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ABSTRACT 

In the last years the assessment and management of seismic risk in the manufacturing 

industry has received a continuously growing interest, due to the significant 

consequences, both direct and indirect, that can be triggered by earthquakes (e.g. 

(Tohoku, 2011; Emilia, 2012).  

The present thesis is focused on the development and the application to real case-

studies of different procedures for seismic risk assessment and management in the 

industrial and insurance fields. The research addresses to the problem at different 

scales: (i) a ñlarge scaleò, typically the one of interest of the insurer, at which the 

number of buildings to deal with is of hundreds or thousands; a ñmeso scaleò, typically 

the one of large industrial groups, at which the number of building is of tens to 

hundreds; (iii) a ñsite-specificò scale, that is the one of interest for a single plant. 

At each one of the previously listed scales, a different procedure has been proposed. 

At the ñlarge scaleò, a detailed assessment of vulnerability is, in general, unfeasible. 

Therefore, a prioritization scheme has been developed with the purpose of analysing a 

portfolio of structures and ranking their seismic risk in a coherent manner, in order to 

define a priority scale for further, more detailed, investigations. This approach is based 

on the evaluation of a conventional (or ñnominalò) seismic risk index, on the basis of 

extremely poor and easy to retrieve data, at least the year of construction and 

geographic location, for the production of which it is not required any visual inspection 

of the structures. This index is defined as the gap between the current seismic demand 

and the seismic capacity, the latter evaluated on the basis of seismic demand at the time 

of the design, assuming a perfect code compliance. In the case of structures not 

designed in a seismic zone, the horizontal capacity may be obtained from the design 

for other horizontal actions, such as that from wind. In order to implement the 

proposed prioritization scheme and compare it to other similar ones, available in 

literature, a tool named ñNODE ï NOminalDEficit ï v1.1. betaò  has been developed.  

This tool enables to compute location-specific code-based horizontal performance 

demands, according to Italian code and seismic classification evolution since 1909. 

Moreover it contains the evolution of wind design and a map of soil categories 

according to current seismic regulations for the whole Italian territory.  

Thanks to the collaboration with AXA Matrix Risk Consultants, this approach has been 

applied to a real case-study of 19 Italian industrial plants, visually surveyed by means 

of knowledge forms realized ad-hoc.  
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At the ñmeso scaleò, the number of buildings to deal with is of hundreds or thousands. 

It is believed that at this scale it is possible, according to the resources of the 

stakeholder, to achieve a level of knowledge about the structures sufficient to allocate a 

fragility curve to each structure of the portfolio or to classes of structures individuated 

in the portfolio. The proposed approach, therefore, consists in the rapid computation of 

expected loss due to earthquakes by the integration of hazard, fragility and exposure. 

Although the use of fragility curves can be considered a well-established methodology 

for computing seismic risk, significant differences exist among fragility functions 

computed in different geographical contexts, reflecting the differences in structural 

typologies, construction practice and materials. Therefore their practical use requires 

instruments for their managing, conversion and  use  along with hazard and exposure. 

In order to overcome this shortcomings, the software suite named ñFRAME - Fragility-

based rapid seismic Risk AssessMEnt - v.1.0 betaò has been developed with the aim of 

providing for the management, the manipulation and the homogenization of an 

inventory of fragility curves. The inclusion in the software of seismic hazard at the 

global scale and the possibility of including exposure allow the computation of the 

expected losses worldwide. 

At the ñsite-specific scaleò, the analysis of the seismic performance of an existing steel 

building has been performed in order to provide for the lack in fragility curves 

available in literature for this specific structural typology and to compute failure 

probabilities. The latter represent the most rational basis for assessing loss estimates 

and computing insurance premiums. Such an approach to seismic risk assessment, 

extremely demanding in terms of time and computational burden, is proposed to be 

applied at the scale of the single building, of a plant or, of a limited number of plants. 

The analysed structure is the main workshop building of one of the most risk-prone 

plants of the case-study portfolio, as resulting from the prioritization analysis. The 

study of such a structure, designed according to obsolete structural codes about both 

the definition of the seismic design action and the design of steel structures, allows to 

enlighten and critically discuss some peculiar modelling aspects. Moreover, some 

findings deriving from non-linear response history analysis, related to the onset of 

different failure modes and the inclusion of residual drift in the assessment, have been 

discussed.  

Although on principle independent each other, the three procedures outlined in the 

thesis can be structured in order to provide a unified framework for management and 

assessment of seismic risk of large dimensions structural portfolios. 
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Chapter 1 ï BACKGROUND AND MOTIVATION  

1.1. Framework 

In recent years the number of disasters following natural events worldwide has been 

rapidly raising. The World Bank (IEG, 2007) has reported that, from 1975 to 2005, the 

amount of disasters has increased by about 400% and recent studies have observed a 

death toll of about 699,000 deaths since the beginning of the decade due to large 

earthquakes (Holtzer and Savage, 2013). Looking at the losses due to earthquakes in 

the last Century (Fig. 1.1), casualties, direct and indirect losses, show a continuously 

increasing trend. This is due to the urbanization, which tends to concentrate people and 

goods exposing them to natural hazards more than in the past. Moreover, in the 21
st
 

century, an increasing in the death toll due to large catastrophic seismic events 

(>100,000 deaths) is expected, that could be estimated in 2.57 ± 0.64 million (Holtzer 

and Savage, 2013) 

 

 
Figure 1.1 Worldwide socio economic trends to earthquakes (1900-2011). Cumulative deaths 

and economic losses related to global 2011dollar GDP and population (Daniell and Vervaeck, 

2011). 

 

As regards specifically the industrial field, recent earthquakes in industrialized 
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countries (e.g., Tohoku, 2011, Emilia 2012) have shown the importance of performing 

seismic loss assessment in the manufacturing industry, because of the significant 

consequences caused by earthquakes in terms of property damage, business 

interruption and casualties. For example, The Great Tohoku Earthquake of 2011 and 

the subsequent tsunami caused approximately 19,295 deaths, a direct economic loss 

between 295 and 374 billion USD and an estimated total economic loss between 479 

and 710 billion USD, corresponding to 10ï15% of GDP (Daniell and Vervaeck, 2012). 

Moreover, serious losses were caused to the automotive and hi-tech worldwide 

industry, leading to production downtimes all over the World (MunichRe, 2012).  

The previous issues have lead, in the last years, to a significant growing interest of the 

industry, insurance and research in the assessment of the seismic risk in the 

manufacturing industry. In fact, industry has a primary interest in efficient risk 

management procedures, insurance can use earthquake loss assessment to compute the 

premiums on rational basis, and research can provide the scientific instruments in order 

to quantify and manage/mitigate seismic risk.    

In this context, the AXA Matrix Risk Consultants entered into a three-year agreement 

with the Department of Structures for Engineering and Architecture of the University 

of Naples Federico II, Italy, aimed at developing procedures for the seismic risk 

assessment and management of manufacturing industrial structural portfolios.  

This implies addressing the problem of seismic risk assessment and management at 

different scales, which may vary from the one of a large size portfolio, composed of 

thousands of structures, to that of the single building.  

As it can be observed in Figure (1.2), the first scale is typically the one at which the 

insurer operates, having to assess the seismic risk, in the most general case, for a 

portfolio of industrial groups. Each industrial group (e.g., a Corporate) can be 

structured, depending on its dimensions, in one or more plants (e.g., subsidiaries, local 

plants), worldwide spread and related each other by the supply chain. Each plant, in its 

turn, can be composed of a large variety and amount of structures, extremely different 

one another.   

It is worth noting that in Figure (1.2), a schematic representation of the structure of 

large industrial groups is presented, with the aim of emphasizing the hierarchical 

organization and the differences in the scale of the object of the analysis in terms of 

number of structures to deal with (suppliers are, on purpose, neglected). 

The above considerations suggest that a detailed assessment of seismic risk for each 

structure of the portfolio under investigation could not represent a suitable approach to 

seismic risk in the case of large industrial groups, insurance companies and risk 

consultants. In fact, such an approach would require an amount of resources, both 

financial and of time that is in general unavailable.  
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Figure 1.2 Schematic representation of the different scales (in terms of number of buildings) of 

seismic risk assessment and management in industry. 

 

Therefore, it seems more suitable to approach the problem in a scale-dependent way, 

distinguishing: : 

¶ a ñlarge scaleò: it is the scale of main interest for insurers, reinsurers and risk 

consultants, assessing the risk for a portfolio of industrial groups The number 

of buildings expected at this scale is typically of hundreds to thousands. The 

knowledge about the structures composing the portfolio can be only limited 

and the interest of the stakeholder is primarily in the assessment and 

management of the risk from a ñglobalò point of view, for example by ranking 

the risk across the whole structural portfolio.  

¶ a ñmeso scaleò: it is the scale of interest for large industrial groups, as well as 

for insurers. The number of buildings expected at this scale is of tens to 

hundreds, that is to say those composing a plant or a (limited) group of plants. 

A more detailed knowledge about the structures can be achieved. and this 

might allow a gross quantification of the losses from the plant in the case of an 

earthquake. In fact, it seems reasonable to assume that, at this scale, at least a 

visual survey of the structural portfolio could be feasible. 

¶ a ñsite-specific scaleò: it is the scale of primary interest for small industrial 

groups or single plants. The number of buildings expected at this scale ranges 

to the single building to tens. Primary interest is to quantify the expected loss 

due to earthquakes and eventually to reduce it by means of risk reduction 

strategies. In fact, at this scale, the knowledge about the structure could be 

sufficient to perform an analytical assessment of seismic risk. 
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Therefore, the need for different procedures that may operate at the different scales 

arises. Finally, it is worth to underline that the scales to which this study is referred to 

are expressed in terms of number of buildings to deal with; the problem of spatial 

distribution of plants or buildings is not addressed in this thesis. 

