 
sections cannot accommodate soil 
movements or differential settle-
ments. Damage can also occur 

when other equipment shifts or falls 
onto the line, or if a piece of equip-

ment the line is connected to suffers 
damage. Lines that run across a 

seismic joint without an expansion 
joint may suffer damage to their 
connections or get torn apart.  

HSC03-
5 

Basic Installation: medical gas 
 

 

The medical gas system of the hos-
pital consists of the tank and cylin-
ders of the medical gases (oxygen, 
nitrogen, etc.), the distribution lines 
(pipes) and several other pieces of 
equipment necessary to the normal 
functioning such as, for example, 

electric pumps. 

HSC03-
6 

Basic Installation: power system 
 

The power system of a building is 
usually composed of: 

• MV-LV (Medium Voltage - Low 
Voltage) transformation station; 
• Uninterruptible Power System 

(UPS); 
• Emergency Power Generator 

(EPG); 
• Transmission lines; 
• Distribution stations. 

 
The UPS system is composed of 

battery-chargers, inverters, and bat-
teries. By far the most vulnerable 
component is the battery system.  

The transmission lines of the power 
network can be generally consid-

ered not vulnerable, while the failure 
of the distribution stations, including 

the general switchboard panel, 
could represent cause of system 
failure since they are not properly 
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anchored. 
 

HSC03-
7 

Basic Installation: water  System 
 

 
 
 

The water system of an hospital 
consists of the supplies, the distri-

bution network (piping) and several 
equipments such as pumps and 

boilers. The emergency water sup-
ply consists of buried tanks able to 

guarantee autonomy for seven 
days, well beyond the three-days 

minimum prescribed by the national 
regulations. The equipments have 
to be well anchored and the piping 
have to be provided with flexible 

couplings. 

HSC03-
8 

Basic Installation: conveying system 
 

Damage at the elevator systems 
typically occurs to mechanical com-
ponents rather than the car itself. 

Guide rails, counterweights, control-
lers, machines, motor generators, 
stabilisers, and their supports and 
anchorages are the most damaged 

components during earthquakes 

HSC03-
9 

Building Contents In a hospital, building content in-
cludes furnishings, medical, office 
and industrial equipments, general 

supplies, shelves, etc.. Most of 
these equipments and supplies is 
essential for the functioning of the 

facility and for protecting the lives of 
its occupants, and yet they can rep-
resent a danger in case of an earth-

quake. 
Given the essential importance of 
building content for the effective 

functioning of the hospital system, 
all items susceptible to moving have 

to be properly anchored. 
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System 3, Harbour, HBR 
Type Critical facility, Point-like 
Notes A Harbour is a complex system comprising all the activities related to the transfer of 

goods/passengers between the maritime transportation and the earth-bound transporta-
tion systems. It is serviced by a number of other systems including: EPN, WSN, WWN, 

FFS, GAS, RDN, RWN 
Code Name Description 

HBR01 Waterfront components Retaining structures/dikes (e.g. at wharves, embank-
ment, breakwaters, and dredged shipping lanes and 

waterway) and berthing structures. 
- Gravity retaining structures along the waterfront 

(quay walls/piers): concrete block walls, massive walls, 
concrete caissons, cantilever structures, cellular sheet 
pile structures, steel plate cylindrical caissons or crib-
work quay walls. Founded on rubble and soil or rock. 
- Sheet pile wharves with auxiliary structures for an-
choring or sheet pile with platform (horizontal pile-
supported slab). Sheet pile, pile, fill-soil foundation.  
- Piers usually of deck slabs supported on pile caps 

and piles from wood, steel or concrete (with or without 
batter piles). Structures on columns with auxiliary 

structures for horizontal force absorption.  
- Mooring and breasting dolphins. Monolithic gravity 

structures, founded on rubble and soil or rock or piles, 
or pile structures. 

- Breakwaters: gravity structure, piled structure, or 
rubble mound. 

