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In Italy the current seismic design standards for new and existing constructions relies on Uniform-Hazard
Approach (UHA), assigning fixed hazard-exceedance probabilities to different Limit States (LSs). However, this
approach leads to non-uniform seismic risk, since failure probabilities vary across a territory depending on local
seismic hazard conditions. To cover this gap, this study proposes a reliability-based procedure for calibrating the
seismic action of constructions, consistent with the probabilistic framework of SAC FEMA and the Risk-Targeted
Approach (RTA). In accordance with this procedure, target reliability indexes and the corresponding reliability
factors are proposed by referring to the current MPS-04 seismic hazard model. To this scope exceedance prob-
abilities for different LSs and Consequence Classes (CCs) are defined, and the seismic hazard function parameters
are optimized in a log-log space. Assuming the annual failure probability of 2 x 10~ provided by FEMA, average
target reliability factors of 2.11 for the Ultimate Limit State (ULS) and 1.0 for the Serviceability Limit State (SLS) are
obtained for the Italian territory. Based on these values, mean target reliability indexes are then derived as
functions of the LS and CC. The results obtained clearly show that, coherently with the UHA, the Expected Annual
Losses (EALs) and reliability indexes vary significantly across Italy, indicating a non-uniform risk distribution.
Conversely, the reliability-based procedure achieves uniform seismic risk by introducing a site-specific modifi-
cation factor to the MPS-04 seismic action. The reliability factors derived according to the proposed design
procedure may be readily implemented in the design code to calibrate a seismic action ensuring a uniform
seismic risk across the Italian territory.

1. Introduction

To date, the main international codes employ the Uniform-Hazard
Approach (UHA) in constructions design, where the seismic action is
defined by means of response spectra having an equal exceedance
probability in a certain reference period [1-3]. This implies that,
although structures result code-conforming with the required seismic
strength, they offer a different failure probability [4-7].

On the contrary, new generations of standards are increasingly
emphasizing approaches for uniform risk design and assessment across a
territory. Recently, several works proposed to abandon the UHA and to
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calibrate the seismic action to achieve a specific requirement in terms of
failure probability related to a specific structural performance. This
approach, called Risk-Targeted Approach (RTA) [8,9], implies the choice
of an appropriate failure probability (annual or over a certain reference
period) as a probabilistic requirement target for a given a Limit State
(LS). This requirement is met by employing a specific fragility curve
representing the conditional failure probability for a given Intensity
Measure (IM).

SAC Federal Emergency Management Agency [10] proposed a
formal probabilistic framework for seismic design and assessment of
steel moment-resisting frame buildings, based on the reliability-targeted
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approach described by Cornell et al. [11]. According to this framework,
as alternative to the convolution integral a closed-form solution was
proposed for calculating the structural failure probability, by adopting
some simplified assumptions on the seismic hazard law and probability
distribution of demand and capacity. Precisely, as for the seismic hazard
law the formulation proposed by Sewell, Toro, & McGuire [12] was
introduced, considering a power law for linearly fitting the site seismic
hazard in a log-log plane. In this regard, some criticism was made by
Aslani & Miranda [13] and Bradley & Dhakal [14]. In particular, validity
of approximation used to derive the seismic hazard curve in closed form
was questioned, due to its lack of accuracy when the seismic hazard data
have large curvatures. To date, other more detailed formulations for the
seismic hazard law are proposed. For instance, in the log-log plane in
Bradley et al. [15] a hyperbolic law was proposed, while in Vamvatsikos
[16] a second-order polynomial law was adopted. Further developments
of the formal probabilistic framework originally introduced by Cornell
etal. [11] were provided in Torres & Ruiz [17], Celarec, Vamvatsikos, &
Dolsek [18] and Vamvatsikos & Dolsek [19], where the time-dependent
variations in structural capacity were included. Also, in Tolentino, Ruiz,
& Torres [20] and Tolentino & Ruiz [21] uncertainties in both seismic
demand and capacity were simultaneously considered. Celarec & Dolsek
[22] derived a closed-form expression to estimate the mean annual
failure rate of reinforced concrete frames with masonry infills, while
Fragiadakis et al. [23] proposed an alternative analytical formulation
based on a linear approximation of the hazard curve. More recently,
Flores & Tolentino [24] introduced mathematical expressions that
normalize capacity and demand into a single dependent variable,
enabling the estimation of the expected mean failure rate without
resorting to convolution.

As far as the fragility curves are concerned, they represent an
important tool within a probabilistic approach [25,26]. They may be
determined with Incremental Dynamic Analysis (IDA), where a relation-
ship between IM and Engineering Demand Parameters (EDP) procedure
may be utilized [27]. To this scope, a set of accelerograms is chosen,
amplified or scaled to estimate the structural response for different IMs.
Similar results can be obtained with the Multiple Stripe Analysis (MSA)
method, where accelerograms records are scaled in relation to a com-
mon IM [28], or with the Cloud method, where unscaled accelerations
and linear regressions are used [11,29]. However, given complexity and
high computational efforts required, simplified tools for fragility curves
construction are proposed, too. Among these, in Baltzopoulos et al. [30]
the SPO2FRAG approach is presented. Whereas, in Vamvatsikos &
Cornell [31] the SPO2IDA approach is proposed, for deriving approxi-
mated IDA results obtained from Static Push-Over (SPO). Another
possible approach consists in the use of an Incremental N2 (IN2) curve
[32,33], which is intended to approximate a mean IDA curve, where
fragility curves may be determined with the default values assumption
for dispersion measures [34].

Research on construction vulnerability and risk is a topic of growing
relevance worldwide. For example, notable studies were conducted
based on damage observed after seismic events in Albania [35], Croatia
[36], China [37], Chile [38,39], and Italy [40-42]. Furthermore, also
investigations on seismic reliability of isolated constructions were con-
ducted in Castaldo & Ferrentino [43] and Micozzi et al. [44]. Recently,
effectiveness of data-driven methods for estimating seismic response is
considered. To this regard, the information-theory-guided machine--
learning approach proposed by De Iuliis, Miceli & Castaldo [45] showed
and improved predictive capability for nonlinear single degree of
freedom systems, indicating that such techniques may complement and
strengthen reliability-based seismic assessments.

Recently, in Zizmond & Dolsek [7] numerical formulations are pro-
posed for the reliability-targeted design spectral acceleration definition
to be applied within the force-based method. More in detail, in the direct
formulation the spectral acceleration is obtained by means of a convo-
lution integral of a fragility curve and seismic hazard. Whereas the in-
direct formulation is based on closed-form solution of Cornell etal. [11].
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The latter is proposed when the seismic hazard is defined by the tradi-
tional uniform seismic hazard maps related to a specific return period T
(e.g. [1-3]). Then, starting from a target reliability index (or target
failure probability), the reliability-targeted design spectral acceleration
is obtained by means of a reliability factor [7,46].

Although these formulations are clear to date does not exist an
explicit proposal of target reliability indexes for LSs and Consequence
Classes (CCs) within an RTA [8,9]. This absence makes it difficult to
define directly the seismic action that guarantees a uniform failure
probability across a territory having a site-by-site different seismic
hazard. Among the few documents available, ASCE [47] provides the
value of 2 x 10~ for annual Near Collapse (NC) exceedance probability,
having a 2 % hazard-exceedance probability in 50 years (i.e., a 0.04 %
annual probability) for U.S.A. The same value is also found in the Model
Code [48] and in the second-generation of Eurocode 8 [49]. In Europe,
studies for the definition of reliability-targeted seismic design maps are
carried out in France [50], Spain [51] and for the entire European ter-
ritory [52]. Similar work may be found also in China [53], New Zealand
[54,55], Iran [56,57] and U.S.A. Luco et al., [58]. Moreover, Franchin &
Noto [59] introduce a partial factors formulation to achieve a target
reliability when using the displacement-based approach.

In the current Italian seismic design standards [3], seismic actions
are determined using a UHA applied across the entire national territory.
Under this methodology, response spectra are calibrated with a fixed
exceedance probability over the certain reference period. Therefore, the
standards are based on seismic hazard maps developed for multiple re-
turn periods Tr, where the intensity measure is typically expressed in
terms of peak ground acceleration ag on rigid soil and several spectral
acceleration values. Despite ensuring code compliance in terms of
required seismic resistance, this approach does not guarantee a uniform
level of structural reliability, since the resulting failure probability
significantly varies site-by-site [5,6].

This paper presents a reliability-based procedure for calibrating the
design seismic action for constructions, allowing us to meet specific
reliability requirements. It is based on the approach described in FEMA
[10] and found in Cornell et al. [11], providing a formal probabilistic
framework for defining the annual exceedance rate of seismic action as a
function of LS and CC. In this work this probabilistic framework is
applied to the Italian context (MPS-04 seismic hazard model, [60]) and
extended to reference periods larger than one year. This allows to derive
the target reliability indexes and corresponding target reliability factors
required to define a design seismic action across the Italian territory
satisfying a uniform failure probability. In this way, it is possible to
pursue a reliability-based seismic design approach across Italy, a method
currently absent from Italian standards and typically addressed by RTA
[8,9]. Moreover, the procedure would cover the gap so that designing
for both vertical loads and seismic conditions would fall within a com-
mon reliability framework based on the partial factors approach,
considering the same reference period. An overstrength factor to cali-
brate the target reliability factors is also considered, that would make
possible to take into account the overstrength reserve in constructions,
achievable through the partial factors. Finally, also a seismic risk anal-
ysis across the Italian territory is conducted, by comparing the results
obtained with the UHA with the RTA ones, where the target reliability
factors calibrated with the procedure proposed are applied.

To ensure a specific target reliability index the reliability-targeted
modification factor is site-dependent, because the seismic hazard and,
consequently, the seismic spectra are also site-dependent. Several
studies have shown that unlike uniform hazard spectra the modified
ones can significantly guarantee a specific reliability and reduce the
spatial variability of seismic risk (e.g. [7,50,51,58]). The aim of this
work is to quantify the reliability-targeted modification factor for the
Italian context.

