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ABSTRACT
This paper presents and discusses some research results related to the
seismic failure risk of standard, residential and industrial, buildings
designed for damage, and life-safety according to the Italian seismic
code, which is somewhat similar to Eurocode 8. The five considered
structural typologies are as follows: masonry, cast-in-place reinforced
concrete, precast reinforced concrete, steel, and base-isolated buildings.
The archetype structures have been designed according to standard
practice at three sites, representative of the seismic hazard across the
country. Seismic risk is defined here as the annual rate of earthquakes able
to cause structural failure in terms of usability-preventing damage and
global collapse. For each structure, the failure rates have been evaluated
in the framework of performance-based earthquake engineering, that is,
via integration of site’s probabilistic hazard and structural fragility. The
former has been computed consistently with the official hazardmodel for
Italy that is also used to define design actions in the code. The latter has
been addressed via nonlinear dynamic analysis of three-dimensional
numerical structural models. Results indicate that, generally, design pro-
cedures are such that seismic structural reliability tends to decrease with
increasing seismic hazard of the building site, despite the homogeneous
return period of exceedance of the design seismic ground-motion.
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1. Introduction

The Italian building code, the Norme Tecniche per le Costruzioni (NTC hereafter),
requires engineers to design earthquake-resistant structures in compliance with a num-
ber of predefined performance thresholds, or limit states [CS.LL.PP., 2008, 2018], for
ground-motion intensities that have a specified exceedance probability (or an approx-
imation of it) in a given time interval at the building site. Design is carried out so that
the structure is expected to withstand, at the site of the construction, relatively rare
ground-motion intensities, computed according to probabilistic seismic hazard analysis
(PSHA) [e.g., Cornell, 1968; McGuire, 2004]. Design ground-motion intensities are
those that are exceeded at the building site, on average, once in a number of years;
i.e., the return period of exceedance, TR in the following. For example, an ordinary
structure designed for the life-safety limit state should withstand ground-motions with
TR ¼ 475 years (i.e., probability of exceedance of 10% in 50 years).
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As in many modern seismic codes, while the design elastic seismic actions are prob-
abilistically defined, the risk of failure of Italian code-conforming structures resulting from
these design provisions is not explicitly controlled, and ultimately not known. Moreover,
because design procedures may be different for different structural typologies or multiple
design options may be available for the same structural type, the code does not explicitly
warrant that different structures designed for the same site, or similar structures at
different sites, have the same probability of failing the same performance target.

Insights about the seismic structural reliability (or risk) implied by design according to
current standards are a starting point to understand the adequacy of the code and,
eventually, to stimulate improvements, if needed. This was indeed the goal of a large
national research program: the RINTC—Rischio Implicito delle Strutture Progettate
Secondo le NTC project, which ran between 2015 and 2017 [RINTC Workgroup, 2018];
see Acknowledgments. For the purposes of the project, three1 Italian sites were considered
so as to span a wide range of seismic hazard levels within the country. The three sites are
Milan (MI), Naples (NA), and L’Aquila (AQ), corresponding to low-, mid-, and high-
hazard. Figure 1 (left) shows the site locations on the hazard map officially adopted by
NTC, which reports the design peak ground acceleration (PGA) with TR ¼ 475 years on
rock soil conditions. The life-safety-design PGA of the sites varies between 0.05 g for
Milan and 0.26 g for L’Aquila.

Several buildings belonging to the five structural typologies mentioned above were
designed for two local soil conditions, namely A- and C-type (defined according to
NTC and Eurocode 8, or EC8, classification [C.E.N., 2004]) at the three sites: unrein-
forced masonry (URM), cast-in-place reinforced concrete (RC), precast reinforced
concrete (PRC), steel, and base-isolated (BI). The design was carried out to comply
with two code-defined limit states, namely damage and life-safety (see Fig. 1, right, for

Figure 1. Left: Italian seismic source zones and official hazard map in terms of PGA with 475-year return
period of exceedance on rock; right: design elastic spectra corresponding to 50-year (for damage limit
state, top) and 475-year (for life-safety limit state, bottom) return periods at the considered sites (in the
spectra, T is the natural vibration period).
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the corresponding design spectra). Three-dimensional nonlinear structural models,
generally based on lumped plasticity, were developed and their seismic performance
was evaluated via multi-stripe dynamic analysis [Jalayer, 2003]. This approach provides
a probabilistic characterization of the seismic response for a range of ground-motion
intensities at the site of interest. The latter, coupled with the probabilistic seismic
hazard that supported the definition of the design actions illustrated in Fig. 1 (right),
allowed to calculate the seismic structural reliability, expressed in terms of annual
failure rates.2 These rates were evaluated with respect to two ad-hoc defined perfor-
mance levels, namely global collapse and usability-preventing damage. The main source
of uncertainty in structural response, for a given level of ground-motion intensity, is
the one known as record-to-record variability. Additionally, the so-called model uncer-
tainty (i.e., uncertainty in material properties, design options, and structural elements’
constitutive relationships) was also accounted for in selected cases. This also applies to
the soil–structure interaction (SSI).