1.2. Objectives of the study  

The primary objective of this thesis is to face the problem of seismic risk assessment 

and management of industrial building portfolios at the different scales presented in the 

previous section, with reference to a real case-study portfolio of industrial buildings.  

The procedures that can be followed for risk assessment and management are strictly 

related to the number of buildings to deal with, that influences the input data that is 

possible to gather (i.e. the knowledge), the methodology that is possible to implement 

and the output (i.e. the objective) of the assessment.  

As it can be observed in the Figure (1.3),  at the three different scales of the problem 

the following procedures have been implemented in this thesis: 

 

At  ñlarge scaleò, a Risk management procedure based on Nominal deficit (also 

referred to as ñlarge scale procedureò in the following) is proposed with the purpose of 

analysing a portfolio of structures and ranking their seismic risk in a coherent manner, 

in order to define a priority scale for further, more detailed investigations. This 

approach is based on the evaluation of a conventional (or ñnominalò) seismic risk 

index, on the basis of data extremely poor and easy to retrieve, for the production of 

which it is not required any visual inspection of the structures (ñdesk studyò or ñoff-

lineò assessment), or only a rapid visual screening. On the base of these assumptions, 

the output of such a procedure is a relative measure of the seismic risk.  

In order to implement such a procedure for the Italian context, the NODE ï NOminal 

DEficit - v.1.1 beta software was developed. 

 

At the ñmeso scaleò, a Fragility -based rapid seismic risk assessment procedure (also 

referred to as ñmeso scale procedureò in the following) is proposed. It consists in the 

explicit calculation of earthquake expected losses and it has been implemented 

worldwide by means of a software suite realized for the purpose (FRAME ï Fragility-

based rapid seismic Risk AssessMEnt, v.1.0 ï beta). This approach is thought to be 

applied at the scale of the single building, as well as to that of the single industrial plant 

or groups of industrial plants (tens or hundreds of buildings). In fact, at this scale, it is 

possible to achieve a level of knowledge of the building, such that a fragility function 

can be associated to the building, selecting it from those available in literature or 

computing it ad-hoc. This one can be used in conjunction with hazard and exposure to 
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assess the expected losses even if with significant approximation. 

 

At the ñsite-specific scaleò, the methodologies for computing losses due to earthquakes 

by means of mechanical modelling are rather well consolidated. Nevertheless a lack in 

fragility curves for specific industrial buildings is still present in literature; therefore, 

an analytical evaluation of the seismic risk (also referred to as ñsite-specific scale 

procedureò in the following), can be performed in order to develop fragility curves and 

to compute failure probabilities in a Performance Based Engineering (PBEE) approach. 

These can be employed for a rational evaluation of the losses due to earthquakes or 

insurance premiums. 
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Figure 1.3 Scheme of the three scale-dependent procedures for seismic risk assessment and 

management dealt in the thesis. 

 

The  ñlarge-scaleò procedure for risk management has been applied to a real case study 

portfolio of Italian plants, belonging to one of the most important Corporate groups 

clients of AXA Matrix. The ñsite-specific scaleò analytical evaluation of seismic risk 

has been applied to one industrial building belonging to the abovementioned case-

study portfolio.  

It should be noted that the three procedures outlined above are to be intended as 

alternative, i.e. the stakeholders can implement one of them according to the size of the 

portfolio under investigation.    

Nevertheless, considering a large dimension structural portfolio, the three procedures 

could be linked together, as represented in Figure (1.4), in order to create a risk 



Chapter I ï Background and Motivation 
______________________________________________________________________________________________________________________________ 

 

6 

management framework, operating as described hereinafter.  

In a first step, on the basis of poor information, a large-scale procedure (i.e. a 

prioritization analysis of the portfolio) could be implemented, in order to select a 

number of buildings mostly exposed to risk. This portion of the portfolio, selected as a 

function of the available resources, could be inspected more in details and analysed by 

means of a second level procedure, given that a fragility curve is available for all the 

structures under investigations. Otherwise, an analytical evaluation of the fragility 

could be performed. In this way, the computed fragility curve could be added to the 

inventory of curves in the availability of the stakeholder.  

Finally, it is worth to underline that, although it is known that a large part of losses in 

case of earthquakes are due to non-structural components and contents, in this thesis 

this issue is not directly addressed but only structural seismic risk is faced. In fact, the 

problem of the structural seismic risk assessment at different scales has been believed a 

priority.   

 

Fragility curve available?
YESNO

Fragility-based Rapid Risk 
assessment

START of Portfolio Analysis

Prioritization analysis based on 
Nominal Deficit

Knowledge of poor data 
(off-line or rapid screening)

Knowledge level sufficient 
to associate a fragility curve

Analyticalevaluationof seismic

Compute earthquake losses

Fraction of 
structures most 
exposed to risk

Large Scale 

procedure

Mid Scale 

procedure

Small Scale 

procedure

Full Knowledge

 
 

Figure 1.4 Framework for seismic risk assessment and management of large industrial 

portfolios. 
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1.3. Outline of the thesis 

In Chapter 2, some general concepts regarding seismic risk assessment and its 

individual components are given first. In particular, available approaches to hazard, 

vulnerability, loss estimation, and risk mitigation strategies are briefly reviewed. 

In Chapter 3, the case-study portfolio is presented. It consists of Italian plants, 

investigated by means of visual survey forms realized ad-hoc. Such forms provided the 

information necessary to apply the ñlarge scaleò prioritization analysis, specific object 

of Chapter 4. In this Chapter a review of risk management frameworks is performed 

first with particular emphasis on those ones employing ñnominal deficitò for measuring 

risk. Subsequently, the proposed ñlarge scaleò procedure, based on ñnominalò risk 

indices, is presented and compared with other similar approaches available in 

literature. The NODE ï NOminal DEficit - v.1.0 beta software is then presented and 

employed for the analysis of the case study. The results of the comparison are critically 

discussed.  

In Chapter 5 the ñmid-scaleò procedure is discussed and, after a review of the fragility 

curves available in literature and a discussion about their main differences in terms of 

intensity measure and limit states, the FRAME ï Fragility-based rapid seismic Risk 

AssessMEnt ï v1.0 beta software suite is presented. 

In Chapter 6, the analysis of the seismic performance of an existing steel structure, 

selected from the case-study portfolio, is performed. Some general modelling issues, 

that can characterize the seismic behaviour of existing steel structures, are highlighted 

and critically discussed. Fragility curves and failure probabilities are also computed. 

In Chapter 7, the general outcomes deriving from the developing and the application 

of the proposed procedures are, finally, discussed.   
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Chapter 2 ï BASICS OF SEISMIC RISK  

2.1. Definition 

Seismic risk can be defined as the probability that a pre-defined level of losses due to 

earthquakes is exceeded within a given reference period, in a specific territorial area of 

interest. By its definition, seismic risk is "cumulativeò because it accounts for the 

overall losses, including fatalities, injuries and social-economic losses, generated by 

different earthquakes, evaluated in a given time period. Seismic risk is also ñdynamicò, 

since the variables which influence it continuously change over time, as well as in 

space. Seismic risk can be estimated at different territorial scales, from the global or 

regional one to that of a specific site, therefore the loss can be referred to an individual 

structure, to a business, to a community or to the entire infrastructure of a nation. It can 

also be expressed either in monetary terms (e.g. the repairing cost, loss of revenue, 

etc.), casualties (e.g. injuries and deaths) or loss of functionality (e.g. downtime) and 

its evaluation involves different scientific fields: seismology, geophysics, geology, 

geotechnical engineering, structural engineering, regional and urban planning, 

insurance engineering and estimo.  

Seismic risk is a function of three main components: the seismic hazard; the seismic 

vulnerability and the exposure. 

The seismic hazard represents any physical effect, both direct (such as the shaking of 

the ground) and induced (e.g. unstable slopes or the liquefaction of saturated loose soil) 

due to a seismic event, capable to cause adverse effects on human activities. 

The seismic vulnerability is, on the contrary, the component of risk not attributable to 

the site but to the physical environment, both artificial and natural. In the simplest 

terms, it is the susceptibility of the physical environment to be damaged by seismic 

events with a given intensity.  

The exposure term takes into account the location, consistency, quality and quantity of 

assets and activities that may be affected directly and indirectly by the seismicity of the 

site. Therefore, it represents an economic, in the broadest sense, quantification of the 

potential losses. Seismic hazard and vulnerability are linked together by a cause-effect 

relationship and their joint evaluation allows to obtain a probabilistic description of the 

damage due to seismic events (frequency of exceedance of a given damage level, in 

most cases). Exposure represents the translation of this probability into seismic risk 

(frequency of exceedance of loss). The ultimate goal of risk assessment is to provide 

elements for a rational decision-making and to implement risk management strategies.  
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2.2. Seismic Risk assessment 

The Pacific Earthquake Engineering Research (PEER) framework (Cornell and 

Krawinkler, 2000; Krawinkler and Miranda, 2004; Moehle and Deierlein, 2004) 

represents the best current practice for seismic loss assessment of individual structures 

and a reference for modern large-scale loss assessment procedures.  

It was developed with the primary objective to improve decision making procedures 

with regards to the seismic performance of facilities, therefore, it expresses the seismic 

risk as the exceeding rate of a Decision Variable (DV) that can represent a cost, the 

length of downtime, the number of casualties or any other variable useful to guide the 

stakeholder in the decision making. A key and preliminary issue in the seismic loss 

assessment process is, therefore, the identification and quantification of the decision 

variables of primary interest to the decision makers.  

The PEER procedure is illustrated in Figure (2.1). It is composed of the following four 

stages: hazard analysis, consisting in the quantification of the frequency and intensity 

of earthquakes and of the ground motions that represent the effects of earthquakes at a 

particular site (see Section 2.3.1); structural analysis, aimed at the quantification of the 

structural response parameters; damage analysis, that is the quantification of damage 

states and their relation to response parameters (the last two are briefly dealt in Section 

2.3.2), and loss analysis, involving evaluation of monetary loss, downtime and 

casualties, and their consequences for the owner and society (see Sect. 2.3.3) . 