To address these aspects, the work presented in this paper develops a
reliability-based procedure for the calibration of seismic design actions
in Italy. The study is articulated in the following main stages. Firstly, the
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probabilistic framework proposed in FEMA [10] and Cornell et al. [11]
is recalled and extended to reference periods larger than one year,
enabling the definition of target reliability factors for different LSs and
CCs. Then, the framework is applied to the Italian MPS-04 seismic
hazard model to derive the corresponding seismic hazard function pa-
rameters and to quantify the target reliability factors over the national
territory. In this way, the target reliability indexes are calibrated based
on different performance levels, accounting for uncertainties in struc-
tural capacity and demand. Finally, the proposed reliability-targeted
seismic actions are compared to those currently adopted in Italian
standards, by means of a seismic risk assessment across the national
territory, highlighting the framework effectiveness in achieving uniform
seismic risk over the national territory. In this way, the work presented
covers the existing gap between seismic and vertical loads design,
allowing both actions to be consistently defined within a common reli-
ability framework based on the partial factor approach and referring to

STEP 1 (Sect. 4.1)

Definition of exceedance probabilities of seismic action for
different for different LSs and CCs

STEP 2 (Sect. 4.2)

Definition of fragility curves fundamental parameters

STEP 3 (Sect. 4.3)

Calibration of seismic hazard function parameters

STEP 4 (Sect. 4.4)

Derivation of target reliability factors for ULS and SLS.

STEP 5 (Sect. 4.5)

Y

Calculation of target reliability indexes by means of
closed-form solution for each site across Italian territory

STEP 6 (Sect. 5)

4

Calculation of reliability-targeted seismic action by means
of closed-form solution for each site across Italian territory

STEP 7 (Sect. 6)

Uniform seismic risk assessment over the national territory

Fig. 1. Comprehensive workflow of the proposed reliability-based procedure
for seismic action calibration.
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the same design reference period.

Fig. 1 illustrates the complete workflow of the proposed reliability-
based procedure, providing a comprehensive overview of the method-
ology from the initial definition of design parameters to the final seismic
risk assessment and validation of results.

2. Methodology

Let assume that the structural problem on a construction subjected to
an earthquake motion is formalized within a probabilistic approach,
where epistemic (model and test data variability, knowledge, etc.) and
aleatory (record-to-record variability) uncertainties are taken into ac-
count. The failure probability may be calculated through the convolu-
tion integral of seismic hazard and vulnerability, by using the total
probability theorem [61]. If the displacement demand D and capacity C
measuring the maximum inter-story drift are separately considered
[11], then the annual failure probability Py, of a certain Limit State (LS)
may be derived according to the Eq. 1 [11,25]:

P = [ Pic < edplldin(edp) | = [ @ ln%)

Oln

“|dAp (edp) | ®

where |dip(edp)| is the differential absolute value of the drift demand
hazard curve Ap(edp;), obtained with the Eq. 2 [11]:

Ap(edp) = /P[D > edp|IM = im]-|dAg(im) | @

|dAx(im)| indicates the absolute value of the differential of the site
ground motion hazard curve 1y(im). The absolute value is considered
because the site ground motion curve has a negative derivative. In the
Eq. 1 ®@[e] is the standard normal cumulative distribution representing
the fragility curve lognormally distributed, having a median value C
(50 % cumulated probability) and o), as logarithmic values standard
deviation (representing the fragility function shape). The integrals of Eq.
1 and Eq. 2 are expanded, respectively, over all possible values of the
engineering demand parameter edp; (e.g. inter-story drift) and of the
ground motion intensity measure im;.

The P;; may be calculated through the Eq. 1 once oy, C and Ap(im)
are known. Alternatively, Cornell et al. [11] proposed, in a closed form,
an approximated formulation for solving Py, involving a simplified
expression for the site seismic hazard function Ag(im) and for the edp
median value indicated as D.

As far as the seismic hazard function iy (im) is concerned, the power
law expression proposed by Sewell, Toro, & McGuire [12] was adopted
(Eq. 3). Currently, this formulation is also widely reported in several
standards, linking the exceedance annual rate to the ground-motion
intensity in the following way:

Jg(im) = ko-(im) ™™ 3)

where ko and k; are empirical positive constants representing, respec-
tively, the intercept and the slope of the function that is linear in a log-
log plane. However, it should be mentioned that in literature to date
more complex formulations of the seismic hazard curve are also pro-
posed such as, among the others, the formulations proposed in Bradley
et al. [15] and Vamvatsikos [16]. Note that the Eq. 3 includes the site
effects on the im considered. Therefore, ko and k; are constants taking
into account the site effects, different from the ones evaluated with
respect to the rigid subsoil.

In addition, in Cornell et al. [11] the following relationship for
structural performance was assumed (Eq. 4):

D=a(Mm) Q)
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where D is the edp median value conditional to the IM. a and b are
positive constants obtained from numerical regression of the non-linear
structural analyses (IDA, Cloud analysis, etc...), and b describes the
structural response non-linearity. The parameter b implicitly captures
non-linear structural behaviors including yielding and plastification of
members, stiffness degradation from cracking, strength deterioration
under cyclic loading, and P-A effects. When b = 1 the structure follows a
linear trend between edp and im. This assumption becomes particularly
suitable when the equal displacement rule is satisfied. b is generally
larger than 1 for structures with short fundamental period where
showing a more pronounced non-linear displacement [62].

By replacing the Eq. 3 and the Eq. 4 (the latter by substituting C for

f)) into the Eq. 1, the following closed form of P, (Eq. 5) is obtained
[11]:

. —k1 klz'o'lnz
P = ko-(img )™ -exp 502 5)

where im; may be assumed equal to the median intensity measure

corresponding to C [7]. Therefore, Py, may be calculated with the Eq. 5
once the coefficients (ko, k1), the fragility function shape (oy,) and the LS
threshold im; are known.

As known, within a reliability-based procedure it is required to
define for each LS a seismic action as function of a desired target reli-
ability within a certain reference period (t.s) longer than one year. This
would permit to achieve a reliability-targeted seismic design useful for
the life-cycle management of new and existing constructions. To this
regard, it should be mentioned that recently a new methodology for life-
cycle assessment of constructions considering only vertical loads was
proposed in [63]. For this reason in this paper the development of a
methodology for deriving reliability-targeted seismic actions is pre-
sented, providing the missing methodology to obtain a complete

—ay,=0
5 Tl =(}.2
— gy =04
— a1 =0.6
y 1.5
0 0.2 0.4 0.6 0 2
Tin kl

a) Yeap = 1.0, b= 1.0

b) Yeap = 1.0; b = 1.0

3.5
3 ——
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framework for life-cycle management of constructions including vertical
loads and seismic action. To this scope, the methodology here presented,
differently from the Eq. 5, refers to a target reliability within a certain t,.
and not for one year.

In order to define for a construction a specific failure probability
target, the safety factor y.q, [7,46] is introduced (Eq. 6), expressed as

follows:
. b
_ (Img
a <im1’) ) ©

If im; is unknown, then the Eq. 6 may be rewritten in the following
way (Eq. 7):

Vedp =

o o

img = yoqp-(im )" @

where im;. is a function of imy , the latter evaluated by means of the
traditional uniform seismic hazard maps (i.e. by using the UHA) referred
to specific value of A5(imy ) (e.g. [1-3]).

By deriving im; from the Eq. 3 and by substituting into the Eq. 7, the
Eq. 5 becomes (Eq. 8):

%% klz'ﬁln2
Pp = yedp—kl/b'exp< op | = P(=F) ®

where f, is the annual reliability index [64]. Moreover, the previous

equation may be rewritten also in terms of seismic action return period

Tg, by substituting the term 1/Ty to the exceedance annual rate Ag.
Therefore, once Py, is calculated f; is obtained with Eq. 9:

= -9 (Pn) 9

It is useful to study how p, (Eq. 9) may vary with the parameters k,
01, b, and 7,4, (Eq. 8). To this aim, Fig. 2 reports the p; values consid-
ering 4y = 0.0021 1/years (that is 1/475 years) and by fixing 7,4,

3.0 3.5
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Fig. 2. Annual reliability index (5;) as function of seismic hazard slope (k;), fragility dispersion (o), structural non-linearity (b), and safety factor (Vedp) for Ay

= 0.0021 year™ (T = 475 years): a-d) Yedp = 1.0; e-h) Yedp= 1.5.
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equal to either 1 (Fig. 2.a-d) or 1.5 (Fig. 2.e-h). In these graphs several
values of k; (such as 1, 2, 3, 4) and ¢y, (0, 0.2, 0.4, 0.6) are considered.

As it can be observed p, is strongly influenced by the value of yq4,
rather than the values of ), and k; . Indeed, by comparing Fig. 2a and e,
b and f, ¢ and g, d and h, the p, trend changes significantly as y.q,
changes from 1.0 to 1.5. More in detail, when y,4, = 1, f3; decreases (or
alternatively Py, increases) by increasing o1, (Fig. 2a), while $; increases
as k; (Fig. 2b) and b (Fig. 2c and d) increase. In the case of Fig. 2e, if Yedp
= 1.5, p, decreases by increasing oy,, similarly to the Fig. 2a. Whereas,
in the case of the Fig. 2f, g and h a clear trend of ; is not observed by
increasing k; and b, respectively.

If the annual reliability $, is known then the reliability requirement
for a given LS is known. In this case 8, = f3;, where the notation f; is
introduced for specifying that the annual target reliability index is
known. Hence, the Eq. 8 may be turned by deriving 7,4, (B1) (Eq. 10), that

may defined as the target reliability factor corresponding to 8, [71:

—b/ky 2
Yeap(B1) = {M} ~exp<k1 '”‘“2> (10)

A 2-b?

With the Eq. 10 it is possible to define, starting from the demand im;, ,
the capacity im; required so that reliability index f, is satisfied (Eq. 7).