The objective of this paper is to illustrate and discuss the main results of the RINTC
project. To this aim, it is structured describing first the general methodology adopted to
compute the seismic structural reliability. Then, the archetype structures and failure
criteria are briefly recounted. Subsequently, a discussion about seismic hazard and
ground-motion selection for nonlinear dynamic analysis is given. The article ends with
the discussion of the resulting failure rates.

2. Methodology

All the considered structures are designed to comply with two code-specified limit states
and, therefore, their seismic reliability is assessed for the two different performance
conditions specified in the next section. For reliability computations, the performance-
based earthquake engineering [Cornell and Krawinkler, 2000] framework was employed.

The failure rate λf is of interest for the reliability assessment because it is possible to
show that if earthquakes occur according to a homogenous Poisson process (HPP), then
also the counting process of earthquakes capable of causing failure is an HPP, character-
ized by the λf rate. Thus, the probability that the structure fails in any time interval, ΔT,

can be computed as 1� e�λf �ΔT .
For all the case-study buildings, independently of structural typology and limit state,

the failure rates are obtained by integrating structural fragility and seismic hazard for the
sites where the structures are located:

λf ¼ �
þ1

0
P failurejIM ¼ x½ � � dλIM xð Þj j (1)

In Eq. (1), λIM xð Þ is the annual rate of earthquakes causing the exceedance of an intensity
measure (IM) equal to a specific value, IM ¼ x, at the building site (from PSHA) and
P failurejIM ¼ x½ � ; "x is the fragility of the structure. The term λIM has been evaluated for
each site in terms of the 5% damped (pseudo)spectral acceleration at the fundamental
period of the structure, Sa T1ð Þ or simply Sa. The seismic hazard was computed consider-
ing the same source model adopted by NTC to define the seismic design actions (to
follow).
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In this study, the domain of the IM was discretized into ten values and the seismic
response was assessed, for each of these IM values, via nonlinear dynamic analysis. At each
of the 10 levels, 20 ground-motion records were selected, all featuring the same IM value.
The sample of 20 response values collected in this way forms a so-called stripe, because, in
a hypothetical plot of response versus IM, they are all aligned.

For each designed structure, the fragility was computed via nonlinear dynamic analysis
using Eq. (2).

P failurejIM ¼ xi½ � ¼ 1�Φ
log edpf

� �� μlog EDPð ÞjIM¼xi

σlog EDPð ÞjIM¼xi

" #( )
1� Ncol;IM¼xi

Ntot;IM¼xi

� �

þ Ncol;IM¼xi

Ntot;IM¼xi
(2)

In Eq. (2), EDP (i.e., the engineering demand parameter) represents the structural
response measure (e.g., maximum inter-story drift) and edpf is the structural capacity

for the performance of interest. The quantities μlog EDPð ÞjIM¼xi
; σ log EDPð ÞjIM¼xi

n o
are the

mean and standard deviation of the logarithms of EDP when IM ¼ xi; i ¼ 1; . . . ; 10f g,
while Φ �ð Þ is the cumulative Gaussian distribution function and Ncol;IM¼xi is the number of
collapse cases (i.e., those reaching numerical instability according to the terminology of
Shome and Cornell [2000]). Finally, Ntot;IM¼xi is the number of ground-motion records,
here 20, with IM ¼ xi; i ¼ 1; . . . ; 10f g.

Although Eq. (2) is the general framework, a nonparametric approach has been used in
selected cases3; i.e., P failurejIM ¼ x½ � has been empirically evaluated by counting the
number of records for which failure has been observed, Nf ;IM¼xi , as shown in Eq. (3).

P failurejIM ¼ xi½ � ¼ Nf ;IM¼xi

Ntot;IM¼xi
(3)

As discussed in the following, the method to probabilistically evaluate structural response
and, from it, the seismic fragility for a given limit state is the multi-stripe nonlinear
dynamic analysis in which ground-motion input changes to reflect disaggregation of
seismic hazard at each of the ten IM levels.4

3. Archetype Structures

The five types of buildings refer, as much as possible, to standard modern constructions
and are widely representative of residential or industrial structures. Design refers to code
prescriptions for ordinary constructions, requiring design for two limit states: damage and
life-safety. The design procedures adopted are, to the extent possible, similar to those
commonly adopted in professional engineering practice. According to the code, the
damage limit state is not violated if the usability of the structure is preserved, while the
life-safety limit state is not violated if the structure preserves part of the vertical-load
bearing capacity and some (unspecified) capacity against further horizontal actions.
Design requires structural verifications against the ground-motions consistent with the
uniform-hazard spectrum (UHS) with 50- and 475-year exceedance return periods at the
site for the damage and the life-safety limit states, respectively (see Fig. 1, right).5
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The general characteristics of the structures considered here are very briefly summar-
ized in the following, while the interested reader should refer to the cited papers for
further details.