 
Figure 2.1  Overview of PEER seismic loss assessment methodology (adapted from 

Krawinkler, 2005) 

 

In the hazard analysis phase, the frequency of exceedance of an Intensity Measure 

(IM) of the ground motion at the site is calculated. The IM is a parameter directly 

correlated to the ground shaking at the site of interest, that could be a scalar (e.g the 

elastic spectral acceleration at the fundamental period of the structure, Sa(T1)), as well 
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as a vector (e.g. a combination of the peak ground acceleration, PGA, and Sa(T1)). The 

latter chose have shown some advantages in describing the ground motion (Baker and 

Cornell, 2005), especially in the case of near fault ground motions (Alavi and 

Krawinkler, 2004). As discussed in Section (2.3.1), the hazard analysis can be 

performed both deterministically and probabilistically. In the latter case, the output of 

the analysis is the mean annual frequency of exceedance of IM, namely l(IM), also 

known as hazard curve.    

In the structural analysis phase, an analytical modelling of the building is performed to 

the aim of obtaining a vector of Engineering Demand Parameters (EDPs). An EDP is a 

structural response parameter that correlates well with damage in structural and non-

structural components and contents of the structure. Examples of suitable EDPs are the 

interstorey drift or force demands to structural members, or any other structural 

parameter which allows controlling the evolutionary state of the structure up to 

collapse. Other examples are given in (Porter, 2002) or in ATC 58-2 document (ATC, 

2004). The relationship between EDPs and IMs is typically obtained through inelastic 

dynamic analyses, but also other simplified methods among those presented in Section 

(2.3.2) can be employed. The output of this process, which is often referred to as 

Probabilistic Seismic Demand Analysis (PSDA), is [ | ]P EDP edp IM im² = , which is 

the conditional probability that the EDP exceeds a specified value edp, given that the 

IM is equal to a particular im. The integration of the previous probability over the 

hazard curve provides the mean annual frequency of exceedance of the EDP, ( )EDPl , 

reported in Figure (2.1). Details about PSDA are given in Chapter 6 or in (Jalayer, 

2003).  

In the damage analysis phase, the chosen EDPs are related to the damage measures in 

building components. These ones can be classified into structural components, non-

structural components and contents. For each component of interest, a Damage 

Measure (DM) is defined, describing the level of damage experienced during an 

earthquake. The output of the damage analysis stage is a relationship between the 

EDPs and the DMs expressing the probability of being in a damage state dm, given that 

the EDP is equal to a given value edp, that is [ | ]P DM dm EDP edp= = . For example, 

referring to a building, the latter is the probability of observing various levels of 

damage to individual beams, columns, non-structural partitions, or building contents, 

as functions of various internal member forces, story drifts, etc. Such relationships, 

referred to as fragility, are computed, in general, by means of analytical modelling, 

laboratory test or field experience (Eberhard et al., 2001).  

In the last phase of the PEER procedure, that is loss analysis, the losses (i.e. DVs) due 

to the chosen DMs are evaluated. While DMs are defined at the component level, the 

DVs are defined at the system or building level. If the fragility functions for all 
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relevant damage states of all relevant components are known, the DVs of interest can 

be evaluated either directly or by means of cost functions that relate the damage states 

to repair/replacement costs (Aslani and Miranda, 2005; Mitrani-Reiser, 2007).  

The steps previously described can be summarized in the following equation: 

( ) ( ) ( ) ( ) ( )| | |

dm edp im

dv G dv dm dG dm edp dG edp im d iml l=ñ ññ  (2.1) 

expressing the mean annual frequency (MAF, l) of exceeding of a DV. In Eq. (2.1), 

the function G(x|y)=G(X²x|Y=y) is the complementary cumulative distribution 

function (CCDF) of X given Y; dG(x|y) and dl(z) are the differentials of G(x|y) and 

l(z). 

In Eq. (2.1), the damage measure is assumed to be a continuous random variable. 

However, it is common to deal with building or system components that are associated 

with discrete repair or replacement actions. Therefore, it was proposed (Miranda and 

Aslani, 2003; Krawinkler and Miranda, 2004) to compute earthquake losses 

considering discrete damage states triggering repairing or replacing actions for the 

components under consideration. In this case, the relationship between the EDP and 

DM  is obtained, in practice, subtracting the probability of exceeding two subsequent 

damage states, given the value of EDP. 

Such an approach presents the advantage of separating the computation of seismic risk 

into discipline-specific contribution (seismology, structural engineering, cost analysis, 

decision making). The key assumption is conditional independence of DV and DM 

from IM, of DV from EDP and IM. This implies that intermediate variables EDP and 

DM, used to relate IM to DV, are chosen so that the conditioning information is not 

ñcarried forwardò. So, for example, the EDPs should be selected so that the DMs (and 

DVs) do not also vary with intensity, once the EDP is specified.  Similarly, the 

intensity measures (IM) should be chosen so that, once it is given, the dynamic 

response (EDP) is not also further influenced by, say, magnitude or distance to the 

source.(Krawinkler, 2005) 

The presented framework is coherent with Performance Based Earthquake Engineering 

(PBEE) approach (Cornell and Krawinkler, 2000). According to PBEE, the design of a 

new structure and the assessment of the seismic performance of an existing one have to 

comply a discrete number of ñquantitativeò requirements (structural or economic) 

corresponding to ñqualitativeò performance levels.  

The definition of these performances were firstly addressed by SEAOC Vision 2000 

(SEAOC, 1995) and subsequently in ATC-32 (1996a), ATC-40 (1996b),  FEMA 356 

(ASCE, 2000). The matrix in Figure (2.2) relates four earthquake performance levels 

with design earthquake levels expressed in terms of return period (see Sect 2.3.1). The  
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coupling of  a  specific  seismic  intensity  level with  a  performance  level  of  the  

structure  is  the    performance  objective. Different earthquake performance levels 

have been defined in literature, associated to different loss levels due to earthquake. 

Some of them are reported in Figure (2.3), overlapped to a typical base shear-top 

displacement evolutionary response of a structure (i.e. pushover curve).  

 

  
Figure 2.2  Vision 2000 recommended seismic performance objectives for buildings (Porter, 

2003 after SEAOC, 1995); 

 

 

Figure 2.3  Illustration of performance-based earthquake engineering (from Parisi, 2010 after 

Hamburger) 

 

If reference is made to these performance objectives, the PEER methodology allows to 

perform a Performance Based Assessment (PBA), and to  estimate the frequency with 

which a particular performance metric will exceed various levels for a given design at a 

given location.   
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According to PBEE, the structural behaviour has to be checked with respect to given 

ñlimit statesò, i.e. conditions after which the structure no longer meets the required 

performance levels, also referred to as ñfailureò. A structural limit state is usually 

defined by the structural behaviour at the onset of structural demand being equal to the 

capacity corresponding to that limit state. 

More in detail, matching a performance level can be expressed by the values assumed 

by a so-called limit state function, generally defined so that, if non-positive, the failure 

condition is reached. Considering, as an example, a simple limit state function defined 

as the difference between the seismic demand, D, and the seismic capacity, C, the 

failure rate can be expressed as:  

[ ] ( )|f
im

P D C im d iml l= ² Öñ  (2.2) 

The term C in the previous equation, is the capacity for the specific limit state. 

The failure probability can be expressed, assuming an homogeneous Poissonôs 

stochastic model, as: 

1 f LT

fP e
l-

= -  (2.3) 

where TL is the reference time period
1
. If reference is made to the annual probability of 

exceedance of a given value of im, Eqs. (2.3) and (2.4) provides approximately the 

same result. The term P[DÓ C|im] or, equivalently, P[failure|im], is usually referred to 

as fragility curve or fragility function. It expresses the probability of exceeding a 

specific limit state (i.e. structural performance), given IM= im. 

2.2.1. Loss estimation 

There are many possible measure of economic loss that can be used to express the 

seismic performance (Miranda and Aslani, 2003; Aslani and Miranda, 2005; Zareian 

and Krawinkler, 2009). The ATC 58-1 project (ATC, 2003), aimed at the 

communication of seismic risk to stakeholders, concluded that while some 

stakeholders, in order to make decision, find more useful to work with simple measure 

of economic losses (such as the annual expected loss), others prefer more complex 

measures (such as the exceedance probability of a single earthquake loss in a given 

time period or the probable maximum loss associated with a major earthquake).  

Some measures of the loss, ordered by increasing level of complexity are: 

¶ The expected loss for a given earthquake scenario. This measure of the risk 

expresses the average loss in an earthquake scenario, defined by a given 

                                                 
1
 This period is the time interval in which earthquakes are observed. From a design standpoint, 

it is related to the nominal life of the construction, its expected occupancy level, and its 

importance for civil protection purposes. 
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ground motion intensity IM, with a given return period. It corresponds to the 

expected value of the total loss, conditioned to a given IM=im: 

[ ]|E L IM im= . 

¶ The expected loss for a set of earthquake scenarios. This measure of the risk 

provides the average loss for a family of earthquake scenarios. It can be used 

to obtain the variation of the average losses at increasing IMs. .  

¶ The annual expected loss. This measure provides the average loss produced in 

the building every year. Referring to a given structural performance (failure) 

and to the annual probability of failure, Pf, it is computed from the following 

equation: 

[] [ ]| fE L E L failure P= Ö (2.4) 

The measures described above, do not express any information about the dispersion of 

the losses around average values, therefore, improved and more informative measures 

of the loss can be: 

¶ The probability of exceeding a specific loss in a given earthquake scenario.  

This measure provides information about the possibility of facing an economic 

loss larger than a given amount, l, in an earthquake with an intensity im: 

P[L>l|IM=im ].  

