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Abstract The frequency and severity of natural catastrophes have increased significantly
over the last few years, with countries around the world having to face huge economic and
human losses. Italy in particular is very seismic-prone, being located in the precise area of
convergence between the African and Eurasian lithospheric plates. In addition, most Italian
cities are densely populated and have many old and historical buildings, making the
country even more exposed and vulnerable in terms of potential losses. Recently, new
regulations gave householders the chance to buy insurance against earthquakes. Unfortu-
nately, the widespread risk perception in Italy is very low among the population. In
addition, insurance premiums can be extremely high given the low-probability-high-risk of
cash flow and insolvency problems potentially incurred by an insurance company if there is
a high magnitude earthquake. The aim of the methodology proposed in this paper is to give
insurers an engineering instrument with which to quantify expected losses in the case of an
earthquake. This will enable insurance companies to model innovative and more affordable
financial products by optimizing the quantification of premiums. Seismic events with a
magnitude greater than 4 from 217 a.C. to 2012 have been selected from the historical
catalogue of the National Institute of Geophysics and Volcanology, and statistical simu-
lations of earthquake scenarios are performed for each of them. In particular, the peak
ground acceleration is simulated, based on the ground motion prediction equation of Bindi
et al. (Bull Earthq Eng 7(3):591-608, 2009). Actual exposure is assumed for the Italian
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building stock, which is modelled according to the database of the National Institute of
Statistics. Finally, in order to compute the total losses for the entire national building stock,
the annual expected losses are quantified according to the procedure demonstrated in
Asprone et al. (Struct Saf 44:70-79, 2013).

Keywords Insurance industry - Loss assessment - PBEE - Earthquake scenario analysis

1 Introduction

Damage from natural events such as windstorms, earthquakes, storm surges and lightning
causes economic losses amounting to billions of dollars throughout the world every year.
Hurricane Sandy in 2012, for instance, caused losses of 19 billion dollars, while the
earthquakes that occurred in New Zealand and Japan led to 2011 being a record year for
catastrophic losses, with 380 billion dollars paid out, as estimated by Munich Re (2011).

It is clear from the world map of natural hazards below (Fig. 1) that natural risks
threaten global and local communities more than ever, and are thus a source of great
concern for national governments today.

Private insurance is widely recognized as a risk management strategy, which enables to
transfer the risk. On the other hand, it is also true that risk mitigation strategies are
constituted by a multiplicity of actions and instruments. In this view, private insurance can
effectively be considered as a support instrument aiming at both transferring the risk but
also to mitigate losses. Based on probability-based loss assessment models, in fact to date it
is possible to forecast losses from catastrophes and to create dedicated funds for their
coverage in case of a seismic event occurrence, preventing insurers from insolvency
problems. Moreover, and particularly in Italy, catastrophe losses are often handled by
public institutions and governments. Keeping with this, to date private insurance can be
interpreted as one of the most effective ways to mitigate losses from natural disasters. Due
to its high capability of transferring risk, it can be in fact considered as an instrument to
mitigate public and also private house holders losses.

and updated by Munich Re (2011)
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In this view, insurance has got the potential to encourage property owners to adopt risk
reduction measures and support the management of catastrophe risks within urban
environments.

Unfortunately, attempts to roll-out such insurance systems face a number of different
problems, particularly when dealing with the private householder’s market. Indeed,
householders have a very low perception of risk and are risk adverse, i.e. they are unwilling
to either spend their money on buying a product that will not necessarily provide value
(insurance) or voluntarily adopt cost-effective protective measures (which can reduce
insurance premiums). Consequently, they are often uninsured and do not invest in retrofits
to prevent and mitigate the losses caused by natural disasters (Kesete et al. 2014).

Yet the risk is even higher for the insurance industry. Indeed, in the aftermath of a
disaster, insurers are prone to insolvencies and significant destabilization. There are also
problems due to the high risk of the industry exceeding its financial capacity and facing
cash flow issues, all of which leads to very high insurance premiums.

Looking at the 10 costliest events that occurred from 1980 to 2014, it is notable that six
of them were earthquakes (Fig. 2).

Italy is a particularly seismic-prone area, and has been affected by over 30,000 medium-
and high-magnitude earthquakes in the last 2500 years. With this in mind, this study
proposes predictive relationships for the actual expected losses given the magnitude of the
occurred seismic event. This methodology has been developed to help communities to
improve their capacity to withstand natural catastrophes like earthquakes. As most Italian
earthquakes are due to the activity of faults, their locations and mechanisms can be, at least
approximately, be predicted. As a consequence, it can be assumed that expected seismic
events may be similar to those in the past and collected in the Italian historical catalogue
produced by the National Institute of Geophysics and Volcanology (INGV 2004).

In this paper, a scenario analysis is performed of historical earthquakes with a mag-
nitude greater than 4 within a full-scale study. Actual exposure is assumed by accounting
for residential buildings located in each Italian municipality that is prone to experiencing
seismic events. Total losses for the entire national building portfolio are then computed for
each event, depending on the site-specific seismic hazard.

Overall losses Insured losses
Date Event Affected area inUS$ m inus$ m Fatalities
Earthquake, Japan: Aomori, Chiba, Fukushima, Ibaraki, Iwate,
1132011 Miyagi, T i, Tokyo, Y 210,000 40,000 15,880
Hurricane Katrina, .
25-30.8.2005 USA: LA, MS, AL, FL 125,000 62,200 1322
17.1.1995 Earthquake Japan: Hyogo, Kobe, Osaka, Kyoto 100,000 3,000 6,430
China: Sichuan, Mianyang, Beichuan, Wenchuan,
12.5.2008 Earthquake Shifang, Chengdu, G an, Ngawa, Ya'an 85,000 300 84,000
Hurricane Sandy, Bahamas, Cuba, Dominican Republic, Haiti, Jamaica,
23-31.102012 BT P Rico, USA, G 68,500 29,500 210
17.1.1904 Earthquake &s:qcc Horbvidos: Los Arosies: Ses Femendo 44,000 15,300 61
Thailand: Phichit, Nakhon Sawan, Phra Nakhon Si
1.8-15.11.2011 Floods Ayuttaya, Pathumthani, Nonthaburi, Bangkok 43,000 16,000 813
USA, Cuba, Haiti, Dominican Republic, Turks and
6-14.9.2008 Hurricane Ike Caicos | . Ba 38,000 18,500 170
Earthquake, Chile: Ci Talca,
27.22010 T  Valparaiso 30,000 8,000 520
Japan: Honshu, Niigata, Ojiya, Tokyo, Nagaoka,
23.10.2004 Earthquake Y. hi 28,000 760 46

Source: Munich Re, NatCatSERVICE. 2015

Fig. 2 List of the 10 costliest events worldwide from 1980 to 2014 (Munich Re 2015)
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The results are processed through a regression analysis to reveal the relationships
between expected losses and magnitude. Furthermore, bin processing of the empirical
results was also performed to highlight the most effective predictive curve for seismic loss
assessments that can potentially be used by the insurance industry in Italy.