It is worth to note that ,4,(f;) considers a failure probability annual
value. However, as previously introduced, for a construction life-cycle
management reliability evaluations should regard a given t,s longer
than one year. Therefore, a yedp(ﬁ) is required, that is the target reli-
ability factor corresponding to §, where f is the target reliability index
within t. In order to evaluate y,4,(f) the following formulation is
proposed. As known, if the annual probability Py, is constant and the
events are independent, then the failure probability Py in a certain t.s
may be calculated with the Eq. 11 [63]:

Pp=1-(1-Py)"™ an

Note that Ay = 1/Tk, and that Tz may be correlated to exceedance
probability Py of the seismic action within t.; with the Poisson law (Eq.
12):

PE:I—exp(—;r,—ef> (12)
R

Hence, by deriving T from Eq. 12 and by substituting into the Eq. 8,
the Eq. 11 may be rewritten as below reported (Eq. 13):

t,
In(1 — Py) k2o |
Pr=1-|1 e 1

! |: * tref’yedph/b P 2p? 3

The Eq. 13 may be simplified as follows (Eq. 14):

c bref
Pf:17(1+—) =~ 1 —exp(c)
tref

In(1-P ki® 012
P JEedpkl/bE) eXp< lz.b;n >} 9
In practice, for the Serviceability Limit States (SLSs) the Eq. 14 pro-
vides an acceptable approximation of Eq. 13 with an error of less than
3 % for t. higher than 10 years, and for c values that are usual for the
problem under consideration. Whereas, for the Ultimate Limit States
(ULSs) the error is practically negligible for any value of t..

Therefore, by turning the Eq. 14, the following expression of the
target reliability factor y,q, (f) is obtained (Eq. 15):

Yeap(B) = {W }7b/k1 -exp (leg;;Z> (15)

=1—ex

where Py = ®( —p) and f is the target reliability index for a t.,; greater
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than one year.

Moreover, it is proposed to introduce the overstrength factor y, in
order to take into account the construction overstrength assumed
because of the partial factors. Consequently, the target reliability factor
y/edp (B) may be calculated as follows:

B = % 16)

The notation ,,(p) is adopted for highlighting that, in this way, the
overstrength influence on the structural reliability is taken into account.
If mean values of material strengths are instead used then y, may be
assumed equal to 1.

Fig. 3 gives an example on how it is possible to define the reliability-
targeted design spectrum, that is the capacity spectrum satisfying a
certain reliability requirement within a t.,. In detail, it plots the demand
spectrum (black continuous line) given by the classical UHA, the
required capacity spectrum (red continuous line) and the reduced one by
considering the overstrength (red dot line), both reliability-targeted
design spectra derived with the methodology proposed (Fig. 3a). Note
that the demand spectrum includes the site effects due to the subsoil type
considered by standards, such as EN 1998-1 [1] and NTC-18 [3]. For
completeness, also the fragility curves having the median values of the
pseudo-acceleration S.(T;) is reported, intended as edp in this example
(Fig. 3b). Ty refers to the first vibration period. More in detail, S¢(T1); is
known from the demand spectrum defined through the site seismic
hazard and the Py (e.g. 10 % in 50 years; [1]). Afterwards, S.(T1)g
belonging to capacity spectrum (red continuous line) may be calculated
with the Eq. 7 by means of the factor .4, (B) (Eq. 15). If the overstrength
is considered then the capacity spectrum should be further reduced of y,,
such that the reduced S,(T1)., may be found.

As it is clear to note, the reliability-targeted capacity spectrum or,
alternatively, the reliability-targeted capacity fragility curve is directly
linked to the target reliability index § within a t.r. However, currently
only ASCE [47] provides a target failure probability for seismic design.
In this document the mean value for the annual Near Collapse Limit State
(NCLS) exceedance probability is assumed for U.S.A., equal to Py; = 2 X
10~* for a Py of 2 % hazard-exceedance probability in 50 years (i.e.,
g = 0.04%).

Therefore, a crucial role for defining the reliability-targeted capacity
spectrum is played by § for each LS considered within a t.s. The target
reliability index § can be achieved through different design approaches.
As for the limited ductility design, it is primarily based on strength,
while dissipative design exploits inelastic deformations. When partial
factors are used, the overstrength factor y, reduces the capacity spec-
trum to take into account material design strengths, since the reliability-
based capacity spectrum refers instead to the mean values. In addition,
in the case of dissipative structural designs a further spectrum reduction
is gained through the behavior factor q [3]. Both design approaches aim
to ensure the same reliability.

Starting from these premises, in the next sections a procedure to
calibrate the target reliability indexes for seismic designing is proposed,
extended to all LSs. Then, an application to the Italian territory is shown,
according to the current Italian standards NTC-18 [3].

3. Seismic reliability of constructions designed according to
Italian standards

Nowadays, several modern design codes, such as Italian standards
[3] or Eurocode [1], define seismic actions for constructions by adopting
a UHA for the national territory. This means that the seismic hazard
maps are provided for several return periods Tr considering as IM the
Peak Ground Acceleration (PGA) or other spectral acceleration. More
specifically, the Italian standards provide the PGA on rigid soil (a,)
together with spectral accelerations at n. 10 periods T ranging from
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Fig. 3. Derivation of reliability-targeted design spectrum from uniform-hazard demand spectrum: a) response spectra showing demand (S.(T1)), required capacity

(Se(T1)¢), and overstrength-reduced capacity (Se(Tl)C‘yo); b) corresponding fragility

0.1 secto 2.0 sec, thus enabling a detailed characterization of the hazard
response spectrum.

Then, a set of principles and rules for designing must be respected so
that the construction, for each LS considered, implicitly complies the

6
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Fig. 4. Seismic reliability assessment under current UHA for Tz = 475 years across Italian territory:

annual reliability index f, sorted by a, 475; ¢) maps of f;.

curves with median values.

corresponding reliability requirements.

However, by following a UHA the designed construction very often
provides non-uniform reliability performance depending on the site
seismic hazard. This becomes clear if one derives the reliability index

[ ]
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Ay AT {e('-'s)
b)

0.3

a) seismic hazard slope parameter k; sorted by a, 475; b) resulting
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B1 =—@ '(Pn) (Eq. 8) across the Italian territory considering, for
instance, Ty = 475 years and the values provided by the MPS-04 hazard
model, proposed by INGV (http://essel.mi.ingv.it/, [60]). In this
example, the parameters of the capacity fragility curves are assumed
equal to 6, =0.6,b =1 andy,q, = 1. Moreover, as suggested in FEMA
[10], (Eq. 3) is derived by considering the values of seismic hazard
having the exceedance probabilities of 2 % and 10 % in 50 years, as
follows (Eq. 17):

1 (/111.475 >
AH 2475 1.65
k= a7)

In (&%) In <::2%>
where S, 2475 and S, 475 are the spectral pseudo-accelerations and Ay 2475
and Ay 475 the corresponding annual exceedance probabilities, referring
to a Tg of 475 and 2475 years, respectively.

Fig. 4a plots the k; values obtained for all the grid points of the
Italian national territory (10751 points), each of these sorted by its
ag 475, that is the seismic horizontal acceleration associated to T = 475
years. dg 475 is assumed as representative parameter of the seismic haz-
ard of each grid point examined. Whereas Fig. 4b shows the resulting
reliability index 8, sorted by the corresponding a, 475. As one may easily
note, f; is strictly dependent on the seismic hazard site, ranging between
about —6 and 1, with an average value over the national territory of
—0.064. The lowest values of the reliability index are obtained for
seismic hazard with ag 475 < 0.1g. For completeness, Fig. 4c plots the so
derived $; map, confirming the pronounced variability across the na-
tional territory for the chosen Tg. This result may be extended for all the
values of Tr considered in the seismic hazard law.

Looking at the Fig. 4 it is easy to note that if the a, 475 is different
then, consequently, also f3; is different. However, f3, is still different even
if the seismic design acceleration ag 475 is equal in two different sites. As
proof of this, Fig. 5 shows the hazard curves of two different sites of the
Italian territory, named Site 1 (blue line) and Site 2 (magenta line),
having the same ag475 = 0.2g. This means that the capacity fragility
curve (red continuous line) is the same for both the sites considered.
Despite this, the annual failure probability Py, results differently, since
the two sites have a different value of k;. In this case, k; = 2.60 for Site 1
and k; = 3.11 for Site 2, providing, respectively, Ps; = 7.1 x 1072 and
P;1 =1.2x 1072 (Eq. 8). This result highlights that the reliability of
constructions designed using the UHA varies site-by-site, even when the
seismic design acceleration is the same. This is because the seismic

w— 10 | —ite D e—ragility

1 . 10—

0.8

lityv

0.6

0.4}

probabi

0.2 0.25
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Fig. 5. Demonstration of non-uniform reliability under UHA: comparison of
two Italian sites with identical design acceleration (ag 475 = 0.2 g) with different
seismic hazard curves (k; = 2.60 vs k;= 3.11) resulting in different annual
failure probabilities (P;; = 7.1 x107% vs Py =1.2 x1072) for the same capacity
fragility curve.
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hazard characteristics differ across national territory.

4. Derivation of seismic target reliability indexes: an application
to Italian territory

In this section seismic target reliability indexes are derived, based on
the MPS-04 hazard model [60] adopted by the Italian standards NTC-18
[3]. To this scope, the following parameters influencing seismic reli-
ability are discussed.

4.1. Exceedance probability of the seismic action

In general, performance-based standards define seismic action as
function of a LS, with an implicit acceptable failure probability. The
latter takes into account the consequences of structural failure such as,
among the others, human casualties, economic losses and environmental
damage.

In order to derive seismic action as function of both LS and CC, it is
necessary to define the exceedance probability Pgiscc in a given t.
Then, the return period Ty 15 cc may be obtained with the Eq. 18:

tref
_ 18
In(1 — Pgrscc) a8)

Triscc = —
where the notation Trscc and Pgiscc is adopted to explicitly report
their dependance on LS and CC.

It is worth to note that the Pg 5 cc is unknown and it may be derived,
in the case of Italian standards [3], by defining a correspondence be-
tween the Use Classes (UCs) and CCs. In particular, the Italian standards
[3] define four Use Classes (UCs) ranging from I to IV, with a specific
Coefficient of Use Cy (Table 1), increasing as the UC increases. The UC is
defined considering the construction failure consequences, depending
on human lives number involved, social and environmental impact.

