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Abstract
The project Rischio Implicito – Norme Tecniche per le Costruzioni (RINTC)
assessed the seismic structural reliability, in terms of the annual rate of earth-
quakes causing failure, of a large set of code-conforming buildings, designed to
be located in three different sites, representative of low, mid, and high seismic
hazard in Italy. It was found that seismic reliability tends to decrease significantly
as the site’s hazard increases, despite the design actions having the same return
period at all sites. Because this is a consequence of the code’s approach, the sim-
ple study presented in this paper aims to contribute to the discussion on whether
the code-implied safety is yet acceptable. To this end, the annual fatality rates
due to the seismic failure of the buildings from the mentioned project are com-
puted, in a simplified manner, and compared with the annual risk from other
common causes of death in Italy; the latter obtained based on data from the Ital-
ian Statistical Institute. The results, although subjected to the conventionality of
the working assumptions, seem to indicate that seismic fatality risk is generally
lower than that of other causes of death, by one or more orders of magnitude at
the lower hazard sites. This can contribute to the discussion on seismic structural
safety due to the characteristics of the Italian code that are common to state-of-
the-art codes internationally.

KEYWORDS
structures, earthquakes, reliability, risk, safety

1 INTRODUCTION

The Italian building code1 is based on capacity design and has design seismic actions determined via probabilistic seismic
hazard analysis (PSHA).2 It has its roots in Eurocode 83 (EC8) and can be generally considered to be of state-of-the-art
level, even if it does not entail quantification of the reliability implied by design,whose absence is commonplace inmodern
seismic codes (an advancement to this approach is the so-called risk-targeted design, which, however, yet has to find its
way in building codes).
An extensive research program in Italy, Rischio Implicito – Norme Tecniche per le Costruzioni or RINTC4 (2015–2017)

evaluated the seismic structural reliability of several code-conforming, residential and industrial, buildings located at
three sites that can be considered as representative of low, mid, and high hazard in Italy. Hundreds of buildings from these
typologies, with various configurations, were designed, modeled, and analyzed. The seismic reliability metric adopted is
the expected number of earthquakes that, in 1 year, cause a certain seismic performance that identifies failure, that is, the
failure rate. Two performances were considered, they are related to impeded usability and life-threatening failure. The
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computation of the failure rates, followed the performance-based earthquake engineering (PBEE) paradigm,5 that entails
integrating the structural fragility with the site’s hazard curves.
The most relevant result of the project was that the reliability systematically tends to decrease as the hazard of the site

can be considered more severe.4 Further research attributed that to the effect of code-prescribed minima and gravity-load
design in low, and possibly mid hazard sites, as well as the impact on the reliability of groundmotions with return periods
larger than those considered in design.6 This may spark concerns, as the law rationally postulates homogeneous safety
measured, for example, via fatality rates for similar buildings designed across the country. On the other hand, it may be
argued that even spatially variable safety is still acceptable if compared to other risks. To contribute to this debate, in the
simple study presented in the following, the fatality risk caused by the structural failure of code-conforming buildings is
computed in a simplifiedmanner and compared to other risks that building residentsmay be exposed to; for example, some
diseases or fatal accidents. Because the assessment of the fatality risk for code-conforming buildings requires significant
working assumptions and a degree of conventionality, the rates were computed following two alternative approaches. To
evaluate the other risks for the comparison, the death rates due to common causes were derived from national and local
data of the Istituto Nazionale di Statistica (ISTAT).
The remainder of this note is structured so that in the next section the RINTC project is briefly recalled, followed by

a description of the approaches adopted to evaluate the fatality rates. Subsequently, the risk related to some other death
causes in Italy is computed and compared to the seismic fatality risk. Some conclusions end the short paper.

2 THE SEISMIC RELIABILITY OF CODE-CONFORMING STRUCTURES IN ITALY

As mentioned above, in the RITNC project a large set of buildings was designed according to the current Italian building
code, and their seismic reliability was evaluated. More specifically, five structural typologies were considered to represent
as much as possible residential and industrial standard contemporary Italian constructions. As these structures were
extensively discussed in dedicated literature,7 only a brief summary is given here.

∙ Unreinforcedmasonry structures (URM): Two- and three-story residential buildings made of perforated clay units with
mortar joints, with varying architectural configurations andwall thickness, comprising both regular and irregular struc-
tures, according to the definition provided by the code.

