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RINTC - Rischio Implicito delle strutture progettate secondo le NTC is an Italian research project aiming at the
evaluation of the seismic reliability inherent to design according to the current Italian building code. Within the
project, different fixed-base residential and industrial structures typologies, as well as some base-isolated rein-
forced concrete buildings were addressed. The structures were located in three Italian sites characterized by
different levels of seismic hazard. For each designed, modelled, and analyzed building, the seismic reliability, in
term of annual failure rate, was computed. Based on these results, the aim of the study discussed in the paper is to
derive national seismic risk maps for Italy in an ideal scenario where all the existing (residential) buildings would
be code-conforming, either fixed-base or base-isolated. The analyses are performed at the municipality scale,
combining the structural fragility functions with alternative models of probabilistic seismic hazard for Italy, and
including exposure in terms of typological composition of the existing building stock. Results, presented in the
form of maps of structural failure rates, generally show that: (i) despite the same return period of design seismic
intensity over the country, failure rates greatly vary with the increasing hazard of the sites (generalizing one of
the main outcomes of the RINTC project), (ii) the alternative hazard models produce limited variations of the
failure rates, especially when global collapse is considered.

1. Introduction

The evolution of structural seismic design in Italy has been such that
code improvements were mostly motivated by seismic events causing
serious losses. The first document in which horizontal forces were
considered for structural design goes back to 1909 and was referred to
the geographic area affected by the magnitude (M) 7.1 Messina earth-
quake of 1908. In the following hundred years, a number of structural
design codes were enacted, and the portion of national territory asso-
ciated to seismic actions slowly increased (see Refs. [1,2] for a
comprehensive analysis). The whole Italian territory has been consid-
ered seismically prone only since 2003 [3]. However, practitioners were
not obliged to design according to the new hazard classification of the
sites until 2008, when the current Italian building code, Norme Tecniche
per le Costruzioni or NTCO8 [4], was published. (An updated version of
the Italian building code, NTC18 [5], was recently published but the
hazard classification of the territory was not modified.) It can be
considered at the state of the art internationally and is somewhat similar
to Eurocode 8 [6]. In the code, the design seismic actions are derived
from probabilistic seismic hazard analysis or PSHA (e.g. Ref. [7]) for the
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construction site.

Comparing the code evolution with the construction age of the
Italian building portfolio, some infer that most of the existing buildings
are expected to be designed with inadequate or absent seismic pro-
visions (e.g., Ref. [8]) resulting in significant seismic vulnerability and
risk (e.g. Ref. [9-12]). However, also the design according to current
code exposes structures to some implicit seismic risk [13]. Moreover, the
probability that a structure exceeds a defined performance (i.e., failure),
in a given time interval, is not explicitly controlled by practitioners.

On this basis, in 2014, a large Italian national research project,
Rischio Implicito delle strutture progettate secondo le NTC or RINTC [14,
15], had the goal of quantifying the annual failure rate (numerically
close to the annual failure probability) of code-conforming structures in
Italy. Among others, residential fixed-based (FB) buildings considered in
the project are reinforced concrete (RC) buildings of three, six and nine
storeys (w/o infillings), and unreinforced masonry structures (URM) of
two and three storeys. Moreover, residential six-storey RC base-isolated
(BI) structures were also considered. The structures are supposedly
located in three Italian sites chosen to be representative of different
levels of design seismic hazard (low, medium, and high) according to the
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most recent probabilistic assessment [16]. Referring to each site and to
specific soil conditions (to follow), each structure was first designed in
accordance with NTCO8 (or its 2018 update); then, the failure rate was
computed with respect to ad-hoc defined performance levels. The results
of the project showed that, although the design seismic actions (i.e.,
design ground motion intensity) have the same exceedance return
period over the country, the structural reliability significantly changes
across the sites. This is for reasons that further research showed attrib-
utable to inherent features of the code and of the seismic hazard of the
considered sites beyond the exceedance return period of the seismic
actions considered for design [17].

The aim of the work described herein is to depict the seismic risk in
Italy in an ideal scenario where the existing (residential) buildings are
substituted by the code-conforming structures of the RINTC project. To
this end, the seismic risk is quantified, at the municipality scale, by the
mean number of earthquakes that in one year cause structural failure of
a randomly selected building of the municipality of interest; that is, still
an annual failure rate leading to the annual expected number of build-
ings experiencing structural failure in the considered municipality.
Thus, the failure rate must be a function of the seismic hazard of the site
evaluated by means of PSHA (including the soil conditions), the seismic
vulnerability of the structural typologies and the proportion among
different structural typologies in the municipality, that is, the exposure.

Several maps of the municipality rates, which represent the result of
the study, are derived based on different options for hazard and
vulnerability characterization. In particular, three hazard models are
considered: (i) the current official hazard for Italy, that is, the one on
which design actions in the Italian code are based on (defined as MPS04
[16]); (ii) a more recent model, named MPS19, derived by a large
research effort [18]; (iii) hazard computed via the so-called sequence--
based PSHA or SPSHA [19], that also accounts for aftershocks’ contri-
bution, something neglected in classical hazard analysis (including both
MPS04 and MPS19). As pertaining to structural vulnerability, a substi-
tution criterion is defined to replace the existing residential buildings
with fixed-base code-conforming URM and RC buildings, with different
number of floors and architectural configurations. Moreover, an alter-
native scenario in which all the existing buildings are substituted by
base-isolated six-storey RC buildings is considered.