According to the NTC-18 [3], the return period Trisyc may be
calculated with the well-known Poisson law by means of the following
relationship (Eq. 19):

VR CU ‘tref

e _ 19
RLS,UC In(1 — Prys) In(1 — Pgys)

where Pgjs is the exceedance probability known for all LSs, which
include ULSs and SLSs (Table 2). The ULSs include Collapse Prevention
Limit State (CPLS) and Life-Safety Limit State (LSLS), while the SLSs
include Damage Limit State (DLS) and Operational Limit State (OLS). Note
that the notation Tgsyc is adopted to explicitly highlight its depen-
dance on LS and UC, and that Pg g is independent on UC.

By equating the Eq. 18 with the Eq. 19, it is possible to derive the
following relationship (Eq. 20):

Prisce =1 — (1= Pys) 'Y (20

providing the relationship between Pg s (Table 2) given by the NTC-18
[3] and the Pg 15 ¢c depending also on the CC. It is worth to note that the
Eqg. 20 is independent on t,s. The Table 3 reports the correspondence
adopted between UC and CC and the so derived Pg s ¢ values.

4.2. Logarithm standard deviation of fragility curves
In order to apply a seismic reliability-based approach, the value of

the fragility curve logarithmic standard deviation o),;5 has to be
assumed (Eq. 13). As known, it represents the fragility curve shape

Table 1

Coefficient of Use (Cy) for different Use Classes (UCs) according to [3].
uc I I il v
Cy 0.7 1.0 1.5 2.0
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Table 2
Seismic action exceedance probability Pg s for different LS in a 50-year refer-
ence period by [3].

LS SLS ULS
OLS DLS LSLS CPLS
Pgis 81 % 63 % 10 % 5%
Table 3

Seismic action exceedance probability Priscc as function of LS and CC as
function of Use Classes.

Pgiscc Use Class (UC)
I n I v
Consequence Class (CC) - Consequence of failure

LS CC1 (Small) CC2 (Some) CC3 (Moderate) CC4 (Great)

OLS 86 % 81 % 73 % 66 %

DLS 72 % 63 % 50 % 40 %

LSLS 20 % 10 % 3% 1%

CPLS 12% 5% 1% 0.3 %

providing the dispersion around the median value of the IM considered.

In particular, oy, takes into account randomness and epistemic un-
certainties. The former are related to the variability associated with
frequencies content and other attributes of the ground motion and refers
to a given intensity measure [65]. The latter are linked to structural
modeling and analysis [65].

The random uncertainties dispersion may be computed as a result of
non-linear dynamic analysis (e.g. IDA; [27]). While, as far as the
epistemic uncertainties dispersion is concerned, default values in prac-
tical applications may be used, based on statistical studies of typical
structural systems [34].

The measure of the dispersion of both randomness and epistemic
uncertainties are combined by means of the Square Root of the Sum of the
Squares (SRSS), with the following combination rule (Eq. 21, [11]):

2 1)

O = ((71n,R)2 + (Gln.U)
where o,z and o1,y are the measures of the IM logarithm standard
deviation for randomness (R) and epistemic (U) uncertainties, respec-
tively.

A similar approach is adopted in the methodology presented in
FEMA P-695 [65], where a detailed procedure to quantify the IM loga-
rithm standard deviation is provided. In particular, o, g may be assumed
equal to 0.40 for constructions presenting a ductility y greater, or equal,
than 3. Otherwise, in the case of limited ductility, the following
expression (Eq. 22) is proposed by FEMA P-695 [65]:

opr = 0.10+0.10-x < 0.40 (22)

where u is the construction ductility.

Similarly, in DolSek & Fajfar [66] and Vamvatsikos & Fragiadakis
[67] a value of o, p for the collapse limit state ranging from 0.30 to 0.45
is reported.

Therefore, in this study, coherently with the values proposed in
literature, a oy, g yrs = 0.40 for the ULSs (LSLS, CPLS) is assumed, and
equal to o1, g szs= 0.20 for SLSs (OLS, DLS). These values correspond to
the upper (0.40) and the lower bound (0.20) of Eq. 22, since u = 3.0 for
ULSs and p = 1.0 for SLSs (elastic behavior) are assumed [65].

As for oy, y, it is quantified in FEMA P-695 [65] by means of SRSS
rule, applied to three different dispersion measures, such as: test-data
uncertainty, modeling uncertainty and design requirements uncer-
tainty. The values of these three dispersion measures vary in the interval
0.10-0.50, and they are dependent on accuracy, robustness and confi-
dence of the results. The resulting o}, y for ULSs may range from 0.17 to

Structures 86 (2026) 111279

0.87. However, in different studies a single value of ), ;y is proposed. For
instance, for the collapse threshold in Zareian et al. [68] and Liel et al.
[69] the values of 0.40 and 0.45 are proposed, respectively.

Based on what is reported in the literature, in this study the value
omuuLs = 0.45 for ULSs is assumed. It should be noted that any nu-
merical model is inherently affected by epistemic uncertainties related
to modeling assumptions, material constitutive laws, and numerical
discretization. Recent studies on reinforced concrete systems under cy-
clic loading have demonstrated that resistance model uncertainty can
significantly influence structural response predictions and, conse-
quently, fragility assessment [70].

Therefore, by applying the Eq. 21, o}, yzs = 0.60 is obtained, corre-
sponding to the same value assumed in other works, such as in Fajfar &
Dolsek [34]. As for the SLS, to date no reference for o, yy is available in
literature. Therefore, as suggested in Baltzopoulos et al. [30], in order to
fill this gap, it may be assumed that the epistemic uncertainty propa-
gates along the IDA curves in a manner ensuring their monotonicity.
Consequently, the value oy, 515 = 0.25 is assumed to respect this trend.

For sake of completeness, the values of o}, g, o1n,y and oy, (Eq. 21) are
summarized in Table 4, where the subscript LS is adopted for making
explicit their dependance on LS.

It should be noted that the values adopted in Table 4 represent
average parameters suitable for a wide variety of structural typologies
commonly found in Italian construction practice. Different structural
systems (e.g., reinforced concrete moment-resisting frames, masonry
buildings, steel structures) may exhibit different fragility characteristics,
with o), values depending on structural regularity, non-linear response,
design approach, and material properties. The values adopted herein are
consistent with those widely used in probabilistic seismic assessment
frameworks (e.g. [34,65,67]) and, therefore, may be considered a
reasonable reference for establishing target reliability indexes over a
national territory.

4.3. Target reliability factor

As discussed in the Sect. 2, the target reliability factor y,4,(8) is
introduced for modifying the median value of the demand fragility curve
imy , so that a median value of the capacity fragility curve im;, is found
satisfying a given reliability index p.

However, alternatively to the formulation proposed in this paper
(Eq. 15) that is aligned with the approximated one proposed in FEMA
[10] and Cornell et al. [11], if the failure probability is known then

Yedp () may be derived directly from the convolution integral (Eq. 1). For
instance, this may be done by considering the value of Pfl NCIs,cc2 = 2%
10~*, proposed in ASCE [47] a Pz = 2 % of hazard-exceedance proba-
bility in 50 years for U.S.A. (i.e. iy = 0.04%). In this case it results that
Binciscca = — ® ' (Prinasccz) = 3.54. The notation Py nerscce is
adopted since it represents a target annual failure probability indicated
for NCLS and for CC2. It is worth noting that this is the only value
declared in ASCE [47]. For other LSs and CCs no indication is found in
this document or in the published literature. Therefore, starting from the
convolution integral (Eq. 1), if ﬁfl NcLs.cc2, An(im), and the fragility curve
(by means of o, yrs and imy) are known, the target reliability factor
Yedp (P1 Nes.cc2) may be derived. The y,q, (B1 newscco) is iteratively found
by varying img, starting from the im; known (from the UHA), so that the

Table 4

Logarithmic standard deviations for fragility curves: randomness (6inr),
epistemic uncertainty (o, ), and total combined uncertainty (oy,) for SLS and
ULS.

Ls GinR Sinu Oin

OLS, DLS 0.20 0.25 0.32
LSLS, CPLS 0.40 0.45 0.60
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Pp1 ncis.cco is guaranteed. For sake of completeness, Fig. 6 shows sche-
matically the procedure adopted to obtain 7,4, (B1 ners.cca)-

Yedp (Pincuscez) is here calculated considering the seismic hazard
function Ag(im) proposed in Bradley et al. [15], where the seismic
hazard data are approximated with a hyperbola shape since, typically,
the data have a concave downward global shape in a log-log space. This
formulation is more complex than the one proposed in Sewell, Toro, &
McGuire [12], and recalled in the Eq. 3, where instead a linear function
in a log-log plane is adopted. The Bradley et al. [15] formulation does
not suffer of the issue related to the identification of the region of interest,
i.e. the region providing the greatest failure probability [28]. It is
expressed as follows with (Eq. 23):

. -1
Ar(im) = Apgasy-€Xp {a-ln <ﬂ> } (23)

Mgy

where « is a constant, while Ay 4, and im,,, are the horizontal and ver-
tical asymptotes, respectively.

In order to apply the Bradley et al. [15] formulation, the values of a,
A .asy and imgg, are derived for each grid point of the national territory by
minimizing the following Residual Squared Sum (RSS) (Eq. 24):

minRSS = > {In[Ay (im,)] — In [Asiases-oa (imy)] }° 24

where Ay mps—o4(im;) is the exceedance annual rate provided by MPS-04
hazard maps [60], and Ay is instead the estimated one with Eq. 23.

The summation of Eq. 24 is applied to the different ground motion
intensities and to all the 9 values provided in each hazard map. More in
detail, this study considers the seismic hazard maps for n. 10 spectral
periods T ranging between 0.1 sec and 2.0 sec, plus the peak ground
acceleration a, on rigid soil (i.e. T = 0), for a total of 99 seismic hazard
maps. As known, for each map the im; is provided for 9 different Tz (i =
1,...,9) corresponding to 9 occurrence probability Pr (Table 5),
considering the ideal conditions of a rigid soil with a horizontal topo-
graphic surface (category A according to [3]).