∙ Reinforced concrete (RC): Three-, six-, and nine-story moment-resisting frame buildings (MRF), regular in plan and
elevation, under different configurations (bare-frame or BF, infilled-frame or IF, and pilotis-frame or PF)with orwithout
shear walls (SW).

∙ Steel (S): Single-story rectangular industrial buildings featuring MRFs in the transverse direction and concentrically
braced frames placed in the outer spans of the frame in the longitudinal direction; four different configurations were
considered, with varying transverse and longitudinal bay widths.

∙ Precast reinforced concrete (PRC): Single-story industrial buildings with fixed-base columns fixed and connected, at
the top, to prestressed beams via dowel connections; four different configurations were considered varying transverse
and longitudinal bay widths and the story height.

∙ Base-isolated reinforced-concrete buildings (BI): Six-story infilled MRF building isolated considering three isolation
systems, that is, double-curvature friction pendulums (FPS), high damping rubber bearings (HDRB), and a hybrid sys-
tem made of HDRB’s and sliders (SLDR).

These structures were designed in three Italian sites characterized by low, mid, and high hazard, that is, Milan (MI),
Naples (NA), and L’Aquila (AQ), respectively (Figure 1, left) and for two different soil site conditions (i.e., soil A and soil
C according to the EC8 classification). (Note that the Italian code allows design URM of buildings even in high seismicity
areas; however, simplified design methods for URM cannot be used for buildings with the number of story larger than
three when the PGA with 475-year return period is larger than 0.35g.)
Design referred to code’s damage and life-safety limit states, which correspond to ground motion intensity with 50- and

475-year exceedance return period (Tr), respectively; Table 1 summarizes the structures analyzed (note that for some RC
structures soil–structure interaction [SSI] and model uncertainty [MU] was also considered, although it was found that
both have a relatively minor impact on the reliability).
The seismic reliability of these structures was assessed considering the two performance levels, or damage states,

defined in the project: usability-preventing damage (UPD) and global collapse (GC). The onset of UPD is based on whether
one of the following conditions occurs: (i) light damage in 50% of main nonstructural elements (e.g., infills); (ii) severe
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F IGURE 1 Left: Italian map of the seismic peak ground acceleration (PGA) on rock, which is exceeded at any site on average every
475years (used by the code). Right: PGA (rock) hazard curves for the three sites at which the structures are designed

TABLE 1 Structures for which seismic structural reliability has been evaluated in RINTC project

AQ – soil A AQ – soil C NA – soil A NA – soil C MI – soil A MI C – soil C
URM 2-st. 4 – Configs 6 – Configs 3 – Configs 4 – Configs 4 – Configs 3 – Configs
URM 3-st. 3 – Configs – 4 – Configs 6 – Configs 4 – Configs 4 – Configs
RC 3-st. MRF – IF, BF, PF – IF, BF, PF – IF, BF, PF
RC 6-st. MRF – IF, BF, PF – IF, BF, PF, IF-MU,

BF-MU, PF-MU
– IF, BF, PF

RC 9-st. MRF IF, BF, PF – – IF, BF, PF – IF, BF, PF
RC 9-st. SW IF-SSI, BF-SSI,

PF-SSI
IF, BF, PF IF, BF, PF IF, BF, PF – IF, BF, PF

S 4 – Configs 4 – Configs 4 – Configs 4 – Configs 4 – Configs 4 – Configs
S w/cladding 4 – Configs 4 – Configs 4 – Configs 4 – Configs 4 – Configs 4 – Configs
PRC 4 – Configs 4 – Configs 4 – Configs 4 – Configs 4 – Configs 4 – Configs
BI – HRDB, FPS,

HDRB+SLDRS
– HRDB, FPS,

HDRB+SLDRS
– –

damage level in at least one of the nonstructural elements; (iii) first attainment of 95% of the maximum base-shear of
the structure. The GC criterion is based on the deformation capacity (the roof displacement or the inter-story drift ratio)
corresponding to 50% strength decay from the static nonlinear capacity curve of the structural model.
The seismic structural reliability was quantified via the failure rate, 𝜆𝑓,DS, computed as