¶ The probability of exceeding a specific loss for a set earthquake scenario.  It 

is the previous measure, repeated for different earthquake scenarios with 

increasing IM. 

¶ The probability of having a loss equal to or larger than a given amount. This 

measure combines the probability of exceeding a given loss in a scenario 

earthquake, characterized by a specific im, with the annual probability of 

exceeding a ground motion intensity equal to or larger than im. It can provide 

the loss amount associated with a particular probability of being exceeded (e.g. 

the total loss that has the 2% of probability of being exceeded in 50 years).  

The assessment of losses is not a specific purpose of this thesis, nevertheless, some 

measures of loss are considered, reflecting the approaches proposed at different scales. 

In risk prioritization analysis (Chapter 4) a relative index accounting for potential 

losses (in terms of monetary losses, business interruption and life losses) is considered, 

therefore no explicit computation of earthquake losses is given. In the procedures 

outlined in Chapters 5 and 6, two possible metrics of losses are considered: the 

expected loss given an earthquake scenario and the annual expected loss. These metrics 

were adopted, although synthetic, because they are believed to be useful to owners, 

insurers or other stakeholders to quantitatively compare, for example, expected annual 

losses and annual revenues.   
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2.3. Computing individual Risk components 

2.3.1. Seismic Hazard 

Seismic hazard is the totality of physical effects, both direct and indirect, induced by 

the earthquake and able to produce harmful consequences. 

The intensity of the seismic ground motion (GM) in a specific site depends mainly on 

the following parameters: the input energy released by the seismic source (which is a 

function of the source dimensions and fracture mechanism); the seismic waves path 

(which prevalently depends on the source-site distance); and the local geotechnical 

conditions (local seismic response of soil deposits at the site). The first two factors 

affect the characteristics of seismic motion at the bedrock, namely the so-called  

shakebility, which is evaluated in ideal conditions of horizontal topographic surface 

and free field. The third accounts for the modification of the seismic signal from the 

bedrock to the surface due to the dynamic response and topography of soil deposits 

(Lanzo  and  Silvestri, 1999;  Vinale, 2008). In fact, site conditions can influence the 

amplitude, frequency content, and duration of seismic ground motion.  

Regarding the definition of seismic hazard for seismic risk analysis purposes, it can be 

defined through a probabilistic seismic hazard analysis (PSHA) or a deterministic 

seismic hazard analysis (DSHA).  

The PSHA, originally proposed in the landmark paper by Cornell (1968), takes into 

consideration possible earthquakes that could affect a site and its output is the mean 

annual frequency of exceeding a ground motion intensity measure threshold,  im: 

( ) ( ) () ()| ,

1

| ,
n

i IM M R M R

i m r

im G im m r f m f r dm drl n
=

= Ö Ö Ö Ö Öä ññ  (2.5) 

In the previous equation, ()Mf m  and ()Rf m are, respectively, the probability density 

functions (PDFs) of magnitude, M, and distance, R, (assuming that M and R are 

independent); | ,IM M RG  is the conditional probability that, for given M and R, a specific 

value of im is exceeded at the site. This probability is generally computed by means of 

a Ground Motion Prediction Equation (GMPE). Finally, ni is the rate of a threshold 

magnitude exceedance of the i-th source affecting the site.   

The probability of exceedance of IM can be obtained, in most of the practical 

applications, assuming that the occurrence of seismic events follows an homogeneous 

Poissonôs stochastic model: 

[ ] ( )
1 1L R LT T im TP IM im e el- -

> = - = -  (2.6) 
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where TR is the return period, that is the reciprocal of the annual rate of exceedance of 

the IM and TL is the considered time period. From the previous formulation the 

expression of the return period derives: 

( )
1

( ) ln 1 [ ]

L
R

T
T

im P IM iml
= =-

- >
 (2.7) 

It has to be noticed that Eq. (2.8) represents the complementary cumulative distribution 

(CCDF) of the intensity measure, therefore the probability distribution (PDF) of the 

intensity measure can be obtained from Eq.(2.7) by simply differentiation. 

Regarding deterministic seismic hazard analysis (DSHA), it is based on the 

development of earthquake scenarios, defined by location and magnitude, which could 

affect the site under consideration.  

Deterministic approaches are not dealt in this thesis; for details the reader should refer 

to Reiter (1990) and Kramer (1996). It seems worthwhile to enlighten that, besides 

their differences, DSHA and PSHA can be considered complementary analysis, chosen 

as a function of available data and objectives of the seismic risk assessment (McGuire, 

2001). Probabilistic methods can be viewed as inclusive of all deterministic events 

with a finite probability of occurrence. This points out the complementary nature of 

deterministic and probabilistic analyses: deterministic events can be checked with a 

probabilistic analysis to ensure that the event is realistic (and that it has a finite 

probability of occurrence) and probabilistic analyses can be checked with deterministic 

events to see that rational, realistic hypotheses of concern have been included in the 

analyses. Typical example of this complementarity is, in fact, the possibility of 

selecting scenario earthquakes from deaggregation analysis (Bazzurro and Cornell, 

1999) of the seismic hazard computed by a PSHA. A more comprehensive discussion 

about differences and similarities of the two methods is contained in Bommer (2002). 

2.3.2. Vulnerability 

Seismic vulnerability represents the proneness of physical environment to suffer 

damage under earthquakes. It can be evaluated according to different methodologies, 

mainly dependent on the scale of the problem, ranging from the one of the single 

structure to the regional or national scale. The object of the analysis, in fact, determines 

the quantity and quality of input data that can be gathered and the methods of analysis 

that can be pursued. According to the classification proposed by Dolce et al., (1994), 

vulnerability assessment methods can be classified on the basis of the three quantities: 

input, method and output. 

Regarding input data required for the analysis, they are strongly dependent on the size 

of the object of the analysis and on the chosen methodology. As a matter of fact, 

vulnerability assessment for a single structure requires an amount of information and a 
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level of detailing in modelling that are unfeasible at larger scales. Input data required 

for a vulnerability analysis can vary from the damage observed in past earthquakes to 

qualitative or quantitative characteristics about the structure, hazard studies for the 

specific site and  geological and geotechnical information. 

The output of vulnerability assessment can be expressed in terms of: (i) absolute 

vulnerability; (ii) relative vulnerability. Absolute vulnerability represents an actual 

measure of the damage suffered by structures during earthquakes while relative 

vulnerability is represented by indicators for which no direct correlation to the actual 

damage is available. Therefore, the latter is suitable for vulnerability ranking and 

prioritization analyses, rather than the assessment of the actual structural vulnerability. 

Regarding possible methods for computing vulnerability, they can be classified into:  

¶ empirical methods;  

¶ analytical methods;  

¶ expert judgment-based methods; 

¶ hybrid methods; 

¶ code-based methods. 

The use of one of the above is strictly related to the methodology employed for 

computing hazard. In the following, a brief review of main vulnerability approaches 

available in literature, subdivided according to the employed methodology, is 

presented. Much more comprehensive reviews can be found in (Polese,2002; Calvi et 

al., 2006; Ricci, 2010). 

2.3.2.1. Empirical methods 

Empirical methods represent the first approaches pursued for seismic vulnerability 

assessment, dated the early 1970s, based on the observation of the damage suffered in 

past earthquakes. The observed damage is measured by means of Macroseismic 

intensity scales.  

These approaches present the advantage of giving a realistic representation of the 

damage (they represent the real effect of earthquakes on physical environment), 

provided they are applied to a building stock with the same characteristics as the one 

damaged in past earthquakes. Notwithstanding, they present the following 

shortcomings: they account  for vulnerability and hazard in a non-independent way and 

are calibrated on a particular territorial area, therefore they are not, in principle, 

exportable to other territories because of differences in seismological context, 

structural typologies, building practice and damage distributions.  

Moreover they do not allow to model any mitigation strategy which employs the 

reduction of seismic vulnerability (e.g. a retrofit of a building) and they can be affected 
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by shortcomings related to availability of data or errors in filling post-earthquake 

assessment forms (Colombi et al., 2008).  

Different empirical methods are: 

¶ damage probability matrices (DPMs); 

¶ empirical damage functions; 

¶ vulnerability Index method; 

¶ screening methods. 

A Damage Probability Matrix (DPM) represents, in discrete form, the conditional 

probability P[D|I,T] of reaching a damage level D, given a ground motion intensity I 

expressed by a macroseismic scale, for a given structural typology T. Its use was firstly 

proposed by Witman et al. (1973), after the San Fernando earthquake of 1971. Other 

examples of DMPs are those proposed by Braga et al. (1982); Di Pasquale et al. 

(2005); Dolce et al. (2003); Giovinazzi and Lagomarsino (2004). Relationships 

between seismic intensity and expected damage based on empirical data can also be 

derived in a continuous form. In fact, empirical damage function (or curves) can be 

defined as the continuous form a DPM (e.g. Spence et al., 1991; Orsini, 1999, Shinghal 

and Kiremidjian, 1997; Sabetta et al., 1998;  Rossetto and Elnashai, 2003)   

The Vulnerability Index Method was proposed by Benedetti and Petrini (1984) and 

subsequently employed in (GNDT, 1993). It consists in an ñindirectò measure of 

vulnerability because a relationship between the seismic action and the response is 

established through a vulnerability index, defined on the basis of the scores assigned, 

after a field survey, to eleven parameters believed to be correlated to the actual 

vulnerability of the building. This methodology, largely adopted both for national and 

international research projects (e.g. in the ñProgetto Cataniaò, Faccioli et al., 1999; 

Faccioli and Pessina, 2000 and ñRISK-UEò, Mouroux and Le Brun, 2006), presents the 

advantage of allowing the vulnerability characteristics of the building stock under 

consideration to be determined; notwithstanding, it requires expert judgement to be 

applied in assessing the buildings, and in defining coefficients and weights (Calvi et 

al., 2006). 