2 Supporting the insurance industry with a PBEE-based methodology

As a tool for the insurance industry, the methodology proposed in this paper uses an
engineering-based instrument for the efficient and prompt forecasting of seismic losses on
the basis of the magnitude of an expected seismic event.

Traditional, and often too conservative, practices concerning catastrophic losses can
lead to the overestimation of premiums, and can thus be improved, with the result being
more affordable insurance. The scenario analysis set out in this paper will ensure that more
detailed knowledge of potential losses is available. As a result, insurers will be able to
mitigate their insolvency risks, while reinsurers and governments can be involved in the
interactions between insurers and property owners. The developed curves, in fact, can
potentially enable insurers to forecast expected losses, based on the magnitude of the
expected seismic events. Basically, each area has got a specific seismic hazard, from which
the most probable earthquake intensity, hence its magnitude, which can be experienced can
be known.

Insurers typically cannot guarantee for the full coverage of the insurance they sell, in
case the insured event occurs. Furthermore, they can arrange for dedicated fund to cover
losses in case of earthquake. But these are funds which mostly cannot cover losses from
catastrophes. With this, insurers can in turn ensure for their capital safeguarding, through
the purchase of reinsurance products.

Whether an insurer decide to buy reinsurance, this constitutes an additional cost, which
will burden insurance premiums to be paid by home owners. In this case, local and/or
national governments can be directly involved in the insurance process, to safeguard
private owners and insurers, while contextually preventing from the collapse of the eco-
nomic system in force. Synergy between private insurance company and governments can
in fact potentially be very effective. For instance, insurers can sell insurance with certain
maximum coverage and excess level. The excess enable for minor damages to be handled
by private owners, and helping to limit the premiums’ amount. On the other hand, max-
imum coverage enable insurers to protect their founds, and eventually this can be merged
with the institution intervention. Governments can share losses with insurers in case of
catastrophic seismic events, ensuring for an equitable distribution.

A realistic correlation between seismic effects at different locations and on multiple
structures is considered when performing the scenario analysis. Indeed, a more accurate
description of aggregate seismic losses is possible through the modelling of Italy’s building
stock as a spatially distributed system, with reference to each municipality (ISTAT 2011).
Accordingly, the accumulation of seismic losses is also recognizable based on the seismic
hazards faced by each site, as defined by the Italian seismic code.

Such a methodology also allows insurers to assess a type of region-specific loss ratio
(Jaiswal and Wald 2013) that is based on historical earthquake characteristics and repre-
sents the seismic risk in a disaggregated manner. Expected direct losses are evaluated for
actual assets;mand a realistic,correlation of ;seismic effects is modelled by taking into
account two limit cases for the ground motion variability representation. Consequently, a

@ Springer
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case in which there is partial correlation between, and variability among, the peak ground
acceleration (PGA) values in each municipality was modelled, as is a case in which there is
no correlation. Losses were then evaluated for each case and the results in terms of the
predictive relationship of losses against magnitude are compared.

The procedure used to draw loss curves vis-a-vis magnitude is also described.

2.1 Ingredients to implement the methodology

The primary requirement for effectively implementing the methodology proposed in this
paper is a database containing the details of all previous seismic events in the studied area.

To develop the proposed macro-economic-based approach, data on losses at diverse
seismic intensities (in the present study the magnitude) are needed to examine the
experimental relationship between loss and the intensity measure (IM). Such information is
obtained by performing a scenario analysis based on historical earthquake data, although
this information is rarely available for most historical seismic events worldwide (Jaiswal
and Wald 2013).

Nonetheless, in Italy, the National Institute of Geophysics and Volcanology (INGV) and
the Department of Civil Protection have developed a very precise database/catalogue that
accounts for all previous seismic events in the country. In particular, this resource covers
more than 1100 events from 217 b.C. to 2002 with a magnitude greater than 4.

The INGV catalogue (Fig. 3) provides a number of parameters that are fundamental for
the implementation of the scenario analysis, such as the geographical coordinates of the
epicentre and magnitude of each event.

It can be seen from the map that earthquakes with different magnitudes have been
experienced throughout the Italian peninsula. As is well known, the seismic hazard levels
in Italy, as well as the dominant earthquakes in terms of expected magnitude and damage,
are different according to the area being examined. This is due to diverse local exposure
and, above all, seismic hazard distribution, as shown in Fig. 4.

For instance, areas with higher seismic hazard are the Alps, the Apennines and the
Calabrian arch. An example is the annual rate of seismic events experienced in diverse
Italian municipalities over the return period of 475 years, which is a common probability

P
'5'4' i Istituto Nazionale di Geofisica e Vulcanologia
R INGV o

CENTRO NAZIONALE TERREMOTI

Prof (Km) Mag Distretto Sismico
23.3 Mi:2.7 Monti_del_Matese
64 Mi2.2

Event-1d Data Ora (UTC) _ Lat
7231397500  2013/12/30  06:30:07 41.388 14.
7231397431 | [2013/12/30 | 06123120 43.377