𝜆𝑓,DS = 𝜈 ⋅

+∞

∫
0

𝑃 [𝐹DS |IM = 𝑥 ] ⋅ 𝑓IM (𝑥) ⋅ dx, (1)

where, 𝑃[𝐹DS|IM = 𝑥] is the probability of failure corresponding to a certain damage state (DS), when DS ≡ GC or
DS ≡ UPD, given the value of a (nonnegative) ground motion intensity measure (IM), that is, the seismic fragility of the
structure; 𝜈 is the rate of earthquakes above a minimum magnitude of interest affecting the construction site; 𝑓IM(𝑥) is
the probability density function of the IM at the site, given the occurrence of an earthquake among those the 𝜈 rate refers
to. It is useful for the following to acknowledge that the integral in Equation (1) is just the failure probability (i.e., reaching
or exceeding the damage state DS), given an earthquake among those the 𝜈 rate refers to. Indicating such a probability as
𝑃[𝐹DS|𝐸], the equation can be written as 𝜆𝑓,DS = 𝜈 ⋅ 𝑃[𝐹DS|𝐸]. It is also noted that the product 𝜈 ⋅ 𝑓IM(𝑥) is the absolute
value of the derivative – yet multiplied by dx – of the hazard curve for the site, computed via PSHA. The hazard curve
provides, for any value of IM, say im=x, its annual rate of exceedance, which will be indicated as 𝜆im.9
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F IGURE 2 Left: Average seismic failure rates for the considered code-conforming buildings as resulting from the RINTC project. Right:
Annual seismic fatality rates, computed with the HAZUS (HZ)- and the Zuccaro–Cacace (EMS)-based methods, in comparison with other
risks in Italy. (vertical bars provide the range of rates for each typology)

The seismic structural response was evaluated via nonlinear dynamic analyses on three-dimensional nonlinearmodels,
selecting the input seismic records via a hazard-consistent approach. In the analyses, the domain of the chosen IM (i.e.,
pseudo-spectral acceleration at a period close to the one fundamental of each structure) was discretized considering the
IM values corresponding to 10 exceedance return periods (from 101 to 105 years) at the site.
In the RINTC project, the fragility curves were evaluated by means of the Shome and Cornell approach,10 and discretiz-

ing the integral in Equation (1) at the 10 IM values at which dynamic analysis was performed. However, for the sake of
the study presented herein (i.e., to improve with respect to the described integration procedure), the failure rates were
recomputed by fitting lognormal fragility functions against the MSA results via the R2R-EU software.11 Consequently,
the hazard curves for the three sites were also recomputed via the REASSES software,12 implementing branch 921 of the
official Italian hazard model (i.e., that shown in Figure 1).8
The resulting failure rates are given in Figure 2 (left) for both considered performances. For representation purposes,

for each typology, the rates are shown in terms of average taken across the failure rates of the analyzed buildings belong-
ing to that typology. (In the figure, rates below 10−5 were set equal to 10−5, as low failure rates are based on significant
extrapolation of seismic hazard models.) One can see from the figure that the rates tend to decrease with the decreas-
ing hazard for the site. The reason is two-fold: first, the code-prescribed minimum design requirements and gravity-load
design tend to dominate in low and possibly mid hazard sites (i.e., Milan and Naples) ensuring larger seismic reliability
in comparison to the design for L’Aquila. The second reason is that the structures were designed against seismic actions
with maximum return period of exceedance equal to 475 years. However, it has been established that ground motions
intensity beyond 475 years is disproportionally larger at L’Aquila with respect to Naples and Milan; that is, the so-called
peak-over-threshold13 that can lead to lower seismic reliability in the high hazard site. This can be seen in Figure 1 (right),
where the PGA (on rock) hazard curves show a significant difference in shape for return periods beyond 475 years.