Finally, Screening methods are aimed at providing an approximate evaluation of 

vulnerability employing visual surveys (Culver et al., 1975; JBDPA, 1990). Their 

output is, in most cases, an ñindirectò measure of the vulnerability, represented by 

descriptive ratings or vulnerability indices.  

The forms employed in these methods for the visual survey are, in general, quite 

similar to ñpost-earthquakeò survey forms employed for assessing the damage 

following an earthquake in order to guide decision on continued occupancy (e.g. 

Anagnostopoulos et al., 1989; Baggio et al., 2000). These methods, are in general 

aimed at the definition of a relative measure of the vulnerability of structures in large 
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portfolios and they are usually employed for prioritization analyses. For this reason, 

they will be dealt more in detail in Chapter 4.  

2.3.2.2. Analytical methods 

In analytical methods, the relationship between seismic intensity and expected damage 

is provided by a structural model with direct physical meaning. The analytical 

approach to vulnerability, allows to separate structural analysis from site hazard 

modelling. Furthermore, it allows to deal with structures characterised by different 

construction practices and to consider the effect of vulnerability mitigation strategies 

(Ricci, 2010). However, analytical approaches require, in general, an high level of 

knowledge about structural characteristics and detailing, as well as high computational 

burden. Moreover, some critical issues related to their use suggesting that the results 

provided by this kind of approaches should be, somehow, checked  with real damage, 

exist. Examples are: the reliability of numerical modelling, the correlation of the 

chosen demand parameters with the actual structural performance and the influence of 

constructive errors and deficiencies, that usually are not considered in the analytical 

model (Verderame et al., 2011) or investigated with a sufficient degree of accuracy 

(Petruzzelli et al., 2010).  

Several analytical methods for vulnerability assessment have been developed in  

literature. It is important to underline that the procedure for evaluation of the seismic 

vulnerability is closely dependent on the scale of the problem, since the size of the 

sample to be analysed actually determines the quality and quantity of data that can be 

retrieved (level of knowledge that is possible to achieve) and, therefore, the mechanical 

modelling. As a matter of fact, the more the sample size grows, the more it is necessary 

to renounce to a certain degree of accuracy and detail in mechanical modelling and  to 

adopt approximated methods, which require a lower amount of input data.  

For this reason, hereinafter, both methods that are suitable to the scale of the single 

building (for example, the analytical evaluation of fragility curves) and methods that 

have been conceived and developed to be applied to large samples will be briefly 

discussed. Depending on the mechanical model employed and on the structural 

analysis performed, they can be classified as follows: 

¶ analytical fragility curves (or DPMs); 

¶ collapse mechanism-based methods; 

¶ capacity spectrum-based methods; 

¶ displacement-based methods. 

Analytical fragility curves and analytical DPMs express, respectively in continuous or 

discrete form,  the probability of observing a given level of damage, conditioned to a 

value of IM. Several methodologies can be pursued for their computation both based 
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on static and dynamic analyses and reflecting uncertainties in the seismic demand 

(record to record variability) and in the capacity (e.g. Singhal and Kiremidjian, 1996; 

Dumova-Jovanoska 2004; Rossetto and Elnashai 2005). These methods will be dealt in 

presented more in detail in Chapter 5 and the analytical evaluation of fragility curves 

for existing steel structures is the specific object of Chapter 6. 

Collapse mechanism-based procedures employ collapse multipliers and mechanical 

concepts to ascertain whether a mechanism will form and thus damage will occur.  

Among these procedures, originally developed for masonry buildings, it is to recall the 

VULNUS method (Bernardini et al., 1990), the Failure Mechanism Identification and 

Vulnerability Evaluation (FaMIVE) method (DôAyala and Speranza, 2002) and the  

procedure proposed by Cosenza et al. (2005), for the evaluation of the seismic capacity 

of reinforced concrete (RC) building classes.  

Capacity spectrum-based methods employ non-linear static procedures (NSPs) and 

Capacity Spectrum Method (CSM) by Freeman et al. (1975) for rapid assessment of 

the seismic risk of building classes. According to it, the seismic capacity obtained from 

a NSP can be compared to the demand in a plane having the spectral displacement on 

the abscisse axis and the spectral acceleration on the ordinates axis. The main scope is 

to assess seismic demand through a spectral representation of non-linear response, 

which is made possible by: (i) the idealisation of the actual multi-degree-of-freedom  

(MDOF) structure as an equivalent elasto-plastic single-degree-of-freedom (SDOF) 

system; and (ii ) the transformation of the elastic demand in the inelastic demand by 

increasing structural damping or, alternatively, defining a global displacement 

ductility.  

Among capacity spectrum-based methodologies for the analytical evaluation of 

vulnerability it is possible to count the HAZUS (HAZard in United States) method 

(FEMA, 2001; Kircher et al., 1997a, Kircher et al., 1997b; Whitman et al., 1997). This 

is an earthquake loss estimation methodology including many components, among 

which a building fragility module based on capacity spectrum method.   

Giovinazzi (2005) defined a methodology for the vulnerability assessment of RC and 

un-reinforced masonry (URM) building classes employing a CSM-based approach, in 

which the capacity curve was defined on the basis of code prescriptions enforced at the 

time of design.  

Finally, the method by Iervolino et al. (2007), representing a complete seismic risk 

assessment framework for RC building classes and the one by Ricci (2010), for the 

seismic vulnerability assessment of existing bare, partially infilled and infilled RC 

buildings, has to be mentioned too. 

Calvi (1999) first proposed an approach for the evaluation of the vulnerability of 

building classes based on the Displacement-Based method (Priestley, 1997). According 
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to this method, seismic demands are computed by means of displacement spectrum and 

displacements are employed as damage indicators. The methodology was subsequently 

developed (Pinho et al., 2002; Glaister and Pinho, 2003; Crowley et al., 2004; Crowley 

et al., 2006) leading to the Displacement-Based Earthquake Loss Assessment 

(DBELA) procedure. The extension of the approach to masonry buildings was 

performed by Restrepo-Vélez and Magenes (2004), Restrepo-Vélez (2005), Modena et 

al. (2005) leading to the MeBaSe (Mechanical Based Procedure for the Seismic Risk 

Estimation of Unreinforced Masonry Buildings) Procedure. 

The Simplified Pushover-Based Earthquake Loss Assessment (SP-BELA) by Borzi et 

al. (2008a) combines the class approach of DBELA with the definition of simplified 

static pushover curves in a way similar to Cosenza et al. (2005) and Iervolino et al.  

(2007). 

2.3.2.3. Code-based methods 

In Code-based methods the seismic capacity is derived from the seismic code 

prescriptions enforced at the time of design. The latter can be used either to define a 

simplified capacity curve, as in method by Giovinazzi (2005) previously discussed, 

either to define a so-called ñnominalò capacity to be compared to the current seismic 

demand, as in the New Zealand Society for Earthquake Engineering guidelines 

(NZSEE, 2003) and Grant et al. (2007).  

Such methods are based on the strong assumption that the design was performed in full 

compliance with the code and that, therefore, the demand to capacity ratio was, at the 

time of design, equal to one. For this reason, these methods are usually employed only 

for prioritization analysis of large building portfolios. This family of methods will be 

dealt in Chapter 4.  

2.3.2.4. Expert Judgment-based methods 

According to these methods an expert (or an expert panel) expresses, on the basis of his 

engineering judgement and experience, a qualitative judgment on the vulnerability of a 

structure or a class of structures. In general, they require ad-hoc damage functions in 

order to translate vulnerability indicators into damage and, subsequently, into 

economic losses.        

An example of Damage Probability Matrices, derived from the expert judgement of 

more than 50 senior earthquake engineering experts, can be found in ATC-13 (ATC, 

1985). Examples of the use of DPMs based on the ATC-13 approach for the 

assessment of risk and loss include the city of Basel (Fah et al., 2001), Bogotá 

(Cardona and Yamin, 1997) and New Madrid (Veneziano et al., 2002). 
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2.3.2.5. Hybrid methods 

Hybrid methods consider empirical and analytical approaches as complementary, 

rather than mutually exclusive options for the vulnerability assessment.  

They allow to produce fragility curves and damage probability matrices combining 

analytical modelling and observations of damage of past earthquakes. In fact, 

mechanical modelling can be used in order to provide for the lack in damage data at a 

given intensity level or, on the contrary, damage can be used in order to calibrate 

mechanical models. Examples are given in Kappos et al. (1995, 1998) and Barbat et al. 

(1996). 

2.3.3. Exposure 

Exposure can be defined as the economic losses due to seismic events and their 

associated probabilities. Therefore, it represents the term allowing to translate hazard 

and vulnerability concepts into risk. Its definition depends on the object of the risk 

assessment and it may include a single structure with its occupants, a portfolio of 

buildings, a urbanised area or a whole region. Generally speaking, losses can be 

classified as: 

¶ direct losses; 

¶ indirect losses. 

Direct losses are those observed for a specific site as a direct result of the physical 

damage. They are expressed, in general, as the cost of repair or replacement, that is to 

say they represent the losses caused by an earthquake arising from the repair effort 

needed to return a damaged building to its undamaged state. In industrial and insurance 

field they are referred to as "Property damage". 

Indirect losses, on the contrary, are those resulting from the temporary loss of function 

of the facility, or downtime. The downtime can be defined as the period of time 

between the occurrence of a seismic event and the completion of the building repair 

effort and the restoring of the full functionality (Comerio, 2006).  

