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Summary

In seismic risk assessment of structures, fragility functions are the probabilistic

characterization of vulnerability at the component and/or structural level,

expressing the probability of failure as a function of a ground motion intensity

measure (IM). Fragility curves, in general, are structure- and site-specific, thus

a comparison of fragility curves, then of vulnerability, is not straightforward

across multiple structures. Also, it could be the case that hazard at a site of

interest is not available for the IM originally considered in the fragility assess-

ment. These situations require to convert fragility curves from an original IM

to a target one. The present study addresses a hazard-consistent probabilistic

framework for converting spectral acceleration-based IMs from an original IM

to a target IM at a given site. In particular, three conversion cases, under differ-

ent assumptions on the explanatory power of the involved IMs with respect to

structural failure, are discussed: (a) a vector-valued IM consisting of the origi-

nal and target IMs, magnitude, and source-to-site distance; (b) a vector-valued

IM consisting of the original and target IMs; and (c) the original (scalar) IM

only, assuming that structural response, given the IM, is statistically indepen-

dent of the other ground motion variables. In this framework, the original fra-

gility functions are characterized using the state-of-the-art methods in

performance-based earthquake engineering, then the fragility curves as a func-

tion of the target IM are evaluated through applications of the probability cal-

culus rules, ensuring consistency with the seismic hazard at the site of interest.

The conversion strategy is illustrated through the applications to three-, six-,

and nine-story Italian code-conforming reinforced concrete buildings designed

for a high-hazard site in Italy. The study shows that, in most of the cases, the

converted fragility curves have agreement with the reference curves directly

developed in terms of the target IM. Cases in which least agreement was found

are likely due to the models used to obtain the terms required by the conver-

sion equations.
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1 | INTRODUCTION

Probabilistic seismic risk assessment of structures evaluates the rate of earthquakes capable of causing structural
failure. As an application of the total probability theorem, the failure rate is obtained by integrating seismic fragility
and seismic hazard, both expressed in terms of the same ground motion (GM) intensity measure (IM) serving as a
link between the two probabilistic models. The choice of the IM to be employed in the risk analysis is mainly deter-
mined by some desired properties, eg., sufficiency, efficiency,1 and scaling robustness,2 besides hazard computability,3

which is always necessary. A sufficient IM is defined as one that yields structural response, given IM, statistically
independent of earthquake magnitude and source-to-site distance, while an efficient IM is defined as one that pro-
vides a comparatively low conditional record-to-record variability of structural response. With respect to scaling
robustness, it is desirable to employ an IM which leads to unbiased structural response under scaled GM records
compared with the results from as-recorded GMs. Hazard computability refers to the possibility of deriving a hazard
curve in terms of that IM.

IMs for fragility assessment have been extensively investigated in research. Time-domain peak GM characteris-
tics, such as peak ground acceleration (PGA), are classic IMs still widely used in practice because developed seismic
hazard models are typically expressed in terms of these IMs. Currently, elastic spectral acceleration at the first mode
vibration period of the structure, Sa(T), is the most common IM. This is supported by studies which claim that it is
usually more efficient than PGA and sufficient in several practical cases.4 Nonetheless, other studies have discussed
that Sa(T) can be neither efficient nor sufficient in specific situations.1,5 Advances with respect to Sa(T) include
vector-valued IMs or, in general, spectral-shape-based IMs.6-10 Some other studies also explored IMs based on
nonlinear structural response of simple systems,2 yet the usage of those advanced IMs, both scalar and vector-val-
ued, is still not widespread in practice.

Particularly in seismic risk assessment for a portfolio of multiple structures, it is needed to opt for an IM (or a set of
IMs), which meets the desired IM properties for each structure. Although a seismic reliability comparison should be
made in terms of annual failure rate computed with structure-specific IMs, it could be still needed to translate fragilities
into a target IM, for example, in one of the following situations: (a) hazard is available only in terms of a particular IM
(eg, PGA11) or desirable to be expressed with a single IM which is different from the IM originally used for the fragility
of an individual structure (eg, for a large portfolio of heterogenous buildings across a region);12,13 (b) it is needed to
compare relative seismic vulnerability among structures excluding the hazard effects from the comparison;14-16 and (c)
it is expected to reassess fragilities after performing structural response analyses with a given IM (eg, in system analysis
of large infrastructures conventionally using PGA).17,18 To address these issues, some studies discuss the IM conversion
of fragility curves. For example, Ohtori and Hirata19 explored the IM conversion from spectral velocity at the first mode
vibration period of a structure to PGA based on the first-order second-moment approximation,20 although the relation-
ship between original and target IMs is not fully characterized with respect to site's hazard. Michel et al14 convert fragil-
ity curves between spectral accelerations at different periods, yet consistency of the proposed approach with the rules of
probability calculus is not clear.

Extending preliminary research on the subject,21 the study presented herein addresses a probabilistic framework for
converting spectral acceleration-based IMs of seismic fragility curves. In particular, possible conversion cases under dif-
ferent assumptions on the explanatory power of the concerned IMs are explored. The fragility curve of a structure in
terms of the target intensity (IM2) is obtained through hazard-consistent conversion of a fragility function derived from
structural response given the original intensity (IM1). The probabilistic framework considers three different cases about
the IMs involved: (a) a vector-valued IM consisting of IM1, IM2, magnitude (M), and source-to-site distance (R), that is,
{IM1,IM2,M,R}; (b) a vector-valued IM consisting of IM1 and IM2, that is, {IM1, IM2}; and (c) the original IM1, which is
supposed to be a sufficient IM, not only with respect to M and R, but also with respect to IM2.

The IM conversion is performed using the equivalent single-degree-of-freedom (ESDoF) systems for multiple-story
Italian code-conforming reinforced concrete (RC) buildings. All the original fragility functions are obtained with the
state-of-the-art methods for structural response analysis within the Performance-Based Earthquake Engineering (PBEE)
framework:22 eg, the multiple-stripe analysis (MSA) method,23 with hazard-consistent record selection based on the con-
ditional spectra24 (CS). For the sake of hazard computability, the original IM herein is the spectral acceleration at a
period close to the fundamental period of the corresponding structure, and the structural response data are used to per-
form the IM conversion when IM2 is (a) PGA or (b) the spectral acceleration at a period larger than that of the original
IM. For comparison, a reference fragility curve expressed in terms of IM2 is also evaluated performing nonlinear
dynamic analyses (NLDAs) using records selected directly considering IM2 as the (original in this case) IM.
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The remainder of the paper is structured such that the next section introduces the framework for converting fragility
curves, followed by the models for estimating seismic fragility adopted in the study. In particular, regression models,
involving the original and target IMs and magnitude and distance metrics, are used for the original fragility assessment.
The next section describes the examined IM conversions including the structural models and seismic hazard under con-
sideration. The results of the original fragility assessment of the examined structures, and site-specific seismic hazard
terms, are then discussed. Subsequently, reference fragilities, whose parameters are estimated via a maximum likeli-
hood estimation approach, are described. Finally, the results of the converted fragility curves for all IM conversion con-
ditions/cases are addressed. Notable remarks conclude the study.