3 SEISMIC FATALITY RATES

The fatality rates, 𝜆𝑑, for the structures discussed above can be interpreted as the expected number of earthquakes (above
the minimummagnitude of interest) to cause fatality, and can be seen as the product of the probability of dying given the
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occurrence of the seismic event, 𝑃[𝐷|𝐸], and the rate of earthquake occurrence at the construction site. Applying the total
probability theorem, the fatality rate can be computed as

𝜆𝑑 = 𝜈 ⋅ 𝑃 [𝐷 |𝐸 ] = 𝜈 ⋅

𝑛∑
𝑖=1

𝑃 [𝐷 |DS𝑖 ] ⋅ 𝑃 [DS𝑖 |𝐸 ] = 𝜈 ⋅

𝑛∑
𝑖=1

𝑃 [𝐷 |DS𝑖 ] ⋅ (𝑃 [
𝐹DS𝑖 |𝐸

]
− 𝑃

[
𝐹DS𝑖+1 |𝐸

])

=

𝑛∑
𝑖=1

𝑃 [𝐷 |DS𝑖 ] ⋅ (𝜆𝑓,DS𝑖 − 𝜆𝑓,DS𝑖+1
)
= 𝑃 [𝐷 |UPD] ⋅ (𝜆𝑓,UPD − 𝜆𝑓,GC

)
+ 𝑃 [𝐷 |GC] ⋅ 𝜆𝑓,GC, (2)

where 𝑛 is the number of the considered damage states, 𝑃[𝐷|DS𝑖] is the probability of death given the reaching of the i-th
damage state, and 𝑃[DS𝑖|𝐸] is the probability that the structure is in the i-th DS given earthquake occurrence, which can
be computed as the difference of the failure probability related to theDS𝑖 andDS𝑖+1 states. The last equality in Equation (2)
shows what the computation is reduced to, by only considering the UPD and GC damage states and with 𝑃[𝐷|DS] left to
be determined. Herein, 𝑃[𝐷|DS] has been calculated following two alternative methods.

3.1 Method 1

The firstmethod is based on Tsang andWenzel,14 where𝑃[𝐷|DS] is equal to the fatality rate, given structural damage, from
HAZUS.15 In particular, 𝑃[𝐷|GC] is computed considering that GC corresponds to complete structural damage (CSD), as
per the HAZUS terminology, and distinguishing between indoor (in) or outdoor (out) probability of death:

𝑃 [𝐷 |GC] = 𝑃 [𝐷 |GC, in] ⋅ 𝑃 [in |GC] + 𝑃 [𝐷 |GC, out ] ⋅ {1 − 𝑃 [in |GC]} . (3)

In the equation, 𝑃[in|GC] is the probability of being indoor at the time of failure, and it is assumed to be equal to 0.9.
The probability of death occurring indoors is computed by further distinguishing whether GC leads to collapse (note that
collapse as per the HAZUS terminology does not coincide with the GC according to the RINTC project):

𝑃 [𝐷 |GC, in] = 𝑃 [𝐷 |GC, in, collapse ] ⋅ 𝑃 [collapse |GC] + 𝑃 [𝐷 |GC, in, nocollapse ] ⋅ {1 − 𝑃 [collapse |GC]} . (4)

𝑃[collapse|GC] is taken from HAZUS for each structural typology. (In fact, the fatality rates for the BI could not be com-
puted because this typology is not covered in terms of required fatality model.)
HAZUS considers fatality for different injury severity levels; herein, severity 3, that is injury that poses an immediate life-

threatening condition if not treated adequately and expeditiously, and severity 4, that is instantaneously killed ormortally
injured, were considered. Therefore,

𝑃 [𝐷 |GC, in, collapse ] = 𝑃 [𝑠𝑒𝑣𝑒𝑟𝑖𝑡𝑦3 |GC, in, collapse ] + 𝑃 [𝑠𝑒𝑣𝑒𝑟𝑖𝑡𝑦4 |GC, in, collapse ] . (5)

The same applies for 𝑃[𝐷|GC, in, nocollapse] and 𝑃[𝐷|GC, out]. Finally, for 𝑃[𝐷|UPD], the same approach is followed,
with UPD corresponding tomoderate structural damage in HAZUS; in this case 𝑃[collapse|UPD] = 0.