In Industry these losses are referred to as "Business Interruption" (BI), addressing all 

the possible consequences of a given downtime. For a single industrial facility these 

consequences can be: loss of production, loss of profit and of market shares, costs for 

the restart of the production activities, damage to image, etc. When dealing with 

portfolios of industrial structures or plants, besides the above mentioned damages, 

observed for one specific structure of the portfolio, also losses related to the disruption 

of the supply chain must be taken into account. These indirect consequences can 

represent the large part of the losses due to seismic events in Industry and can 

propagate themselves both upstream and downstream. 
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Strictly speaking, human casualties represent a direct loss, generally related to the 

collapse of the structure. Nevertheless they are in general considered separately from 

economic impacts, since equating or converting human lives to a monetary amount is 

considered problematic or involving social equality issues
2
.  

This suggests another possible classification of losses due to seismic events into:  

¶ dollars,  

¶ downtime,  

¶ deaths; 

that is the so-called ñ3Dò approach, generally adopted in PEER approach.  

2.4. Management and mitigation of seismic risk 

ñRisk assessment is all about risk management. The only reason you do an assessment 

is because somebody has to make a risk-management decisionò (Smith, 2005). This 

sentence well summarizes the main function of the seismic risk assessment, which is to 

provide rational estimates to guide the decision making process and the 

implementation of mitigation strategies. The risk management cycle is represented in 

Figure (2.4). Once the analysis of seismic risk has provided the probability of 

exceeding a given loss in a reference period, or any other useful metric to express the 

loss (see Section 2.2.1), according to the risk management framework illustrated in 

Figure (2.4) the stakeholder has elements to judge if the risk level is acceptable or not. 

If acceptable, monitoring risks and identifying any new potential risk are the activities 

the decision maker should continue to pursue. If the risk level is deemed unacceptable, 

risk mitigation strategies have to be implemented. 

In the obvious inability to reduce the hazard component of the seismic risk
3
, possible 

strategies for risk mitigation can be aimed at the reduction of seismic vulnerability, 

exposure or economic consequences. 

Vulnerability reduction strategies could be:  

¶ the retrofitting of existing structures;  

¶ the development and continuous updating of seismic codes according to 

research advances.  

                                                 
2
 In order to overcome these problems, measures of the loss related to casualties alternate to the 

assessment of human life were proposed in Literature, (e.g. the disability adjusted life years, 

World Bank, 1993; or Economic Adjusted Life years, Scawthorn, 2011). 

 
3
 For completeness, it is to mention the possibility of relocating the building. Strictly speaking, 

this solution, feasible only in the design of a new structure, by changing the building location, 

actually changes the hazard. 
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Implementing vulnerability reduction strategies for existing buildings is a rather 

complex issue, especially for large portfolios of structure or for civil protection 

purposes. Two different approaches to seismic rehabilitation of existing buildings are 

possible: a ñpassiveò one and an ñactiveò one. According to the former, assessment and 

rehabilitation are required only in case the building owner applies for an alteration or 

change in use. Active programmes are, on the contrary, those that require owners to 

rehabilitate their buildings to a specific rehabilitation objective in a certain timeframe 

or, in the case of government or other owners of large inventories, to selfïimpose 

objectives and deadlines. 

Issues regarding passive seismic risk reduction were addressed by Hoover (1992) and 

an example of active seismic risk reduction programme is contained in (NZSEE, 2003). 

Passive programmes reduce risk more slowly than active programmes but, on the other 

hand, they generally require much less efforts to be implemented. In both cases they 

are more rapid than modifications of seismic codes that, applying only to new 

constructions, produce a reduction of vulnerability delayed in time. 
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Figure 2.4  Risk management cycle. 

 

Among the strategies acting on exposure it is possible to recall: 

¶ the change of occupancy; 

¶ the development of an effective civil protection system, both in the pre-event 

phase, through knowledge dissemination, promotion of seismic risk awareness, 
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etc., and in the post-event phase, by means of emergency management 

planning,  providing pre-defined emergency procedures and plans. 

¶ the development of early warning systems (Iervolino et al., 2011) 

Regarding economic loss reduction strategies it is to mention the adoption of insurance 

policies such as in Turkey, after the 17
th
 August 1999 Kocaeli earthquake, or in Japan, 

where a national reinsurance scheme is enforced since 1966. 
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Chapter 3 THE CASE-STUDY BUILDING PORTFOLIO  

3.1. Description of the case-study 

The procedures for the large-scale prioritization and for the seismic risk assessment 

presented in this thesis (Chapter 4 to 6) have been applied to a real case study, 

consisting in a subset of the Italian plants of one of the most important international 

partners of AXA Matrix Risk Consultants. Because of privacy agreement with the 

stakeholder, the names and geographical locations of these facilities are hidden in this 

thesis. Each plant will be, therefore, identified by a serial number. 

The plant  portfolio under investigation is composed of 19 plants for the production of 

parts for the automotive sector, spread throughout the Italian territory, as can be seen in 

Figure (3.1).  

 
Figure 3.1  Case-study plants represented over the map of PGA with 475 years return period on 

rock (Stucchi et al., 2011). 

 

For each of the plants composing the case-study portfolio, two kinds of knowledge 

forms were compiled: an ñHazard formò, described in Sect. 3.2, and a ñKnowledge 

form for industrial manufacturing plantsò, described in Sect. 3.3. 

Principal aim of the Hazard Form is the characterization of the seismicity of the site, 

by means of the macroseismic intensity and/or seismic hazard studies with the 

maximum level of detail available in the Country. Hazard form can be compiled 
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ñofflineò, that is to say without any visual survey on site. For Italy, the reference 

studies for hazard and macroseismic intensity characterization are both provided in the 

ñS1ò project funded by Italian National Institute for Geophysics and Volcanology 

(Istituto Nazionale di Geofisica e Vulcanologia, INGV) and Seismic Risk Office of  the 

Italian Department of Civil Protection (DPC). 

Hazard estimates with a return period of 475 years are given both in terms of PGA on 

rock (Meletti  and Montaldo,  2007) and in terms of macroseismic intensity (Gòmez 

Capera et al., 2007; Albarello et al., 2007). The work by Albarello et al. (2007), used 

in this thesis, provides the maximum intensity felt in the past, I0,  for the whole Italian 

territory, and macroseismic intensity estimates with an exceedance probability of 10% 

in 50 years, according to a ñsite approachò (Albarello and Mucciarelli, 2002) and 

assuming two different GMPEs (Ibin assuming a binomial GMPE,  IG assuming a and a 

Gaussian one). Table (3.1) reports a ranking of the case-study plants by decreasing 

PGA with a return period of 475 years on rock, and the macroseismic estimates by 

Albarello et al. (2007).   

 

Table 3.1  Case study plants: PGA on rock and return period of 475 years; macroseismic 

intensity with return period of 475 years, expressed in terms of IG and Ibin;  maximum seismic 

intensity felt at the site, I0. 

Plant ID 
PGA    

[g]  

IG      

[-]  

Ibin     

[-]  

I0      

[-]  

PLANT-01 0.256 9 9 9 

PLANT-02 0.242 9 9 8.5 

PLANT-03 0.240 10 10 10 

PLANT-04 0.240 8 8 8.5 

PLANT-05 0.198 8 8 8 

PLANT-06 0.198 8 8 8 

PLANT-07 0.191 8 9 9.5 

PLANT-08 0.165 7 7 7.5 

PLANT-09 0.157 7 7 5 

PLANT-10 0.147 7 8 6 

PLANT-11 0.143 8 8 7.5 

PLANT-12 0.108 7 8 7 

PLANT-13 0.082 6 7 6 

PLANT-14 0.081 6 7 6 

PLANT-15 0.076 7 7 6.5 

PLANT-16 0.058 6 6 6 

PLANT-17 0.056 6 6 6 

PLANT-18 0.046 6 6 5 

PLANT-19 0.040 6 7 0 
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Main objective of the knowledge form for industrial manufacturing plants is the 

reconstruction of the plant layout and the characterization, among the others, of the 

following parameters: number of structures, main geometric dimensions, structural 

types, construction materials and exposure. Filling these forms requires at least a visual 

survey. 

During the three years agreement between the Department of Structures for the 

Engineering and Architecture of the University of Naples Federico II, Italy, and the 

AXA Matrix Risk Consultants, all the plants have been visually inspected by the author 

or by field engineers of AXA Matrix.  

One of the main difficulty that has emerged from this activity is, certainly, related to 

the extreme variability of structural types, activities and contents of each structure 

belonging to different plants. A first classification of the structures that it is possible to 

encounter in Industry is in: 

¶ building-like structures;  

¶ non-building-like structures. 

Building-like structures are typically used as offices or management buildings, 

workshops, warehouses, or storage structures; non-building-like structures (pipelines, 

storage silos or tanks, racks, cement kilns, cooling towers, chimneys, etc.) are 

characterized by layout, structural dimensions and design dictated by the needs of the 

production, over any other issue.  

It is also possible to classify the structures in the manufacturing Industry according to 

their occupancy, i.e. distinguishing: 

¶ production structures;  

¶ utilities;  

¶ storage structures;  

¶ offices.  

Production structures are workshops, or any type of structure (building-like or non-

building-like) where large part of the production takes place. They can be considered, 

therefore, the core of the plant, since the functionality of the whole plant depends on 

them and most of the exposed values (human lives, contents, activities) are typically 

located in, or related to, them.  

With the term utilities all the machineries and apparatuses involved in the production 

or safety of the plant are, in general, addressed. Typical examples are, in 

manufacturing industry, energy transformers of pumps for the fire protection system. 

The structures (typically building-like) built to host such equipments are, therefore, 

called themselves ñutilitiesò.  
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Storage structures are all those structures the function of which is to the stock raw 

materials, finished or semi-finished products or anything useful for the production or 

for the use of utilities.  

Offices are all those structures not used for the production but for administrative and 

management purposes. 

Other kinds of structure that is possible to observe in manufacturing industry are not 

considered to be strictly related to production or characterised by a significant exposure 

(such as recreational facilities, dining areas, locker rooms, parking areas); therefore 

they are not considered in this study, unless they are part of structures with another use, 

among those described above. 