The remainder of this paper is structured such that the buildings of
RINTC project are described together with the fragility functions that are
derived for the purposes of this study. Then, the methodology for the
computation of the failure rates at municipality scale is presented. After
introducing all the input models required for risk assessment, results
considering four scenarios are discussed. The first two scenarios are
those of PSHA based on MPS04 and combined with structural vulnera-
bilities of FB and BI structures. Then, results associated to PSHA based
on MPS19 and structural vulnerability of FB structures are presented.
Finally, the failure rates of FB structures are computed in the case of
SPSHA, referring to MPS04. Some final remarks close the paper.

2. Fragility functions of code-conforming RINTC structures

In the RINTC project, a large set of residential buildings was designed
according to the current Italian building code [4,5], to be ideally located
in a few Italian sites: L’Aquila (AQ), Naples (NA), and Milan (MI),
representative of high, medium, and low seismic hazard in the country,
respectively. Different soil conditions were considered at the sites: soil
class A (rock) and C (soft soil) according to the classification of the code.
Each structure was designed referring to damage and life-safety limit
states as defined in NTC08. On the other hand, structural reliability, was
assessed in the project referring to two different performance levels (PL)
that are named usability-preventing damage (UPD) and global collapse
(GC). UPD is reached if one of following conditions occurs: (i) light
damage in 50% of the main non-structural elements; (ii) at least one of
the non-structural elements reaches a severe damage level leading to
significant interruption of use; (iii) attainment of 95% of the maximum
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base-shear of the structure. GC, generally, corresponds to the dis-
placement/deformation capacity associated to a 50% post-peak deteri-
oration of the total base shear of the building (some adjustments of these
criteria apply to specific typologies accounting for their peculiarities; see
Refs. [13,20]).

In the RINTC project, for each building, multiple-stripes nonlinear
dynamic analyses (MSA) [21] were performed on three-dimensional
structural models at ten ground motion intensity measure (IM) levels
(i.e., values), corresponding to ten exceedance return periods from 10!
to 10° years. For each IM value, twenty two-component horizontal re-
cords were selected according to the conditional mean spectrum method
[22]. In particular, each analysis was performed associating the two
horizontal components of each record to the two main orthogonal di-
rections of the structure and measuring the maximum response (i.e., in
terms of either the roof displacement ratio or the maximum inter-storey
drift ratio). The IM adopted for the MSA is the largest (between the two
horizontal components) 5% damped pseudo-spectral acceleration at a
period, T, close to the first vibration period of each model; it is indicated
hereafter as Sa(T).

In the following, the results of the dynamic analyses performed in the
project are used to compute, for each structure (st) and for both the
considered performance levels, the probability that PL is reached or
exceeded given a value of IM, P[PL*) > pl|im], that is the lognormal
fragility function of the structure:

i ST
P[PLY) > pllim] = @ {71“”")(; “ )} , eh)
(o)
where {u*) 6} are parameters retrieved via the R2R-software [23],
neglecting estimation uncertainty [24]. In the following, the considered
structures and their fragilities are described; further details are given in
Ref. [25].

2.1. Reinforced-concrete structures

RC structures are moment resisting frame buildings of three (RC3)
and six storeys (RC6) characterized by regularity in plan and elevation.
While in the RINTC project bare-, pilotis-, and infilled-frames are
designed, modelled, and analyzed [26] (Fig. 1), hereafter only the
infilled configurations of three- and six-storey are considered; i.e., the
most common configuration. Such structures are all designed for class C
soil at the three sites. Fragility functions, modelled as per Eq. (1), refer to
Sa(0.15s) for the RC3 and Sa(0.5s) for RC6. In Table 1, considered RC
structures are listed and, for each of them, the parameters of fragility
functions are reported for both performance levels.

In Fig. 2 the fragility functions are represented: black lines refer to
GC and gray lines to UPD. (Although some IM values in the figure may
appears unlikely, they are given to completely represent the curves and
it should be noted that their effects on results of this study are negligible;
see Section 5.1.)

2.2. Unreinforced masonry structures

For the three considered sites, two- and three-storey URM buildings
(URM2 and URMS3, respectively) made of perforated clay units with
mortar joints were designed, modelled, and analyzed, within the RINTC
project [27]. While buildings with both regular and irregular plan
configurations were studied, here only those regular, according to the
NTCO8 criteria, are considered. They are characterized by different
architectural configurations: the buildings associated to a letter E are
examples of real modern URM buildings while those identified by a C
(not to be confused with the soil class) are conceived as structural var-
iations of regular wall arrangements. In both C and E classes, different
thicknesses of structural walls are considered: C buildings are repre-
sented by six structural configurations from C1 to C5 and C7; E buildings
are four, named as E2, E5, E8 and E9 (see Ref. [28] for further details).
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Fig. 1. RC6 buildings: bare-frame (left), infilled-frame (center); pilotis-frame (right) (Adapted from Ref. [14]).

Fig. 3 shows the different plan views of the URM structures consid-
ered herein. The two-storey building in L’Aquila has five alternative
architectural configurations whereas, in the same site, three configura-

Table 1
Parameters of RC fragility functions (IM in g).

Site N. of storeys UPD GC tions for the three-storey building are considered. In Naples, the two-
I c I ¢ storey and three-storey building have two and four configurations,
respectively. Finally, in Milan, three and four configurations are asso-
AQ 3 —0.44 0.41 1.79 0.66 . 1 .
AQ 6 _0.33 0.39 1.50 0.67 ciated to the two-storey and three-storey building, respectively.
NA 3 —0.08 0.51 1.41 0.32 All the considered URM buildings were designed on class C soil (not
NA 6 -1.11 0.49 1.33 0.23 to be confused with one of the configurations) apart from the three-
MI 3 0.06 051 0.30 0.32 storey buildings of L’Aquila for which design for C soil is not avail-
MI 6 -0.55 0.29 0.40 0.31 . . ) .
able; these cases (i.e., three architectural configurations) were
substituted by the buildings designed on class A soil (the RINTC project
@ 1 ®) 1 = P
=0.8 = 0.8 —AQ
A S wir /S| NA
— v
g 0.6 o 0.6 MI
S N
a 9
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Fig. 2. Fragility functions of (a) RC3 and (b) RC6.
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Fig. 3. Plan view of the URM buildings. Figures from (a)-(f) represent the C configurations (1-5 and 7 respectively), while figures from (g)-(1) represent the E
configurations (2, 5 8 and 9 respectively).
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has shown that the seismic vulnerability does not change dramatically
with the soil class [13]).