As result of the calibration of the Bradley et al. [15] formulation,
Fig. 7.a shows for each grid point the value of the resulting determina-
tion coefficient R? [71]. It measures the scatter between the MPS-04
hazard law and the predicted one with the law proposed by Bradley et al.
[15]. In this case ag is chosen as im, and the resulting R? is plotted as
function of a, 475. Moreover, in Fig. 7.a the maximum and the minimum
value of R? is highlighted, resulting equal to R%,, =1 and R%, =
0.90329 for the municipalities of Barcellona Pozzo di Gotto (Lat:
38.1215; Lon: 15.2024) and Fasano (Lat: 40.8154; Lon: 17.4545),
respectively. For completeness, Fig. 7.b depicts the seismic hazard
curves ag —Ay for the these two municipalities, using both the MPS-04
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model values and the ones predicted by Bradley et al. [15]. It is easy to
note that, even in the case of R2, ,
hazard values is really negligible.
Fig. 8 reports the values of 7,4, (81 ncis.cc2) for all the grid points of
the Italian territory derived from the convolution integral (Fig. 6),
considering the Bradley et al. [15] formulation, calibrated as previously
illustrated. The values of 7,4, (P1.nciscca) are sorted as function of ag47s,

the scatter between the seismic

and calculated for n. 11 spectral periods T, varying from 0 to 2.0 sec.
Also, in each graph the mean value and the interval defined as mean
value +/ — one standard deviation is reported, evaluated on the overall
sample of the obtained results. As one may observe, the resulting mean
values and standard deviations are really close, as demonstrated in the
histogram of Fig. 9.

The values of 7,4, (51 ncisccz) Obtained consent to derive capacity
fragility curves for a given construction so that the l_’fl NcLs,cc2 is uniform
all-over the Italian national territory. It is noteworthy that the results
here discussed are valid in this case for NCLS and CC2. In general, if the
Py is known then the procedure applied in this section may be repeated
for all LSs, such as ULSs or SLSs, and all the CCs. However, in literature
there is a lack of information in this regard with exception, as already
discussed, of NCLS and CC2. Therefore, it is assumed that for all ULSs
and CCs the target reliability factor .4, (f1 yiscc) is equal to 2.11 and
that, therefore, the reference seismic action (im;) accounts for the
distinction between LSLS to CPLS, and from CC1 to CC4.

Similarly, also for the SLSs to date no indication is available in
literature for the corresponding Py, for any CC. Therefore, in this case it
is not possible, as done above for ULSs and for CC2, to evaluate the
Yedp (P1s15.cc2)- However, this study wants to cover also this gap,
providing a first tentative for defining the target reliability factor
Yedp (P1.s15.cc)» obtaining in this way a complete procedure with respect
both ULSs and SLSs. To this scope, some consideration may be made in
order to preliminary assume the value of .4, (1 siscc)- Firstly, the
failure probabilities for SLSs are usually greater than the ULSs ones.
Moreover, generally for serviceability checks, contrary to the ULSs,
partial factors are not usually applied to materials or loads. Conse-
quently, in light of these considerations, in this study it is assumed
Yeap(Prsiscc) equal to 1 and that, similarly to the ULS, the reference
seismic action accounts for the variation between DLS to OLS and from
CC1 to CC4.

Anyway, it should be remarked that the procedure proposed in this
study and, consequently, the reliability-based seismic action calibration
across the Italian territory depends on the assumptions made for
Yeap(Prunsce) and 7oy (Brsiscc). Anyway, if in future different
Yedp (Bruss.cc) and veqy (P1suscc) values will be available, then the cali-
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Fig. 6. Iterative procedure for deriving target reliability factor y,q, (81 news.ccz) through convolution integral (Eq. 1) by varying capacity fragility curve median (im)

until target annual failure probability Pf; ncrsccz = 2 x 107 is satisfied.
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Table 5
Return periods (Tr) and corresponding probabilities (Pg) of seismic action considered in the MPS-04 hazard model for a reference period of 50 years.
Tg (years) 30 50 72 101 141 201 475 975 2475
P 81 % 63 % 50 % 39 % 30 % 22% 10 % 5% 2%
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Fig. 7. Statistical validation of Bradley et al. [15] hyperbolic hazard formulation against MPS-04 data: a) coefficient of determination (R?) for all 10751 Italian grid

points sorted by dg 475, showing R2,,

bration may be repeated for taking into the account these specific values
that, to date, are not yet available within the scientific literature.

4.4. Seismic hazard function calibration

The annual failure probability Py, calculated with the closed form of
the Eq. 5 [11] considers the Sewell, Toro, & McGuire [12] (Eq. 3)
formulation for the seismic hazard function Ay(im), expressed with a
linear function in log-log plane through the constants ko and k; . In order
to accurately calibrate these constants for the Italian territory the
following procedure is adopted, considering a, as IM.

Firstly, it should be noted that the Eq. 3 may provide a reasonable
estimate of the seismic hazard only in the range of exceedance annual
rate Ay(im) where the failure probability is maximized (i.e. region of
interest) [28]. To this scope, to date several methods are proposed. For
instance, as also discussed in Sect. 4, the seismic hazard function may be
fitted through two points having, respectively, 10 % (i.e. design basis
earthquake) and 2 % (maximum considered earthquake) of exceedance
in 50 years [10].

As regards ko, it is necessary to know at least one value of IM cor-
responding to a Tg. It may be typically obtained from the seismic hazard
map, which is applied to a given probability of ground motion exceed-
ance (e.g., 10 % in 50 years) or, alternatively, to a given Ty (e.g. 475
years).

As example, Fig. 10 compares in a log-log plane for L’Aquila site the
seismic hazard data given by the MPS-04 hazard map in terms of a; (PGA
on a rigid soil, red squares) and the predicted ones obtained with the Eq.
3 (black line). The latter are derived according to FEMA [10] formula-
tion (Eq. 17), resulting in this case equal to ko= 3.75x 107°
(geyears)™ and k; = 2.99.

One may easily note that since the hazard data has a concave
downward shape the predicted linear function overestimates the ex-
ceedance annual rate Ay starting from 1/Tg = 0.0021 = 1/475 years .
Therefore, in order to better fit over the entire Ay interval the seismic
hazard data, a numerical analysis is performed to obtain the values of kg
and k; by minimizing the differences between the failure probability
obtained with the power law expression proposed by Sewell, Toro, &
McGuire [12] (Eq. 3) and the one calculated with the Bradley et al. [15]

10

= 0.903; b) comparison of hazard curves for sites with maximum (Barcellona Pozzo di Gotto) and minimum (Fasano) R? values.

formulation (Eq. 23). As discussed in the previous section, the more
complex formulation of Bradley et al. [15] (Eq. 23) has been calibrated
in this study for all the Italian territory grid points for calculating the
failure probability with the convolution integral (Eq. 1).

According to FEMA [10], the expression for the k; (Eq. 3) may be
generalized as follows (Eq. 25):

) )
ki =1In |In{ —
)’H,C me
where the couples (Ag,;im.) and (Ag;im.) refer to the r-th and c-th
seismic hazard data considered for the linearization in the log-log plane.
As known, for the Italian territory the MPS-04 hazard model [60] pro-
vides the seismic hazard data for 9 different Tz (1/Ay, Table 5). In this
study, all the possible combinations of the couples are examined for the
linearization in the log-log plane and for calibrating, consequently, in
each grid point ko (Eq. 3) and k; (Eq. 25). In total, 36 combinations of
couples are obtained and indicated in Table 6, where each dot identifies
a couple made by the (Ay,;im,) and (Ag.;im.) data, briefly indicated as
couple rc (r-th raw and c-th column).

For each couple rc the following objective function () (Eq. 26) is
assumed over all the national territory grid points (10751points), and
extended to all LSs and CCs:

£ (koo 7egp) = 22 [F =1+

(25)

(26)

where 7 and o7 are mean and standard deviation of all the ratios r;, given
by the following (Eq. 27):

Pri1scci
r = et

withi=1, ..., 10751 (27)

Py11scci

Pf11scc; is the annual failure probability considering the couple rc
and obtained with seismic hazard curve of Sewell, Toro, & McGuire [12]
(Eq. 3), where k; and ko are calculated point-by- point in the national
grid with the Eq. 25 and Eq. 3, respectively; while j‘\)fl.LS‘CC‘i is the annual
failure probability assumed as reference for calibrating k; and ko, and
calculated considering the Bradley et al. [15] seismic hazard law (Eq.
23), whose parameters have been calibrated in the previous section. In
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Fig. 8. Target reliability factors y.q, (B nciscc2) derived from convolution integral for NCLS and CC2 across all Italian grid points as function of dg 475, for spectral
periods ranging from T = 0 (PGA) to T = 2.0 s. Mean values and +1 standard deviation intervals are shown.

B ean [ Mean+ Dev.5td. [ Mean-Dev. St 10~} :
&3 ' T T T T 5 ey (\ Ay im) = ko - (im)™%1 |
| | / I
20 i -l | .
—_ & B o w -
[%} | - _ g
S o] il B
%15 . g 107
o = |
= —~ [ :
ey 1 | iz | (11,,,.475:1:’»1”5]\
—_ |
3 m —
0.5 . < 107 ey
i H. 2475 2475
= [ N
0 8 Wl I | ] | | |m— Approximated function

Q7 407 07 ap

p*® m MPS-04 hazard data
AW QMM 0P o <
A A

SIS SN -““:

RS T g R 1) ol ST T S S . L0l
. I - 1072 10~ 100
Fig. 9. Target reliability factors across spectral periods: mean values and
standard deviation intervals of y,4, (1 ncrscc2) for T = 0-2.0s. ln(ﬂ.r;) (g)

~ Fig. 10. Limitations of linear power-law approximation [12] for L'Aquila site:
L . . _ _ .
the objective function f*() both P s cc; and Py s cc; are caleulated with comparison between MPS-04 hazard data (red squares) and predicted values

the convolution integral (Eq. 1). If () is close to zero then the pair (ko, using FEMA 350 approach (black line).
ki) permits to estimate the annual failure probability close to the one
obtained considering the Bradley et al. [15] formulation (Eq. 23). In the
Eq. 27 the parameters assumed are: oy, yzs = 0.6, Yeapurs = 2-11, O sis =
0.32, yegpqs = 1, and b = 1.