2 | METHODOLOGY

This section introduces the probabilistic framework for converting IMs of seismic fragility curves. In what follows, it
is assumed that structural fragility, in terms of the original IM1, is obtained through NLDA and that the analyst
aims at converting the fragility in terms of the target IM2 without further structural response analyses. The IM con-
version involves probabilistic modelling of conditional seismic hazard and fragility, through which the fragility in
terms of the target IM2 is evaluated. In particular, this study addresses the conversion between spectral-acceleration-
based IMs, considering three conversion cases under different assumptions on the variables involved. The following
provides the conversion equations as well as the products from probabilistic seismic hazard analysis (PSHA)
required in the conversion.

2.1 | Conversion equation

Assuming that the probability of failure (denoted as F) conditional to the joint occurrence of IM1 and IM2, P[F|
IM1 = x \ IM2 = y], is available for a structure assumed to be located at a site of interest, the probability of failure given
a certain (y) value of IM2, that is P[F| IM2 = y], can be computed as per Equation (1) based on the total probability theo-
rem as follows:

P FjIM2 = y½ �=
ð
IM1

P FjIM1 = x\ IM2 = y½ ��f IM1jIM2
xjyð Þ�dx, ð1Þ

where f IM1jIM2
is the conditional probability density function (PDF) of IM1 given IM2, in one earthquake of unspecified

other characteristics.
The term P[F| IM1 = x \ IM2 = y] is a fragility surface evaluated through structural analysis, while f IM1jIM2

is com-
puted via the tools of PSHA.25,26 Because PSHA typically considers earthquake magnitude and source-to-site distance
as random variables (RVs), Equation (1) should be further extended to Equation (2) as follows:

P FjIM2 = y½ �=
ð
IM1

ð
M

ð
R

P FjIM1 = x\ IM2 = y\M =w\R= z½ ��f IM1,M,RjIM2
x,w,z j yð Þ�dz�dw�dx

=
ð
IM1

ð
M

ð
R

P FjIM1 = x\ IM2 = y\M =w\R= z½ ��f IM1jM,R,IM2
x jw,z,yð Þ�f M,RjIM2

w,z j yð Þ�dz�dw�dx:
ð2Þ

In the equation, P[F| IM1 = x \ IM2 = y \ M = w \ R = z] is the failure probability conditional to the joint
occurrence of {IM1,IM2,M,R}; f IM1,M,RjIM2

is a site-specific function that can be seen as the product of two PDFs:
f IM1 M,Rj ,IM2

and f M,R IM2j . As discussed in the following, the former can be obtained from a GM prediction equation
(GMPE) considering the statistical dependency between IM1 and IM2 conditional to M and R, that is, via conditional
hazard,26 which is factually equivalent to vector-valued PSHA.27 The latter is computed through seismic hazard disag-
gregation28 that provides the probability (density) of a certain M and R scenario given the occurrence of IM2 = y. Equa-
tion (2) yields the failure probability conditional only to the target IM by marginalizing out the other three variables
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from the fragility function. It can be considered the framing equation as it involves all the basic RVs entering the con-
version problem.

2.2 | Conversion using a vector-valued IM consisting of IM1 and IM2

If the hypothesis that the vector-valued IM, {IM1, IM2}, is sufficient cannot be rejected, then structural response given
the IM can be considered, by definition, statistically independent of M and R. This means that these variables have neg-
ligible influence in predicting the structural response, ie, P[F| IM1 = x \ IM2 = y \ M = w \ R = z] = P[F|
IM1 = x \ IM2 = y]. Hence, Equation (2) reduces to

P F IM2 = yj½ �=
ð
IM1

P F IM1 = x\ IM2 = yj½ ��
ð
M

ð
R

f IM1jM,R,IM2
x jw,z,yð Þ�f M,RjIM2

w,z j yð Þ�dz�dw�dx, ð3Þ

which is identical to Equation (1). This conversion equation, considering a two-parameter-vector-valued fragility func-
tion, is useful in case additional consideration of IM2 helps to improve efficiency in structural response assessment, as
discussed in the studies endorsing the use of vector-valued IMs for seismic risk assessment of structures.

2.3 | Conversion using a single intensity measure: IM1

If the original IM1 is a sufficient IM not only with respect to magnitude and distance but also with respect to IM2, Equa-
tion (3) can be further simplified as per Equation (4) as follows:

P F IM2 = yj½ �=
ð
IM1

P F IM1 = xj½ ��
ð
M

ð
R

f IM1jM,R,IM2
x jw,z,yð Þ�f M,RjIM2

w,z j yð Þ�dz�dw�dx: ð4Þ

In the equation, P[F|IM1 = x] is the original fragility curve of the structure. Note that the case of nonsufficient IMs, in
principle, can be addressed by hazard-consistent record selection, such that the simplified equations presented in this
section can still be applied.

The multi- or single-variable fragility functions in Equations (2) to (4) can be derived via a numerical approach,
which one can choose from a variety of methods for assessing probabilistic seismic fragility. For the sake of generality
of the conversion framework, the fragility evaluation models considered particularly in this study will be separately
introduced in Section 3.

