Available online at www.eccomasproceedia.org
Eccomas Proceedia COMPDYN (2019) 5464-5477

COMPDYN 2019
E C CO M AS 7" ECCOMAS Thematic Conference on

Computational Methods in Structural Dynamics and Earthquake Engineering
M. Papadrakakis, M. Fragiadakis (eds.)

PrOCEEd ia Crete, Greece, 24-26 June 2019

SEISMIC RISK MAP FOR THE ITALIAN RESIDENTIAL BUILDING
STOCK

M. A. Zanini'", L. Hofer?, F. Faleschini!, K. Toska® and C. Pellegrino!
L University of Padova

Via Marzolo 9, 35131 Padova
e-mail: marianoangelo.zanini@dicea.unipd.it

Abstract

The paper illustrates the seismic risk maps derived for the residential building stock of Italy
by using a general framework specifically set up by the authors for mapping seismic risk for a
generic asset of interest. Seismic risk maps are computed taking into account a seismogenic
model of the analyzed area, and properly characterizing vulnerability and exposure of an as-
set of interest. A risk-targeted indicator named Municipal Expected Annual Loss (MEAL) is
introduced and used as suitable metric for the development of the maps, and for the subse-
quent seismic risk rating.
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1 INTRODUCTION

In the last decade, the number of significant losses following natural disasters worldwide,
has been rapidly growing [1]. This is mainly due to the growing of urbanization, world popu-
lation and Gross Domestic Product (GDP). This main three factors, imply a concentration of
people, thus increasing the exposure of our society to natural hazards more than in the past [2].
In addition, the vulnerability of many structures and infrastructures is still high, since retrofit-
ting and re-building are time and money consuming processes. Furthermore, in many cases
the vulnerability of old structure is increased by degradation phenomena [3]. Earthquake rep-
resent one of the most destructive natural events that can significantly affect the economy of a
region and lead to long-term restoration processes [4]. In particular, in Italy, several signifi-
cant losses occurred in the last decades: in 2009 a moment magnitude Mw = 6.1 stroke the
Abruzzo Region, in 2012 a Mw = 6.0 and My = 6.1 earthquake occurred in Emilia Romagna,
while within the summer of 2016 and the winter of 2017 several significant seismic events
with My = 6.0-6.5 occurred in the Central Italy area [5-6]. The rapid succession of these seis-
mic events unavoidably ended up to weight on public financial funds. For this reason, the Ital-
lan government has recently approved specific incentives for householders interested in
seismically retrofitting their properties [7]. In this way, a private citizen can take advantage of
a tax relief when reducing the seismic vulnerability of his private home with structural retrofit
and improvement. The reduction of structural vulnerability is the most immediate way for ad-
dressing the problem of the seismic risk mitigation. Nowadays seismic risk evaluation is a
well-known and established procedure, mostly applied for the risk assessment of punctual
structures or spatially distributed portfolio of structures [8-9]. The use of this procedures is
then commonly extended for a quantitative assessment of seismic risk at regional level. In this
case, a multidisciplinary approach is needed for fully describing the seismic activity of the
region of interest, its vulnerability distributions, and the associated exposure. In particular, the
development of seismic risk maps is the key point when dealing with the seismic risk assess-
ment at territorial level, since they provide a quantitative representation of the current risk and
are a fundamental tool for computing the benefit associated to the structural retrofit. Their use
is thus needed when dealing with the design of possible sustainable risk reduction programs at
regional and national scale. In scientific literature, several authors investigated issues related
to the computation of seismic risk maps. In 2000, Musson [10] proposed a framework the
seismic risk assessment at regional level adopting as reference measure the EMS-98 scale [11],
and highlighting the significant difference between hazard and risk curves. In Germany, Tya-
gunov et al. [12] developed a risk map based on the EMS-98 macroseismic intensity, in which
they computed the mean damage ratio and losses for the German residential building stock.
Worldwide, Zhongchun et al. [13] computed the seismic risk mortality map for the Chinese
state, Huttenlau and Stotter analyzed the seismic risk of the Austrian Province of Tyrol [14],
and Frolova et al. showed different approaches for the seismic risk computation in Russia,
basing on the different extension of the considered area [15]. Regarding Italy, some first
works adopting the MCS intensity scale for representing the seismic hazard and damage prob-
ability matrices can be found in [16-17-18]. Recently, researcher focused their attention on the
development of more detailed fragility functions [19] and seismic risk maps, adopting quanti-
tative intensity measures for the ground shaking, as the Peak Ground Acceleration (PGA). In
2011, Rota et al. [20] developed typological seismic risk maps for Italy, by simply convolving
hazard, in terms of PGA, and vulnerability expressed by empirical typological fragility curves
derived from data collected during post-earthquake survey after the main Italian events of the
past 30 years. In [20], authors did not included exposure, due mainly to the lack of data. The
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contribute of exposure has been considered by Asprone et al. 2013 [21], who computed a pos-
sible seismic insurance premium for five different types of building categories within all the
Italian territory, starting from the Italian seismic hazard map. In the last few years, the Open-
Quake engine [22] has been adopted for developing maps of losses conditioned on ground
motion with a specific return period, for Portugal [23], Nepal [24] and Turkey [25]. In these
latter cases, the OpenQuake engine has been used with the s-called PSHA-approach, consist-
ing in the calculation of the loss exceedance curve starting from the output of the hazard anal-
ysis, coupled with vulnerability and exposure. Literature review, showed as the computation
of seismic risk maps is mainly subdivide into two main steps, the hazard computation, and
then the risk estimation starting from hazard outputs. For this reason, this work proposes a
novel-approach for computing the Italian seismic risk map for the residential building stock,
directly starting from simulation of earthquake scenario consistent with the national seismo-
genic source model. This paper adopts as seismic synthetic risk indicator the Expected Annual
Loss (EAL) that represents the potential economic loss to be yearly sustained to repair the
seismic damage to the residential building asset of each Italian municipality. EAL is comput-
ed at three different levels of granularity, i.e. the most detailed municipal level (Municipal
Expected Annual Loss, MEAL), the intermediate provincial level (Provincial Expected Annu-
al Loss, PEAL), and the less refined regional level (Regional Expected Annual Loss, REAL),
accordingly with the cogent administrative subdivision of Italy.