Cast-in-place RC: regular 3-, 6-, and 9-story (st) residential moment-resisting-frame
(MRF) (bare frames or BFs, pilotis frames or PF, infilled frames or IF; Fig. 2) and nine-
story shear wall (SW) structures designed via modal response spectrum analysis [Camata
et al., 2017; Ricci et al., 2018]. All the RC structures were designed for a behavior factor
equal to 3.9 (low-ductility class in NTC) and the BFs were considered as reference cases
well studied in the literature.

URM: two- and three-story regular (reg.) and irregular (irr.) residential buildings
(Fig. 3), with four different geometries,6 designed with the simple building and linear or
nonlinear static analysis (LSA) approaches [Camilletti et al., 2017; Cattari et al., 2018;
Manzini et al., 2018]. In case of LSA, the behavior factor was taken equal to 3.6.

PRC: one-story industrial buildings with two different plan geometries and two differ-
ent heights with and without cladding panels (Fig. 4). The structures are all single-story
one-bay frames. Bay span is equal to either 20 or 30 m, while the height is 6 or 9 m. The
behavior factor for horizontal and vertical components of ground-motion was taken equal
to 2.5 and 1.5, respectively [Ercolino et al., 2017; Magliulo et al., 2018]. The crane was also
considered in design.

Figure 2. Example of six-story RC building structures: bare frame (left), infilled frame (center); pilotis
frame (right).

Figure 3. Example of regular three-story (left) and irregular two-story (right) URM building structures.
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Steel (S): one-story industrial buildings with two different plan geometries and two
different heights modeled with and without cladding panels. The structures are all a
single-story one-bay frames, with bracings in one direction only (Fig. 5). The design
seismic actions both in horizontal and directions were obtained considering a behavior
factor equal to 4.0 (for both MRF and frames with concentric braces in low-ductility
class). The two geometries investigated are similar to those in the PRC case. The crane was
also considered. Snow and wind loads specific to the considered sites were also considered
in design [Scozzese et al., 2017, 2018].

BI: six-story RC residential buildings with a base isolation system made of high-
damping rubber bearings (HDRB), double-curvature friction pendulums, and hybrid

Figure 4. Example of precast industrial building. Left: plan view of structural elements; right: front view,
including foundations.

Figure 5. Example of steel industrial building.
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(HDRB and sliders, HDRB+Sld) [Cardone et al., 2017; Ragni et al., 2018]. (Actually, NTC
requires that the isolation system for ordinary constructions must be verified against
ground-motion with 975-year return period of exceedance.) The behavior factor for the
(isolated) RC superstructures is equal to 1.5.
Apart from these structures, some special cases were also considered. Although record-to-
record variability of seismic response is the primary source of uncertainty in this study
(i.e., the structural models are deterministic), the uncertainty in structural modeling (later
labeled as Unc.) and in the design approach has been accounted for selected cases of each
typology. For this task, the spatial stochastic dependence of within-building variability of
material characteristics and nonlinear member properties was considered. However, the
effect of factors, such as quality of construction or design errors, was neglected. The
following list summarizes the considered modeling uncertainties for each structural
typology [see Franchin et al., 2017, 2018; for more detailed discussions].

● URM: masonry Young’s modulus; masonry compressive and initial shear strength,
failure thresholds.

● RC: concrete strength, steel yielding strength, concrete members parameters
(stiffness, cyclic degradation, capping, and post-capping deformations).

● S: steel yielding strength, equivalent geometric imperfection in bracings.
● BI: friction coefficient in friction pendulums; shear modulus and rubber damping
ratio in high-damping rubber bearings.

Moreover, the effect of SSI was also considered for the case of the nine-story RC buildings
with SWs designed for a site in Naples with deformable soil conditions (soil C according
to Eurocode 8). Further details on the SSI case studies can be found in RINTC Workgroup
[2018], while Table 1 summarizes the case studies and the condition/sites for which they
were designed.

4. Failure Criteria

The seismic performance of all the structures listed above was assessed by carrying out
nonlinear dynamic analysis on three-dimensional computer models. All models are
lumped plasticity (apart industrial steel buildings) and were analyzed with OPENSEES
[Mazzoni et al., 2006] except for the masonry structures that were analyzed using

Table 1. Designed structures per site and soil category.
Type Soil Milan Naples L’Aquila

RC A – – 9-story (BF/PF/IF)
C 3/6/9-story (BF/PF/IF)

9-story SW
3/6/9-story (BF/PF/IF), w/Unc.
9-story SW (also w/SSI)

3/6/9-story (BF/PF/IF), w/Unc.
9-story SW

URM A 2/3-story, reg. 2/3-story, reg./irr. 2/3-story, reg. w/Unc.
C 2/3-story, reg. 2/3-story, reg./irr. 2/3-story, reg./irr.

PRC A 1-story, 4 geometries 1-story, 4 geometries 1-story, 4 geometries
C 1-story, 4 geometries 1-story, 4 geometries 1-story, 4 geometries

S A 1-story, 4 geometries 1-story, 4 geometries 1-story, 4 geometries, w/Unc.
C 1-story, 4 geometries 1-story, 4 geometries 1-story, 4 geometries, w/Unc.