The objective function f™() is designed to simultaneously minimize
both systematic bias, through the term (r—1), and random scatter
through o; in the prediction of failure probabilities. This dual criterion
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Table 6
Matrix of 36 hazard data couples (return period combinations) evaluated for
optimizing the power-law seismic hazard function parameters ko and k;.

Tr (1/4n)

30
50
72
101
140
201
475
975
2475

30 50 72 101 140 201 475 975

| o0o0o0000
| o000 000
]
i

ensures that the selected hazard curve parameters provide unbiased
estimates across the entire national territory while minimizing site-to-
site variability. The summation over all LSs and CCs ensures that the
calibration is balanced across different performance levels, avoiding
optimization that favors specific limit states at the expense of others.

Fig. 11 shows in the form of histogram the values of f() function for
each of the 36 combinations of couples considered (Table 6). It is clear to
observe that f() has the minimum value with the couple 30-975, that is
the couple of seismic hazard data referred to T = 30 years (ﬂH=30; im30)
and Tg =975 years (Amors;imoss) (highlighted with a red bar),
respectively.

As example, Fig. 12 compares for L’Aquila site the seismic hazard
function obtained with the Bradley et al. [15] formulation (Eq. 23) with
the Sewell, Toro, & McGuire [12] (Eq. 3) one. For the former, as
calculated in the previous section, the parameters @, Ax 45y, and imgsy, (Eq.
23) result equal to 92.62, 20219 and 83.53, respectively. For the latter,
ki and ko (Eq. 25 and Eq. 3) are derived considering the couple of
seismic hazard data referred to Tgx = 30 years and Tg = 975 years,
! Whereas,

Table 7 shows the annual failure probabilities Py, ;5 cc; and }A’fl 1s.cci (Eq.
27) of L’Aquila site, by varying the CCs and the LS. Also, the corre-
sponding ratio r; (Eq. 23) is reported. It should be noted that r; varies
between 0.86 (DLS-CC4) and 1.5 (CPLS- CC4), with a mean value of 0.98
and a standard deviation of 0.15 (coefficient of variation of 0.15).

For completeness, Fig. 13 reports the interval defined as mean
(square dot) plus/minus one standard deviation of the ratios r; (Eq. 27)
calculated for all the grid points of Italian territory, and for the different
LSs and CCs. The ratios r; depend on the ko and k; values computed
considering the seismic hazard data couple referred to T = 30 years and

resulting equal to k; = 2.41 and kg = 7.3 x 1075 (g e years) ™~
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Fig. 12. Comparison of seismic hazard formulations for L'Aquila site: MPS-04
data (red squares), Bradley et al. [15] hyperbolic model (blue line), and opti-
mized Sewell, Toro, & McGuire [12] power-law using Tr = 30-975 years
couple (black line, k; = 2.41).

Tr = 975 years. It is observed that for SLSs the scatter of the failure
probabilities is higher than the ULSs ones. As already highlighted, this is
due to the fact that for low values of Ty the seismic hazard curve tends to
have a more marked concave downward shape and, therefore, the
scatter with the Eq. 3 becomes more evident.

Finally, Fig. 14 shows the maps over the national territory of ko and
ky derived considering the couple of seismic hazard data related to a Tg
of 30 and 975 years. ko (Fig. 14.a) is ranged from 1.09 x 10~8 to around
2.27 x 10~* (g e years) . Whereas, k; falls within the range of 1.60 to
around 4.05 (Fig. 14.b).

4.5. Procedure to derive the seismic target reliability indexes

In this section, based on the assumptions made in the previous sec-
tions, seismic target reliability indexes are calibrated based on the MPS-
04 hazard model [60] adopted by the Italian standards NTC-18 [3]. They
are derived considering: the target reliability factors y,q, (P1.u1s.cc) and
Yedp (P1 s15.cc) assumed the Sect. 0; the exceeding probability of exceed-
ance for the seismic action indicated in the Sect. 4.1; the logarithm
standard deviation of fragility curve of Sect. 4.2; and the seismic hazard

40 -

._‘::,'-'—n"':":

t-\]._u—'-'—n"‘l"n
~.¢_-..[-.[»-.

O =R o
B S S _.“"*:DI‘HI“-P-“"'-._‘l“—vl“—vl“-@{“-l‘“—-l*—-[“-l‘h—l*—-i“—-[“-{‘--
'_‘»-.4-"\]—]4;‘_,";1",_1.-_1"\1—" =f

v—H"‘I"'I"'.—l]F‘;"‘] ) A LD DA KD A

Fig. 11. Objective function f™() values for all 36 return period combinations (Table 6) evaluated across the Italian territory, identifying the optimal couple Tr
= 30-975 years (red bar) that minimizes failure probability prediction error for all LS and CC.
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Table 7
Comparison of annual failure probabilities for L'Aquila site calculated using power-law (P 5cc;) and hyperbolic (ﬁfl.LS.CC.i) hazard formulations for different LS and
CC, with resulting ratios r;.

OLS DLS
CC1 (Small) CC2 (Some) CC3 (Moderate) CC4 (Great) CC1 (Small) CC2 (Some) CC3 (Moderate) CC4 (Great)
Pr11scci 0.02 0.0199 0.0117 0.0084 0.0162 0.0102 0.0066 0.0048
ﬁfl‘LS.CC.i 0.02 0.0199 0.0127 0.0095 0.0168 0.0113 0.0076 0.0056
T 1.00 1.00 0.92 0.88 0.96 0.90 0.87 0.86
LSLS CPLS
CC1 (Small) CC2 (Some) CC3 (Moderate) CC4 (Great) CC1 (Small) CC2 (Some) CC3 (Moderate) CC4 (Great)
Pr11scci 0.0012 0.0009 0.0006 0.0005 0.0006 0.0005 0.0003 0.0003
ﬁfI‘LS.CC.i 0.0013 0.0009 0.0006 0.0005 0.0007 0.0005 0.0003 0.0002
T 0.92 1.00 1.00 1.00 0.86 1.00 1.00 1.50
l -6 T T T T T T
14+ -
1.2+ E
e 1 ] + e
0.8/
0.6 -
[])1 | L | | L | | | | L |
B T R TP\ T, VoD Ak ‘b &>
L7 O O O O O 07 O C, AC © k, SN
(_‘,(L 1 Sy Q{L Lffc' g C-( b)’ L'j/c C o,); C’ LO; o 3 QJC C/ Sy O
f " 3 " ¥ " » " "
IV \,\’ \).\ ,\;o Q\’ ol C’l\’ ct\’

Fig. 13. Statistical validation of power-law hazard approximation: ratios r; (Eq. 27) between failure probabilities calculated with simplified [12] and reference [15]
formulations for all Italian grid points. Mean values and +1 standard deviation intervals are shown for each LSs and CCs.

-(saeak -8];"5[

en

] 1
a) b)

Fig. 14. Maps of calibrated power-law seismic hazard parameters over Italian territory using optimal Tz = 30-975 years couple: a) intercept ko (ranging from
1.09 x107® to 2.27 x10™* g-year™'); b) slope k; (ranging from 1.60 to 4.05).

function calibrated in the Sect. 4.4. th point of the Italian territory grid, the seismic hazard function slope k;
The resulting seismic target reliability indexes are derived with the is calculated (Eq. 25) with the couple of seismic hazard data referred to
closed form of Eq. 14, considering the a; as im. Note that the failure Tr = 30 years and Tr = 975 years. Then, im; is estimated from the

probability Py, and consequently the target reliability index, may be related Pgiscc for a given LS and CC (Table 3). By knowing oy, 15 and
considered independent on the t,¢ (Eq. 14) implying that y,4, (81 v1s.cc) Yedp (Brs.cc)» Prisce (Eq. 14) and, consequently, figcc = @' (Priscc) is
= Yeap (Burs.cc) and Vegy (B s1s.cc) = Yedp (Bsis.cc) - More in detail, for the i- calculated. Finally, the target seismic reliability index ;g of all the
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National territory may be derived as mean value, or as a fractile, of the
resulting ;s ¢ distribution. For the sake of clarity, Fig. 15 summarizes
the procedure flowchart for determining the seismic target reliability
index here proposed.

As far as the ULSs are concerned, Fig. 16 shows the fy; s o values of
all grid points for all the CCs, referring to 7.4, (Buzscc) = 211, omuLs =
0.6 and b = 1. In detail, they are plotted considering the LSLS (Fig. 16.a-
d) and the CPLS (Fig. 16.e-h) sorted by ag475. In these graphs the target
reliability indexes fy;scc are calculated as the mean value of all the
Buis.cc values. Whereas, as regards the SLSs, Fig. 17 depicts the g5 oc
values for the OLS (Fig. 17.a-d) and the DLS (Fig. 17.e-h), calculated
considering y,q, (Bsiscc) =1, Onszs= 0.32and b = 1. One may note that
in the case of Fig. 16, when ag475 > 0.1g, the fig5cc values tend to
stabilize around the mean value B¢ .. Whereas, for ag475 < 0.1g the
Bsvs.cc values are more dispersed and lower than fg g o¢. On the contrary,
the Fig. 17 shows a more dispersed trend but, in any case, the fgg ¢
values reduce as ag 475 reduces.

Finally, Table 8 and Table 9 summarize the so-derived target reli-
ability indexes fig ¢, indicated into the Fig. 16 and Fig. 17.

It is obvious to note that the §;g o value increases from CC1I to CC4
and from SLSs to ULSs. The proposed value of fgcc, equal to 1.63
(Fig. 16.b and Table 8) is consistent with the same target index proposed
in Franchin & Noto [59], where the value 1.62 for Tr = 475 years is
indicated. Furthermore, it is clear to observe that also negative values of
Psis.cc are obtained are (Table 9), since failure probabilities greater than
50 % are obtained. It is worth noting that the exceedance probability Pg
for SLSs adopted in the NTC-18 [3] are different from those indicated in
Eurocode 8 (EC8, [1]). In particular, Eurocode provides for DLS Pg =
10% in 10 years (Tgr = 95 years), while NTC-18 [3], for the same LS,
provides Pr = 63% in 50 years (Tg = 50 years). P = 63% was derived
by maintaining a ratio of 2.5 between the DLS and LSLS horizontal

Structures 86 (2026) 111279

spectrum, also introduced in the previous OPCM 3274, [72] to differ-
entiate severe from less severe earthquakes. However, it has been
observed that by using a factor 2.5 from the LSLS to DLS horizontal
spectrum a seismic action having a Tg = 95 years is not guaranteed
overall the Italian territory. Note that also the EC8 differentiates the DLS
seismic action. Unlike the EN 1998-1 [1], in EN 1998-3 [73] the
requirement for DLS is associated to Pg = 20% in 50 years (Tr = 225
years). For this reason for completeness Table 10 summarizes also the
Boiscc associated to Tgr =95 years and Ty =225 years, derived
following the procedure indicated in the flowchart of Fig. 15.