2.4 | Hazard conversion terms

This subsection describes the procedures to characterize the terms that depend on the probabilistic seismic hazard of
the site in the IM conversion equations, Equations (2) to (4), that is, the probability distributions conditional to the tar-
get IM2, f IM1 M,Rj ,IM2

and f M,R IM2j , corresponding to the second and third integrands, respectively.
The calculations to obtain the PDFs of IM1 conditional to IM2 and a specific magnitude-distance scenario,

f IM1 M,Rj ,IM2
, have been discussed in previous research.6,26 Given that GMPEs exist for the two IMs, the following equa-

tions hold:

lnIM1 = μlnIM1jM,R + σlnIM1 �εlnIM1

lnIM2 = μlnIM2jM,R + σlnIM2 �εlnIM2

(
, ð5Þ

where μlnIM1jM,R μlnIM2jM,R

h i
is the mean of the logarithm of IM1 [IM2] conditional to a certain magnitude-distance sce-

nario {M,R}, σlnIM1 σlnIM2½ � is the standard deviation of the logarithm of IM1 [IM2], and εlnIM1 εlnIM2½ � is a standard normal
variable, also known as standardized residual. Equation (5) typically allows to assume that the two IMs are (marginally)
lognormally distributed conditional to {M,R}.
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Under the assumptions that the logarithms of the two IMs, conditional to magnitude and source-to-site distance,
are jointly-normal, then the conditional distribution f IM1 M,Rj ,IM2

is the PDF of a lognormal RV. Conditional to the target
IM2, magnitude, and distance, the parameters of the Gaussian distribution associated to f IM1 M,Rj ,IM2

are

μlnIM1 lnIM2,M,Rj y,w,zð Þ= μlnIM1jM,R w,zð Þ+ ρlnIM1,lnIM2
�σlnIM1 �

lny−μlnIM2jM,R w,zð Þ
σlnIM2

σlnIM1 lnIM2j = σlnIM1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−ρ2lnIM1,lnIM2

q
8>><
>>: , ð6Þ

where μlnIM1 lnIM2j ,M,R is the mean value of lnIM1 given the joint occurrence of {IM2 = y,M = w,R = z}. The correlation
coefficient ρlnIM1,lnIM2

can be obtained, for example, from literature studying the correlation between spectral
acceleration values at different periods.29 The other term depending on the hazard, namely, the conditional distribution
f M,R IM2j , can be computed via hazard disaggregation.

3 | FRAGILITY ASSESSMENT

The fragility functions in the integrals on the right-hand sides of Equations (2) to (4) can be obtained through NLDA
using a numerical model of the structure and a set of GM records. There is a variety of structural analysis methods to
obtain the relationship between a specific IM and a structural response measure, ie, an engineering demand parameter
(EDP). Common approaches in earthquake engineering research are cloud analysis,30 incremental dynamic analysis
(IDA),31 and MSA. The cloud method requires performing dynamic analysis using a set of unscaled GM records col-
lected so as to cover wide ranges of the concerned IMs. IDA collects EDP values under a single set of GM records incre-
mentally scaled up to a certain IM value. The MSA method also involves dynamic analyses at multiple IM levels, yet it
employs different record sets selected consistently to the hazard disaggregation results for each IM level ( stripe), ie, it is
hazard-consistent record selection. Among those, (unscaled) cloud analysis and MSA methods can be used to model the
fragility term in Equation (2), which can be further simplified either to Equations (3) or (4) depending on the explana-
tory power of the selected IM. IDA using scaled records can be also an option. However, the sufficiency of the IM is
needed, as hazard-consistency is generally not warranted at all IM levels using a single set of GMs, which IDA usually
entails. Nonetheless, converted fragilities resulting from any conversion equations, Equations (2) to (4), are site-specific
because of the hazard terms therein as described in Section 2.4.

Fragility modelling strategies for various structural analysis methods have been comprehensively discussed in litera-
ture.7,32 From a statistical inference perspective, fragility assessment approaches can be broadly classified into paramet-
ric and nonparametric, depending on whether a parametric probabilistic model is assumed to describe structural
fragility. Following a parametric approach, supposing that structural failure is the exceedance of a certain performance
threshold in terms of an EDP of interest (edpf), that is, F ≡ EDP > edpf, log-linear regression models can be employed to
determine the relationship between the EDP and the IM. In case the considered IM is {IM1,IM2,M,R}, for example, the
logarithm of the EDP can be given in the form of Equation (7):6,7

ln EDP= ln �EDP+ ηlnEDP = β0 + β1 � lnx+ β2 � lny+ β3 �w+ β4 � lnz+ ηlnEDP, ð7Þ

where ln �EDP is the conditional mean given the explanatory variables {IM1 = x,IM2 = y,M = w,R = z},
{β0, β1, β2, β3, β4, ση} are regression parameters, and ηlnEDP is the regression residual.

The model defined by Equation (7) is equivalent to assuming a lognormal distribution of EDP conditional to
{IM1,IM2,M,R}, with the mean equal to β0+β1�lnx+β2�lny+β3�w+β4�lnz and standard deviation ση. Then, the proba-
bility of EDP exceeding edpf, conditional to {IM1,IM2,M,R}, can be given by Equation (8), where Φ(•) is the stan-
dard normal cumulative distribution function as follows:

P F IM1 = x\ IM2 = y\M =w\R= zj½ �=1−Φ
ln edpf − ln �EDP

ση

 !
: ð8Þ

It should be noted that there are some disadvantages in estimating a fragility function through linear regression as
some assumptions can be inappropriate when nonlinear structural response is concerned; see Baker.7 In case of
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performing MSA, the fragility function can be modelled fitting a regression at each IM1 stripe, which can help at least
to reduce some of these problems. Although this option is not considered in this study, relevant issues will be altogether
discussed later in the application.

Another issue that often arises in structural fragility analysis is that the numerical model of the structure does not
yield meaningful EDP values in cases of numerical instability or collapse according to the definition of Shome and Cor-
nell.4 However, in such cases, one can account for the contribution from collapse cases through a logistic regression
model in addition to the linear regression model from noncollapse (NC) cases defined by Equation (7). In particular, a
binary variable, C, is set equal to 1 if the collapse of the structure is observed, and 0 otherwise (ie, NC).6,33 In this case,
the probability of collapse can be evaluated as follows:

P C IM1 = x\ IM2 = y\M =w\R= zj½ �= exp β0,L + β1,L � lnx+ β2,L � lny+ β3,L �w+ β4,L � lnz
� �

1+ exp β0,L + β1,L � lnx+ β2,L � lny+ β3,L �w+ β4,L � lnz
� � , ð9Þ

where β0,L, β1,L, β2,L, β3,L, and β4,L are logistic regression coefficients. The probability of failure given a vector-valued
IM, that is, {IM1,IM2,M,R}, can be then reformulated considering the contributions from both NC and collapse data
through Equations (8) and (9), respectively; ie, an application of the total probability theorem as follows:

P F IMj½ �=P C IMj½ �+ P EDP> edpf NC, IMj
h i

� 1−P C IMj½ �ð Þ: ð10Þ

4 | INVERSTIGATED CONVERSIONS AND STRUCTURAL MODELS

4.1 | Structures, sites, conversions

IM conversions under various conditions were explored with respect to different combinations of Sa-based IMs and
structural performance levels (PLs). To this aim, this study considered a series of multiple-story RC frame buildings
designed according to the current Italian design code (Norme Tecniche per le Construzioni; NTC).34,35 The buildings
under consideration were taken from those designed, modelled, and analyzed in the Rischio Implicito Norme Tecniche
per le Construzioni (RINTC) project,36 which had assessed the failure risk of new buildings with a variety of structural
types/configurations and seismic hazard levels of the construction sites.