BI A – – –
C – 6-story, HDRB/HDRB+Sld/DCFP 6-story, HDRB/HDRB+Sld/DCFP, w/Unc.
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TREMURI [Lagomarsino et al., 2013]; see the typology-specific papers referenced in the
previous section for modeling details. All the analyses neglected the vertical components
of ground-motion because a dedicated sensitivity analysis did not identify any significant
change.

The failure criteria, for the two performance levels considered for the reliability
assessments, were defined, to the extent possible, in a consistent manner across structural
typologies. They were furthermore defined in terms of quantities whose values could be
extracted from the results of the nonlinear dynamic analyses.

4.1. Global Collapse

In general, the global collapse criterion is based on the deformation capacity (the EDP is
either the roof displacement or the inter-story drift ratio) corresponding to a certain level
of strength deterioration, measured on the nonlinear static capacity curves of the struc-
tural models (Fig. 6). However, some exceptions and adjustments were needed for some
specific cases (e.g., for steel structures).

For URM buildings, the collapse criteria were defined based on the value of the max-
imum inter-story drift of single-wall elements that corresponds to a 50% drop of the
maximum base-shear from pushover analysis. For each structure, static pushover analysis
was carried out under various load patterns in both horizontal directions and the minimum
value emerging from them was defined as the collapse limit threshold. (Verification with
some tests via nonlinear dynamic analysis leads to consider the EDP corresponding to 35%
drop instead of 50%, in cases deformation capacity the deformation capacity from the
analysis was found lower than that coming according to the static criterion.)

For RC buildings, the collapse criteria were defined based on the roof drift value
corresponding to a 50% drop from the maximum base-shear computed via pushover
analysis in each of the two horizontal directions.

For PRC buildings, two collapse criteria were considered. The first relates to global
collapse, similarly to what was done for RC buildings, while the second accounts for local
failure of the beam-to-column connections, which are critical elements for this kind of
structures. Local failure was assumed to occur when the maximum shear strength is
reached.

Figure 6. General definition for the global collapse failure criterion (RC, URM, PRC, and BI).
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Since the prototype steel buildings have different load-resisting systems in the two
horizontal directions, the collapse criteria were defined independently for each direction.
A value of 10% inter-story drift was selected for the direction aligned with the moment-
resisting frame system, whereas the failure in the concentrically-braced frame system was
assumed to have been reached for a maximum strain range value of 4.9%. This range was
defined as the difference between minimum and maximum strain responses measured at
the cross-sections of brace members.

The collapse condition for BI reinforced concrete buildings was assumed to occur
either if the superstructure fails or if the base isolation system fails. The superstructure
failure criterion is analogous to the one used for the RC buildings, while the failure of the
base isolation was defined based on the specific device’s responses. Three different failure
mechanisms were considered for HDRB: cavitation, buckling, and shear failure; see Ragni
et al. [2018] for details.

For all the structural models in any dynamic analysis, the occurrence of global collapse
was checked using the maximum demand-over-capacity ratio between the two directions.

4.2. Usability-Preventing Damage

The criteria for usability-preventing damage are based on a multi-criteria approach that
considers the onset of any of the following three conditions:

(a) a widespread light damage condition: light damage in 50% of the main nonstruc-
tural elements (e.g., infills);

(b) a severe damage condition: at least one of the nonstructural elements reached a
severe damage level leading to significant interruption of use;

(c) attainment of 95% of the maximum base-shear of the structure, Fig. 7.

For URM buildings, the criteria were defined as follows: (a) light-widespread damage in
50% of masonry walls (computed in terms of resisting area) in each direction; (b) at least
one of masonry walls reached the drift limit corresponding to a certain level of strength
deterioration (e.g., a 40% drop for shear failure) in the case of the phenomenological
nonlinear beam or attainment of the toe-crushing condition in the case of the macroele-
ment mechanical model; (c) the attainment of 95% of the maximum base-shear of the
structure. It should be noted that the final threshold should be associated to a value of the
base shear not lower than the 85% of the peak resistance. This lower bound is justified
because URM buildings may show slight but widespread damage even for values of the
base shear far from the peak value.

For RC and BI RC cases, the criteria were defined as follows: (a) light-widespread
damage in 50% of masonry infills and partitions; (b) at least one of the masonry infills and
partitions reached 50% strength drop from its maximum resistance; (c) the first attain-
ment of 95% of the maximum base-shear of the structure.

For precast-industrial structures, the conditions adopted were (a) widespread light
damage corresponding to having attained 50% of the maximum shear strength in the
panel-structure connection (i.e., at the yielding of the bolts or nuts); (b) at least one
cladding panel reached the maximum strength of the panel-structure connection (i.e.,
failure of the bolt or opening of the channel lips).
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Finally, for steel structures, the criteria adopted were (a) widespread light damage (i.e.,
yielding inpanel-to-frame connection) in 50% of the cladding (sandwich) panels, in each
horizontal direction; (b) at least one panel-to-frame connection reached its maximum
strength; (c) having attained 95% of the maximum base-shear of the structure.