2 SEISMIC RISK COMPUTATION FRAMEWORK

The computation of the seismic risk in each municipality, and concretely the EAL estima-
tion, requires a set of suitable models able to represent the spatial distribution of the hazard
and the exposure, and the all the possible structural classes of the considered buildings assets.

= | Definition of hazard:

; » Seismic source model.

= |+ GMPE & soil map.

& |+ Adoption of a suitable building taxenomy
= able to characterize the main structural
% typologies present in the considered area.
= |+ Definition of a suitable ser of fragility
= curves.

'E'

E Exposure data. quantitatively describing the
2. | spatial distribution of the analysed data-set.

=

e

§ Risk computation and mapping

Figure 1: Main steps of the proposed framework

Figure 1 shows the main steps for the MEAL computation, whose input data are:
- Seismic source model represented by a set of s seismogenic zones (ZSs). Each ZS is
characterized by a specific spatial shape, and by a Gutenberg—Richter law represent-
ing the seismogenic potential of the considered ZS. Furthermore, a suitable Ground
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Motion Prediction Equation (GMPE) has to be adopted for the computation of the
shaking field, jointly with a soil map representing the shear wave velocity in the first
30 m soil-depth (vs30);

- A building taxonomy able to represent all the structural typologies that are present in
the considered area. Each of the p taxonomy classes (TCs) is characterized by com-
mon seismic vulnerability features. Formally, each TC is characterized by a set of fra-
gility curves able to express the exceedance probabilities of a set of q mutually-
exclusive and collectively-exhaustive damage states (DSs). Commonly, fragilities are
derived analytically via the use of structural models [26], or empirically, starting from
evidences of structural damage due to occurred earthquakes [27].