Fragility functions are computed for each architectural configura-
tion. Thus, considering the k-th architectural configuration pertaining to
a given structural typology, the conditional failure probability,
P[PL®%) > pljim), is computed via Eq. (1). Then, the fragility function for
each structural typology at a specific site, P[PL®") > pl|im], is computed
combining P[PL%%) > pllim], as per Eq. (2):

P[PLY) > pllim] = " P[PL™ > pl|im] - wy, (2
k

where wy weighs how much a specific architectural configuration is
representative of the actual building portfolio (assuming that these
configurations completely cover the building stock). Indeed, a value of
Wgkx was associated to each URM configuration basing on expert
judgement (S. Cattari, personal communication) so that the sum of the
weights for all the architectural configurations of the same structural
typology equals to one.

The first vibration period of all the URM structures is close to 0.15s,
thus the adopted IM for fragility functions is Sa(0.15s). Table 2 shows,
for each considered URM structure, the y and o parameters for both
performance levels, along with the assigned wy . Fig. 4 shows the URM
fragilities.

2.3. Base-isolated structures

For the mid- and high-hazard sites, that is Naples and L’Aquila,
respectively, residential six-storey infilled RC, base-isolated, buildings
were also designed on class C soil. Indeed, it was assumed that BI
structures are unlikely in low seismic hazard class. Three isolation sys-
tems were studied: (i) double-curvature friction pendulums (FPS); (ii)
high-damping rubber bearings (HDRB); (iii) and hybrid system of HDRB
and sliders (HDRB + Sl1d).

The UPD failure criteria are the same of RC FB structures, whereas
GC needs to consider failure of both the isolation system and the su-
perstructure. The superstructure failure criterion is the same of the RC
buildings, while the failure of the base isolation was defined based on
the specific device’s responses described in Ref. [29].

For each isolation system, fragility functions were computed

Table 2
Parameters of URM fragility functions (IM in g).

Site  N. of Architectural Witk UPD GC

storeys configuration
u o " o

AQ 2 E2 0.20 —0.04 0.21 0.60 0.34
2 E5 0.20 —-0.32 0.26 0.56 0.43
2 E8 0.20 —-0.25 0.20 0.61 0.32
2 E9 0.20 -0.11 0.18 0.28 0.26
2 C3 0.20 —0.55 0.31 0.51 0.28

AQ 3 E2 0.33 —0.24 0.42 0.42 0.53
3 E8 0.33 —0.26 0.38 0.47 0.51
3 C1 0.33 —1.05 0.22 0.23 0.46

NA 2 C1 0.44 -0.72 0.24 0.95 0.42
2 Cc4 0.56 —-0.57 0.31 0.95 0.35

NA 3 E2 0.27 —0.06 0.57 0.88 0.24
3 E8 0.27 -0.12 0.51 0.86 0.32
3 C3 0.27 —0.87 0.28 0.69 0.45
3 C5 0.20 —0.86 0.24 0.73 0.42

MI 2 E2 0.41 0.06 0.16 0.30 0.12
2 C1 0.18 —1.16 0.09 0.45 0.08
2 Cc7 0.41 —0.83 0.13 —0.18 0.08

MI 3 E2 0.27 —0.38 0.20 —-0.41 0.08
3 E8 0.27 —0.64 0.15 —0.39 0.13
3 E9 0.27 —-0.76 0.10 —-0.63 0.094
3 C2 0.18 —0.86 0.31 —0.06 0.12
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according to Eq. (1). The resulting curves at the same site were com-
bined via Eq. (2) in which the alternative isolation systems were treated
as the alternative architectural configurations of URM buildings. To this
end, the weight of each isolation system was computed on the basis of
the reconstruction data following the 2009 L’Aquila earthquake (M6.3);
indeed, a large number of buildings were isolated with these three sys-
tems in the following percentages: 2% with HDRB, 41% FPS and 57%
HDRB + Sld (D. Cardone, personal communication). Thus, the weights
adopted in Eq. (2) are 0.02, 0.41 and 0.57, for HDRB, FPS and HDRB +
Sld, respectively.

All the BI structures are characterized by first vibration periods close
to 3s, thus the selected IM is Sa(3.0s). Table 3 reports the fragility pa-
rameters for both performance levels together with the weight associ-
ated to each isolation system. In Fig. 5 the fragility functions of AQ and
NA are represented.