HBR2 Earthen embankments Hydraulic fills and native soil materials. 
HBR03 Cargo handling and storage 

components 
Cranes - rail, tire and track mounted gantry and re-
volver cranes, mobile cranes and crane foundations 

and power supply systems. 
Tanks - anchored and unanchored, above grade and 

partially buried, tank foundations and containment 
berms. 

Other cargo handling and storage components (cargo) 
– port equipment (stationary or mounted on rails) and 

structural systems used for material handling and 
transport (cranes, conveyors, transfer towers and 

stacker/reclaimer equipment), tunnels and pipelines, 
and temporary transitional storage and containment 

components.   
HBR04 Buildings Sheds and warehouses (Large, open, frame-type 

structures with long-span roof systems, usually braced 
in one or two directions. Walls of concrete, masonry or 

medal siding.) 
Office buildings (Single or multi-storey steel, timber, 

concrete or masonry construction). 
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Maintenance buildings (Similar to shed and ware-
house structures).  

Passenger terminals (Usually long span structures 
from concrete,  masonry, steel or wood.). 

Control and clock towers (Tall, narrow tower-type 
structures, usually steel-framed with exterior masonry 

or other cladding). 
Older unreinforced masonry and non-ductile concrete 
frame structures, prior to seismic codes, often exist in 
port facilities and have been used for warehouse, of-

fice, maintenance, and passenger terminals buildings. 
HBR5 Liquid fuel system Components and arrangement as per OIL 
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System 4, Road network, RDN 
Type Network, Line-like 
Notes - 
Code Name Description 

RDN01 Bridge Bridge can be girder bridges, arch bridges, 
cable-supported bridges, etc. Girder 

bridges can have simply-supported or con-
tinuous deck, 

single column, multiple column, or solid 
wall piers, monolithic or bearings deck-

piers connection.Material: concrete, steel, 
mixed. 

RDN02 Tunnel Rock or alluvial tunnels. Bored, NATM (cir-
cular, petaloid section) or Cut & Cover 

(rectangular section). Various supporting 
systems (concrete etc). 

RDN03 Embankment (road on) Described by geometrical parameters 
(slope, etc), soil conditions, water table. 

RDN04 Trench (road in a) Described by geometrical parameters 
(slope, etc), soil conditions, water table. 

RDN05 Unstable slope (road on, or running along) Described by geometrical parameters 
(slope, etc), soil conditions, water table. 
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System 5, Railway network, RWN 
Type Network, Line-like 
Notes The Railway system as a whole is composed of a number of point-like critical facilities  

(Stations) and of the Railway network itself. The internal logic of the stations and their 
function in the traffic management of the whole system should be modelled explicitly. 

The network portion of the system has the same components as a Road network, plus a 
supervisory control and data acquisition – SCADA – sub-system. The difference is in the 

fragility models: the underlying limit-state relative to continued traffic over Railway 
bridges, embankments, etc must consider the limitation associated with the tracks. This 

will lead in general to limitations to relative, maximum and residual, displacements 
stricter than for Roadway bridges. 

Code Name Description 
RWN01 Bridge Same as per RDN 
RWN02 Tunnel Same as per RDN 
RWN03 Embankment (road on) Same as per RDN 
RWN04 Trench (road in a) Same as per RDN 
RWN05 Unstable slope (road on, or running along) Same as per RDN 
RWN06 SCADA system Usually consists of the following subsys-

tems: 
A Human-Machine Interface or HMI is the 
apparatus which presents process data to 
a human operator, and through this, the 

human operator monitors and controls the 
process. 

A supervisory (computer) system, gather-
ing (acquiring) data on the process and 

sending commands (control) to the proc-
ess. 

Remote Terminal Units (RTUs) connecting 
to sensors in the process, converting sen-
sor signals to digital data and sending digi-

tal data to the supervisory system. 
Programmable Logic Controller (PLCs) 
used as field devices because they are 

more economical, versatile, flexible, and 
configurable than special-purpose RTUs. 
Communication infrastructure connecting 

the supervisory system to the Remote 
Terminal Units. 