Among the structures considered in the RINTC project, this study examined three-, six-, and nine-story (3st, 6st, 9st)
RC moment-resisting frame (MRF) buildings featuring three different structural configurations (ie, bare-, infilled-, and
pilotis-frames, hereafter denoted as BF, IF, and PF, respectively; Figure 1A). Seismic design of these buildings refers to
the site of L'Aquila (central Italy) on the local soil condition C (according to Eurocode 8 classification).37 The

(A) (B)

FIGURE 1 Examples of case study reinforced concrete (RC) buildings: (A) three-dimensional (3D) model and (B) static pushover (SPO)

curves for the six-story [6st] pilotis-frame (PF) (after Suzuki and Iervolino)16,21

612 SUZUKI AND IERVOLINO



fundamental vibration periods of the considered buildings are approximately in the range between 0.3 and 2.0 seconds.
For PSHA purposes, the following five periods, T= {0.15s, 0.5s, 1.0s, 1.5s, 2.0s}, were selected first, then the spectral accel-
eration at the closest period to the fundamental vibration periods of the structure among the five was defined as IM1.

The IM conversions of the fragility curves were performed with respect to the exceedance of two PLs: usability-
preventing damage (UPD) and global collapse (GC). Particularly, when conversions between Sa-based IMs are of con-
cern, it is expected that whether the period of the target IM2 is smaller or larger than that of the original IM can have
an effect (see the discussion in Baker about interaction of IMs).7 To examine the generality of the discussed approaches
beyond any specific pairs of IMs, this study explored: (a) the conversion from IM1 ≡ Sa(T) to IM2 ≡ PGA for all nine
buildings and (b) only for the 6st IF building whose IM1 is Sa(0.5s), the conversion from IM1 ≡ Sa(T) to a spectral accel-
eration at each of the three discrete periods larger than 0.5 seconds, ie, T = {1.0s, 1.5s, 2.0s}. In summary, this study con-
sidered 12 conversions for each of the two PLs (Table 1).

4.2 | Structural models

The nine RC buildings under consideration are all intended for residential use. According to NTC, their seismic design
refers to damage limitation and life-safety limit states corresponding to a design GM (ie, uniform-hazard spectrum)38

with 50- and 475-year exceedance return periods (TR), respectively. Each building is a 5 × 3 bays MRF characterized by
regularity in plan and elevation, a floor area of 21.4 × 11.7m2, and story heights of 3.05 m (except the ground floor
which is 3.4 m in height). The RC frames include knee-joint beams designed to support the staircases. From a design
point of view, the structural members of BF and IF are identical in dimensions and reinforcement detailing (ie, the dif-
ference lies in the presence of infills) while the vertical structural members at the ground floor of PF were strengthened
to account for the infill reduction, as per the code requirements. Seismic design was performed by means of modal
response spectrum analysis considering by a behavior factor37 equal to 3.9. For more details on design and modelling,
see Ricci et al.36

To reduce the computational complexity in seismic response analysis for fragility evaluation, this study utilized the
ESDoF systems whose structural responses were available from previous studies.16* They were calibrated based on the
static pushover (SPO) curve of the original three-dimensional (3D) structural models, both constructed in OpenSees.39

The ESDoF properties, such as equivalent mass m*, vibration period T*, viscous damping ratio ξ* (5%), and the charac-
terizations of the hysteretic behavior for an idealized multi-linear backbone curve, were calculated for each structure
according to Fajfar40 in conjunction with the backbone-fitting criteria in Baltzopoulos et al.41 Each ESDoF system fea-

tures the following backbone parameters: yield strength and displacement F*
y ,δ

*
y

� �
, post-yielding hardening and soften-

ing ratio (ah, ac), capping ductility μc = δ*c=δ
*
y

� �
, the ratio of the residual strength to the yield strength rp =F*

p=F
*
y

� �
,

and the failure ductility μGC = δ*GC=δ
*
y

� �
.

Following the general failure criteria adopted in the RINTC project, this study defined the GC ductility so that it cor-
responds to 50% strength deterioration with respect to the maximum base-shear of the SPO curve for each horizontal
direction. The UPD failure ductility μUPD = δ*UPD=δ

*
y

� �
, considered for the IFs and PFs, was determined by the occur-

rence of the first among three conditions: (a) the attainment of the maximum lateral resistance in 50% of the masonry

TABLE 1 IM conversions under consideration

PL UPD, GC

Stories 3st 6st 9st 6st

Config. BF IF PF BF IF PF BF IF PF IF

IM1 ≡ Sa(T) 1.0 s 0.15 s 0.5 s 1.5 s 0.5 s 0.5 s 2.0 s 1.0 s 1.0 s 0.5 s 0.5 s 0.5 s

IM2 ≡ Sa(T) 0 s (PGA) 1.0 s 1.5 s 2.0 s

Abbreviations: BF, bare-frame; GC, global collapse; IF, infilled-frame; IM, intensity measure; PF, pilotis-frame; PGA, peak ground acceleration; PL,
performance level; UPD, usability-preventing damage; 3st, three-story; 6st, six-story; 9st, nine-story.

*Note that such approximation does not affect the generality of the conversion equations.
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infills, (b) the attainment of a 50% strength reduction from the maximum resistance at the member level in at least one
masonry infill, and (c) the attainment of 95% of the maximum base-shear of the structure. As regards the BFs, the UPD
PL was defined as the exceedance of the deformation capacity corresponding to the (roof) drift ratio of 0.5%.