3. Methodology for computation of failure rates

This section describes how fragility functions computed by the re-
sults of the RINTC project are used to derive ideal risk maps for Italy; i.e.,
assuming that all structures are code conforming. PSHA allows
computing the rate of mainshocks (i.e., the maximum magnitude
earthquake within each sequence) causing the exceedance of IM = im
for a known soil class, that is Ag jmg. The plot of Ag 9 versus the possible
im values is the so-called hazard curve. For a building of a given struc-
tural typology and located on a known soil class, the rate of mainshocks
causing the building to fail, that is, to reach or exceed a performance
level (PL> pl), Agpyst0, can be computed via Eq. (3) in which it is
assumed that the fragility is not dependent on the soil condition of the
construction site and }dﬂE_im‘g(Z'H is the absolute value of the differential
of the hazard curve at IM = 2:

Aeptisro = / P[PLY) > pl|z] - |dApmo(2)|. (3)

im

If the site is representative of a municipality (e.g., the center of its
area) and the fragility function represents the structural typology the
building belongs to, Eq. (3) can be (approximately) applied to compute
the failure rate of the buildings of the municipality belonging to the
considered structural typology. The soil condition at the base of each
building should be known, but usually this information is not available.
However, it may be possible to compute P[¢;], that is the probability that
a generic building of the considered structural typology is located on
each possible soil condition, i. Applying the total probability theorem, it
results:

el = /P [PLY) > pl|z] - |dag,me, ()| ¢ - P[6]. 4

i .
im

If the probability that a building of the municipality belongs to a
given structural typology, P[st], can also be computed, the rate of
earthquakes causing the generic building (i.e., randomly selected) to
reach or exceed a performance level, Agp;, can be computed via Eq. (5),
where it is assumed that soil condition and structural typology are in-
dependent random variables:

A= Appi-Plst]=> / P[PL®) >pl|z] - |dAgmp, (2)] ¢ P[0 Plst].
st st i h

)

The rate computed in the previous equation is a risk metric that, with
a probabilistically consistent approach, accounts for several sources of
uncertainties related to: (i) earthquake source and propagation, (ii) soil
site conditions, (iii) building structural typology, (iv) structural damage
given ground motion intensity. Moreover, according to the classical
hypotheses of performance-based earthquake engineering [30], Agp
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Fig. 4. Fragility functions of two storeys URM buildings (left column) of L’Aquila (top row), Naples (mid row), and Milan (bottom row) and of three storeys URM

buildings of the same sites (right column).

Table 3
Parameters of BI fragility functions (IM in g).
Site Isolation system Wtk UPD GC
" o " c
L’Aquila FPS 0.57 -1.51 0.37 —1.44 0.25
HDRB 0.02 -1.77 0.44 -1.21 0.29
HDRB + Sld 0.41 —1.55 0.35 -1.31 0.19
Naples FPS 0.57 -1.43 0.18 —1.47 0.09
HDRB 0.02 —1.54 0.17 —1.22 0.14
HDRB + Sld 0.41 -1.61 0.2 -1.5 0.24

approximately leads to the expected number of failed buildings in the
municipality in a small time interval (t, t 4+ At), E[Ny(t, t + At)]:

in which Nj is the total number of buildings of the municipality. (The
computed rate, practically, has not any other meaning that its use in this
last equation, that is, to compute the expected value of damaged
buildings.)

In fact, earthquakes are typically clustered in both time and space
and, for each cluster, the mainshock is typically defined as the largest
magnitude earthquake. Factually, PSHA neglects the hazard contribu-
tion of earthquakes preceding and following the mainshock within each
cluster, that are identified as foreshocks and aftershocks, respectively.
On the other hand, the so-called sequence-based PSHA, SPSHA [31],
allows to quantify the seismic threat accounting for the effect of after-
shocks in PSHA. SPSHA allows to compute the (annual) rate of
mainshock-aftershocks sequences that cause at least one exceedance of
the chosen IM threshold for the soil class and the site of interest, Ay
Such a rate can be used to replace Ag iy in Eq. (5), so that it provides the

E[Ny(t,1+41)] %Ny - 2z At (6) rate of sequences causing the generic building to reach or exceed a
@ 1 ) —
=0.8 FPS
“
% HDRB+S1d
4 0.6 HDRB
jr 0.4 m GC
i L’ Aquil ——FPS
% 0.2 e e HDRB+Sld
0 N N /A HDRB
0 04 06 08 1 0 1

Sa(3s) [g]

Fig. 5. Fragility functions of BI buildings of (a) L’Aquila and (b) Naples.
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performance level, that is 4,. (In this context, seismic damage accu-
mulation on the structures is neglected; see Ref. [32] for a discussion on
this topic.)

4. Input data for nationwide code-conforming risk assessment
4.1. Probabilistic seismic hazard analyses based on MPS04

The current official probabilistic hazard assessment (also at the basis
of the design seismic actions in the current Italian building code) con-
siders thirty-six seismic source zones for the country (except Sardinia
Island), as described in Ref. [33] (see Fig. 6b) and adopts a logic-tree
constituted by sixteen branches [16]. Among them, the branch named
921, is the one adopted herein. Such a branch defines the seismicity of
each seismic zone via the mean annual number of mainshocks per
magnitude bins, the so-called activity rates (e.g. Ref. [19]), and requires
the implementation of the ground motion prediction equation (GMPE)
of [34]. The IMs for which PSHA is implemented here are the
pseudo-spectral accelerations adopted for fragility functions, thatis T =
{0.15s, 0.5s, 3s}, and the peak ground acceleration, PGA. Being the 3s
spectral period outside the definition range of the chosen GMPE, when
such a period is of concern, the GMPE of [35] is adopted. (All these
modelling choices are in accordance with the hazard evaluation
involved in the record selections for nonlinear dynamic analyses in
RINTC project.)

For each municipality, PSHA was performed according to the
described models (i.e., reproducing branch 921 of the MPS04 model);
the resulting hazard curves are identified hereafter as A0%,,, to distin-
guish from results obtained when the MPS19 model is adopted; conse-
quently, the failure rates are identified as /123,1. Hazard analyses were
performed via the REASSESS software [36]. An example of the hazard
curves computed for each municipality is reported in Fig. 6a referring to
PGA and rock soil conditions. In the same figure, the hazard curve
computed for Milan, Naples, and L’Aquila are identified together with
the exceedance rate corresponding to a return period (T) equal to 475
years (yr): this is a reference value for design of new structures and is
also involved in the definition of the substitution criterion of existing
structures discussed in the following section. Fig. 6b shows the seismic
zones of [33], the location of the reference cities, and the values of PGA
on rock corresponding, for each municipality, to T, = 475yr, that is
PGA475. Both figures provide results of the PSHA for all the municipal-
ities, except Sardinia (i.e., 337 municipalities) that, according to the
source model, is outside the definition range of the GMPE.