RWN07 Station Stations are made of Passengers build-
ings, track exchanges, control houses, 

maintenance buildings and warehouses 
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System 6, Water-supply network, WSN 
Type Network, Line-like 
Notes The Water-supply system as a whole is composed of a number of point-like critical facili-

ties  (Water scources, Treatment plants, Pumping stations, Storage tanks) and of the 
Water distribution network itself. The internal logic of the critical facilities and their func-
tion in the management of the whole system should be modelled explicitly. The network 
portion of the system is made of: pipelines, tunnels and canals and the supervisory con-

trol and data acquisition – SCADA – sub-system. 
Code Name Description 

WSN01 Water Source Springs, shallow or deep wells, rivers, natural lakes, and 
impounding reservoirs. 

Wells are complex components that include several sub-
components: Electric power; Well pump; Building; Electric 
equipment. The subcomponents can be anchored or unan-
chored. Characteristics of wells are: capacity, depth; history 

of failure, hazardous materials in the area (distance< 
500m), construction cost. 

WSN02 Water Treatment Plant Complex facilities, generally composed of a number of con-
nected physical and chemical unit processes. 

They can be categorized by their size (small, medium or 
large) and by the anchorage (or not) of their subcompo-

nents and backup power 
The subcomponents are: Electric Power; Chlorination 

equipment; Sediment �locculation; Basins; Baffles; Pad-
dles; Scrapers; Chemical Tanks; Electric equipment; Ele-

vated pipe; Filter Gallery. 
WSN03 Pumping station Boost water pressure in both transmission and distribution 

system. 
They can be categorized according to their size (small or 
medium/large) and by the anchorage (or not) of their sub-

components and backup power. 
The following subcomponents may be considered in a 

pumping station:  
Electric Power; Vertical/ Horizontal Pump; Building; Equip-

ment.   
WSN04 Storage Tanks Can be categorized according to: type (close, open cut res-

ervoirs); material (wood, steel, concrete, masonry); capacity 
(small, medium, large); anchorage (yes, no); position (at 

grade or elevated by columns or frames); type of roof (R/C, 
steel, wood); seismic design (yes, no); construction type 

(elevated by columns, built “at- grade” to rest directly on the 
ground, build “at grade” to rest on a foundation, concrete 

pile foundation); presence of side-located inlet-outlet pipes; 
volume (height and diameter), thicknesses; operational 

function (full, nearly full, less than full). 
WSN05 Pipes  Cab free-flow or pressure conduits, buried or elevated. Can 

be categorized according to: location (buried or elevated); 
type (continuous or segmented); material (ductile iron, steel, 
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PVC- ABS, PE, RPM, RTM- asbestos-cement pipes, cast 
iron, concrete, clay); type of joints (rigid, flexible); capacity 
(diameter); geometry (wall thickness); type of coating and 

lining; depth; history of failure; appurtenances and 
branches; corrosiveness of the soil conditions; age; pres-

sure. Moreover, pipes can be categorized according to the 
type of consumer (industries, critical and commercial facili-

ties, housing). 
WSN06 Tunnels Same as per RDN 
WSN07 Canals Can be categorized according to: material (wood, steel, 

concrete); appurtenances and branches location; age of 
construction; geometrical characteristics (width, depth, ca-

pacity); section (orthogonal, trapezoid etc); inclination.   
WSN08 SCADA system Same as per RWN 
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System 7, Waste-water network, WWN 
Type Network, Line-like 
Notes The Waste-water system as a whole is composed of a number of point-like critical facili-

ties  (Treatment plants, Pumping stations) and of the distribution network itself. The in-
ternal logic of the critical facilities and their function in the management of the whole 
system should be modelled explicitly. The network portion of the system is made of: 

pipelines, tunnels. 
Code Name Description 

WWN01 Waste-water treatment plant Complex facilities, which include a number 
of buildings and underground or on ground 
reinforced concrete tank and basins. Con-
ventional wastewater treatments consist of 

preliminary processes, primary settling 
and secondary biological aeration. 