As an example, Figure 1B illustrates the tri-linear backbones in the two horizontal directions for the 6st PF building
(the directions X and Y indicated in Figure 1A), which lead to two uncoupled ESDoF systems for each structure
(to follow). In the figure, each backbone of the ESDoF systems is compared with the SPO curve of the original 3D struc-
tural model scaled by the modal participation factor of the first-mode vibration, Γ. For the given SPO parameters of
each system, a moderately pinching, peak-oriented hysteretic behavior without any cyclic stiffness/strength deteriora-
tion42 was applied. Model parameters, including the yielding spectral acceleration at the equivalent vibration period,
Say T*
� �

=F*
y=m

* , are summarized for the considered nine RC buildings in Table 2. For more detailed information on
ESDoF modelling, see Suzuki et al43 and Suzuki.44

5 | ANALYSIS

Original fragilities were obtained by means of MSA performed in terms of IM1 for the described ESDoF systems. The
GM record selection and the number of stripes were defined according to the RINTC project approach. In particular,
10 Sa(T) values, corresponding to the exceedance return periods TR = {10,50,100,250,500,1000,2500,5000,10000,100000}
years, were considered according to the probabilistic seismic hazard of L'Aquila (no larger return periods were consid-
ered so as to avoid large extrapolations). The record selection was hazard-consistent by means of the CS method24 col-
lecting 20 GM records for each level of IM1 (as defined in Table 1; for further details, see Iervolino et al15). In principle,
this procedure should render the sufficiency issue of the chosen IM irrelevant; however, because of practical constraints
of selection, this may not always be perfectly the case.† Therefore, for each structure, this study explored all three con-
version equations given in Section 2.

TABLE 2 Dynamic and static pushover parameters of the ESDoF systems

Config. Dir. T*, s m*, ton Γ Say(T
*), g ξ*, % F*

y , kN δ*y, m ah μc ac rp μUPD μGC

3st BF X 0.68 534 1.30 0.51 5 2668 0.06 0.003 7.0 −0.11 0.51 0.62 11.4

Y 0.69 543 1.29 0.49 5 2600 0.06 0.006 5.8 −0.12 0.52 0.64 10.2

3st IF X 0.30 580 1.26 0.54 5 3059 0.01 0.07 4.6 −0.02 0.90 1.20 50.2

Y 0.33 590 1.25 0.76 5 4422 0.02 0.04 3.1 −0.10 0.75 1.66 17.1

3st PF X 0.47 730 1.09 0.58 5 4119 0.03 0.01 6.4 −0.03 0.61 1.31 23.5

Y 0.50 731 1.09 0.66 5 4754 0.04 0.01 2.6 −0.04 0.60 1.21 11.8

6st BF X 1.13 1177 1.31 0.25 5 2923 0.08 0.01 7.5 −0.15 0.54 0.88 11.0

Y 0.87 1147 1.33 0.35 5 3941 0.07 0.02 5.1 −0.08 0.59 1.05 11.4

6st IF X 0.57 1230 1.30 0.29 5 3485 0.02 0.03 4.7 −0.03 0.90 2.71 33.6

Y 0.54 1247 1.30 0.43 5 5269 0.03 0.09 3.1 −0.07 0.86 1.98 17.6

6st PF X 0.65 1401 1.26 0.27 5 3671 0.03 0.01 9.0 −0.02 0.66 2.51 30.0

Y 0.57 1251 1.33 0.37 5 4581 0.03 0.17 2.2 −0.03 0.67 1.77 17.9

9st BF X 1.86 1774 1.31 0.14 5 2423 0.12 0.01 7.3 −0.10 0.56 0.87 11.4

Y 1.68 1725 1.34 0.16 5 2707 0.11 0.02 7.8 −0.08 0.68 0.91 12.9

9st IF X 0.78 1728 1.31 0.17 5 2936 0.03 0.03 4.7 −0.02 0.85 2.64 48.8

Y 0.84 1695 1.36 0.22 5 3589 0.04 0.12 2.6 −0.02 0.56 1.75 28.1

9st PF X 0.87 2012 1.30 0.16 5 3140 0.03 0.02 4.2 −0.02 0.89 2.42 40.2

Y 0.89 1853 1.33 0.21 5 3859 0.04 0.002 9.0 −0.02 0.62 1.47 28.9

Abbreviations: BF, bare-frame; ESDoF, equivalent single-degree-of-freedom; IF, infilled-frame; PF, pilotis-frame; 3st, three-story; 6st, six-story; 9st, nine-story.

†Potential hazard-inconsistency over different spectral ordinates can be improved with more advanced methods such as the modified conditional
spectra (CS)–based method conditioned on average spectral acceleration (CS-aveSa45).
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The demand-over-capacity (D/C) ratio of the displacement was considered as the EDP for both the two PLs such
that edpf = 1 in all cases (hereafter, the EDPs for UPD and GC are denoted as D/CUPD and D/CGC, respectively). Struc-
tural responses in the two horizontal directions were examined independently. This means that, in MSA, two
uncoupled ESDoF systems for each structure were individually excited by two horizontal components of a GM record
scaled to a certain IM level, then the larger D/C ratio of the two ESDoF systems was considered as the response. As an
example, Figure 2A,B shows the mean spectra of the GM records for the ten stripes and the obtained collapse D/C ratios
(D/CGC) against IM1 and IM2 for the 6st PF building (shown in Figure 1A,B), for the case when the target IM2 is PGA.
In this case, MSA was performed up to Sa(0.5s) equal to 7.64 g, which corresponds to the largest return period of
exceedance considered. For each Sa(0.5s) stripe, the response data corresponding to the failure cases are denoted with
specific markers and figures, and the total number of the observations is provided in Figure 2B.

Because, even for the same structure, the assessment of the original fragility needs to be performed for each pair of
{IM1, IM2}, the following discusses the fragility results separately for the IM conversions to PGA and for those to spec-
tral acceleration at a larger period than that of the original IM.

5.1 | Fragility assessment for PGA as the target IM

This subsection discusses original fragilities when IM2≡ PGA. Multiple linear regression analyses were performed via
Equation (7) using the EDP response data obtained from MSA (eg, Figure 2B). For each structure and each PL, the lin-
ear regression models involving (a) {IM1,IM2,M,R}, (b) {IM1, IM2}, and (c) IM1 only, were obtained.

‡ In fact, these linear
regression models varying the candidate variables were also used to examine the explicative power of the IMs with
respect to structural response and then failure. In particular, evaluations were made based on the coefficients of the
regression (related to the sufficiency of the IM) and the standard deviation of the regression residuals, ση (related to the
efficiency of the IM).23,33 To this aim, the regression analysis using {IM1,M,R} was additionally performed via Equation
(7) to examine the predictive power of IM1 for each conversion case.