5. Seismic Hazard and Record Selection for Nonlinear Dynamic Analysis

Equation (1) requires hazard curves to compute the failure rates. As mentioned earlier, the
design seismic actions in the Italian code (e.g., design spectra as those in Fig. 1, right) are
based on PSHA. The results of the probabilistic hazard study that underlies the NTC
(http://esse1-gis.mi.ingv.it/) are available for a grid of more than 10,000 locations over the
whole country in terms of hazard curves for 5% damped (pseudo)spectral acceleration on
A-type soil, for 11 natural vibration periods ranging from 0 s (PGA) to 2 s [Stucchi et al.,
2011]. The hazard curves, which are discretized at nine return periods ranging from 30 to
2475 years, are used to derive the UHS on rock on which the design spectra are based (an
approximation of the UHS for other soil conditions is obtained by applying correction
factors to the UHS for rock).

One could argue that these hazard curves could be sufficient to determine the failure
rates. However, they are not suitable for that purpose, mainly because they are available
at too few vibration periods and because those available are characterized by too tight a

Figure 7. General definition for the usability-preventing damage failure criteria.
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range of return periods. Thus, hazard was computed ad-hoc at all sites and for the two
soil classes, and for the spectral ordinates corresponding to the following first-mode
vibration periods: T1 ¼ 0:15s; 0:5s; 1:0s; 1:5s; 2:0sf g. For L’Aquila and Naples, hazard
curves for T1 ¼ 3:0s were also computed. All the hazard curves were calculated
according to Eq. (4),

λIM xð Þ ¼
Xs

i¼1

νi �
ðð
M;R

P IM > xjM ¼ w;R ¼ z½ � � fM;R;i w; zð Þ � dz � dw (4)

where νi; i ¼ 1; 2; . . . ; sf g is the rate of earthquakes above a minimum magnitude Mð Þ for
each of the s seismic source zones affecting the hazard at the site of interest; fM;R;i w; zð Þ is
the joint probability density function of magnitude and source-to-site distance, Rð Þ, of the
ith zone; and P IM > xjM ¼ w;R ¼ z½ � is the exceedance probability conditional to M;Rf g
as provided by a ground-motion prediction equation (GMPE).

The source model of Meletti et al. [2008], which is used in Stucchi et al. [2011], was
considered. It features the 36 seismic source zones depicted in Fig. 1 (left), and no
background seismicity. The source characterization in terms of rates and magnitude
distribution is that of Barani et al. [2009], and the GMPE selected for computing the
hazard for spectral accelerations at periods shorter than 2.0 s is the one of Ambraseys et al.
[1996]. For longer periods, needed for predicting the response of BI (i.e., base-isolated)
structures, the GMPE of Akkar and Bommer [2010] was employed, given that the GMPE
of Ambraseys et al. [1996] was not applicable. A uniform location distribution in each
zone was assumed. All PSHA calculations have been carried out via OPENQUAKE
[Monelli et al., 2012].

The hazard curves were discretized at the ten IM values corresponding to the following
return periods: TR ¼ 10; 50; 100; 250; 500; 1000; 2500; 5000; 10000; 100000f g years. No
hazard curves for return periods longer than TR ¼ 100000 years were calculated to
avoid large extrapolations. Fig. 8 shows the computed hazard curves for two spectral
ordinates at the three sites of interest for both of the considered soil classes (A and C).

Note that, although the source model considered herein for hazard assessment lies at
the basis of the hazard map used by the code, the latter is based on a logic tree, while only
one branch is considered in this study. Therefore, the design accelerations of Fig. 1 (right)

Figure 8. Hazard curves for two spectral ordinates and soil types computed for the considered three sites.
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are expected to have a different return period according to the hazard curves of Fig. 8.
Such a difference can be appreciated in Table 2 where, for the A-type soil PGAs used for
life-safety and damage design, the return periods in the curves in Fig. 8 (left) are given.
Generally, there is consistency between the return periods from the curves of this study
and return periods from the code map.

Disaggregation of seismic hazard [e.g., Bazzurro and Cornell, 1999] was also carried out
because, as will be discussed later, it is required for hazard-consistent record selection for
nonlinear dynamic analysis. Disaggregation is the procedure, within the PSHA framework,
used to determine the earthquake scenarios most likely being causative of the occurrence
or exceedance of intensity equal to x. Before recalling the disaggregation equation, it may
be worthwhile to rewrite the hazard integral as in Eq. (5).