7231397290  2013/12/30  06:09:27 41.382 10.9 MI:2

7231397180 2013/12/30  05:58:122 44.174 88 Mii2.1

7231397110  2013/12/30  03:31:01 42709 1 9.9 Mii2.1

7231396870  2013/12/30  03:27:48 37.849 9.7 Mii2.1

7231396140  2013/12/30  04:14:09 41.42 1 6.8 MI:2.2 Monti_del_Matese

7231396120 | 2013/12/30 04112106  41.362 19.6 Mi2.9 Monti_del_Matese

7231393930  2013/12/30  03:35:12  41.363 14. 21.4 Mi2.3 Monti_del_Matese :
7231394980  2013/12/30  02:18:32 41.392 9.8 Mi:3.1 Monti_del_Matese

7231394480  2013/12/30  01:28:116 41.356 9.6 Mi2.3 Monti_del_Matese

7231393340 | 2013/12/29 | 23:34:01  41.394 104 Mii2.9 Monti_del_Mateze ;
7231392760  2013/12/29  22:36:126 42.388 1 2.6 MI:2 Aquilano &
7231392710 2013/12/29  22:31:33  41.394 14 10.3 Mmi2.8 Monti_del_Matese

7231392570  2013/12/29  22:17:31 41.375 1. 9.6 Mi:2.5 Monti_del_Matese

7231392520  2013/12/29 22112150 41.345 19.9 M2 Monti_del_Matese

7231392430 2013/12/29 22103127 41.393 1 10.9 Mii3.2 Monti_del_Matese

7231392350  2013/12/29  21:35:126  41.361 17.9 M2 Monti_del_Matese

7231392320  2013/12/29  21:52:57 4138 10.7 MI:2.2 Monti_del_Matese

7231392240  2013/12/29 21144122  39.886 73 M2 Pollino

7231392150  2013/12/20 21135135 41379 14.41 18.2 MI:3 Monti_del_Matese

7231391900 2013/12/29  21:10:23  41.356 10 M2 Monti_del_Mstese

7231391610  2013/12/29  20:41:109 41.369 1.1 M2 Monti del Matese

Fig. 3 The Italian historical catalogue of earthquakes from INGV (INGV 2004)
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Fig. 4 Map of seismic hazards for the Italian peninsula (OPCM 3519—2006); 10% probability of
exceedance in 50 years

level examined for seismic risk management. The expected PGA is equal to 0.25 g for the
city of Messina (Calabrian arch), 0.26 g for L’ Aquila (Apennines) and 0.49 g, which is the
maximum value, for the municipality of Laino Castello (Cosenza), as it is located right on
the Calabrian arch. In contrast, municipalities and cities located outside such areas have
lower expected PGA values. This is, for example, the case for Milan, with a PGA equal to
only 0.06 g, Gallarate (Varese) with a PGA of 0.04 g and Cagliari with PGA of
0.05 g (Colombi et al. 2010).

Studies of historical earthquakes show that seismic events often occur in areas that have
already been hit in the past. Furthermore, expected event typologies in Italy are similar,
due to the trigger sources, which are focal mechanisms that are particularly related to dip-
slip (normal and reverse) faults. As a consequence, it makes sense to develop a predictive
relationship based on this type of information.

An analysis to establish the ground motion—damage relationship, which accounts for
diverse structure types, can only be performed in places where building census and vul-
nerability data are available or can be easily inferred for each structural scheme (Jaiswal
and Wald 2013).
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Consequently, as a second source, data about the population and construction materials
of existing residential buildings is required. Indeed, it is fundamental to know the exposure
of a studied area, the age of its buildings, and the materials used to construct them.

Such information is essential when it comes to evaluating the exposure, and then also
the vulnerability, of the built environment according to the performance-based earthquake
engineering (PBEE) approach (Goulet et al. 2007). PBEE is based on the definition of
rigorously scientific performance metrics, which are relevant to decision making for
seismic risk mitigation and reflect economic losses, functionality loss and risk of casualties
(Deierlein et al. 2003). A major study in this field is that from Deierelein et al. (2003), that
developed the performance assessment equation, based on the probabilistic combination of
four generalized variables: decision variable, damage measure, engineering demand
parameter and intensity measure.

In this paper, the main assumption is made by assessing expected seismic losses as
against actual national exposure. The Italian building stock is modelled in this paper by
also accounting for its spatial distribution with respect to each municipality according to
the 14th census database of the National Institute of Statistics (ISTAT 2011). The database
accounts for the number of residential buildings in each municipality, their diverse con-
struction materials (reinforced concrete, masonry or mixed buildings), and the age of
construction, i.e. seismically or non-seismically designed.

The vulnerability of the Italian building stock is also evaluated through the imple-
mentation of seismic fragility curves. These define the fragility of buildings in terms of the
structural limit state probability of exceedance as a function of an intensity measure (IM)
of an earthquake. In the present study, a set of fragility curves from the literature is used
with respect to the PGA. Several studies from the literature were also investigated, with
those that refer to typical European structural typologies selected for this paper (Ahmad
et al. 2011; Borzi et al. 2007, 2008; Crowley et al. 2008; Erberik 2008; Kappos et al.
2003, 2006; Kostov et al. 2004; Kwon and Elnashai 2006; Lagomarsino and Giovinazzi
2006; Ozmen et al. 2010; Rota et al. 2010; Spence 2007; Tsionis et al. 2011).

The curves are selected by also referring to the structural typologies, which are iden-
tified from the ISTAT dataset (ISTAT 2011). As a result, vulnerability is evaluated for
seismically and non-seismically reinforced concrete buildings, non-seismically designed
masonry buildings, and seismically and non-seismically constructed mixed buildings.

Fragility curves, which classify residential buildings according to the examined diverse
structural typologies, are used, while, on the basis of the PGA, the probability of excee-
dance of the limit state Is is provided by Eq. (1) as follows:

P[LS = lS/PGA] = FLSl(PGA) - FL5+1’,'(PGA) Wlth 1 SZS S] (])

with each set of curves averaged for each building typology, i.

2.2 Earthquake scenario analysis: accounting for seismic ground shaking
correlations

Earthquake scenarios are generated through statistical simulations of historical events. In
particular, a normal distribution is used to describe the probability distribution for the
intensity measure given the various ground motion source and path parameters, which is
obtained in each municipality for each earthquake. The PGA is used as the intensity
parameter; the values,of which,are calculated according to the attenuation law of Bindi
et al. (2009). It is in fact possible to consider a single ground-motion parameter, as is the

@ Springer
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case in many ground-motion prediction equations (GMPE). Such a univariate approach is
advocated as it regards ground-motion parameters as almost multivariate log-normal
variables (Goda and Atkinson 2009).