Waste-Water Treatment Plants can be 
categorized by their size (small, medium 
or large) and by the anchorage (or not) of 
their subcomponents and backup power. 
The subcomponents are: Electric Power; 
Chlorination equipment; Sediment floccu-

lation; Chemical Tanks; Electric equip-
ment; Elevated pipe.  

WWN02 Pumping station Lift or pumping stations serve to raise 
sewage over topographical rises or to 

boost the disposals. They can be catego-
rized according to their size (small or me-
dium/large) and by the anchorage (or not) 

of their subcomponents and backup 
power. The following subcomponents may 

be considered in a pumping station:  
Electric Power; Vertical/ Horizontal Pump; 

Building; Equipment.  
WWN03 Pipelines Same as per WSN 
WWN04 Tunnels Same as per RDN 
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System 8, Fire-fighting system, FFS 
Type Network, Line-like 
Notes The Fire-fighting system as a whole can be a separate system or part of the WSN. In 

case it is a separate system, it is composed of a number of point-like facilities  (Fire-
fighters stations, Pumping stations, Storage tanks, Fire-hydrant) and of the distribution 

network itself. The internal logic of the critical facilities and their function in the manage-
ment of the whole system should be modelled explicitly. The network portion of the sys-

tem is made of: pipelines. 
Code Name Description 

FFS01 Fire-fighters stations Vulnerability as per ordinary buildings 
FFS02 Pumping stations Same as per WSN. 
FFS03 Storage tanks Same as per WSN. 
FFS04 Fire-hydrant Can be classified according to their condi-

tion: Operational (yes, no), pressure and 
demand. 

FFS05 Pipelines Same as per WSN. 
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System 9, Electric Power Network, EPN 
Type Network, Line-like 
Notes The Electric-power system as a whole is composed of a number of point-like critical fa-

cilities  (Power generation facilities, Transformation substations, ) and of the Electric 
power transmission network itself. The internal logic of the critical facilities and their func-
tion in the management of the whole system should be modelled explicitly. The network 
portion of the system is made of lines and the supervisory control and data acquisition – 

SCADA – sub-system. 
Code Name Description 

EPN01 Power generation facili-
ties 

Hydroelectric plants, Thermo-electric (combustion) plants (fu-
elled by gas or oil), steam- turbine generating plants (coal- 
fired plants), geothermal generation plants, diesel power 

plants, solar generating facilities, wind, compressed air, nu-
clear generating plants. 

The subcomponents (equipment and backup power) could be 
anchored or unanchored. 

EPN02 Sub-stations Substation equipments can be: entirely enclosed in buildings 
where all the equipment is assembled into one metal clad unit 

or located outside the substation building. They can be an-
chored or unanchored.  

The substation components usually consist of: circuit break-
ers, power transformers, bus (conductors used to carry power 
between equipment and throughout the substation), bus sup-
port structures, control house, disconnect switches, capaci-
tive- coupling voltage transformers, current transformers, 
lightning arrestors, wave traps, some other equipment. 

EPN03 Maintenance and tech-
nical support facilities 

As per ordinary buildings 

EPN04 Lines Transmission lines may be underground or aboveground lines 
supported by tower. Towers are generally steel trusses; carry 
several high voltages circuits;  have up to four feet. Towers 

foundations may be of the shallow or deep types.  
Sub-transmission lines consist of cables supported by steel 

structures (towers, pylons); they can also be buried.   
Distribution system includes wooden or r.c. poles, supprting 

the cables and the voltage transformers; they can also be un-
derground cables. Distribution circuits are standard or seismic 

EPN05 SCADA system Assembly of electric and electronic devices aimed at monitor-
ing the epn functioning parameters; also aimed at preventing 
short – circuits spreading,  via  interruption of the electric con-
nection between short circuited lines and the rest of the epn. 