From the above, the first objective of the knowledge phase is the identification of 

structures composing the plant for what concerns their occupancy and their main 

geometrical characteristics.  

It is very frequent that industrial structures are characterised by large plan 

developments and/or that have been constructed in different years, with or without 

structural joints between different parts of the structure. In fact, they often assume the 

shape of structural aggregates (e.g. a large workshop). Therefore, one main issue in the 

knowledge process is the identification of the individual ñstructural unitsò composing a 

structural aggregate, that is to say the single structural entities, separated from the 

others by structural joints. This is possible by identifying the gaps between the 

structures, quantifying their size and tracing back the constructive evolution of the 

building aggregate. This information, in fact, can be used to associate a reference 

design code to each structural unit and, in the view of a code approach to seismic 

vulnerability, to obtain information about the nominal seismic capacity of each 

structure (see Chapter 4). In the following, the term ñstructureò, if not differently 

specified, will be used as a  synonym of ñstructural unitò.  

Particular effort was dedicated to the characterization of subsoil geotechnical 

conditions. In 15 of the 19 plants it was possible to gather information about shear 

wave velocity in the top 30 meters of subsoil under the foundation layer, and associate 

to each plant the subsoil class according to Eurocode 8 (EC8) (CEN, 2004). In the 

other cases, prudential assumptions were made on the basis of geological information.   

In Table (3.2) the number of structural aggregates and of individual structural units, 

with specification of their use (for building like structures and silos/tanks only) are 

reported for each plant of the case-study portfolio. From the previous emerges that the 

portfolio is made of 58 building aggregates, composed of 140 individual structural 

units, of which 83 are workshops for production, 29 are offices, 17 are utilities and 11 

are storage buildings (Fig. 3.2). It is worth noting that, when storage areas or utilities 

were included in a structure in which production took place, the structure was 
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classified as a production one. Besides, in 4 cases silos or tanks for liquid or granular 

content were part of the plant layout. 

 

Table 3.2  Soil category and structural composition of the case-study portfolio. Regarding 

storage structures, the first number indicates buildings employed for storage, while the number 

in parentheses indicates surveyed non-building-like storage structures (tanks, silos).  

Plant ID 

year of 

first 

costruct. 

PGA 

[g] 

Soil 

Cat. 

Num. of  

structural 

aggregates 

Num. of 

structural 

units 

Produc

-tion 
offices utilities  storage 

PLANT-01 1971 0.256 B 3 8 4 2 2 0 (1) 

PLANT-02 1988 0.242 C 1 3 2 1 0 0 

PLANT-03 1988 0.240 C 2 2 1 1 0 0 

PLANT-04 1977 0.240 C 3 14 10 1 0 3 (1) 

PLANT-05 1993 0.198 C 6 14 8 2 4 0 (1) 

PLANT-06 1993 0.198 C 2 2 1 1 0 0 

PLANT-07 1987 0.191 B 3 5 5 0 0 0 

PLANT-08 1934 0.165 C 5 15 6 4 5 0 

PLANT-09 1973 0.157 D 3 8 4 1 2 1 (1) 

PLANT-10 1974 0.147 B 2 6 4 2 0 0 

PLANT-11 1988 0.143 B 4 4 3 0 0 1 

PLANT-12 2001 0.108 C 1 2 1 1 0 0 

PLANT-13 1963 0.082 C 2 7 2 5 0 0 

PLANT-14 1968 0.081 B 4 5 2 1 0 2 

PLANT-15 1969 0.076 A 7 14 6 2 3 3 

PLANT-16 1962 0.058 B 4 14 12 2 0 0 

PLANT-17 1919 0.056 B 1 4 4 0 0 0 

PLANT-18 1976 0.046 B 3 7 4 1 1 1 

PLANT-19 1968 0.040 B 2 6 4 2 0 0 

  
TOTAL: 58 140 83 29 17 11 

 

 
Figure 3.2  Percentages relative to the use of structures of the case-study portfolio. 
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Referring to the structures used for production, as it can be observed in Figure (3.3),  

the most part is contributed by precast reinforced concrete (PRC) structures (60% of 

the total) and the remaining part is composed of steel structures (40%). However, steel 

structures present, in general, bigger plan dimensions than PRC structures; in fact, the 

58% of the whole covered area used for production is relative to steel structures, while 

the 42% is relative to PRC structures. 

Regarding the year of construction, more than one third of the portfolioôs structures 

were built in the ó60s and more than the fifty percent of the structures were built before 

1980 (Fig. 3.3).  

 

     
Figure 3.3  Composition of the  case study portfolio for what concerns construction material 

(left) and year of design (right). 

 

With specific reference to the steel structures used for the production, in Figure (3.4) 

the composition for design year is reported. Except for one structure that is 

characterized by bracings in one plan dimension, all the structures are moment 

resisting frames (MRFs), characterized in the 94% of cases by a rectangular shape (the 

3% is T-shaped and the 3% L-shaped).  

The typologies of the main beam (i.e. the beam in the direction of the moment resistant 

frame or, when the structure has frames in both the plan directions, the one with the 

larger span) and of the secondary beam (the one in the orthogonal direction or 

characterized by the smaller span) are shown in Figure (3.5). In most of the cases the 

beams are planar lattice trusses, in both the plan directions. 



Chapter III ï The Case-Study Building Portfolio 
______________________________________________________________________________________________________________________________ 

 

32 

 
Figure 3.4  Age of design of steel structures used for production  

 

        
Figure 3.5  Typology of main (left) and secondary (right) beams of surveyed steel structures 

used for production 

 

Columns types observed in surveyed structures, as summarized in Figure (3.6) were 

classified distinguishing: battened columns, composite columns created by welded 

members or plates, single member elements and trussed columns. 

 

 
Figure 3.6  Typology of column of surveyed steel structures used for production. 
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Regarding PRC structures, two structural typologies were observed: workshops with 

prismatic beams (planar or pitched, with several cross section geometries) and trussed 

structures. The first is generally used for spans up to 30 meters, while the second is 

more suitable for spans from 15 to 40 m or more. This latter category of PRC 

structures was largely used in Italy until ó70s, while today steel or aluminium structures 

are preferred for large spans (Capozzi, 2009). The above is reflected by the 

composition of PRC surveyed structures in terms of age of construction, reported in 

Figure (3.7). Figure (3.8) summarises the type of beam and of roofing elements 

observed in the investigated structures. It can be noticed that the 68% of the structures 

belong to the class of workshops with prismatic beams and the 32% to the one of 

trussed structures. Regarding columns, all the surveyed structures are characterised by 

rectangular cross sections, the dimensions of which are summarised in Figure (3.9). 

 

 
Figure 3.7  Design year of PRC structures used for production.  

 

    
Figure 3.8  Types of main beams and roofing elements of surveyed PRC structures. 
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Figure 3.9  Column cross section dimensions of surveyed PRC structures. 

 

The exposure of the production structures of the portfolio can be expressed either in 

terms of number of occupants and monetary loss (see Sect. 2.3.3). Regarding the 

former, the exposure of each production structure was assumed equal to the maximum 

number of occupants in a work shift; regarding the latter, the Property Damage (PD) of 

each production structure was summed to the Business Interruption (BI) of the whole 

plant, assuming that the interruption of activity in one production structure implies the 

interruption of any plant operation. The BI was computed considering both the plant BI 

(pBI), that is to say the losses undergone by the individual plant in case of a seismic 

event, and the group BI (gBI), that is to say the losses induced to other plants of the 

portfolio. These values are function of the typology, cope capacity and resilience of the 

supply chain of the specific industrial group and, in this case study, were provided by 

the portfolio manager. In the procedure outlined in Chapter 4, the economic loss (direct 

and indirect) and the potential for casualties are both expressed normalized by their 

maximum values. The Occupancy Loss Ratio (OLR) is, therefore, defined as the ratio 

of the number of occupants of the structure Nocc and the maximum number of 

occupants over the portfolio under consideration (Eq. 3.1). Similarly, the Economic 

Loss Ratio (ELR) is given by the total economic loss of the plant divided by the 

maximum total economic loss in the portfolio (Eq. 3.2). 
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i

occ i

N
OLR

N
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i i
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PD BI

+
=

+
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These ratios are similar to the Loss Ratio employed in Jeiswal and Wald (2013) for 

computing economic losses worldwide, on the basis of macroeconomic indicators such 

as the gross domestic product and real earthquakes losses in the past. 

The values of OLR and ELR for the production structures of the portfolio are shown in 

Table (3.3). From Figure (3.10) it can be observed that the most exposed plants in 
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terms of number of occupants are characterised by an average monetary loss and are 

located in the less hazardous sites. 

 

Table 3.3  Number of production structures of case-study plants, ELR and OLR (*computed 

considering the cumulative occupants of all the structures of the plant).   

Plant ID 

Num. of 

production 

structures 

OLR* ELR 

PLANT-01 4 0.50 0.48 

PLANT-02 2 0.22 0.43 

PLANT-03 1 0.06 0.43 

PLANT-04 10 0.67 0.14 

PLANT-05 8 0.27 0.43 

PLANT-06 1 0.11 0.43 

PLANT-07 5 0.11 0.14 

PLANT-08 6 0.58 1.00 

PLANT-09 4 0.58 0.43 

PLANT-10 4 0.44 0.43 

PLANT-11 3 0.21 0.43 

PLANT-12 1 0.18 0.43 

PLANT-13 2 0.18 0.26 

PLANT-14 2 0.26 0.43 

PLANT-15 6 0.89 0.35 

PLANT-16 12 0.78 0.23 

PLANT-17 4 0.78 0.42 

PLANT-18 4 0.28 0.43 

PLANT-19 4 1.00 0.58 
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Figure 3.10  Case study plant ranked from left to right in order of decreasing OLR and 

respective values of ELR and of PGA with 475 year return period on rock.  
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3.2. Hazard form for industrial plants  

As stated in the previous Section, principal aim of the Hazard forms is the 

characterization of the seismicity of the site where a plant is located, according to the 

best macroseismic intensity and hazard estimates available. The hazard form was 

developed specifically for the analysis of the case-study portfolio, therefore specific 

reference is made to INGV ñS1ò project deliverables, providing both macroseismic and 

hazard estimates. Notwithstanding, the structure of the form seems to be suitable also 

for the application in Countries where studies with a lower degree of accuracy are 

available. The hazard form, represented in Figures (3.11) and (3.12), are subdivided 

into different sections, described in the following. 