Table 3 provides the regression results for the three IM cases with respect to the GC and UPD PLs, as well as those
for the additional IMs. In all considered cases, the joint consideration of all four variables resulted, as expected, in the
lowest ση values. Nonetheless, IM1 alone generally provided ση values comparable with the vector-valued IMs, showing
its efficiency (ie, 3st PF, 6st IF/PF, and all 9st frames). In such cases, IM1 appeared to have a relatively large explicative
power, which is supported by the regression models considering {IM1,M,R}, that is, comparable ση values with those of
the simple regression models using IM1, and small regression coefficients for magnitude and distance (since the regres-
sion coefficients in the table tell changes in terms of logarithm of the EDP due to a unit change in each variable, the lat-
ter was also confirmed through standardized regressions eliminating the unit scale problem).

(A) (B) (C)

FIGURE 2 Results of original fragility assessment: (A) mean spectra of ground motion (GM) records, (B) collapse D/C ratios against

the two intensity measures (IMs), and (C) collapse fragility surface using {IM1, IM2}

‡It should be noted that, as a possible alternative to fit the fragility functions, logistic regression analyses were also performed; however, the log-linear
model setting the engineering demand parameter (EDP) values equal to 1 was found more effective to assess the global collapse (GC) fragility
functions in these cases.
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However, there are a few exceptional cases. For the 3st and 6st BFs, the regression results suggest that the two-
parameter model {IM1, IM2} may be the best choice among the options investigated. For each structure, the two-
parameter model's ση was comparable with that of the four-parameter regression model, while it was reduced by more
than 15% with respect to the regression model using IM1. The use of {IM1, IM2} improved the performance of the model
with respect to IM1, possibly because these structures have their T* periods relatively apart from that for Sa(T) at least
in one horizontal direction (see Table 2). Another exception is, as expected, the case of 3st IF: the estimates of the
regression coefficients for IM1 resulted to be negative, possibly because of the correlation of the IMs in one seismic
event. The trends discussed above were observed regardless the PL considered.§

Based on the regression results, fragility functions were derived using Equations (7) and (8). As an example,
Figure 2C illustrates the computed GC fragility surfaces using {IM1, IM2} for the 6st PF building (in Figures 1 and 2A,B.
It can be seen that the failure probability increases principally with IM1 with respect to IM2.

5.2 | Fragility assessment for spectral acceleration as the target IM

This subsection presents the results of the fragility assessment for converting the IM of fragility from IM1 ≡ Sa(0.5s) to
spectral acceleration at a larger period, IM2 ≡ Sa(T) 8 T = {1.0s, 1.5s, 2.0s}. Table 4 provides the multiple regression
results of D/CUPD and D/CGC for these conversion cases. Generally, it is observed that {IM1, IM2} reduces ση by approxi-
mately 20% from that estimated by the regression model considering IM1 only. No significant change in ση, between
the four- and two-parameter regression models, supports the conclusion on the relatively large predictive power of
{IM1, IM2}.

It should be noted that, when IM2 is the spectral acceleration at a period larger than the fundamental period of the
structure, one challenge is to appropriately model the interaction, if any, between IM1 and IM2 in a linear regression.
For example, as discussed in Baker,7 structural response can be less sensitive to IM2 at low IM1 levels when the struc-
ture behaves in the linear range, while the sensitivity of structural response to IM2 (or practicality

47 of IM2) increases at
large IM1 levels: ie, in the nonlinear range.

As a matter of fact, the multiple linear regression results in the table show that the regression coefficients
corresponding to the four explanatory variables remain almost the same between the UPD and GC performance levels
and only the intercept β0 shifts. This means that the difference in the corresponding EDP, due to one unit increase of
each explanatory variable, does not change. To handle this issue, this study also attempted some alternative solutions,

§This study also examined the sufficiency and efficiency of the candidate intensity measures (IMs), ie, four- and two-term vector-valued IMs and the
original IM, by the approach set forth by Luco and Cornell.46 Similar results on the explanatory power of the candidate IMs as those described were
observed.

TABLE 4 Multiple regression analysis results of the original fragility assessment (IM1 ≡ Sa(0.5 s) and IM2 ≡ Sa(T > 0.5 s))

Config.

PL UPD, D/CUPD GC, D/CGC

IM β0 β1 β2 β3 β4 ση β0 β1 β2 β3 β4 ση

6st IF {Sa(0.5 s), Sa(1.0 s), M,R} 0.56 0.52 0.46 0.01 −0.05 0.29 −1.75 0.51 0.47 0.01 −0.06 0.33

{Sa(0.5 s), Sa(1.0 s)} 0.57 0.53 0.48 - - 0.29 −1.76 0.52 0.50 - - 0.33

{Sa(0.5 s), Sa(1.5 s), M,R} 1.11 0.63 0.39 −0.05 −0.05 0.30 −1.23 0.63 0.38 −0.05 −0.06 0.34

{Sa(0.5 s), Sa(1.5 s)} 0.71 0.64 0.36 - - 0.31 −1.61 0.64 0.36 - - 0.35

{Sa(0.5 s), Sa(2.0 s), M,R} 1.36 0.67 0.36 −0.06 −0.05 0.28 −1.00 0.66 0.36 −0.06 −0.06 0.33

{Sa(0.5 s), Sa(2.0 s)} 0.87 0.67 0.33 - - 0.29 −1.46 0.67 0.33 - - 0.34

Sa(0.5 s) 0.15 1.04 - - - 0.40 −2.16 1.07 - - - 0.43

IM β0,L β1,L β2,L β3,L β4,L R2
L β0,L β1,L β2,L β3,L β4,L R2

L

{Sa(0.5 s), Sa(1.0 s)} - - - - - - −5.06 0.14 4.10 - - 0.67

{Sa(0.5 s), Sa(1.5 s)} - - - - - - −4.33 0.82 5.21 - - 0.72

{Sa(0.5 s), Sa(2.0 s)} - - - - - - −2.70 1.39 4.50 - - 0.76

Abbreviations: D/C, demand-over-capacity; GC, global collapse; IF, infilled-frame; IM, intensity measure; UPD, usability-preventing damage; 6st, six-story.

618 SUZUKI AND IERVOLINO



among which a logistic regression model using the collapse data was the most effective. The computed two-parameter
logistic regression models using {IM1, IM2} fit the observed NC and collapse data with the R-squared measure, R2

L, given
in the table.48 Hence, the fragility surface modelled using Equations (9) and (10) was additionally examined through
the conversion case using {IM1, IM2} for all considered periods of IM2.

¶ Conversely, with respect to the linear regres-
sions, the logistic regressions showed the dominant effect of IM2 on the EDP rather than that of IM1 (again, confirmed
through the standardized regressions eliminating the unit scale problem); see the estimates of the regression coefficients
in Table 4.