The GMPE of Bindi et al. (2009) adopts the same functional form as the formula from
Sabetta and Pugliese (1996), but updates its coefficients, as shown in Eq. (2):

log,o(PGA) = —1.344 +0.328 - M — log,y /(R + h2) + 0.262S; + ¢ (2)

The ground motion prediction equation (GMPE) from Bindi et al. (2009) enables to
assess the mean of the logs of PGA for each seismic event and for the barycentre of each
Italian municipality. Hence, using this GMPE means that for each magnitude level a
normal multivariate PGA field is considered. Furthermore, the relationship from Bindi
et al. enables to distinguish the intra-event and the inter-event residual, which are typically
assumed to be independent and normally distributed. Keeping with this, errors associated
to the assessed PGA values are generated to derive the acceleration field associated to each
historical event. Errors generated have a normal multivariate distribution too. In fact, they
are drawn with the median equal to the value attained from the attenuation law and
covariance matrix, Y, equal to that shown in Figs. 5 or in 6, depending on the considered
limit case.

Some assumptions are made in the context of the present study: M is assumed to be
equal to Msp, which is the corrected magnitude according to Sabetta and Pugliese (1996),
and is also provided by the INGV catalogue; and R is taken to be the epicentral distance
from the centre of each municipality (km). For municipalities less than 5 km from an
epicentre, the PGA is assumed to be equal to the epicentre. Meanwhile, for municipalities
greater than 100 km from an epicentre, the PGA is assumed to be zero.

In this first step, S; is assumed to be zero, which means that the PGA is evaluated by
making assumptions about rock soil conditions. Meanwhile, c is the standard deviation of
the log of the PGA and is provided by Eq. (2) as follows:

Benevento municipality

10
9
0 .- 8
. 7
0 0
6
2
Z =0 1 5
4
3
_0 - 0 1_8101X8101
2
1}
0
0 0.5 1 15 2 25

Simulated error

Fig. 5 Error simulated (Nsim = 100) for Molise 2002 (Msp = 5.59) for the Benevento municipality in the
case of the fully uncorrelated PGA
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Fig. 6 Error simulated (Nsim = 100) for Molise 2002 (Msp = 5.59) for the Benevento municipality in the
case of the partially correlated PGA

2

2 ot 0o = (0.174)% + (0.222)° (3)

2 _
0 =0 intra

where Gj,r 1S the inter-event standard deviation and oj,,, the intra-event standard
deviation.

When dealing with the simulation of earthquake scenarios, the inter- and intra-event
variability must be taken into account, especially when considering spatially distributed
systems such as a residential portfolio. Spatially distributed systems are in fact exposed to
simultaneous excitations when an earthquake occurs. Accordingly, the correlation between
seismic effects is very important when assessing seismic losses, because it can potentially
affect the probability distribution of seismic damage (Hong et al. 2009).

In particular, inter-event variability is also known as earthquake-to-earthquake vari-
ability and emphasizes the correlation between registrations of different earthquakes at the
same site. Meanwhile, intra-event variability, i.e. the alleged site-to-site variability, indi-
cates the variation of seismic excitations for a particular earthquake from site to site (Goda
and Hong 2008b).

Inter- and intra-event variability is dependent on ground-motion parameters, although
the latter is also a function of the distance between two sites. The interrelation between the
ground motion parameters from site to site could have a major impact on the results
obtained by the GMPE at short separation distances, due to saturation effects (Goda and
Atkinson 2010). This is certainly true for distances up to 1 km, since the degree of
correlation decreases with the increasing distance between two sites (Goda and Hong
2008a). In view of this, it must be taken into account that the current study uses a full-scale
approach to the Italian peninsula, where the separation distance is evaluated between
municipalities with a mean distance of over 10 km from each other. As a consequence, in
order to properly take into account the correlation, only the inter-event element was
considered, as seismic losses could otherwise be overestimated, leading to excessively
cautious evaluations (Hong 2000).

On the basis of such considerations, two limit cases are investigated to evaluate the
differences obtained in the evaluation of expected losses when performing scenario sim-
ulations. The cases modelled are: a completely uncorrelated PGA, in which 6 = o, i.e. the
total correlation in the residuals of the ground motion prediction equation is computed; and
aspartially-correlated-PGAs-inswhich-onlysthe inter-event correlation is considered.

@ Springer
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This could be achieved because inter- and intra-event correlations are usually consid-
ered to be independent, and could therefore be studied separately (Goda and Hong 2008b).

In both the fully uncorrelated and partially correlated PGA cases, error simulation
according to a multivariate normal distribution is performed, with a median equal to the
PGA calculated according to the attenuation law of Bindi et al. (2009). Consequently, on
the basis of this law, 100 values of the residuals are randomly extracted for each simulated
earthquake for each Italian municipality.

Error simulation is performed by defining the covariance matrix (assuming that it is
normally distributed) with a zero mean and a covariance matrix 2, which varied depending
on the case being examined. So, in the case of the completely uncorrelated PGA, it
accounted for the total standard deviation provided by Bindi et al. (2009). This is while it
only accounted for the inter-event allocated share in the case of the partially correlated
PGA. In this case, the main diagonal elements account for the total standard deviation,
while off-diagonal ones account only for the inter-event standard deviation.

Figures 5 and 6 set out the adopted covariance matrixes in the two studied limit cases,
together with the related trends of the residuals.

In the case of fully uncorrelated PGA, an N x N matrix with unit diagonal term and
zero off-diagonals is obtained, where N was the number of Italian municipalities.

In the inter-event correlation case, the resulting correlation between the residuals is
accounted for through the incorporation of the spatial correlation model in the covariance
matrix that is associated with inter-event variability.

The results in terms of the frequency of the residuals show a clear log-normal trend,
which is more scattered in the case of the uncorrelated than the inter-event correlated
assumption. Such an observation can be justified by the major interrelation accounted for in
the second case, which makes the residuals obtained more similar.