 

Section1 - Plant location 

In this section, data for the identification of the plant are reported, consisting in: name 

of the plant, complete address, Latitude and Longitude in decimal degrees and year of 

first construction of the plant. This information, if available, has to match the one 

included in the knowledge forms, presented in Section (3.3). 

 

Section2 ï Proximity to individual seismogenic sources 

Typically, near fault (or near source) is the area surrounding an active source in a range 

approximately equal to the linear dimensions of the source. In the near source, both the 

shape and the type of seismic waves are considerably affected by the source 

characteristics, and hence by the faulting mechanism. The presence of near sources can 

lead to effects, in the case of an earthquake, including, inter alia, forward  directivity 

which can be identified as velocity pulses in recorded ground motion time-histories. 

GMPEs and current probabilistic seismic hazard analysis are not able to capture such 

effect well, so that structures with dynamic behaviour in a range of periods related to 

the pulse period may be subjected to underestimated seismic demand (Chioccarelli and 

Iervolino, 2010). 

Therefore, if specific studies are available, seismogenic sources in the proximity of the 

site should be identified. In the section 2 of the hazard form this issue is addressed and 

the identification of individual seismogenic sources (name, distance from the site and 

rate, if any) is required. Figures of the site location and of near seismogenic sources, if 

any, can be attached in the form. 

For the case-study the INGV Database of Individual Seismogenic Sources (DISS) 

(Basili et al., 2009) were used. The latter, in its latest release (v. 3.1.1) includes 100 

individual seismogenic sources, over 100 composite seismogenic sources, and almost 

30 debated seismogenic sources, based on geological/geophysical data and covering 

the whole Italian territory and some conterminous regions (Fig. 3.11). 
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 Figure 3.11  Individual seismogenic sources according to DISS v.3.1.1 (Basili et al., 2009), on 

Google earth view, 41Á07ô19.17ôôN 1Á42ô07.86ôô lev.-149m alt 1819.47km, 02/26/2013.  

 

Section3 ï Macroseismic Intensity 

In this section the available data regarding macroseismic intensity at the site are 

reported.  If macroseismic intensity is available at a site different from the one under 

consideration (but reasonably close to it), the location can be specified in the field 

ñReference Siteò. For the specific case-study, the work by Albarello et al. (2007) was 

used as a reference for the estimates of macroseismic intensity. As already stated, this 

study provides macroseismic intensity with an exceedance probability of 10% in 50 

years assuming two different GMPEs (IG assuming a and a Gaussian GMPE and Ibin 

assuming a binomial GMPE), as reported in Fig. (3.12). The same study also provides 

the number of events felt at the site and  the maximum macroseismic intensity felt at 

the site. This section is completed by the Munich-Re zonation. This is a macroseismic 

scale elaborated by Munich Reinsurance Company (Münchener Rückversicherungs-

Gesellschaft), representing the reference scale in insurance and reinsurance world.   
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 Figure 3.12  Macroseismic Intensity with 10% of probability of exceedance in 50 years 

employing a Gaussian GMPE (left) and a binomial GMPE (right) (Albarello et al., 2007) 

 

Section 4 ï Seismic hazard 

In this section, hazard data are reported according to the most detailed study available. 

In particular it is required as a mandatory data the PGA on rock with a return period of 

475 years obtained from GSHAP project (Giardini et al., 1999). This value can be 

computed automatically from the tool presented in Chapter 5. 

If other values of PGA, relative to different return periods or different studies, are 

available, they can be inserted in the form as optional data.  

Hazard curves, if available, can be reported in this section, taking care to specify the 

type of curve (rate or probability and the reference time period),  the adopted IM, the 

units, the subsoil category. 

For the Italian case-study, the following data were used: the PGA corresponding to 9 

return periods (from 30 to 2475 years) on rock (Meletti and Montaldo, 2007) and 

hazard curves on rock for 11 oscillation periods (Montaldo and Meletti, 2007).  

Uniform hazard spectra (UHS) for all the given return periods were also computed.   

In this section also the current code for seismic design has to be indicated. This 

information, common to all the plants of the case study portfolio, assumes particular 

significance in the case of portfolios with structures distributed in different Countries. 

Finally, the Code-based elastic spectrum is also given.   

 

Section 5 ï Disaggregation of seismic hazard 

In this section hazard disaggregation at the site is reported, if available. In the case of 

the plant portfolio under consideration the study by Spallarossa and Barani (2007)  was 
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used for the characterization of the major contribution to the hazard in terms of 

Magnitude and Distance. This can be useful in the case of DSHA for individuating the 

reference scenario earthquake(s). 

 

Section 6 ï Geotechnical data 

In this section the soil category according to EC8 is defined for the subsoil in the 

facility area. The assumption that this latter is the same for all the structures of the 

facility is implicitly done, nevertheless, in the case of large plan developments and 

different subsoil categories in different places of the plant area, the worst category 

should be indicated herein. This is the reason why the characterization of subsoil is 

also contained in the Knowledge forms of each individual structure (see next Section). 

Different kinds of information can be used for the assessment, from the less correlated 

to seismic wave propagation to the most: stratigraphy with indication of the soil 

qualitative typology; penetrometric field tests (e.g. cone penetration test, standard 

penetration test, etc.); laboratory tests (e.g. oedometric test, triaxial cell, etc.); shear 

wave propagation velocity measurements (e.g. cross hole, down hole, etc.). 

In the case of plants located in different countries, subsoil would be characterised 

according to different classifications. In this cases it is possible to obtain the required 

EC8 classification on the basis of shear wave velocity using conversions such as the 

one reported in Table (3.4). 

 

Table 3.4  Comparison of soil classification in modern seismic codes worldwide (Pitilakis et 

al., 2004).   
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Figure 3.13  Hazard form (1/2) 
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Figure 3.14  Hazard form (2/2) 
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3.3. Knowledge Forms for industrial manufacturing plants  

Knowledge forms were developed in order to investigate the structures of the case-

study portfolio and, more in general, to provide tools for achieving the level of 

knowledge about industrial plants necessary to perform the procedures discussed in 

this thesis. More specifically, three kinds of knowledge forms were developed: 

¶ plant layout knowledge form; 

¶ building-like structures knowledge form; 

¶ tanks/silos knowledge form. 

These forms are aimed at investigating the more typical structures in manufacturing 

industry; therefore they are not intended for those industrial sectors in which the main 

structural typology is non-building-like.  

For each plant a single plant layout knowledge form has to be compiled first, allowing 

to identify the structural units composing the plant and their design year. Subsequently, 

for each building-like structure, a building-like structures knowledge form is compiled 

and for each tank or silos a tanks/silos knowledge form is filled as well. All the above 

mentioned knowledge forms require, at least, a visual survey of the structures 

composing the plant and they were developed to be used by an un-expert subject (e.g. 

the stakeholder of the plant).  

3.3.1. Plant layout knowledge form 

The principal objectives of the plant layout knowledge form are: 

¶ the identification of structural aggregates; 

¶ the characterization of each structural unit in terms of main geometrical 

dimensions and age of design;  

¶ the identification of foundation soil characteristics; 

¶ the characterization of the exposed value in terms of monetary loss for the 

whole plant; 

¶ the characterization of occupancy and exposure for each structure, expressed in 

terms of number of occupants. 

This form, depicted in Figures (3.16) to (3.17),  is composed by the following sections: 

 

Section 1 ï General information about the plant 

In this section the information needed for the identification of the plant in the portfolio 

is reported, i.e. the plant name, address and geographical coordinates (in decimal 

degrees). The number of the corresponding Hazard Form (Sect. 3.2) is also reported.  
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Section 2 ï Information about the compiler 

In this section the name, qualification, contacts and signature of the compiler are 

reported as well as the date of the survey.  

 

Section 3 ï Plant Layout 

In this section the plant layout is sketched and each building aggregate or tank/silo 

structure is identified by a progressive number or letter, namely ID (Fig. 3.15) . This 

ID can be, as an example, composed as follows: 

_ #buildID PL OCC=  (3.3) 

where ñPLò indicates the plant name; ñOCCò is an abbreviation of the aggregate 

occupancy and ñ#ò is a progressive number. In Figure (3.15) an example of 

identification of buildings, aggregates or tank/silo structures is reported. The 

abbreviations ñWSò, ñOFFò , ñUò and ñTò were used, respectively,  for addressing 

workshops, offices, utilities and tanks or silos. 

 

WS1

OFF1

OFF2 OFF3 OFF4

T1
T2U1

U2
*

 
Figure 3.15  Example of identification of structural aggregates. The * in the left panel refers to 

a structure for loading/unloading finished products not belonging to those under investigation 

that is, therefore, neglected.   

 

Section 4 ï Building aggregate characteristics 

In this section each building aggregate or tank/silo structure, identified in the previous 

step, is characterized in terms of occupancy (production, offices, utilities or storage), 

activities carried out in it, number of occupants per shift and number of shifts per day.    

 

Section 5 ï Topographic and Geotechnical Information 

In this section information about topography of the site (plant located in plane, slope or 

ridge), altitude and geotechnical data are reported. The objective of this latter 

information is the classification of subsoil according to EC8. The same discussed in 

Hazard Forms applies in this section.  






























































































































































































































































































































































































































































