As in the conversion to PGA, the original fragility functions with respect to the two PLs were principally
derived via Equations (7) and (8) using the three IMs. For each different IM2, the models combining linear and
logistic regression models (defined by Equations (7)-(10); hereafter denoted as hybrid) were also additionally
explored using {IM1, IM2}, in the case of GC fragility. In the linear regression models, the collapse data were
included assigning the corresponding EDP values equal to 1 instead of performing the logistic regression.

5.3 | Site-specific seismic hazard functions for conversion

PSHA was performed for the site of L'Aquila in order to characterize the site-specific hazard functions required in the
IM conversion framework (Section 2.4). The source model used for PSHA corresponds to branch 921 of the logic tree
involved in the official Italian hazard model.49,50 For all target IMs, the hazard disaggregation results given IM2

f M,RjIM2

� �
were obtained via the REASSESS software.51 In order to obtain a fragility function in terms of IM2, the disag-

gregation was repeatedly performed at each step of IM2 up to an upper limit value of the target IM. For all possible com-
binations of {IM2,M,R}, the conditional PDF of f IM1jM,R,IM2

was computed via Equation (6) using the parameters from
the cited GMPEs, with the correlation model developed by Baker and Jayaram.29 The correlation coefficients for the
considered combinations of the logarithms of IMs (Table 5) show that correlation between the log of PGA and the log
of the candidate Sa(T) ranges between approximately 0.35 and 0.89, decreasing with an increase of the vibration period.
Those between Sa(0.5s) and Sa(T > 0.5s) are from 0.51 to 0.75. The closer the two vibration periods, the higher the cor-
relation coefficient for the two IMs.

To better understand this issue and its importance herein, Figure 3A shows hazard disaggregation conditional to
PGA equal to 0.9 g (corresponding to TR = 5.6 × 103 years) at the site of interest, L'Aquila. Figure 3B,C presents the con-
ditional distribution f IM1jM,R,IM2

given PGA, magnitude M ∈ (6.0,6.5), and R ∈ (0km, 5km), which is the scenario domi-
nating the hazard being disaggregated in Figure 3A. It can be clearly seen from these figures that the area exhibiting a
comparatively large probability density shifts from the proximity of the diagonal of the IM1 − IM2 domain (the warm-
colored area in Figure 3B) to the corner corresponding to low IM1 levels (Figure 3C) with an increase of the vibration
period of IM1 (ie, a decrease of the correlation coefficient between the logs of IM1 and IM2; see Table 5). Given that the
original fragility functions are weighted by the corresponding hazard function through the conversion integral, it is
indicated that the applicability of the adopted fragility model is important particularly in the IM1 − IM2 range showing
a relatively large value of the PDF of IM1 given IM2.

Figure 3D,E provides similar results for one of the conversions from Sa(0.5 s) to spectral acceleration at a period
larger than 0.5 seconds; ie, the hazard disaggregation conditional to Sa(1.5 s) = 0.7 g at the same site and the condi-
tional distribution f IM1jM,R,IM2

given Sa(1.5 s) and the dominating scenario in the disaggregation. On the contrary to
Figure 3B,C, the area corresponding to the mid-to-high values of the conditional PDF widely spreads over the IM1 − IM2

domain.

¶In MSA for the six-story (6st) infilled-frame (IF) building, 21 collapse cases were observed in total (similar to Figure 2), thus the logistic regression on
more than two predictor variables were not performed in this study (following 10-events-per-variable rule).

TABLE 5 Correlation coefficients between IM1 and IM2

ρlnIM1 ,lnIM2
Sa(0.15 s) Sa(0.5 s) Sa(1.0 s) Sa(1.5 s) Sa(2.0 s) Sa(1.0 s) Sa(1.5 s) Sa(2.0 s)

PGA 0.8876 0.6862 0.5243 0.4255 0.3539 Sa(0.5 s) 0.7490 0.6087 0.5141

Abbreviation: PGA, peak ground acceleration.
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5.4 | Reference fragility analysis

As illustrated in Figure 4A,B, the reference fragility assessment involved MSA performed in a similar manner to the
original fragility assessment (Figure 2A,B), yet considering seismic input based on site's hazard in terms of IM2. Since
record sets selected based on the PGA hazard were not available from the datasets of the RINTC project, ad-hoc GM

(A)

(D) (E)

(B) (C)

FIGURE 3 Probabilistic seismic hazard analysis (PSHA) results; (A) hazard disaggregation for peak ground acceleration

(PGA) = 0.90 g corresponding to TR = 5.6 × 103 year at L'Aquila; examples of conditional probability density function (PDF) of (B) Sa(0.15 s)

and (C) Sa(2.0 s) given PGA; (D) hazard disaggregation for Sa(1.5 s) = 0.70 g corresponding to TR = 5.6 × 103 year at L'Aquila; example of

conditional PDF of (E) Sa(0.5 s) given Sa(1.5 s)

(A) (B) (C)

FIGURE 4 MSA for reference target fragility: (A) mean spectra of ground motion (GM) records, (B) collapse demand-over-capacity (D/

C) ratios and number of failure cases, and (C) reference target fragility estimated via maximum likelihood
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record sets were selected for the multiple PGA values (ie, stripes). The target CS given a certain PGA value was com-
puted via the hazard models used in PSHA, then 20 GM records were selected from the NESS database52 so as to match
the target CS pertaining to each stripe (Figure 4A).

It should be noted that the PGA domain was discretized through the exceedance return periods specified above, plus
two additional return periods corresponding to TR = 106 and TR = 107 years (ie, 12 stripes in total). The additional two
PGA levels were considered so as to render the reference fragility up to a large PGA level. In fact, generally, a small
number of the GC cases was observed even at the tenth PGA value (eg, five failure cases, as shown in Figure 4B), thus
the analysis was continued, in the majority of the cases, until the number of GC failure cases had reached more than
50% of the total number of the records per stripe (ie, more than 10). As it regards the cases when the target IM is Sa at
T = {1.0s, 1.5s, 2.0 s}, the GM record sets collected in the RINTC project (ie, those used above for the original fragility
assessment of the BF and/or 9st buildings) were used.