λIM xð Þ ¼
Xs

i¼1

νi �
ððð
M;R;ε

I IM > x M ¼ w;R ¼ z; ε ¼ ej½ � � fM;R;i m; rð Þ � fε eð Þ � dε � dz � dw

(5)

In the equation, fε eð Þ is the PDF of ε, which is the standardized residual of a GMPE,
calculated at the e value (the equation is written for GMPEs with ε independent of M;Rf g).
Once M;R; εf g are specified, P IM > xjM ¼ w;R ¼ z; ε ¼ e½ � degenerates in the indicator
function, I IM > xjM ¼ w;R ¼ z; ε ¼ e½ �, which equals 1 in the case of exceedance and 0
otherwise. At this point, it is possible to write Eq. (6), which is the equation that is used in
hazard disaggregation for computing the PDF of M;R; εf g conditional to IM exceedance.

fM;R;εjIM > x w; z; eð Þ ¼
Ps
i¼1

νi � I IM > xjM ¼ w;R ¼ z; ε ¼ e½ � � fM;R;ε;i w; z; eð Þ
λIM xð Þ (6)

As an example, Fig. 9 presents the hazard disaggregation of Sa T ¼ 1:0sð Þ, in terms of
magnitude and distance and ε, for the three sites considered and the two IM values
corresponding to TR ¼ 475 years and TR ¼ 100; 000 years.

The disaggregation for L’Aquila at TR ¼ 475 years shows that the hazard is generally
dominated by close events of relatively moderate magnitude, although earthquakes at large
distances from the site provide non-negligible contributions. At large return periods, the
magnitude most likely causative for the exceedance of the IM increases and the contribu-
tions are almost exclusively from small distances.

Note that disaggregation for L’Aquila is unimodal: the hazard is dominated by the
source zone where the site is located (Fig. 1). This is not the case of Naples, for which the
disaggregation shows a bimodal distribution with peaks for both low-magnitude short-
distance earthquakes and high-magnitude long-distance earthquakes. The former set of
earthquakes occurs in the zone around Naples, while the latter set are earthquakes

Table 2. Design PGA on A-type soil class for the damage and life-safety limit states according to the
code and exceedance return period in the computed hazard curves.

Life-safety design PGA [g] TR [years] Damage PGA [g] TR [years]

L’Aquila 0.2607 479 0.104 54
Napoli 0.1668 439 0.06 49
Milano 0.0495 603 0.024 46
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Figure 9. Magnitude and distance disaggregation of 475-year and 100,000-year return period spectral
accelerations at 1.0 s, computed for soil A in the sites of Milan (a,b), Naples (c,d), and L’Aquila (e,f).
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occurring along the southern Apennines mountains. Also, in the case of Naples, the
disaggregation associated to the largest return period is less dispersed.

Finally, the disaggregation for Milan also shows a bimodal distribution with contribu-
tions only from far earthquakes. This is because Milan is outside any source zone;
therefore, no nearby earthquakes can occur. The two modes correspond to earthquakes
generated by the most relevant sources among those surrounding the site. For a more in-
depth discussion about the shape of disaggregation distributions for Italian sites, the
interested reader is referred to Iervolino et al. [2011].

5.1. Record Selection

Seismic input selection for nonlinear dynamic analysis of computer models was hazard-
consistent at the state of the art, which means that records are selected consistent with
hazard-based spectral shape and source features in terms of magnitude and distance. More
precisely, the selection approach was based on the (exact) conditional spectrum (CS) method
proposed by Lin et al. [2013], further enhanced to include a post-processing procedure that
allows to ensure consistency of selected records with the magnitude and distance from
disaggregation [Spillatura, 2018]. This method can implicitly account for ground-motion
record characteristics other than spectral shape. Since the results of disaggregation change
with return period, different sets of records were selected for different intensity levels.

For each site and each natural vibration (first-mode) period of interest, the adopted
selection procedure can be summarized as follows: (a) carry out disaggregation condi-
tional to Sa T1ð Þ ¼ x, where x corresponds to the 10 values having exceedance return
periods from 10 to 100,000 years at each of the three sites; (b) build the corresponding CS
distribution for each x-value; (c) simulate an arbitrary number of response spectra, 20
herein, consistent with the CS defined at the previous step; (d) select 20 records that have
spectra compatible with those simulated; (e) post-process the selected set substituting the
records that are not disaggregation-consistent with other spectrally equivalent ground-
motions with desired M;Rf g. As an example, Fig. 10 shows the ten conditional spectra
(mean and two percentiles) for the Milan (left) and L’Aquila (right) sites (soil C class),
when the conditioning IM is Sa T ¼ 1sð Þ.

Figure 10. Conditional spectra (mean and two percentiles) referring to the Milan (left) and L’Aquila
(right) sites for soil C class, when the conditioning IM is Sa T1 ¼ 1sð Þ.
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The selected records were extracted from the Italian accelerometric archive (http://
itaca.mi.ingv.it/; Luzi et al. [2008]) and when no records with suitable spectral shape were
available there, the algorithm searched for records in the NGAwest2 (http://peer.berkeley.
edu/ngawest2/) database [Ancheta et al., 2014].7

The record selection procedure resulted in 200 pairs of records for each combination of
site, Sa, and soil conditions. Those 200 records are split in 10 sets (1 per stripe) of 20
horizontal ground-motions (pairs). Since the three-dimensional structural models
required considerable computational effort, especially for the largest IM-levels causing
severe nonlinear demands, the selected records have been processed to reduce their length.
This has been done removing the parts of the signal outside the t0:05%; t99:95%f g range,
where D99:90% ¼ t99:95% � t0:05% is the 99.90% significant duration of the record [Dobry
et al., 1978]. Of course, synchronization of horizontal components after post-processing
was kept. This procedure significantly reduced the analysis time, yet it was verified that it
did not changed the computed seismic response in terms of the EDP of interest.