- Exposure data: they have to provide the spatial distribution of the analysed asset. In
particular, exposure data provides the built area of each p taxonomy class, for every
municipality.

The first passage consists in the creation of a grid of e epicenter, and in the definition of a set
of m magnitude values between Mymin and Mwmax for each i"" SZ, with t=1...s. Earthquakes
scenario analysis have thus to be run in every x™ municipality centroid (x =1 ... n), for every
j" epicenter (j = 1...e) and for every k™ (k =1 ... m) magnitude, belonging to each i" SZ (i =
1 ... s). By using the GMPE it is possible to compute the correspondent value of the adopted
intensity measure IM, in each x™ municipality, namely IMxy;,i, and consequently the associat-
ed total losses Lxx,ji as sum of direct losses over the p TCs

p
Lx,k,j,i :le‘x,k,j,i,y (1)
y=

where L can be computed as

Lx,k,j,i,y = RCRTot,y,x,k,j,i 'A\/,x 'URCy (2)

In Equation (2), A, represents the built area of the y" TC in the x™ municipality, URC, is
the unit repair cost for the y" TC (in €/m?), and RCR;
the y™" TC, that can be computed as

XK, i,y

otyxk.ji IS the total repair cost ratio of

q
RCRyy ki :ZP[DSM | IM ]-RCRM (3)
z=0

XK, J,i
where RCR,  are a set of repair cost ratios (i.e., ratio between unit cost to repair a building in

a specific damage state and the unit replacement cost), assumed deterministic and homogene-
ous for each y™ TC. In Equation (3), P[ DS, |IM,, ;| is computed as

XK, J,i

P[DSZ‘ ] P[Ds > ds Zy|IMXYkY“]—P[DS

Xk]l z+1l,y

| dSz+1y| xk,j,i:' (4)
>ds,, [IM

and assuming P[DS, , > ]1=1 and P[DS 1=0.

The damage state exceedance probability of the zi" DS for the y™" TC, in each X" municipality
centroid, in computed via fragility curves as

XK, i SyZdS ||Mx,k,j,i
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1 IM, , ;,
P[Ds,,2ds,,[IM,, ; |=® ,n( m] )

Ops Hos,,

At this stage, for each x'™ municipality a set of e losses caused by each k" magnitude, generat-
ed by the i SZ is available. This vector of data represents the probability density function
(pdf) of direct losses conditioned on the specific magnitude value k™. From this samples, is
thus straightforward to compute ad hoc statistics, as the sample mean, representing the distri-
bution expected value, and other percentile of interest (25, 501", 75" ecc). In the following
the paper assumes the mean value as relevant statistic, namely L The final step of the

x,k,mean,i *
proposed procedure consists in the computation of the MEAL, ..., in each x™ municipality

due to losses cause by the i SZ. This calculation can be performed according to Figure 2 by
associating to each L, ....; the corresponding mean annual rate v, ; of exceeding a certain

moment magnitude M, ; in the i"" SZ, and applying the total probability theorem. Vv,; can be

easily computed from the Gutenberg-Richter (GR) recurrence law, given by the following ex-
pression

log (Vk,i ) =a,—-b-M,; (6)

where a, is the total seismicity rate and b, is the negative slope of the GR law for the i" SZ.