5. Target reliability factors for Italian territory

In this section the target reliability factors y,g,(Buzscc) and
Yedp (Bsis.cc) are calculated, through the Eq. 15, starting from fy; ¢ and
Bsiscc (Table 8 and Table 9, respectively) calibrated in the previous
section. In this way, coherently with the reliability-based design of
constructions, the reliability-targeted capacity spectrum may be defined
(Fig. 3).

As example, Fig. 18a shows the resulting y.q, (Byrscc) values ob-
tained for all the grid points of the Italian territory, and correlated to
Brsisccz = 1.63 (green dots), where the values are sorted by g 475. It can
be clearly observed that the values of 7,4, (Brsis.ccz) are more dispersed
when ag 475 < 0.1g, while for ag475 > 0.1g the 7,4, (Brss.cc2) Values tend
to decrease as the ag 475 increases. Moreover, Fig. 18a also depicts the
Veap(Prsis.ccz) values (blue dots), derived by assuming a value of the
overstrength factor y, = 2.11 (Eq. 16). One may note that in this case the
Yedp (Prsisccz) average value calculated over the national territory is
equal to 1.0. This demonstrates that if a y, = 2.11 would be assumed
with a UHA then, on average, the reliability target indexes are guaran-
teed and, therefore, the reliability-based approach is pursued. This result

/" Derivation of the seismic

\ e .
\_ target reliability indexes /
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Fig. 15. Detailed flowchart for deriving target reliability indexes (B ) as function of LS and CC.
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Fig. 16. Target reliability indexes for ULS (By,s cc) across Italian territory sorted by ag 475, assuming Yedp = 211, 01puzs = 0.6, and b = 1: a-d) LSLS for CC1-CC4; e-h)
CPLS for CC1-CC4. Horizontal lines indicate mean values.
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Fig. 17. Target reliability indexes for SLS (ﬁSLS,CC) across Italian territory sorted by ag 475, assuming Yedp = 1.00, 01 515 = 0.32, and b = 1: a-d) OLS for CC1-CC4; e-h)
DLS for CC1-CC4. Horizontal lines indicate mean values.

is found for all the ULSs and CCs. For completeness, Fig. 18b plots the

mean value g, (Byscc) for both LSLS and CPLS and from CCI to CC4

(red dots), and the interval mean value +/— one standard deviation
(blue dots), evaluated across the entire national territory. It is obvious to
note that the yq, (Bvs.cc) mean value is constant for both ULSs and for the

four CCs, since it has been assumed constant for calibrating g cc.

Finally, as example Fig. 19 illustrates the Italian map of the
Yedp (Brsis.ccz) values (plotted in Fig. 18a). Whereas, Fig. 19b shows the
map of 7,4, (Brsis.cc2) reduced by yo = 2.11 (Table 8). One may clearly

note that when y, = 2.11 is considered, 7.q,(Brsiscc2) may achieve
values varying between 1.15 and 0.95. This means that the maximum
spectral acceleration may increase up to 15 % particularly for low-
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Table 8
PBurs.cc for ULS (LSLS and CPLS) across four CCs, derived as mean values over the
Italian territory.

Puis.cc Consequence Class (CC) - Consequence of failure
CC1 (Small) CC2 (Some) CC3 (Moderate) CC4 (Great)
LSLS 1.25 1.63 2.17 2.58
CPLS 1.54 1.96 2.58 2.97
Table 9

Psis cc for SLS (OLS and DLS) across four CCs, derived as mean values over the
Italian territory.

Psiscc Consequence Class (CC) - Consequence of failure
CC1 (Small) CC2 (Some) CC3 (Moderate) CC4 (Great)
OLS -1.52 -1.29 -0.99 -0.77
DLS -0.96 -0.68 -0.31 -0.03
Table 10

PBois.cc for DLS considering alternative return periods: T = 95 years [1] and Tg
= 225 years [73] for comparison with Eurocode provisions.

Pois.cc Consequence Class (CC) - Consequence of failure
CC1 ccz2 CcC3 CcCc4
(Small) (Some) (Moderate) (Great)
Tr = 95 years -0.68 -0.31 0.06 0.30
Tg = 225 years 0.37 0.62 0.88 1.04

hazard sites (a; < 0.1g) or may slightly reduce down to 5 % in the case of
LSLS (P = 10%).

As for the SLSs, for brevity Fig. 20a reports as example the Italy map
of the 7,q, (Bprsccz) values resulting from fp5 e, = —0.68 (Table 9).
While, in Fig. 20b these values are sorted by the corresponding ag 475. It
is clear to observe that y,q,(Bprscc2) may lead to a DLS (Py = 63%)
seismic action increment up to 15 %, or to a reduction down to 10 %.

6. Seismic risk analysis: procedure and application to Italian
territory

Seismic risk quantifies the potential damage of an asset located in a
specific region and for a time period. It is determined starting from three
factors, that are: the seismic hazard relating the ground motion intensity
im to the A (im); the asset vulnerability, expressed by its fragility curves;

]
1)

Yo = 211
Yedp(Brsrs.ceoz)
Yoy (Brsis.cez)

5 ”'p{.jf..'i rs.cce)
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and the exposure, describing the quality and quantity of the asset at risk
[74]. The latter may be expressed as a consequence function, providing a
Reconstruction Cost percentage (%RC) for each LS. In this study, the
consequence function provided into the Ministerial Decree n. 65 [75] is
adopted, derived from the reconstruction costs found in Dolce & Man-
fredi [76]. These values are reported in Table 11.

Usually, the parameter adopted for the seismic risk evaluation is the
Expected Annual Loss (EAL), quantifying the average annual loss
considering all the seismic action frequencies. It is provided from the
loss curve, depending on the damage probability curves P(LS = LS |IM)
derived from the fragility ones P(LS > LSx|IM) [77]. P(LS = LSx|IM)
identifies the probability of a certain damage, or LS, being reached at
specified intensity measure. The damage probability curves are
expressed with Eq. 28:

P(LS = LS|IM)

1— P(LS > LS |IM) k=0
= { P(LS > LS|IM) — P(LS > LS;4[IM) 0<k<n-—1 (28)
P(LS > LS|IM) k=n

where LSy is the k-th limit state, in which LS, correspond to the highest
limit state, i.e. Collapse Limit State (CLS), while LS, is the lowest limit
state, that is the Initial Damage Limit State (IDLS).

Once the P(LS =LSk|IM) is calculated, an economic loss curve
Lis(LS = LSk|IM) may be derived by multiplying the consequence
function (Table 11) to each damage probability curve (Eq. 28). It is
important to note that these curves are independent on the seismic
hazard of a specific site.

Subsequently, the economic loss curve Lis(LS = LS|y ) is the spe-
cific site exceedance annual rate Ay(im). Then, the EAL (Eq. 29) is
evaluated through the summation of the partial EALy, calculated as the
area below each economic loss curve [78]:

EAL = ;EAL,( = ; / Lis(LS = LSk|Ay ) o d Ay (29)

where Ay is the hazard law according in this study to the Bradley et al.
[15] formulation.

Fig. 21 reports the result of the seismic risk assessment carried out on
the Italian territory. In particular, in each grid point of the national
territory and for each CC, the EAL is calculated (Eq. 29) considering the
reliability-targeted capacity fragility curves obtained through
Yedp (Brs.cc) (Eq. 15), according to Bys cc (Table 8) and Bgg o (Table 9)
proposed. Also, Fig. 21 shows the corresponding EAL value (red dotted
line), derived by imposing that the capacity fragility curves satisfy the
target reliability indexes Bjg¢c derived in Sect. 4.5. To do this, the

22
Mean + Dev.Std.
2.15
:—i 2.11 .- o-x o- - -® .
2 * Mean '
2.05 :
i Mean-Dev.std.
5 § :
1 1.63 2 2.5 3
-'jf.."‘..( "
b)

Fig. 18. Target reliability factors for seismic action calibration: a) y,q, (Brsis.cca) sorted by ag 475 for all Italian grid points (green dots) and 7, 4 With 7o = 2.11 (blue

dots); b) mean values and standard deviation intervals of 7,4, (fscc) for both ULS (LSLS, CPLS) across four CCs.
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Fig. 19. Maps of target reliability factors for LSLS and CC2 over Italian territory: a) y.q, (Brsis.cco) ranging from approximately 1.8-2.4; b) overstrength-reduced

factor .4, (Pisis.cc2) With v = 2.11, ranging from 0.95 to 1.15.
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Fig. 20. Target reliability factors for DLS and CC2: a) map showing 7.4, (Bois.ccz) ranging from 0.90 to 1.15 over Italian territory; b) values sorted by accelera-

tion Qg 475-

Table 11
Consequence function correlating LS with economic losses expressed as per-
centage of Reconstruction Cost (%RC).

Limit state description Limit State %RC
Initial Damage IDLS 0%
Operativity OLS 7 %
Damage DLS 15%
Life Safety LSLS 50 %
Collapse prevention CPLS 80 %
Collapse CLS 100 %

convolution integral (Eq. 1) is used where the annual reliability index
corresponding to Py is required. It may be derived from the failure
probability P; corresponding to By cc (Table 8) and fgg e (Table 9)
proposed (Sect. 4.5) for t,; > 1 year (Eq. 11). Note that the CLS is not
considered in the analysis, since no target reliability index for this LS is
available. The EAL values result constant over the entire national ter-
ritory since they depend on capacity fragility curves satisfying site-by-
site the B¢ values for all the LSs considered. Therefore, starting
from a reliability-targeted seismic design, i.e. implying target reliability
indexes (B cc), a uniform seismic risk is obtained. As one may observe,
the EAL values (black dots) tend to stabilize more and more around the
corresponding EAL value from CC1 to CC4. It is also worth noting that in
Fig. 21a-d the EAL values are consistently lower than the EAL ones. This
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means that the closed-form formulation of y,q, (Biscc) (Eq. 15)leadstoa
more conservative approach for the seismic risk estimation.