Once the PGA field is derived from each earthquake, it is evaluated for the entire Italian
territory (assuming rock soil type). The PGA values are then amplified according to the
topographical and stratigraphic coefficient of each municipality, as defined by the INGV
(2004) report.

2.3 Expected losses against spatial correlation

Direct economic losses are computed by implementing a discrete version of the PBEE
equation set out in Asprone et al. (2013) and shown in Eq. (4) as follows:

I = Z RC(LS) - [P(LS|PGA) — P(LS + 1 [PGA)] [€/sqm] (4)
LS=1

where [; represents the specific expected loss, i.e. per square meter of residential units i,
RC(LS) is the restoration/reconstruction cost function, and PGA is the earthquake IM
evaluated for each municipality through the attenuation law and then amplified for the
stratigraphic and topographical coefficients Sg and St. The PGA value also takes into
account the respective error in the two cases of the completely uncorrelated and partially
correlated PGAs.

The term [P(LS|PGA) — P(LS + 1|PGA)] represents the probability of exceedance of
the limit state given the particular PGA within each discrete set considered.

Fragility curves are selected from the literature, to evaluate such a probability for
masonry and r.c. buildings, as done in Asprone et al. (2013).

@ Springer



Bull Earthquake Eng (2017) 15:2853-2877 2863

The results in terms of the expected economic loss per square meter are averaged for
each fragility curve considered and each structural scheme, according to the age of con-
struction. Mean values are then integrated on the entire square meters amount and summed
up for all the municipalities in order to compute the total national loss for each simulated
earthquake, L,,,.

The seismic retrofitting or reconstruction unit costs are also included in the loss curve
derivation in this step for the diverse structural typologies. The reconstruction cost per
square meter when the collapse limit state is attained is assumed to be equal to 1,500 €/sqm
according to information from the Italian Centre for Sociological, Economics and Market
Research (CRESME 2011).

Consequently, according to the study by Asprone et al. (2013), the repair costs are
expressed as a function of the reconstruction cost RC,jj4pse- Moreover, they are assumed to
have a linear trend against the limit states i for each vulnerability curve, as shown by
Eq. (5).

RC(LS) = (%) “ RC.ollapse (5)

The presented relationship allowed to also evaluate the unit loss for intermediate limit
states and to retain this invariant for the assumptions made. It also ensured adequate
flexibility with respect to the set of discrete limit states, which had a different number of
damage state levels n for each investigated fragility curve study. Fragility curves and the
related limit states, damage level and number, are the same as selected in Asprone et al.
(2013).

Expected national losses are evaluated for each earthquake simulation performed and
then plotted against the magnitude of Sabetta and Pugliese, as provided by the INGV
catalogue (2004) in the cases of the fully uncorrelated PGA (Fig. 7) and the inter-event
PGA correlation (Fig. 8).

Experimental evidence revealed a more concentrated distribution of total losses in the
case of the fully correlated PGA, as expected. As a further assumption, the PGA is
computed for the centroid of each municipality, and is considered to be uniform across the
entire municipality. Figure 9 below demonstrates the distribution of loss values for the

4
!

Expected Losses [€]

Magnitude [Msp]

Fig. 7 Total expected losses for each simulated earthquake in the case of the fully completely uncorrelated
PGA
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Fig. 8 Total expected losses for each simulated earthquake in the case of the partially correlated PGA
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Fig. 9 Expected losses for the Italian peninsula evaluated in the cases of the fully uncorrelated (left side)
and the partially correlated assumptions (right side). The results refer to the historical seismic events in
Messina in 1908 (a, b) and Irpinia in 1980 (c, d)
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events of Messina 1908 and Irpinia 1980 based on the assumption of fully uncorrelated and
partially correlated PGA values.

The results show the sensitivity of the annual expected loss (AEL) to different corre-
lation cases, although it is often not recommended, as it could fail to capture the extent of
the loss distribution, especially when dealing with rare events (Yoshikawa and Goda 2013).

As the proposed methodology would help the insurance market to mitigate the risk of
insolvencies, with the objective being to estimate expected losses as realistically as pos-
sible, adopting AEL as a scalar risk metric seems to be appropriate. Insurers in fact mostly
assess possible solutions and actions based on financial and monetary indicators. More-
over, the proposed approach allows us to adopt a risk-neutral approach, which is funda-
mental as it is very difficult to evaluate the actual behaviour of the stakeholders involved.
This is because of the willingness of private householders to potentially buy insurance
being not affected by changes in the expected losses values. With this, expected prices
estimated by the insurer, according to the proposed procedure, may be assumed to be pretty
the same of the real ones to be potentially required on the market.

3 Processing the results of the analysis

Spatial modelling of the ground motion for each municipality allows to take into account
the spatial distribution of the residential building system in Italy. Doing this enables to
perform the scenario simulation according to the joint distribution of ground motion
parameters at different sites.

The right spatial tail of the loss distribution can also be assessed according to the local
exposure and the annual ground motion rate.

The results demonstrate more scatter in terms of expected losses based on magnitude for
the partially correlated than the uncorrelated PGA case. An example is the 1873 earthquake
in Venafro, which had an Msp = 4.99, with statistics on the event’s assessed loss values
confirming the observed trend.

As expected, it can be seen (Table 1) that the mean loss values are almost equal in the
two PGA cases, but the partially correlated case shows significantly greater dispersion.

3.1 Derivation of expected loss relationships through regression analysis

Once the scenario simulations are run, a simplistic linear regression model is used to
process results. Clearly, magnitude alone cannot describe perfectly the total expected direct
losses. Nevertheless, the simple regression model proposed fits the data fairly well.
Accordingly, this technique can be effective in processing expected seismic losses vis-a-vis
magnitude.

Table 1 Statistics on the expected losses for the Venafro seismic event

Venafro 1873 PGA fully uncorrelated (€) PGA partially correlated (€)
Mean 1.06e+-009 9.37e4-008
Standard deviation 5.71e+008 1.22e4-009
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Fig. 10 Expected losses data points and regression curves for the case of the fully uncorrelated PGA

The values of the magnitudes are fixed within the study, because of the deterministic
nature of the event being simulated. Starting with magnitude, losses are generated from
randomly-generated variables, i.e. the residuals.