 

 



 

Sys-
tem 

10, Natural Gas system, GAS 

Type Network, Line-like 
Notes The Natural gas system as a whole is composed of a number of point-like critical facilities  

(Production and gathering facilities, Treatment plants, Storage facilities, Intermediate sta-
tions where gas is pressurized/depressurized or simply metered) and of the Gas trans-

mission/distribution network itself. The internal logic of the critical facilities and their func-
tion in the management of the whole system should be modelled explicitly. The network 
portion of the system is made of lines and of the supervisory control and data acquisition 

– SCADA – sub-system. 
Code Name Description 
GAS0

1 
Production and gathering facility Production facilities consist of onshore facilities (pro-

duction field) or offshore(marine-water) platforms. 
The former is an area encompassing a group of oil 
and gas pools and wells(oil, gas and condensate 

wells. The production facility is complemented by a 
gathering facility, which is a flowline network (surface 

pipeline) and process facilities that transport and 
control the flow of oil or gas from the wells to a main 
storage facility, processing plant or shipping point. 

There are two types of gathering systems, radial and 
trunk line. The radial type brings all the flowlines to a 
central header, while the trunk-line type uses several 
remote headers to collect fluid. The latter is mainly 

used in large fields.The gathering line consists of low 
pressure, low diameter pipelines that transport raw 

natural gas from the wellhead to the processing 
plant. 

GAS0
2 

Treatment plant 

 

The gas is treated to remove any contaminants, wa-
ter, dust or petroleum liquids. The processing can be 
done at the wellhead and at centralized processing 

plants. The actual practice of processing natural gas 
to pipeline dry gas quality levels usually involves four 

main processes: 
• Oil and condensate removal (Separator) 

• Water Removal (Separator, Absorption towers, Ad-
sorption towers) 

• Separation of Natural Gas Liquids: generally in a 
centralized processing plant, there are two basic 
steps: NGL extraction (Absorption Towers, Cryo-
genic Expansion Process with expansion turbine) 

NGL Fractionation(Deethanizer, Depropanizer, De-
butanizer, Butane Splitter or Deisobutanizer) 

• Sulfur and Carbon Dioxide Removal(Amine Absorp-
tion Process) 
Equipment: 

Amine process: Absorber, Regenerator and acces-
sory equipment( Reboiler, Pumps, Condenser, 

Valve, Reflux drum etc) 
NGL Fractionation: Fractionating column and acces-
sory equipment (Reboiler, Reflux drum, Condenser 
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etc) 
Water removal: Regenerator, Contactor and acces-
sory equipment (Absorption);  Adsorption Towers. 

GAS0
3 

Storage tank farms Storage facilities are used for demand floating, 
commercial purposes, and as buffer between trans-

portation and distribution network. There are two 
types of storage facilities: Underground storage fa-
cilities(depleted gas reservoirs, aquifers, salt cav-

erns) and Storage Tanks for Liquefied Natural Gas 
(LNG) that includes pipes and electric components. 
Tanks can be classified as anchored or unanchored. 

GAS0
4 

Stations (Compression, Metering 
Compression/metering, Regula-

tor/metering) 

The natural gas enters the compressor station, 
where it is compressed by either a turbine, motor, or 
engine to ensure that the natural gas flowing through 

any one pipeline remains pressurized. In addition 
compressor stations also usually contain some type 
of liquid separator consisting of scrubbers and filters 
that capture any undesirable particles or liquids  from 
the natural gas in the pipeline. At regulator stations 
gas pressure is reduced as required for the gas to 
enter the distribution system. Metering stations are 

only measurement points. 
GAS0

5 
Regasifier Facility housing an apparatus for regasifying liquified 

products such as natural gas, which include an outer 
pressure vessel, an inner vessel for receiving liqui-
fied gas and a plurality of individually controllable 

heating assemblies stacked within the inner vessel. 
GAS0

6 
Liquifier???  

GAS0
6 

Pipelines 
 

Notes: There are three major 
types of  pipelines used in three 
different transportation systems:  
Gathering system (from wellhead 
to treatment plant, low pressure 

and diameter pipelines);  
Interstate/intrastate system  (from 
treatment plant across states or a 

in a particular state, high pres-
sure and diameter pipelines -‘line 
pipe’; main and lateral pipelines); 