Moreover, Fig. 22 compares the EAL values with the EAL* ones,
where the EAL* is calculated by considering an amplification factor,
constant over the Italian national territory, applied to the design spec-
trum according to the MPS-04 maps [60]. In particular, an amplification
factor yy; s equal to 1.0, 1.5 and 2.0 for ULSs (LSLS, CPLS), and y; equal
to 1.00 for SLSs (OLS, DLS) is assumed. In the case of the amplification
factor equal to 1.00 for both ULSs and SLSs the UHA is adopted. One may
note that the higher the amplification factor the lower the scatter with
respect to the EAL values. This means that, if a UHA is followed ac-
cording to the MPS-04 maps, that is the current NTC-18 approach [3],
the resulting seismic risk expressed in terms of EALs results always not
uniform over the national territory varying site-by-site and higher than
the uniform value obtained according to the target reliability indexes
Buws.cc and Pgrs cc proposed.

7. Conclusions

In this paper a reliability-based procedure for calibrating the design
seismic action of constructions was presented. The procedure is pro-
posed starting from the approach reported in FEMA [10] and found in
Cornell et al. [11] permitting to satisfy, for a given LS, a specific reli-
ability requirement expressed through a failure probability. Also,
starting from the current MPS-04 seismic hazard model, the procedure
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Fig. 22. Comparison of EAL under different design approaches: EAL* calculated with uniform amplification factors (yy;s= 1.0, 1.5, 2.0; y5;s= 1.0) applied to MPS-04
spectra versus target EAL from reliability-based approach, for CC1-CC4. (a-d) current UHA (yy;s = 1.0) showing non-uniform risk; (e-h) yy = 1.5; (i-1) yys= 2.0.

was applied to the Italian territory permitting to propose a
reliability-based seismic action not yet available in the current NTC-18
Italian standards. Consequently, the target reliability indexes figcc
were calibrated and the corresponding target reliability factors
Yedp (Brs.cc) were derived to obtain seismic action spectra from the ones

provided with the UHA for satisfying specific reliability requirements.
Since 7,q, (Brs.cc) is a seismic action multiplication factor, the proposed
procedure is consistent with a reliability-based design framework that
employs partial factors for construction designing against gravitational

and seismic loads.

18



M. Tatangelo et al.

Furthermore, an overstrength factor y, was introduced for taking
into account the overstrength reserve in constructions, achievable
through the partial factors. By quantifying the appropriate value of y,
would permit to correctly meet the reliability requirement for a given LS
and CC.

As far as the application on the Italian territory with the MPS-04
seismic hazard is concerned, the results obtained showed that sites with
low seismic hazard show a target reliability factor more dispersed than
the one obtained in sites with high seismic hazard. The proposed pro-
cedure yields average target reliability factors of 2.11 for ULS (LSLS and
CPLS) and 1.0 for SLS (OLS and DLS) across Italian territory by using the
MPS-04 hazard model. Mean target reliability indexes f; ¢ vary from
1.25 (LSLS-CC1) to 2.97 (CPLS-CC4) for ULS and —1.52 (OLS-CC1) to
—0.03 (DLS-CC4) for SLS.

Also, the seismic risk analysis highlighted that if a reliability-based
seismic design is adopted then also a uniform seismic risk is obtained.
On the contrary, if a UHA is followed according to the MPS-04 maps, the
EALs results not uniform over the national territory and higher than the
uniform value obtained according to the target reliability indexes
proposed.

It should be remarked that the results obtained are dependent on the
assumptions made in this study. Firstly, the seismic hazard is linearized
in a region of interest in log-log plane. As discussed, outside this region
this approximation may lead to an overestimation of seismic reliability.
Furthermore, representative fragility curves parameters widely used in
the literature are adopted, even though they may not fully capture the
variability due to different structural typologies (reinforced concrete,
masonry, steel, timber structures) and the epistemic uncertainties
involved in real seismic design and assessment. In addition, material
strengths were referred to mean values, while design standards are
generally based on nominal (or characteristic) values, so that the pro-
posed overstrength factor y, should be properly quantified to ensure that
reliability requirements are still satisfied. Finally, the calibration was
carried out with reference to the average values ;5 cc over the entire
Italian territory, although the adoption of specific fractiles may be more
appropriate in some cases. This choice, however, is strongly driven by
economic, social and political considerations that must align with the
requirements of the competent Authorities. These aspects may affect the
absolute numerical values of 7,4, (Biscc) although the general conclu-
sions on the benefits of the proposed procedure remain unchanged.

In future several applications may be made by applying the pro-
cedure proposed in this paper. Firstly, when the target annual failure
probability Py, is assigned for all LSs and CCs then the target reliability
indexes f;5 ¢ and the corresponding target reliability factors y,q4, (f1s cc)
may be derived.

Also, it should be noted that the procedure proposed was applied by
referring to the mean values of 5. across the Italian territory.
Therefore, the corresponding 7,4, (f1scc) maybe also derived starting
from a specific fractile of the §; ¢. Finally, further investigations should
be done in order to quantify the resulting overstrength factor y,, if partial
factors are used in the seismic design of constructions. Future applica-
tions should include the calibration of target reliability factors
depending on specific structural typologies reflecting, consequently, on
the seismic reliability.

The procedure proposed provides a practical probabilistic frame-
work for relevant authorities and engineers to define the seismic action
in a reliability-based design. Once the overstrength factor y, and the
target annual failure probability Py; are fixed, the corresponding
Yedp (Brs.cc) can be directly applied to generate site-dependent reliability-
based design spectra. By selecting these two parameters, designers can
guarantee the desired level of reliability across different sites with
different hazard levels. Therefore, y, and ﬁfl become essential for
applying a reliability-based seismic design framework.
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Notation

The following symbols are used in this paper:

C,D displacement capacity and demand;

C,D median displacement values of the capacity and demand fragility
curve;

edp engineering demand parameter;

im intensity measure;

Dle] standard normal cumulative distribution;

img, imy, median intensity measures corresponding to C and D;

Oln logarithmic values standard deviation of the fragility curve

lognormally distributed;

logarithmic values standard deviation of the SLS and ULS fragility
curves lognormally distributed;

logarithmic values standard deviation of the fragility curve
lognormally distributed for randomness and epistemic
uncertainties;

logarithmic values standard deviation of the ULS fragility curve
lognormally distributed for randomness and epistemic
uncertainties;

OIn SLS> Oln,ULS

OInR> Oln,U

OlnRSLSs Oln,USLS

Oln.R.ULS logarithmic values standard deviation of the SLS fragility curve
Oln.U.ULS lognormally distributed for randomness and epistemic

uncertainties;

u construction ductility;

a,b positive constants obtained from numerical regression of non-
linear analyses;

Ap, An drift demand and seismic hazard curves;

AHMPS—04 exceedance annual rate provided by MPS-04 hazard maps;

Tr return period;

Triscc return period for a certain LS and CC;

Trisuc return period for a certain LS and UC;

AH.475, AH.2475 annual exceedance probabilities, referring to a Ty of 475 and 2475
years;

ko, k1 positive constants representing the intercept and slope of iy in a
log-log plane;

constant, horizontal and vertical asymptotes of the hyperbola
seismic hazard curve;

o, AHasy, iMasy

tref reference period;

Vr reference period according to the Italian Standard;

Cy coefficient of use according to the Italian Standard;

Th fundamental period of response spectrum;

PGA peak ground acceleration;

ag peak ground acceleration on rigid soil;

Ag 475 peak ground acceleration on rigid soil referring to a Tg of 475
years;

Se(T1) pseudo-acceleration corresponding to the first vibration period
Ty

Se(T1)e» pseudo-acceleration of capacity and demand corresponding to the

Se(T1)p first vibration period T;

Se.4755 Se2475 pseudo-acceleration referring to a Tr of 475 and 2475 years;

RSS residual squared sum

R%,R% R coefficient of determination, and that maximum and minimum

Pg exceedance probability of the seismic action within t.;

Ppis exceedance probability of the seismic action within t, for a
certain LS;

Pgrsce exceedance probability of the seismic action within s for a
certain LS and CC;

Ppy, Py annual failure probability and the one in in a certain t.y;

Ppi1sce annual failure probability for a certain LS and CC calculated with
the seismic hazard law of Sewell, Toro, & McGuire [12]

13[] 1s.cC annual failure probability for a certain LS and CC calculated with
the seismic hazard law of Bradley et al. [15];

Py nets.cc2 annual target failure probability for NCLS and CC2;

P B annual reliability index and the one in in a certain t,;

B, B target annual reliability index and the one in in a certain t.;

P1 ncis.cc2 annual target reliability index for NCLS and CC2;

Prs.cc target reliability index for a certain LS and CC;

Puis.cor Psis.cc target reliability index for ULS and SLS for a certain CC;
r ratio between Py, ;5 cc calculated with the seismic hazard law of
Sewell, Toro, & McGuire [12] and Bradley et al. [15];

T, o7 mean and the standard deviation of the ratio values r; calculated
on the entire Italian national territory;
Yedp safety factor

safety factor for ULS and SLS
target reliability factor corresponding to §; and

Yedp,ULS> Yedp,SLS

Yedp (ﬁl ) Vedp (ﬁ)

Yo overstrength factor

(continued on next page)
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(continued)

y'edp B target reliability factor corresponding to f for partial factor
method

Yeap (Brncisce2) target reliability factor corresponding to £, yeis cca

fre (ko~k1 i J’edp) objective function for k¢ and k;

%RC reconstruction cost

Lis economic loss curve

EAL expected annual loss

EAL EAL derived with the by imposing that the fragility curves satisfy
the target reliability indexes f;g ¢

YuLss ¥sis amplification factor of response spectrum for ULS and SLS

EAL* EAL calculated by considering a constant value of amplification

factor yy; s and ygg
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