A logarithmic regression of the 50th percentile of the estimated losses L™ for both
limit cases is performed, and the regression curve is fitted in the semi-logarithmic plane.
Consequently, the equation of the regression curve is as follows:
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LS Oth

log =logga+b-log,y My, (6)

with logpa and b being the intercept and slope of the regression curve, respectively. A
logarithmic linear regression is then performed, also on the basis of the 16th and 84th
percentile values for both the complete and partial PGA correlation cases.

The predictive model for expected loss against the magnitude is shown in Fig. 10 for the
fully uncorrelated PGA case and in Fig. 11 for the inter-event correlated PGA case.

Regression can also be understood as a probabilistic model for the distribution of
residuals in order to define the probability distribution of L|M, where the homoscedasticity
assumption subsists.

Consequently, by assuming constant dispersion, the regression curves for the 16th and
84th percentiles of the loss are estimated in the case of full uncorrelation between PGAs.
Starting from the regression curve drawn from the median loss values, these curves can be
obtained by simply summing up and subtracting the logarithmic standard deviation [ob-
tained from Eq. (7)] to the regression curve.

S el

o s =\|==—1L 7

n—2 ™)

Furthermore it is possible to observe variations in the variance, by assessing the
coefficient of determination R, according to Eq. (8):

R — Y G-’ 1 i i — (axi + b)) (8)
S i -y S i =)
that is the complement to the ratio between the residual sum of squares of the set n of data
points and the sums of squares of these. Being respectively: y;, the logarithm of observed
values; ¥, the logarithm of the mean of theoretical values; y;, the logarithm of the 100 loss
values simulated for each seismic event; and, y, the logarithm of the mean of 100 simulated
loss values.

The coefficient of regression shows how well the sample regression line fits the data.
Particularly, it represents the variability of the dependent variable with reference to the
independent variable. R? is defined in [0,1], being R? ~ 1 in case perfect fit is achieved,
while R? ~ 0 in case of poor fit.

Figure 10 shows the trend for the 50th, 16th and 84th percentile regression curves,
which are depicted with black dots, whose parameters are shown in Table 2, following.

It is clearly evident that for higher magnitudes the 16th and 84th percentile curves tend
towards the median (the central one). This is due to the smaller number of historical high
magnitude events, as also shown by the data points.

Table 2 Parameters of the 16°, 50° and 84° percentile regression curves in case full uncorrelation is
assumed

Regression log;p a b c R?

16° percentile —0.54 12.05 0.59 0.980
50° percentile 1.19 10.16 0.59 0.983
84° percentile 2.78 8.41 0.59 0.983
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Table 3 Parameters of the 16°, 50° and 84° percentile regression curves in case partial uncorrelation is

assumed

Regression Ina b c R?
16° percentile —7.24 19.77 0.74 0.994
50° percentile —0.02 11.44 0.74 0.998
84° percentile 2.52 8.84 0.74 0.999

Meanwhile, in the case in which 16th and 18th percentile curves are estimated from the
median (the black lines) curve, the confidence interval remains constant, because of the
underlying homoscedasticity.

The same procedure is also performed for empirical data obtained when the scenario
analysis is conducted assuming inter-event correlation (Fig. 11).

Table 3 following shows the parameters of the regression curves.

Results similar to those of the uncorrelated PGA case are also observed in the inter-
event correlation case. In the case of the homoscedasticity assumption, a similar confidence
interval is observed between the median curve and the 16th and 84th percentile curves. On
the other hand, in the uncorrelated case assumption, there is greater consistency between
the curves. Meanwhile, in Fig. 11, there is less correspondence between the median curve
and the 16th percentile regression curve due to the larger dispersion.

In both the case analysis, the fit seems to work quite well for large-magnitude events.
However, it can be observed that the data shows more variability around the regression line
for low-magnitude events. This in part can be attributed to the fact that for a low magnitude
bin, the historical catalogue has a much larger number of events. Therefore, the variability
in both vulnerability and exposure characteristics is seen more clearly for low-magnitude
events.

Therefore, in the paper, two predictive models are presented: (1) the simple regression
with fixed standard error (homoscedastic regression); (2) the simple regression with
variable standard error. In the second case, the plus/minus standard deviation confidence
interval (in the logarithmic scale) has been evaluated by fitting two regression lines (using
the same simple regression fit) to the 16th and 84th percentile total loss estimates calcu-
lated from the data. Clearly, the second model is more faithful to the data.
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Fig. 12 Regression curves fitted to the median (a) and the mean (b) in the two cases
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Paralleling this, goodness of fit can be assessed by comparing values obtained for the
coefficient of determination in the two case analysis. Higher correlation is observed in case
inter-event correlation is assumed, R?> ~ 0.99, with respect to the full uncorrelation
assumption case analysis, R? &~ 0.98. Consequently, it can be argued that no error occurs
when neglecting error related to the intra-event correlation when dealing with seismic
event distributed at the national level, as in Italy.

The percentile curves are derived from both homoscedastic regression and by also
directly calculating the 16th and 84th percentiles from experimental data.

The figures below show the regression curves fitted to the median (Fig. 12a) and the
mean values (Fig. 12b) of the calculated expected losses for the two cases of uncorrelated
(dashed dot) and partially correlated (dashed) PGA values.

The correspondence between the predictive relationships for the two cases when they
are fitted to the mean value is perfect. Diversely, the median values for the partially
correlated case are lower than for the fully uncorrelated case. This is reasonable, as the
partially correlated case is associated with higher standard deviations, meaning that the
median must be smaller so that the expected values are equal. Accordingly, as already
expected, the analysis of the results in terms of the median values shows that, based on the
uncorrelated case assumption, the predictive relationship would be very conservative due
to an overestimation of seismic losses.

3.2 Bin processing of the empirical results

The number of historical earthquakes is not uniformly distributed within the INGV cata-
logue (2004). This is because of the intrinsically random nature of earthquake occurrences.
The logarithmic regression based on the homoscedasticity assumption cannot capture the
smaller number of historical earthquakes, for very large magnitude events.

There are, in fact, a larger number of lower magnitude seismic events, as depicted in
Fig. 13 (as also expressed in the Gutenberg—Richter relation).