3.2 Method 2

The other method used to compute the fatality risk is based on the work of Zuccaro and Cacace,16 as adopted by Iervolino
et al.17 in the context of operational earthquake loss forecasting. In thismodel, the casualty probability given aDS is provided
based on the vulnerability class the building belongs to in accordance with the European Macroseismic Scale18 (EMS). In
this context, vulnerability classes C and D were assigned to the URM and RC structures, respectively. Moreover, it is
also needed to let UPD and GC performances correspond to EMS; in this case, UPD was associated to DS3 and GC to
DS5. (Because no industrial buildings or base-isolated structures are considered by EMS, it was not possible to apply
this approach to S, PRC, and BI structures.) Because, according to this model, zero fatality probability is associated with
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damage levels equal to or lower than DS3, Equation (2) can be further simplified as

𝜆𝑑 = 𝑃 [𝐷 |GC] ⋅ 𝜆𝑓,GC, (6)

where 𝑃[𝐷|GC] can be expressed by Equation (3) assuming 𝑃[in|GC] = 0.65 and 𝑃[𝐷|GC, out] = 0.
The fatality rates computed with these two methods are interpreted herein as about equal to the annual probability of

an individual continuously exposed to failure of a building of a given typology at a specific site (the legitimacy of such an
assumption depends on theway the conditional probabilities are formulated and computed in the twomethods considered
and could benefit from a refined modeling of exposure of individuals to building failure).

4 OTHER RISKS IN ITALY

For comparison, the annual fatality rates associated with different causes of death in Italy were also computed. To this
aim, ISTAT data for the 2012–2016 period were retrieved and analyzed. The considered causes of death are:

∙ (IP) infectious and parasitic diseases (tuberculosis, HIV, viral hepatitis, others);
∙ (T) tumors;
∙ (NS) diseases of the nervous system and sense organs (Parkinson’s disease, Alzheimer’s disease, others);
∙ (CS) diseases of the circulatory system (ischemic heart diseases, cerebrovascular diseases, others);
∙ (RS) diseases of the respiratory system (flu, pneumonia, chronic diseases of the lower respiratory tract, others);
∙ (AF) accidental falls;
∙ (RA) road accidents (in which car occupants or pedestrians died).

The fatality rates were obtained by dividing the number of deaths in Italy for a specific cause and year by the size of the
resident population on January 1 of the year in question. Because the results among the considered years of analysis vary
only mildly, only those referring to 2016 are considered in the following. These rates can be interpreted as the annual
probability that a random member of the population dies for the considered cause. (In fact, the analysis was also carried
out at a local scale referring to the provinces of Milan, Naples, and L’Aquila, but the results were similar to those at the
national level.)
The comparison of the seismic safety and the risk due to other causes is given in Figure 2 (right). In the figure, the seismic

fatality rates provided are simply the arithmetic averages for the considered buildings,without any relativeweighting of the
various configurations and possible occupancies. The comparison is carried out in the hypothesis that a generic (random)
individual is continuously exposed to the causes of death the lines refer to in the very same way the same individual is
continuously exposed to the seismic risk,measured by the seismic fatality rate for the (code-conforming) building typology
corresponding to a specific mark. Although this may be considered simplified and conventional, it can be argued that the
seismic risk is generally lower than the other considered risks. This holds even if the fatality rates for the URM buildings
at L’Aquila from the Zuccaro and Cacace approach, which provides larger rates than those based on Tsang and Wenzel,
are comparable to the lowest rates from the other considered causes.

5 CONCLUSIONS

This study compared the seismic safety of Italian code-conforming buildings at three different sites, by transforming the
failure rates into fatality rates according to two different methods. Because computed fatality rates depend on the two
performance levels for which reliability was available, the evaluation of the fatality rates must be considered simplified,
if not conventional, and subject to the working assumptions; nevertheless, it could be of interest, given the bulk of the
results from the RINTC project, about the reliability assessment of code-conforming structures. Moreover, the Italian code
has large similarities with the Eurocode 8 and can be considered of state-of-the-art level. The results show that the seismic
structural safety of buildings tends to decrease as the seismic hazard for the site increases. Therefore, the seismic risk
tends not to be uniform across the country.
This is a consequence of the minimum design requirements dominating at the low and mid hazard sites, as well as the

fact that the ground motion with intensity larger than that considered in design is disproportionately larger at the most
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hazardous sites with respect to mid and low hazard sites. Nevertheless, the rough comparison with the fatality rates for
some common causes building occupants are also exposed to, shows that the seismic risk tends to be, for most of the cases,
lower than the others even at the most seismically hazardous sites considered.
Although the comparison between fatality risk due to structural failure and those health-related must be done care-

fully, these results may contribute to the discussion on whether the seismic safety achieved by current standards can be
considered acceptable and on the vision of the future of seismic codes, which is going toward risk-targeted design.
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