Distribution system (from city 
gates to individual customers, low 
pressure and diameter  pipelines 

) 
 

Pipe typology depends on: 
Location (buried or elevated) 

Material type (PVC, PEAD, Cast Iron, Ductile Iron, 
Steel) 

Material strength 
Diameter (usually Φ75, Φ100- Φ150, Φ200- Φ400, 

Φ500) 
Wall thickness 

Smoothness of coating 
Type of connection (Rubber gasket, Lap-Arc 

Welded, heat fusion, arc or oxyacetylene-gas welds, 
screwed, mechanical restrained) 

Pressure classification 
Design Flow 

One Way or Bi- Directional Feed. 
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GAS0

7 
SCADA  

 

 195 

 



Errore. L'origine riferimento non è stata trovata. 

 

Sys-
tem 

11, Oil system, OIL 

Type Network, Line-like 
Notes The Oil system as a whole is composed of a number of point-like critical facilities  (Pro-

duction and gathering facilities, Treatment plants, Storage facilities, Intermediate stations 
where gas is pressurized/depressurized or simply metered) and of the Gas transmis-

sion/distribution network itself. The internal logic of the critical facilities and their function 
in the management of the whole system should be modelled explicitly. The network por-
tion of the system is made of lines and of the supervisory control and data acquisition – 

SCADA – sub-system. 
Code Name Description 
OIL01 Production and gathering facility Same as per GAS 
OIL02 Refineries Convert crude oil into high-octane motor fuel (gaso-

line/petrol), diesel oil, liquefied petroleum gases 
(LPG), jet aircraft fuel, kerosene, heating fuel oils, 

lubricating oils, asphalt and petroleum coke;  
 

Equipment: 
Centrifuges, Compressors, Cooling towers, Crush-
ers, Crystallizers, Distillation towers and pressure 

vessels, electric power generators, transformers and 
electric motors, electrolysis cell ,evaporators, filters, 

furnaces, gas flares, mixers and blenders, monitoring 
and control systems, piping and valves, pumps, 

steam generators, steam turbines and gas turbines, 
storage tankers, wastewater treatment 

OIL03 Storage tank farms Facilities used to store the fuel products. They in-
clude tanks, pipes and electric components.  

There are four basic types of tanks used to store pe-
troleum products: (1) Floating Roof Tank used for 
crude oil, gasoline, and naphtha, (2) Fixed Roof 
Tank used for diesel, kerosene, catalytic cracker 

feedstock, and residual fuel oil, (3) Bullet Tank used 
for normal butane, propane, and propylene, and (4) 
Spherical Tank used for isobutane and normal bu-

tane. 
OIL04 Pumping stations Pumping plant allows to maintain the flow of oil in the 

pipelines. Pumping plants usually use two or more 
pumps. Pumps can be of either centrifugal or recip-
rocating type. However, no differentiation is made 

between these two types of pumps in the analysis of 
oil systems.   

OIL05 Pipelines Same as per GAS 
OIL06 SCADA  
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Appendix C  

C Relevant research projects and software 

The following tables summarise three software frameworks that could be used as a starting 
point to develop the final product of SYNER-G 

 

Software name Reliability Tools 
Code RT 

Developers Terje Haukaas (Associate Professor) 
Mojtaba Mahsuli (PhD Candidate) 

University University of British Columbia (Vancouver, BC, Canada) 
Project Infrastructure Risk – InRisk 

Strategic Research funded by NSERC (Natural Sciences and En-
gineering Research Council of Canada) 

Main features  
- Rt is a free computer program for reliability analysis. It is written in 
C++. It contains the classical analysis tools, including FORM and 
sampling. A distinguishing feature is its focus on the probabilistic 

models that enter the reliability analysis. Although the option of al-
gebraic limit-state expressions is readily available, modern reliabil-

ity analysis entail more complex models. Comprehensive hazard 
models, finite element infrastructure models, and wide-ranging con-

sequence models are included. 
 