4.2. Hazard classes and building replacement criteria

For the purposes of this work, RINTC data are incomplete in the sense
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that the studied sites and structural typologies cannot be directly
representative of the whole Italian territory and building portfolio. Thus,
some criteria to replace the existing buildings with the code-conforming
structures from RINTC are adopted.

The Italian municipalities were first grouped in three arbitrarily
defined hazard classes; i.e., high-, mid-, and low-hazard. The value of
PGA,75 of each municipality (Fig. 6b) was chosen for such a classifica-
tion. The values of PGA47s (on A soil class, that is rock) of Naples (i.e.,
0.15g) and Milan (0.05g) were taken as the limits of the classes, and sites
characterized by a PGA 475 lower than Milan were defined as low-hazard,
sites with PGA475 lower than Naples (and larger than Milan) were
considered a mid-hazard and sites with PGA4ys larger than Naples were
high-hazard. The resulting classification is represented in Fig. 6¢: the
municipalities in low-hazard class are about 16% of the total (excluding
Sardinia), whereas those in mid- and high-hazard are about 47% and
36%, respectively.

Following such a classification, it was assumed that the RINTC
buildings designed in L’Aquila, Naples, and Milan were representative of
buildings designed in any municipality belonging to the high-, mid- and
low-hazard class, respectively. It should be noted that, among the high
hazard class, few Italian municipalities (259 over more than 8000) are
characterized by PGA4ys larger than the one computed for L’ Aquila, that
is, the fragilities associated to these sites were in fact computed for
structures designed for a site with lower PGAy47s.

Data on the existing residential building stock were retrieved by
IRMA [37]. They include, for each municipality, the number of rein-
forced concrete and masonry buildings of one, two, three, or more than
three storeys. To be able to substitute the existing building typologies
with the available one, some simple criteria were adopted: the RC
buildings with three storeys, or less, are substituted by RC3, while RC
buildings with more than three storeys are substituted by RC6; the
masonry buildings with one or two storeys are substituted by URM2, and
the three-storey masonry buildings are substituted by URM3. Finally,
masonry buildings with more than three storeys are substituted by RC6;
i.e., assuming that new-design URM buildings with more than three
storeys are unlikely.

The probability that a new building belongs to one of the considered
structural typology, PJst] from Eq. (7), where st corresponds to RC3, RC6,
URM2, URM3, is computed as the number of buildings of that structural
typology (Ny) divided by the total number of buildings in the considered
municipality (Ntor):

Ns
Plsi) =1 st={RC3, RC6, URM2, URMS3}. )
ToT

Fig. 7 shows, for each municipality and for each structural typology,
the values of P[st] after the application of the described substitution
criterion. As shown, the probability associated to URM2 is, generally,
the largest whereas the one associated to RC6 is the lowest. RC3 and
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Fig. 6. (a) PGA hazard curves computed via PSHA for all the Italian municipalities adopting MPS04, (b) map of PGA47s (on rock) together with the thirty-six seismic

zones of [33], (c) hazard classification according to PGA47s of each municipality.
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Fig. 7. Probability of each structural typology per municipality.

URMS3 have non negligible probability with a scattered distribution over
the country.

Regarding the substitution with code-conforming BI buildings, the
analyses only refer to medium and high-hazard classes being, as previ-
ously mentioned, BI buildings considered unlikely for the low-hazard
class. Moreover, according to the available fragilities (see Section 2),
the substitution criterion is that each existing building, regardless the
construction material or the number of the storeys, is replaced by a six-
storey BI building.

4.3. Local soil classes at a municipality scale

In [38] it is provided a database of local soil characterizations for a
grid of about one million points covering the whole Italian territory. For
each point, the soil class (from A to D) according to NTCO8 is defined.
The latter can be converted into the soil classes of the GMPEs considered
in the analyses. Indeed, both [34,35] GMPEs refer to three soil classes
that are rock, stiff and soft soil. Soil conditions that, according to the
Italian code, are identified as A correspond to the rock category, whereas
soil conditions B correspond to stiff soil and soil conditions C and D
correspond to soft soil class of the GMPEs.

To quantify the probability that the building of a given municipality
is located on a specific soil class, required by Eq. (5), soil data can be
combined with the data provided by the Italian Istituto Nazionale di
Statistica (ISTAT) that identify the urbanized areas (see the Data sources
section for further details) of each municipality, intended as the areas
associated to city centers and built areas (other areas are classified as
productive sites and sparse houses). More specifically, the grid of soil
classes from Ref. [38] was superimposed to the map of the urbanized
areas and, in each municipality, P[¢;] was computed as the number of
grid points of a given soil class, Ny,, dived by the total grid points within
the urbanized areas, Ny:

Ng,
)
Nurb

PlO;]= 0; = {rock, stiff, soft}. ®)

Plrock]

The resulting probabilities are reported in Fig. 8. The largest prob-
abilities are associated to stiff soil in most of the municipalities; soft soil
covers a non-negligible number of urbanized areas and is predominant
in the north-eastern municipalities and along the coasts; finally, rock soil
is significant only in a few areas (the effect on results of soil conditions is
discussed in Ref. [39]).