The expected annual loss, in the x™ municipality, due to seismicity arising from the i" SZ is
thus given by

VMrnin,i

MEAL = _[ Lx,mean,i(M)‘de,i‘ (7)

X, mean, i
0

As Figure 2 shows, two additional points are introduced for the computation of Eq. (7), con-
sistently with the following assumption:

- A minimum magnitude value Mmin,i is assumed for each zone, aiming to remove small
events characterized by negligible impacts in terms of structural damage and thus
losses. For this reason, earthquakes with magnitudes lower than Mmin; are associated
to zero loss;

- Since every zone, basing on its seismological characteristics, is characterized by a
maximum magnitude Mmax,i, the loss exceedance curve is truncated in correspondence
of Mmax,i, €xcluding in this way from the computation higher impossible losses.

VE*:: i

Sumon all SZs, fori=1 ... s

MEAL

x.meal i

x.k.mean.i

Figure 2: MEAL computation.
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The MEAL considering the contribution of every SZ determining the seismicity of the con-
sidered X" municipality, can be computed by simply adding each contribution as:

MEALx,mean = z IleALx,mean,i (8)
i=1
Once the MEAL, ... is computed for each n municipalities, results can be mapped thus ob-

taining the seismic risk map. Since MEAL
possible to refer the MEAL
for 1 m? of built area in each x™ municipality, obtaining in this way the UMEAL as:

X,mean

is strongly influenced by the exposure, it is

X,mean

to the build surface in each municipality, i.e. the MEAL

X,mean X,mean

MEALX mean
UMEAL = mean %)

X,mean p
2 A
y=1

Finally, a dimensionless indicator is introduced to easily rank seismic risk throughout a coun-
try, i.e. the Municipality Seismic Risk Class (MSRC, in % of replacement cost), estimated as:
UMEAL

MSRC, ., = ————" (10)
' URC

y

The same three risk indicators can be easily computed also for different granularity levels, as
the provincial and regional level. The development of a seismic risk map is therefore a key-
starting point for the definition of a rational seismic mitigation program for a country, since it
allows government to understand needs and priorities, and compare resulting benefits with
costs associated to the implementation of specific seismic retrofitting schemes [28].

3 APPLICATIONTO ITALY

The proposed framework is applied to compute the seismic risk map for the residential
building stock of Italy, considering as target losses the reconstruction cost of damaged struc-
tural elements (i.e. the so-called direct losses). However, the framework is general and flexi-
ble and can be applied to different target losses, as losses due to business interruption [29],
losses due to failure of spatially distributed networks [30-31], or losses arising from different
natural hazards [32], for which the same conceptual scheme can be applied.

3.1 Hazard model

The ZS9 model [33] has been adopted for describing the Italian seismicity; parameters of
the GR law for each i SZ are taken from [34] and the values showed in Figure 3. In particu-
lar, a 5-km mesh grid of epicenters is adopted, for a total of 7237 points. Sardinia has not
been considered in the computation, since the ZS9 model does not provide SZs for this region.

Regarding the GMPE model, the formulation proposed by Bindi et al. [35] is adopted,
jointly with the vs 30 soil map provided by the United States Geological Survey (USGS) [36].
Finally, for each i" SZ a total of m = 6 magnitudes between Mmini and Mmaxi have been
adopted.
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Figure 3: Seismogenic source model: Mmax (a) and V. (b) values, G-R b coefficients, and d) prevailing mech-
anism of faulting for each SZ (U = undetermined, N = normal, SS = strike-slip, R = reverse).