- Rt is object-oriented and fully parameterized. The user creates in-
dividual objects for parameters (random variables, decision vari-

ables, constants, and model responses), as well as for the models. 
The communication between models is a pioneering feature, which is 
facilitated by this parameterization. Importantly, other engineering 
software can be employed as a model. Interfaces with OpenSees 
and EMME are already included and more, such as Matlab, Tcl 

and SAP2000 is underway. 
 

- It is possible to generate earthquakes whose epicentres lie on a 
line between points A and B or are included in a rectangle or a cir-
cle. There are a number of available distribution functions to gen-

erate the locations. 
 

- St is part of the Rt software, but it can also be used as a stand-
alone deterministic structural analysis software. St is a program for 
linear elastic analysis of 3D structures. Presently, St includes truss, 
frame, and quadrilateral 2D elements that can have any orientation 
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in 3D space. However, the current version is a beta release and 
does not include features such as dynamic analysis, element 

loads, springs, settlements, displacement dependencies, and code 
checks. The user interface echoes that of Rt. In fact, the parame-

terization of St and Rt is identical. As a result, any structural model 
created in St can be directly used as a probabilistic model in Rt. In 
this manner the input parameters to the St structural model may be 

characterized as random variables or even responses from up-
stream hazard models, and the St response can enter downstream 

consequence models. 
Interface  

- User-Friendly Environment and Graphical User Interface (GUI) 
Written 
with Qt. 

 
- Rt features a pioneering user interface. Multiple panes are avail-

able to create data and analysis tools. Various plots visualize input 
and results. A link with Google Maps visualizes regional results. The 

user can even change analysis parameters while the analysis is run-
ning. 

Website  
The Rt software can be free downloaded at 

http://www.inrisk.ubc.ca/software.htm 
some examples, video-tutorials and manuals are also available 

Software name MAEviz 
Code MAEviz 

Developers Amr Elnashai (Professor) 
Bill Spencer (MAE Center) 
Jim Myers (MAE Center) 

Shawn Hampton (MAE Center) 
University University of Illinois (Urbana-Champaign, IL, USA) 

Project Mid-America Earthquake Center Seismic Loss Assessment Sys-
tem; 

MAEviz development is supported by the Mid-America Earthquake 
(MAE) Center through the Earthquake Engineering Research Cen-

ters Program of the National Science Foundation under NSF 
Award No. EEC-9701785. 

Main features  
- MAEviz is an open-source software. 

 
- MAEviz integrates spatial information, data and visual information 

to perform risk assessment and analysis.  
 

- MAEviz follows the Consequence-based Risk Management 
methodology using a visually-based, menu-driven system to gen-
erate damage estimates from scientific and engineering principles 
and data, test multiple mitigation strategies, and support modeling 

efforts to estimate higher level impacts of earthquake hazards, 
such as impacts on transportation networks, social, or economic 
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systems. It enables policy-makers and decision-makers to ulti-
mately develop risk reduction strategies and implement mitigation 

actions. 
 

- MAEViz is built upon the Automated Learning Group's Data to 
Knowledge (D2K) software framework. D2K is a visual pro-

gramming environment that allows users to connect program-
ming modules together to build applications. It supplies a core 
set of modules, application templates, and a standard API for 
software component development. The D2K framework inte-
grates distributed computational and data management re-
sources to support collaboration and larger-scale analyses. 