4.4. Alternative hazard models

4.4.1. Probabilistic seismic hazard analyses based on MPS19

A recent hazard model for Italy, MPS19, was developed by a large
community of researchers, led by the Istituto Nazionale di Geofisica e
Vulcanologia (INGV) [18]. MPS19 entails a fairly complicated logic tree
composed by about six-hundreds branches. To facilitate the reproduc-
ibility of the results, a weighted average grid-seismicity model was
provided in Ref. [40]. It is a grid of about eleven thousand point-sources
covering and surrounding the whole country. For each point of the grid,
the mean annual number of earthquakes per magnitude bin (i.e., the
activity rates) and a probabilistic distribution of the style-of-faulting is
provided. In the following, the hazard curves computed via PSHA and
based on the grid-seismicity model from MPS19, that is A;3,,, will be
used to compute the corresponding failure rates, /1,133,1. It should be noted
that, in this case, the adopted GMPE is that of [41], which entails a
different definition of the IM with the respect to Ref. [34], adopted in
MPS04. Indeed, the latter refers to the largest (horizontal) ground mo-
tion component, while the former provides the geometric mean of the
two horizontal components. Since in RINTC project, fragility functions
were derived in terms of the largest component, when MPS19 substitutes
MPS04, [42] conversion was adopted to convert the hazard curves from
geometric mean to largest component; this allows to consistently
combine hazard results and fragility functions.

Moreover, due to the hazard modification, when /1,153,1 is of concern,
the substitution criteria described in Section 4.2 was re-applied in
accordance with the new hazard results. Since the RINTC structures
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Fig. 8. Soil class probabilities in the urbanized areas of Italian municipalities.
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were designed according to MPS04, the value of PGA47s of Naples and
Milan, computed with MPS04, were maintained as limits of the hazard
classes. The difference with respect to the previous case is that the value
of PGA475 computed in each site and identifying its hazard class is
derived by MPS19. The resulting classification is reported in Fig. 9a,
which shows minor differences with respect to the equivalent classifi-
cation of Fig. 6¢c. The percentage of municipalities classified as low-
hazard reduces from 15% to 7% when the source model changes from
MPS04 to MPS19; the number of the sites falling in the mid-hazard class
increases from 48% to 65% while the sites associated to the high-hazard
decrease from 37% to 28%. Fig. 9b shows the hazard curves in PGA (on
rock) computed implementing MPS19 together with the hazard curves
of L’Aquila, Naples, and Milan computed implementing MPS04 (in the
legend AQ04, NA04, MIO4, respectively). The black horizontal line rep-
resents the 475 years exceedance return period (i.e., the one adopted for
hazard classification). As shown, the hazard curves derived by the grid
model are comparable with those from MPS04 in the range of low and
medium return periods (i.e., up to about 500yr). Major differences
appear when the return period increases. (It is also to note the systematic
lower heterogeneity of the curves when passing from MPS04 to MPS19.)

4.4.2. Sequence-based probabilistic seismic hazard analyses based on
MPS04

As early mentioned, SPSHA [31] includes the effect of aftershocks,
along with that of mainshocks, in the hazard assessment. In Ref. [19] the
hazard increments due to SPSHA with respect to PSHA were computed
referring to the MPS04 source model, showing that, for a given return
period, the value of the intensity measure computed via SPSHA (imgspspa )
can be up to 30% larger than the corresponding value computed via
PSHA (impspa ). Herein, still referring to the MPS04 source model, the
SPSHA/PSHA comparison is extended to structural risk.

Because SPSHA requires a larger effort than PSHA, it was decided in
this study - as an approximation — to perform SPSHA only for the site of
L’Aquila, Naples, and Milan, to compute the hazard increases for these
sites, and to adopt such increments to increase the PSHA hazard curves
at the all the other Italian sites. Fig. 10a shows the hazard curves
computed for L’Aquila, Naples, and Milan on rock site conditions and
considering the spectral ordinates of interest for the structural typol-
ogies, that is Sa(0.15s) and Sa(0.5s) (the models here adopted for SPSHA
are the same described in Ref. [19]). Then, for each site and spectral
ordinate, the hazard increments with respect to PSHA, that is the
imgpspa /impspa ratio, was computed as a function of the return period;
see Fig. 10b (the ratios computed at given site, considering different
spectral periods, may intersect; see Ref. [19]). The hazard increments
computed in L’Aquila, Naples, and Milan were used to scale the corre-
sponding hazard results computed for the municipalities in high-, me-
dium-, and low-hazard class, respectively. The resulting hazard curves
are used to compare the failure rates considering the effect of after-
shocks with those considering mainshocks only (see the following
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sections).

5. Results and discussions
5.1. Seismic risk for fixed-base structures based on MPS04 hazard

This section discusses the results of Eq. (5) when the hazard curves
are computed via PSHA based on MPS04 and in the hypothesis of
substituting the existing residential buildings with the FB code-
conforming ones. Fig. 11a represents the failure rates of each Italian
municipality considering UPD (19%,,,), whereas Fig. 11b refers to GC
(A2%). It is worth noting that, hereafter, failure rates lower than 1E-05
are substituted by 1E-05 to avoid significant extrapolations of hazard
and fragility models, acknowledging the approach of [13]. This value
was chosen based on the maximum return period at which MSA is per-
formed (see Section 2).

UPD annual failure rates vary between 1E-05 to 6.62E-03 and 51% of
the municipalities are characterized by rates larger than 1E-03; 30% of
sites have rates within 1E-04 and 1E-03; about the 20% of municipalities
have rates lower than 1E-04. A comparison between Figs. 11a and 6¢
shows the effect on results of the hazard classes. More in details, all the
sites belonging to the low hazard class show /lgf‘UPD lower than 5E-05,
whereas 95% of the municipalities in the high hazard class have rates
higher than 1E-03.