3.2 Vulnerability Model

For characterizing the seismic vulnerability of the analyzed building stock, a suitable
building taxonomy has been adopted. In particular, 8 TC classes have been adopted for repre-
senting the residential building stock of Italy, each one characterized by a set of fragility
curves related to four mutually exclusive and collectively exhaustive damage states (i.e. DSj,
DS», DSs, DS4 respectively related to slight, moderate, extensive and complete damage), ac-
cording to [37]. Two masonry classes have been adopted for characterize masonry buildings,
according to Kostov et al. [38]: masonry building built before 1919, and after 1919. As re-
gards reinforced concrete (RC) structures, the first important distinction is between gravity
load designed and seismic load designed. The subdivision for each municipality between the
two classes, have been performed by using the ECS-IT software which provide the temporal
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evolution of the Italian seismic code in each municipality [39]. Moreover, since the census
data is classified per decade (i.e. in 1971, 1981, and 2001), a linear variation with time was
assumed in order to bridge the gap between the milestone years marking the code evolution
and the census ten-year classification. A further subdivision has also been performed both for
RC-gravity and RC-seismic buildings, considering the number of stories and thus defining
two additional subclasses (1-2 story, 3 or more stories). Fragility parameters for the four rein-
forced concrete TCs have been taken from Ahmad et al. [40]. Finally, two TCs have been
considered representative of “other” mixed structural types, particularly combined RC-
masonry, again subdivided in gravity-load and seismic-load designed, with the same approach
adopted for RC classes [35]. All main parameters of the adopted fragilities are listed in Table

1.

Taxonomy Class ~ Damage State  Hos, [9] oo
Masonry — pre 1919 DS: 0.10 0.79
DS 0.14 0.80

DS3 0.17 0.81

DSy 0.24 0.80

Masonry — post 1919 DS: 0.12 0.79
DS 0.17 0.81

DS3 0.19 0.79

DSy 0.33 0.79

RC - Gravity | 1-2 DS: 0.09 0.33
DS 0.12 0.44

DS3 0.25 0.37

DSy 0.33 0.36

RC - Gravity | 3+ DS 0.08 0.32
DS 0.11 0.43

DS3 0.17 0.40

DSy 0.22 0.38

RC - Seismic | 1-2 DS: 0.09 0.33
DS 0.12 0.44

DS3 0.24 0.37

DSy 0.48 0.36

RC - Seismic | 3+ DS: 0.08 0.32
DS 0.11 0.41

DS3 0.17 0.39

DSy 0.31 0.36

Other - Gravity DS: 0.11 0.79
DS 0.16 0.78

DS3 0.27 0.78

DSy 0.35 0.79

Other - Seismic DS: 0.12 0.79
DS 0.19 0.79

DS3 0.30 0.79

DSy 0.41 0.79

Table 1: Main parameters of fragility curves for each TC and DS.
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3.3 Exposure Model

The exposure of the national residential building is based on the 15" census database of
the National Institute of Statistics [41], from which the built area of each TC has been com-
puted, as in [34]. The unit repair cost has been assumed constant among the eight TCs and
equal to 1200 €/m?. Figure 3a shows the total build area in each municipality, while Figure 3b
shows the exposed value. Regarding, the percentage disaggregation of the TCs, Figure 3c
shows that masonry structures are the most diffused structural typology within all the Italian
municipalities. Regarding the RCR;, they have been assumed constant among the TCs and
equal to [0.15, 0.40, 0.65, 1], respectively for DS, DS, DS3 and DS, resulting from statisti-
cal post-processing of rough data [42].

3.4  Seismic Risk computation

For the MEAL computation the expected value of the loss distribution f(L|M) has been as-
sumed as reference statistic. EAL is computed first at municipality level (MEAL), and then
aggregated for obtaining the EAL at provincial level (PEAL), and the EAL at regional level
(REAL), according to the administrative subdivision of Italy.

Figure 4 shows results for the three adopted granularity levels. In particular, it is worth to
note as in this case the risk maps in terms of absolute EAL are highly influenced by the spatial
distribution of the exposure. The contribution of each SZ to the EAL of each municipality can
be found in Zanini et al. [43].
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Figure 4: The seismic risk map of Italy in terms of MEAL (left), PEAL (center), REAL (right).

The same maps can therefore be expressed in relative terms using the following unitary
metric, the UMEAL (i.e. the MEAL for 1 m? built area in each municipality, in €/m?), the
UPEAL (i.e. the PEAL for 1 m? built area in each province, in €/m?), and the UREAL (i.e. the
REAL for 1 m? built area in each region, in €/m?). UMEAL, UPEAL and UREAL map, showed
in Figure 5, allows to better detail the effective spatial distribution of seismic risk, since they
represent risk in relative terms, and can be used as a basic metric when dealing with defining
insurance coverage schemes.