It can be seen that the rate of occurrence of earthquakes falls as the magnitude rises.
This is also reflected in the fact that there are fewer faults that are physically capable of
causing very high-magnitude events.

Fig. 13 Frequency of historical 350 T T T T T
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Table 4 Historical earthquakes

for which the scenario analysis is Bin N° events Event interval
rform hered in bins wi
4.71:4.81 189 57 245
4.82:4.92 54 246 299
4.93:5.03 243 300 542
5.04:5.14 47 543 589
5.15:5.25 41 590 630
5.26:5.36 67 631 697
5.37:547 26 698 723
5,48:5.58 62 724 785
5.59:5,69 29 786 814
5.70:5.80 29 815 843
5.81:591 24 844 867
5.92:6.02 21 868 888
6.03:6.13 9 889 897
6.14:6.24 8 898 905
6.25:6.35 14 906 919
6.36:6.46 5 920 924
6.47:6.57 6 925 930
6.58:6.68 14 931 944
6.69:7.05 13 945 957
7.06:7.42 3 958 960
960

Fig. 14 Bin regression in the 10" . . . . .

case of the fully uncorrelated

assumption
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A total of 1172 events are listed in the INGV catalogue, but some of these have their
he country or deep in the Tyrrhenian Sea.
such events is slight, and accounting for
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them may thus produce an unjustified shift of the prediction curve. To avoid such a
phenomenon, events with the epicentre in these areas are removed from the catalogue.
Accordingly, 960 instead of 1172 earthquakes are simulated.

Furthermore, to account for the diverse distribution of the number of earthquakes
against the magnitude, historical events are grouped in bins, and expected losses are
computed for each of them (Table 4).

A bin width of 0.10 M is used to group the expected loss data in order to perform the
regression analysis. A greater width—equal to 0.36 M—is assumed for the last two bins,
being empty the magnitude intervals 7.07:7.23 and 7.25:7.40.

A logarithmic regression analysis is again performed for the 16th, median and 84th
percentiles of loss according to the least squares method. The results are shown in Figs. 14
and 15, as follows.

As expected, lesser data points can be observed, and reflect the expected loss assessment
based on the bin division according to the magnitude intervals (Fig. 16).

The regression curves show similar trends for the fully uncorrelated and partially
correlated PGAs. Nonetheless, due to the wider distribution of the data points in the case of
the inter-event correlation assumption, major scatter is detected.

3.3 Comparisons and results

The assumption of the fully uncorrelated PGA clearly leads to a steeper regression curve
and a smaller confidence interval. On the other hand, the partially correlated PGA values
are more scattered and, as a consequence, the confidence intervals around the regression
curve are wider.

The most of the difference in the distribution provided by the two simulation cases is
due to the standard deviation values.

In the case of fully uncorrelated simulations, where no spatial correlation is taken into
account, the loss values demonstrate less scatter, as expected.

Logarithmic regression curves fitted to the mean values coincide in the two cases, as
they also do in the case of bin regression. The regression curve to the median instead has

Fig. 15 Bin regression in the 10
case of the partial correlation
assumption
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Fig. 16 Regression curves for the median (left side) and the mean (right side) values for the two limit cases

higher values in the case of the fully uncorrelation assumption, as is also in the case of
simple linear regression previously implemented without performing bin division.

As a result, more conservative predictions are produced according to the regression
analysis used in the fully uncorrelated PGA hypothesis. Otherwise, lower expected losses
are estimated in the case of inter-event correlation, thereby one can expect that a lower
margin of safety is attained, allowing for a more realistic evaluation. The experimental
observations are also confirmed by studying the size order of the intercept of the plotted
curves. According to the median values, at a 4.5 magnitude, about 8.2e+4-08 € seismic
losses are expected in the case of the fully uncorrelated PGA and 5e+07 € in the case of
the correlated PGA inter-event.

Further remarks are related to the differences between the case in which a regression
analysis is performed according to the bin division and one according to each magnitude
(Msp) value. The regression curves are set out in Fig. 17 for the fully uncorrelated
assumption.

The expected loss in the case in which the regression analysis is performed according to
the bin division provides higher loss values than the regression case implemented for each
Msp value. Performing the regression to the median or the mean values by considering the

10" 10"

w w
[ E| » 4
[ [2]
[e] [e]
| |
o k| - J
[0} [0}
) )
® 8 7
Q 1 a 10 E
x x
[ [

6 median data points for each Msp 6 mean data points for each Msp

10 mm— egression curve to the median for each Msp 3 10 mm— regression cruve to the mean for each Msp |
® median data points for bin division ® mean data points for bin division
=i mI hin regression curve to the median =1 mI hin regression curve to the mean
5 5
10 10 . . . . . .
45 5 55 6 6.5 7 7.5 8 45 5 55 6 6.5 7 7.5 8
Magnitude [Msp] Magnitude [Msp]

Fig. 17 Case of the fully uncorrelated PGA: comparison between the regression curves of the median (/eft
side) and the mean values (right side) in the case of bin regression and the case of regression for each
magnitude (Msp) value
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Fig. 18 Case of inter-event correlated PGA: comparison between the regression curves for the median (left
side) and the mean values (right side) in the bin regression case and the case of regression for each
magnitude (Msp) value

Table 5 Comparison between the mean and median values calculated in the case of the scenario analysis
performed according to the fully uncorrelated and inter-event correlation assumptions

Case analysis Bin Msp values

Mean (W) Median (1) Mean (n) Median (1)
PGA fully uncorrelated 2.01e+09 1.09e+09 8.44e+4-08 3.29e+08
PGA inter-event correlated 1.99e+4-09 4.48e+08 8.51e4+08 1.88e+08

real loss distribution for each magnitude value allows to forecast more realistic seismic
losses.

The precision observed in the case of the regression for each Msp value can also be
understood in the sense of a better evaluation of the actual loss distribution given the
magnitude. Greater scatter between the regression curves obtained respectively in the case
of the bin division and in the case of the simple regression performed for each magnitude
value, in fact, can be observed when referring to the mean loss values.

There are similar results when the inter-event correlated PGA 1is observed for the two
kinds of regression (Fig. 18).