GC annual failure rates range between 1E-05 and 8.91E-04. Most of
the sites (64%) presents a failure rate lower than 5E-05 and values
higher than 5E-05 are associated to the municipalities belonging to high-
hazard regions. The largest failure rates are computed in municipalities
of central and southern Apennines, reflecting the hazard of the region.
With respect to UPD, GC failure rates are up to two orders of magnitude
lower as shown by the map of ratios, A%y /9%,
60% and 8% of the municipalities the ratio is between 1E+01 and
1E+02, and higher than 1E+02, respectively. For the remaining 32% of
the sites, the same order of magnitude for the two failure rates is
computed; results in these sites are controlled by the lower bound of 1E-
05.

reported in Fig. 11c. In

5.2. Alternative risk metric

The hypotheses characterizing the ideal scenarios discussed in this
study are not available in literature and a comparison of the results of
this work with other similar studies is not directly possible. However, it
may be useful to provide risk maps in a comparable representation with
respect to available studies dealing with the national seismic risk of
existing structures. These risk maps are often presented in two scales (e.
g., Refs. [10,12]): (i) the percentage and (ii) the absolute number of
failed buildings per municipality in a given time interval (usually, one
year). Thus, it should be noted that, in accordance with Eq. (6), all the
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Fig. 9. (a) Hazard classification of the Italian municipalities according to MPS19; (b) PGA hazard curves computed via PSHA adopting MPS19.
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Fig. 11. Maps of failure rates per municipalities considering (a) UPD and (b) GC evaluated adopting MPS04 and considering FB structures; (c) map of the ratios of the

failure rates evaluated for UPD and GC.

maps of failure rates shown here can also be interpreted as maps of the
annual number of failed buildings in each municipality divided by the
total number of buildings of the same municipality. Moreover, the rates
in Fig. 11 are also converted into the mean annual number of failed
buildings per municipality, that is, from Eq. (6) assuming At equal to one
year, see Fig. 12.

When the UPD performance level is considered, Fig. 12a, for the 26%
of the municipality the expected value of failed building is lower than
0.1, it ranges between 0.1 and 1 for the 32% of municipalities whereas it
is between 1 and 5 for the 34% of the municipalities; finally, the ex-
pected number of failed buildings is larger than 5 in 8% of the

municipalities. Fig. 12b presents the expected value of buildings at GC.
In most of the municipalities (73%), the expected number of failed
buildings ranges between 0 and 0.1. Among the remaining municipal-
ities, that mostly belong to the high-hazard class, this expected number
ranges between 1 and 5 in 26% of the considered sites, and it is larger
than 5 only in 1% of the municipalities.

5.3. Seismic risk for base-isolated structures based on MPS04

This section discusses the case in which all the existing buildings
(except those in the low-hazard class) are replaced with RC BI structures;

185
100

Fig. 12. Maps of the expected number of failed buildings in one year per municipality considering (a) UPD and (b) GC.
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seismic hazard is evaluated via PSHA based on MPS04. The resulting
maps of failure rates for UPD and GC are reported in Fig. 13a and
Fig. 13b, respectively. As shown, the two maps are similar; this is
because UPD refers to the response of superstructure that is typically not
affected by damages as long as the isolation system does not fail.
However, the failure of the isolation system corresponds to GC. Only for
UPD, few municipalities (0.38%) have failure rates larger than 5E-04;
for both performance levels, more than 70% of the municipalities
have rates lower than 5E-05.

In Fig. 14, the two alternative substitution criteria are compared
providing, for each municipality, the ratio between the values of the
failure rates related to BI and FB structures; UPD and GC are considered
in Fig. 14a and b, respectively. Reddish color is assigned when the
failure rate associated to BI structures is larger than the one computed
for FB structures; green is the opposite case. When comparison refers to
UPD, 100% of sites are green: failure rates for BI structures are one and
two orders of magnitude lower than FB structures for 67% and 23% of
the sites, respectively. For GC, the failure rate associated to the FB
structures are larger than those associated to the BI structures for 85% of
the municipalities. On the other hand, in 15% of the sites, GC rates for BI
are larger than FB and the ratio of failure rates is between 1 and 10,
whereas such a rate is larger than 10 only for 0.2% of the cases. These
results, although possibly counterintuitive, are in accordance with the
findings of other studies (e.g., Refs. [43,44]).

5.4. Seismic risk for fixed-base structures based on MPS19

In this section, the results of Eq. (5) when hazard curves are
computed via PSHA based on MPS19 and considering FB code-
conforming buildings, are discussed. When UPD is concerned, the
annual failure rates range from 1E-05 to 8.1E-03. Less than the 0.1% of
the municipalities have UPD failure rates lower than 1E-04; in the 39%
of the sites, mostly belonging to the low-seismicity class, they are from
1E-04 to 1E-03, whereas, in most of the sites, (61%) failure rates are
larger than 1E-03. As regards GC failure rates, they are between 1E-05 in
1.3E-03; the largest values are in north-eastern and central Italy.

The discussed results are also presented in the form of maps of the
ratios between failure rates based on MPS19 and those based on MPS04.
Fig. 15c refers to UPD (A}%pp /lgf‘UPD), whereas Fig. 15d refers to GC
(Akec /4% ec)- In both figures, reddish color is adopted for the cases in
which MPS19 produces failure rates larger than MPS04, green other-
wise. For UPD, most of the case, that is 87% of the municipalities, show
failure rates resulting from the two source models of the same order of
magnitude. MPS19 provides failure rates one order of magnitude larger
than MPS04 in the low hazard class of the Northern Italy and in few sites

(a)
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of the Po Valley and Sicily (i.e., 13% of the sites). Overall, UPD failure
rates from MPS19 are larger than MPS04 for the 72% of the Italian
municipality (excluding Sardinia); such sites correspond, mostly, to the
low and medium hazard classes, according to MPS04. Conversely, in the
28% of sites, mostly belonging to the high-hazard class, MPS19 provides
UPD failure rates lower than MPS04. As regards GC, Fig. 15b shows that
failure rates are of the same order of magnitude regardless the adopted
source model in the 94% of the municipalities. In 84% of sites, the
MPS19 failure rates are larger than the MPS04; in the remaining 16% of
sites, mostly located along the Apennines and in Sicily, MPS19 rates are
lower than MPS04.