 
- The MAEviz Analysis Framework has several extension points 
that are designed to provide users with as much flexibility as re-
quired by new algorithm(s). The algorithm logic can be imple-

mented as java or it can use existing C, C++ executables. 
 

- Inventory -  buildings, bridges, pipelines, dams, hospitals, power 
plants, etc. 

- Network information - transportation, gas, water, electricity, tele-
communications, etc. 

 
- Engineering Models Fragility 

- Social-Economic Models Fragility 
 

Analysis Types Include: 
Building 
Bridge 
Hazard 
Lifeline 

Socioeconomic  
 

- Geographic information system (GIS) capabilities are provided by 
the open source GeoTools. 

Interface  
- MAEviz uses a visually-based, menu-driven system. 

 
- 2d and 3d mapped visualizations of source and result data  

- Visual workflow system, providing user-friendly views into the in-
puts and outputs of analyses  

- Table, chart, graphs, and printable reports for result data 
Websites  

The MAEviz software can be free downloaded at 
http://mae.cee.uiuc.edu/software_and_tools/maeviz.html 

some presentations and demostrations are also available; 
 

At http://alg.ncsa.uiuc.edu/do/tools/maeviz 
some demos and tutorials are available 
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Software name Hazards U.S. Multi-Hazard 
Code HAZUS-MH 

Developer Federal Emergency Management Agency (FEMA) 
University  

Project Developed by the Federal Emergency Management Agency 
(FEMA) under contract with the National Institute of Building Sci-

ences (NIBS) 
Main features  

- HAZUS (Hazards U.S.) was originally developed in the 1990s by 
FEMA to account for earthquakes. The current version, Hazards 
U.S. Multi-Hazard (HAZUS-MH) is a methodology that estimates 
potential losses from earthquakes, hurricane winds and floods. 

 
- It is closed source and is developed entirely for U.S. scenarios. 

 
- The current version is HAZUS-MH MR4; it includes updated 

schools and transportation data and allows for changeable popula-
tion and changes to the fire modules after earthquakes. 

 
- The inventory is classed based on 36 different types of building 
based on construction standards and material as well as size and 
building use. The software uses C++ and Visual Basic routines to 

implement loss models and Microsoft SQL as a relational database, 
interfacing also with ArcGIS and many other GIS programs in order 

to express the damage states for the building stock and lifelines. 
 

Main modules of Hazus-MH 
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- HAZUS-MH is closed source, but the mathematics of the methods 
as well as most of the functions have been reproduced and shown 
by Porter (2008c), EQRM, SELENA, MAEviz, HAZ-TAIWAN and 

numerous other open-source software and documents on the inter-
net. 

 
- The HAZUS-MH Earthquake Model provides loss estimates of 

damage and loss to buildings, essential facilities, transportation and 
utility lifelines, and population based on scenario or probabilistic 

earthquakes. The model addresses debris generation, fire-
following, casualties, and shelter requirements. Direct losses are 

estimated based on physical damage to structures, contents, inven-
tory, and building interiors. Specialized capabilities include adding 
new custom building types and importing U.S. Geological Survey 
(USGS) Shake Maps and optimized software for faster perform-

ance during rapid loss assessment. The latest version of HAZUS-
MH updates the probabilistic maps with the latest version from 

USGS. The earthquake model includes the Advanced Engineering 
Building Module for single- and group-building mitigation analysis. 

 
- Since the early 1990s, when HAZUS development was initiated, 
there has been considerable interest within the international com-
munity in the application of the HAZUS loss estimation methodol-

ogy and software application for international use. The National In-
stitute for Building Sciences (NIBS) has led efforts on behalf of 

FEMA to evaluate steps that need to be taken to develop an inter-
nationally applicable version of HAZUS. Examples are HAZTURK 

and HAZ-TAIWAN. 
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Interface  
HAZUS-MH displays the analysis both through GIS maps and ta-

bles. 
Website  

http://www.fema.gov/plan/prevent/hazus/hz_overview.shtm  
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