It can be seen that the dotted curves—referring to the bin regression case—are also
higher in the case of the inter-event correlation assumption. Furthermore, the scatter
between the curve related to the bin regression and the curve according to the single Msp
values is less in the case of the regression curve fitted to the median.

Some common features can be observed with reference to the scatter trend between the
curves in the bin and Msp value regression cases. The scatter is greater for lower magnitudes
and tends to zero for higher ones. This is obviously due to the lesser number of rare events.

The major effectiveness of using the Msp regression curves with respect to the median
values is also confirmed by the difference between the mean and median values, as cal-
culated in the two limit cases (Table 5).

The results show diverse scattering between the curves fitted to the two limit cases when
the bin or Msp regression is performed. A slight drop is observed in both cases with
reference to the mean values. In particular, in the case of the Msp regression analysis, only
about a 1% drop from the inter-event PGA case with respect to the uncorrelated PGA is
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evaluated. In the case of the bin regression, a 4.5% drop is observed from the inter-event to
the uncorrelated case.

On the other hand, substantial differences are assessed in the case in which the median
values are considered; 9.54 and 42.42% increases are evaluated for the bin regression and
Msp regression cases, respectively.

4 Conclusions

Seismic insurance is a potential tool for risk mitigation, although the modelling currently
used is a matter of great concern. On the insurers’ side, a deep knowledge of exposed
goods and site-specific hazards is a major requirement. The main issue that insurers have to
face when dealing with private seismic insurance concerns the knowledge needed of
effective economic resources. Indeed, this is fundamental when it comes to the insurers’
capacity to both pay the insured without becoming insolvent and cover expenses without
having cash flow problems. By collecting information about previous earthquakes (960
events) and the population living in residential buildings today, this study establishes
predictive relationships for expected economic losses based on magnitude.

The approach employed for deriving predictive relationships takes into account the
spatial correlation in the residuals of the ground motion prediction equation. Such corre-
lations are accounted for within the process by using two limit cases: one where there is a
full uncorrelation between the attained PGA values, and another in which there is partial
correlation. According to the former hypothesis, the PGA affecting each municipality does
not depend on the PGA in an adjacent municipality. Meanwhile, in the case where inter-
event standard deviation is considered, a partial correlation is assumed between PGA
values. This last hypothesis reveals to be coherent with empirical observations (Goda and
Atkinson 2010; Goda and Hong 2008a; Hong 2000). According to these the intra-event
correlation between ground motion parameters decrease as the distance from site to site
increase. Hence, due to this paper dealing with distances between Italian municipalities,
which are quite high (over 10 km), intra-event correlation can be neglected without
incurring in significant errors. As a result, variability of results is reduced and the
importance of accounting for inter-event correlation is highlighted.

The study proposes a general methodology, which can be potentially applied to diverse
fields of interest. Particularly, in authors’ view, the insurance pricing can be regarded as
one of the most direct application. The proposed methodology can potentially enable to
optimize insurers’ pricing, by performing an accurate estimates of average losses. In fact,
obtaining accurate estimates of average losses is an important factor for establishing the
prices of insurance coverages. Expected seismic losses can be assessed according to a side
by side comparison between the two limit hypothesis regarding spatial correlation of
seismic ground motion. Hence, this gives the chance to an insurance company to perform a
prompt loss assessment in a less conservative manner.

Furthermore, the methodology has got the potential to foster interactions among the
diverse stakeholders involved in disaster management and recovery processes to be opti-
mized. For instance, experimental evidence shows that a better knowledge of expected
losses allows insurers to increase market penetration; a firm can sell insurance at a lower
profit margin, as it does not need to prevent insolvency and does not pay as much for
reinsurance by relying more on its own reserves (Kesete et al. 2014).

The resultsrare presented in terms of ther16th, median and 84th percentiles for expected
loss curves given magnitude based on the two distinct assumptions.
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The difference in the distribution produced by the two simulation cases is obvious
regarding the standard deviation values. More scatter is actually observed when a scenario
analysis is performed in the partial correlation assumption case. Accordingly, when no
spatial correlation is taken into account, more aggregated loss values are obtained.

As a consequence, in the case of the partially correlated PGA values with respect to the
uncorrelated case, the confidence intervals of the 16th/84th percentiles around the median
are higher, in agreement with similar results in the literature (Goulet et al. 2007).

For low probability values, there is a higher scattering of values from the median.

More confidence is given to the regression curves referring to lower magnitude values,
due to the high number of historical events.

In general, the predictive relationships derived for expected losses given the magnitude
clearly have a significant dependence on how the PGA correlation is modelled. A sub-
stantial exception is represented by the curves fitted to the mean, which demonstrates
insensitivity to the spatial correlation model. This also confirms (e.g. see Yoshikawa and
Goda 2013) that the choice of a suitable risk metric for insurers is extremely important for
decision-making.

Further processing of the obtained results in terms of the expected losses is performed.
The expected loss values, which are obtained from simulation of the events in the INGV
catalogue, are also divided into bins before conducting the regression analysis. The bins
were modelled by considering the same amplitude of the interval according to the mag-
nitude of the simulated events. Each bin accounted for a diverse number of historical
seismic events, but the same weight is assigned to each of them within the regression
analysis.

The results of the logarithmic regression according to the median and mean values are
similar to those obtained in the case in which the results are processed according to each
single magnitude value (Msp).

In fact, the predictive relationships drawn in the case of regression according to the Msp
result are less conservative than in the case of the bin regression analysis. As a result, more
realistic forecasting can be expected when referring to the Msp regression, above all with
respect to the median curve.

Consequently, major caution is needed both in the case in which full uncorrelation is
assumed and also when the predictive relationship is derived from the bin processing of
expected losses.

The main strength of the proposed methodology is that it allows for the prompt and easy
forecasting of seismic losses given the magnitude of an event. This can be easily integrated
into insurers’ decision-making processes within an integrated regional catastrophic loss
estimation model that accounts for the spatial distribution of buildings at the municipality
level. This approach provides an accurate and disaggregated representation of the risk to be
managed, including the spatial correlation and variability of the fragility model. Moreover,
retro-fit actions can actually be easily integrated within the evaluation process by changing
the fragility curves used within the scenario analysis to characterize vulnerability.
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