6. Results and Discussions

Before introducing the results, it must be recalled that Eq. (1) can be used for the
computation of failure rates only for the values of λIM xð Þ provided by hazard analysis;
with the latter, as discussed, having a limit at TR ¼ 100; 000 years. This, in principle,
prevents to fully evaluate the failure rate. Therefore, it has been conservatively assumed
that ground-motions with an IM larger than that corresponding to TR ¼ 100; 000 years,
IMT�

R
, will certainly cause failure. This means that the failure rate has been conservatively

approximated by Eq. (7).

λf ¼ �
IMT�

R

0
P failurejIM ¼ x½ � � dλIM xð Þj j þ �

þ1

IMT�
R

1 � dλIM xð Þj j

¼ �
IMT�

R

0
P failurejIM ¼ x½ � � dλIM xð Þj j þ 10�5

(7)

When the first part of the integral is negligible with respect to 10�5, Eq. (7) only allows
to state that the annual failure is lower than 10�5.

6.1. Failure Rates

Figures 11–14 give an overview of the annual failure rates associated with global collapse
and usability-preventing damage for both soil conditions, C-type and A-type. The sites
(from left to right) are ordered in terms of ascending hazard level, while the markers refer
to the different structural types and configurations reported in Table 1. For each site,
different vertical alignments of the markers help distinguish the various structural types.
Failure rates equal to 10�5 correspond to cases for which the hazard beyond IMT�

R

dominates the risk integral, and 10�5 is an upper bound to the failure rate.
The figures show that, independently of the performance level and soil class considered,

the seismic structural reliability tends to decrease as the hazard of the site increases. This
trend holds despite the fact that the design actions have the same return period of
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Figure 11. Global collapse failure rates (soil C-type).

Figure12. Global collapse failure rates (soil A-type).
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Figure 13. Usability-preventing damage failure rates (soil C-type).

Figure 14. Usability-preventing damage failure rates (soil A-type).
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exceedance, and other design choices, such as the behavior factor, are the same across
structures designed at different sites. In particular, looking at global collapse at the less
hazardous sites, for some site-structure combinations, the computed failure rates are so
low that only an upper bound of 10−5 can be assigned. Conversely, the global collapse rate
increases even by two orders of magnitude, in least at L’Aquila, that is the most hazardous
site [see also Suzuki et al., 2018, for a discussion].

It is interesting to note that in some cases, the failure rates are comparable to the
exceedance rate of the design ground-motion acceleration, which is equal to 0.0021 when
the return period is 475 years (life-safety) and to 0.02 when the return period is 50 years
(damage). However, it is to recall that the failure conditions considered in this study are
an arbitrary choice of the researchers involved in the RINTC project.

Although, as discussed later on, the comparison of failure rates among typologies
requires some caution, when global collapse is considered, the comparatively less reliable
structures tend to be the URM buildings. Moreover, the failure rates for usability-pre-
venting damage show some general comparability among the structural typologies, except
for BI structures. In fact, the analyses show global collapse failure rates comparable to, or
larger than, those of the fixed-base structures. On the other hand, the failure rates for the
usability-preventing damage are significantly lower than the others. This observation may
possibly suggest that the BI structures, because of their more controlled behavior from
design (i.e., of the isolation system), show a less (uncontrolled) margin against collapse,
with respect to fixed-base structures. For this same reason, they show less risk with respect
to the usability-preventing damage. Nevertheless, also modeling of the isolation system’s
failure may also play a non-negligible role in determining these conclusions; therefore, for
in-depth understanding of these results, the interested reader is referred to Ragni et al.
[2018].

Finally, for what concerns the effect of modeling uncertainty, it is observed that it
generally tends to decrease the seismic reliability. However, in all investigated cases
over all structural typologies, the rates that include modeling uncertainty vary mildly
with respect to their counterparts where only record-to-record variability is accounted
for (i.e., they are always within the same order of magnitude). Similar conclusions
apply for the effect of SSI. Nevertheless, in discussing these conclusions, the limited
number of cases analyzed for these effects and the modeling choices made must be kept
in mind.

Tables 3 and 4 summarize the average failure rates computed per typology and per site
(note that the values for RC structures include BF results) not considering SSI and Unc. cases.