In particular, Figure 5 shows the beneficial effect of computing seismic risk at higher
granularity levels than respect to the more refined municipal level. Indeed, the maximum
amount of UMEAL of 17-18 €/m? drops to 5-6 17-18 €/m?for UPEAL and UREAL. Previous
risk maps reported in Figure 4 and Figure 5, detail seismic risk of Italy quantifying in eco-
nomic terms its impact: such risk maps are therefore relevant for stakeholders (e.g. govern-
ment, research institutes, insurance, industry, banks).
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Figure 5: The seismic risk map of Italy in terms of UMEAL (left), UPEAL (center), UREAL (right).
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A qualitative and dimensionless seismic risk indicator can be obtained from the ratio be-
tween UMEAL and the URC value, namely the Municipality Seismic Risk Class (MSRC). The
same calculation can be performed also at provincial level, obtaining the Provincial Seismic
Risk Class (PSRC), and at regional level (RSRC, Regional Seismic Risk Class).

For all three different granularity levels the range between 0 and the correspondent maxi-
mum value, has been subdivided in 5 classes, finding five different risk levels: Very Low
Seismic Risk (LL), Low Seismic Risk (L), Medium Seismic Risk (M), High Seismic Risk (H),
and Very High Seismic Risk (HH). Table 2 shows the range on each class for the three granu-
larity levels, while Figure 5 show the MSRC, PSRC and RSRC map.

LL L M HH HH
MSRC [%] 0.00-0.25 0.25-0.50 0.50-0.75 0.75-1.00 1.00-1.25
PSRC [%] 0.00-0.10 0.10-0.20 0.20-0.30 0.30-0.40 0.40-0.50
RSRC [%] 0.00-0.09 0.09-0.18 0.18-0.27 0.27-0.36 0.36 - 0.45

Table 2: MSRC, PSRC and RSRC range values for the adopted seismic risk ratings.
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4 CONCLUSION

Seismic risk maps are a key tool for public authorities of countries prone to significant
losses due to earthquakes, for developing suitable seismic risk transferring solutions. The de-
scribed formulation deals with this specific topic, proposing an overall framework for compu-
ting the seismic risk and introducing some useful risk indicators. In particular, an application
to the Italian residential building stock is reported and seismic risk maps for Italy are comput-
ed. For this scope, a detailed hazard, vulnerability and exposure models are assumed. Seismo-
genic zones are used for representing the seismicity of Italy, while eight taxonomy classes are
assumed for describing the different vulnerability of the residential Italian buildings. The Ex-
pected Annual Loss is used as suitable risk indicator, representing the yearly amount that has
to be save for facing possible significant future losses. In the application, EAL computation is
performed at three granularity levels, municipal (MEAL), provincial (PEAL), and regional
level (REAL). Results showed as this first risk indicator, in the Italian case, is strictly related
to the exposure. Seismic risk maps have been computed also in terms of UMEAL, UPEAL and
UREAR, that represent each municipal, provincial and regional EAL referred to the corre-
sponding built area of each municipality, province and region. Results show as considering
less refined granularity has an averaging effect on the risk computation. Finally, a-
dimensional seismic risk maps have been computed and used for providing qualitative and
immediate risk maps of Italy. Resulting maps depict national seismic risk spatial distribution,
thus providing reliable information to government agencies, which can promote specific miti-
gation intervention at the territorial scale to reduce the impact of future earthquakes in the ar-
eas mostly. Risk maps are a fundamental tool for knowing the current exposure to seismic risk
of a wide territory, and provide a quantitative tool for evaluating the benefit associated to a
possible national retrofit scheme, and for designing possible sustainable financial risk reduc-
tion programs.
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