5.5. Seismic risk for fixed-base structures accounting for mainshocks-
aftershocks contribution to the hazard

This section discusses the risk assessment when the contribution of
mainshock-aftershocks sequences is considered via SPSHA based on
MPS04. The failure rates are computed referring to UPD and GC, that is
A%, and 2%. Fig. 16 shows results, for each municipality, in term of
comparison with respect to those from PSHA (Fig. 11). As expected, all
the ratios are larger than one: UPD ratios varies between 1.25 and 1.50
in most of the municipalities (89%); all the values lower than 1.25 are
associated to municipalities (10% of the total) belonging to the low-
hazard class whereas in the 1% of the municipalities, all belonging to
the high-hazard class, ratios are higher than 1.50 (up to 1.60). For GC,
the ratios increase up to almost 1.80. In the low-hazard class and in most
of the mid-hazard class, the ratios of the failure rates are between 1.0
and 1.25, (58% of the Italian municipalities). They are between 1.25 and
1.50 in 17% of the sites that correspond to the Calabrian Arc and some
municipalities of the northeastern Italy. In the other municipalities, all
belonging to the high-hazard class, the ratios vary between 1.50 and
1.80. In conclusion, the aftershocks’ effect to the seismic hazard may
almost double the GC failure rates.

6. Conclusions

This study herein presented evaluated the ideal seismic risk of Italy
at municipality scale; i.e., assuming that all the residential buildings are
replaced with code-conforming structures. For each municipality, the
risk is quantified via the mean number of mainshocks (or mainshock-
aftershocks seismic sequences), that in one year, cause failure of a
randomly selected building of the municipality of interest. Considered
structural performances are usability-preventing damage (UPD) and
global collapse (GC). Structures designed, modelled, and analyzed in the
RINTC project for three Italian sites (i.e., L’Aquila, Naples, and Milan),
were adopted to represent code-conforming buildings of the
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Fig. 13. Maps of failure rates per municipalities considering (a) UPD and (b) GC evaluated adopting MPS04 source model and considering BI structures.
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Fig. 15. Maps of failure rates per municipalities considering (a) UPD and (b) GC evaluated adopting MPS19 source model; map of the ratios of the failure rates
computed according to MPS19 and MPS04: (c) UPD and (d) GC.

municipalities in high-, mid- and low-seismic hazard classes, respec- o When PSHA is based on the current reference Italian hazard model
tively. These classes were identified according to the value of the PGA4ys (MPS04) and fixed-base buildings are considered, it is shown that,
(on rock) computed for each Italian municipality. Different risk although the design actions are characterized by the same exceed-
modelling options were considered, and the main conclusions from them ance probability, the failure rates are largely different among
are listed hereunder. different structural typologies and sites. This generalizes the results

of the RINTC project. UPD failure rates, over the country, vary be-
tween 1E-05 and 6.62E-03; 51% of the municipalities are
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Fig. 16. Ratio of the failure rates computed via SPSHA and PSHA: (a) UPD and (b) GC.

characterized by failure rates larger than 1E-03 while all the others
are lower. Referring to the GC, failure rates range from 1E-05 to
8.91E-04 and the most of Italian municipalities (64%) shows a failure
rate lower than 5E-05. The replacement criterion was proven to be
significant for such results; indeed, failure rates show relatively low
variability within each seismic hazard class. In terms of annual ex-
pected number of failed buildings per municipality, the results show
that, in most of the sites (i.e., 34%), the number of buildings expected
to exceed UPD is between 0.1 and 1. For GC, the expected number of
failed building ranges between 0.1 and 1 at 73% of the Italian
municipalities.

Considering base-isolated buildings replacing all the existing struc-
tures, with MPS04 hazard, the UPD and GC failure rates are com-
parable in each Italian municipality. As expected, they are lower
than the counterpart computed for FB structures. This happens at
100% of sites for UPD, for which rates differ of one or two orders of
magnitude. In the case of GC, it occurs at 85% of the sites whereas, in
the remaining 15%, BI structures provide larger rates than FB.
When PSHA is based on a recent Italian hazard model (MPS19) the
UPD risk of FB code-conforming buildings shows that failure rates
are higher than those due to MPS04 at 72% of the municipalities
(mostly corresponding to the low-, mid-seismic hazard classes). Such
a percentage increases to 84% of the sites in the case of GC failure
rates.

When the effect of mainshock-aftershocks sequences is considered (i.
e., in the case of SPSHA based on MPS04) the SPSHA/PSHA ratios of
UPD failure rates for FB buildings vary from 1.25 to 1.50 in 89% of
the municipalities. The analogous ratios, in the GC case, reach 1.80
in high-hazard regions.

It must be finally remarked that all the results herein presented
follow some (arbitrary) choices made for the hazard and the vulnera-
bility characterization. Moreover, the limited available information lead
to assume stochastic independency between soil conditions and struc-
tural typologies and the definition of substitution criteria based on the
hazard classification of the Italian municipalities. Nevertheless, the
provided maps may help to provide insights on the seismic risk in Italy
inherent to the current building code.
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