In analyzing these tables, and possibly comparing the average rates among structural
typologies, it must be emphasized that design and modeling, although carried out in a

Table 3. Average global collapse failure rates per structural typology and per site.
C-type A-type

Milan Naples L’Aquila Milan Naples L’Aquila

URM 1.02E−05 1.15E−04 8.41E−04 1.00E−05 9.33E−05 5.11E−04
PRC 1.00E−05 2.80E−05 9.98E−05 1.00E−05 3.03E−05 8.84E−05
RC 1.08E−05 1.38E−05 8.56E−05 – – 8.02E−05
S 1.00E−05 1.05E−05 1.12E−04 1.00E−05 1.00E−05 4.50E−05
BI – 8.59E−05 6.93E−04 – – –
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consistent manner as much as possible within the project this study refers to, reflect
different choices and expertise of the research groups involved. Therefore, the main result
is represented by the general trend of the rates and the within-typology variability of the
rates with respect to the investigated structural configurations and design hazard. Any
reliability comparison among typologies should be carried out always keeping in mind
specific design and modeling choices as described in the typology-specific papers refer-
enced in Sec. 3.8

7. Conclusions

This paper presented the main results of a 3-years research project targeted at estimating the
seismic structural reliability of the most common code-conforming building typologies in Italy.
The considered structures were designed for damage-limitation and life-safety for two soil
conditions at three sites characterized by seismic hazard ranging from low-to-high in the
country. The response of these structures was assessed via nonlinear dynamic analysis (in the
form of multi-stripe analysis), carried out on three-dimensional models with state-of-the-art
calibration. The results of reliability analysis are the annual rates of earthquakes able to cause
structural failure, intended here as global collapse and usability preventing damage. The failure
rates were evaluated in the performance-based earthquake engineering framework, that is
combining the seismic fragility with the sites’ hazard evaluated via probabilistic analysis. The
uncertainty was accounted for in the hazard and in the record-to-record variability of structural
response. For selected cases, soil-structure interaction and uncertainty in structural character-
istics were also accounted for. The following results are worth to remark.

(1) Despite the homogeneity of design seismic actions and engineering choices, the seismic
structural reliability tends to decrease with the seismic hazard of the sites. Regardless of
typology and considered performance level, the failure rates tend to be larger, even by
orders of magnitudes, for the buildings located at the most hazardous sites.

(2) For the less hazardous sites, the failure rates are so low that only an upper bound to
the actual failure rate can be provided; i.e., λf � 10�5. On the other hand, the
failure rates of buildings at the most hazardous of the sites are, in some cases,
comparable to the annual rate of exceedance of the design ground-motion intensity.

(3) Modeling uncertainty in structural characteristics and SSI appears, at least in the
few considered cases, only to mildly change the failure rates if compared to the
corresponding configurations that do not account for these factors.

These conclusions on failure rate trends notwithstanding, it should be noted that the
failure criteria as well as the other design and modeling options considered in the study

Table 4. Average usability-preventing damage failure rates per structural typology and per site.
C-type A-type

Milan Naples L’Aquila Milan Naples L’Aquila

URM 3.02E−05 5.08E−03 6.56E−03 6.72E−05 6.07E−03 1.05E−02
PRC 6.06E−05 2.54E−03 6.01E−03 1.00E−05 8.08E−04 2.87E−03
RC 1.02E− 4 3.82E−03 1.03E−02 – – 3.32E−03
S 4.29E−05 2.10E−03 5.04E−03 1.61E−05 5.52E−04 2.17E−03
BI – 1.93E−04 1.41E−3 – – –
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carry a certain degree the arbitrary choices of the researchers involved. Hence, the
absolute values of the failure rates and the reliability comparisons among typologies
must be interpreted and used with due caution.

Notes
1 In fact, five sites were originally selected [see RINTC Workgroup, 2018], but three are sufficient

to describe the core of the project's results.
2 In the framework considered, the annual failure rates, when sufficiently small, are numerically

equivalent to the annual failure probabilities.
3 This is the case of structures for which the failure has to be verified by means of multiple EDPs.
4 The failure rates computed in this way are based on samples of structural response and, as such,

they are subject to estimation uncertainty [e.g., Iervolino, 2017]. Moreover, the effect on the
computed rate of different ways in which the integral in Eq. (1) is computed (approximated)
also can have an effect. Both these issues are not directly addressed herein.

5 It was mentioned that the Italian code has extended similarities in design principles and
procedures with Eurocode 8; however, the two codes have also significant differences. For
example, the damage-limitation limit state in the EC8 corresponds to 95 years return period of
exceedance of the design seismic actions. Because it is not possible to compare here the two
codes for all structural typologies and configurations, the interested reader is referred to the
typology-specific papers cited in this section for further details.

6 Not all the irregular configurations analyzed in the project were included in the results discussed
herein. A complete description of the investigated cases can be found in RINTCWorkgroup [2018].

7 Note that to be consistent with the IM adopted by the GMPE of Ambraseys et al. [1996], which
is the maximum between the horizontal components, the matching of the CS is in term of this
IM. Conversely, for those cases where the GMPE of Akkar and Bommer [2010] was considered,
the CS matching was carried out using the geometric mean of the two horizontal components.

8 In Iervolino et al. [2017] and Iervolino [2018], where preliminary results were commented, it was
concluded that the failure rates were not uniform across different typologies designed for the same
site and same limit state. This was mainly because of precast structures and some irregular URM
configurations. In the former case, the failure rates were much higher than any other structure,
because of the design criterion of beam-to-column connection, which has been revised toward a
more state-of-the-art design approach reducing the failure rates. In the latter case, the irregular
URM configuration in question is not included in the results herein as already mentioned.
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