Whereas the original fragility assessment (in Sections 5.1 and 5.2) employed only the parametric approach, the refer-
ence fragility functions were evaluated by both (a) nonparametric and (b) parametric approaches (Figure 4C). The for-
mer was adopted to interpret as-observed probability distributions without involving any particular assumptions on the
probabilistic model. The latter was used to make the converted and reference curves comparable by means of a few
parameters, including uncertainty of estimation. For each, i − th stripe of IM2 = yi, nonparametric fragility was given
by Equation (11) counting the number of the observations of structural failure, Nf ,IM2 = yi out of the total number of
records at each stripe, Ntot,IM2 = yi :

P F IM2 = yij½ �= Nf ,IM2 = yi

Ntot,IM2 = yi

: ð11Þ

In the parametric approach, a lognormal cumulative distribution function in Equation (12) was assumed as follows:

P F IM2 = yj½ �=Φ
lny− lnθ̂

β̂

 !
: ð12Þ

The θ̂, β̂
� �

parameters in the equation were estimated through a maximum likelihood estimation criterion53 based

on the EDP vectors observed at multiple (m) IM2 stripes, edpi = edp1,edp2,…,edpNtot ,IM2 = yi

n o
, i = {1,2,…,m}, which are

partitioned into Nf ,IM2 = yi failure cases and Ntot,IM2 = yi −Nf ,IM2 = yi

� �
nonfailure cases as follows:

θ̂, β̂
� �

=

argmax
θ,β

Xm
i=1

ln
Ntot,IM2 = yi

Nf ,IM2 = yi

 !
+Nf ,IM2 = yi ln Φ

ln yi=θð Þ
β

	 
� �"
+ Ntot,IM2 = yi −Nf ,IM2 = yi

� ��ln 1−Φ
ln yi=θð Þ

β

	 
� �

:

ð13Þ

It should be mentioned that one can also estimate the reference fragility through the regression-based
approach which was adopted in the original fragility assessment. This study selected the EDP-based maximum
likelihood estimation approach, which is convenient when structural response is evaluated, using a scalar IM, by
means of MSA.

Table 6 shows the results of the estimated fragility parameters with respect to PGA for the nine structures, and
Table 7 provides those with respect to spectral acceleration at the three periods examined for the 6st IF building. To
assess the estimation uncertainties, the expected value and standard deviation of each fragility parameter were esti-
mated through parametric resampling.32 In each table, the expected value (E[•]) and coefficient of variation (CoV) of
θ̂, β̂
� �

are provided. It can be seen that the low-rise structures with relatively small fundamental vibration periods tend
to show a smaller expected value of median PGA causing failure, E θ̂PGA


 �
, compared with the taller buildings featuring

relatively large vibration periods. This trend is clearly seen in θ̂PGA , particularly with respect to GC. The logarithmic
standard deviation also shows the increasing trends of the mean and variance with the vibration period of the structure
and with the performance level: E β̂PGA


 �
varies between 0.37 and 0.52 for the UPD and 0.49 and 0.89 for the GC fragil-

ities, being associated with the CoVs of 13% to 15% and 19% to 30%, respectively.
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Table 7 shows the lognormal fragility parameters of the same 6st IF building, yet expressed in terms of Sa(T) at the

three different periods, T = {1.0s, 1.5s, 2.0s}, ie, θ̂Sa Tð Þ, β̂Sa Tð Þ
n o

. E θ̂Sa Tð Þ

 �

decreases with an increase of the vibration

period of the target IM, while E β̂Sa Tð Þ
h i

increases with it. For both of the two parameters, larger CoVs were observed

particularly with respect to the GC performance, as expected. The plots of the reference fragility curves, obtained via
nonparametric, parametric, and parametric resampling approaches, are all provided in the following section in compar-
ison with the IM conversion results. As an example, the resampled fragility curves, corresponding to 500 simulations
are given as gray lines in Figure 4C.

6 | RESULTS AND DISCUSSION

6.1 | IM conversion to PGA

This subsection presents the results of the IM conversion from Sa(T) to PGA for both the UPD and GC fragility curves.
For each of the nine buildings, the three conversion cases were compared with the results from the reference analyses.

6.1.1 | Usability-preventing damage

The PGA-based fragility curves were derived from the original fragility functions and site-specific hazard functions
through the conversion formulas of Equations (2) to (4). The results of the three conversion cases, involving {IM1,IM2,
M,R}, {IM1, IM2}, and IM1, are presented in Figure 5 for the nine building cases, together with the reference analysis
results. It can be observed that all three conversion cases show apparently comparable results in the cases where the
scalar IM1 has a comparable explicative power with respect to the vector-valued IMs.

TABLE 6 Estimated lognormal fragility parameters in reference analyses (IM2≡PGA)

PL UPD GC

Config. BF IF PF BF IF PF

Story Parameter E[•] CoV E[•] CoV E[•] CoV E[•] CoV E[•] CoV E[•] CoV

3st θ̂PGA, g 0.29 7% 0.32 5% 0.45 6% 3.90 11% 3.34 9% 3.91 11%

β̂PGA 0.51 13% 0.37 15% 0.43 14% 0.62 20% 0.49 19% 0.55 19%

6st θ̂PGA, g 0.44 6% 0.62 6% 0.56 6% 5.32 20% 4.67 15% 4.54 14%

β̂PGA 0.41 14% 0.41 14% 0.40 14% 0.74 25% 0.69 21% 0.69 22%

9st θ̂PGA, g 0.54 7% 0.50 5% 0.47 7% 8.37 39% 7.41 33% 7.37 34%

β̂PGA 0.48 13% 0.38 14% 0.52 13% 0.89 30% 0.75 30% 0.81 29%

Abbreviations: BF, bare-frame; CoV, coefficient of variation; GC, global collapse; IF, infilled-frame; IM, intensity measure; PF, pilotis-frame; PGA, peak ground
acceleration; PL, performance level; UPD, usability-preventing damage; 3st, three-story; 6st, six-story; 9st, nine-story.

TABLE 7 Estimated lognormal fragility parameters in reference analyses (IM2 ≡ Sa(T > 0.5 s))

Config.

PL UPD GC

IM2 Sa(1.0 s) Sa(1.5 s) Sa(2.0 s) Sa(1.0 s) Sa(1.5 s) Sa(2.0 s)

6st IF Parameter E[•] CoV E[•] CoV E[•] CoV E[•] CoV E[•] CoV E[•] CoV

θ̂Sa Tð Þ, g 0.58 6% 0.29 9% 0.19 9% 3.42 10% 1.88 9% 1.85 70%

β̂Sa Tð Þ 0.30 20% 0.61 14% 0.59 14% 0.27 61% 0.25 55% 0.46 78%

Abbreviations: CoV, coefficient of variation; GC, global collapse; IF, infilled-frame; IM, intensity measure; PL, performance level; UPD, usability-preventing

damage; 6st, six-story.
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Conversely, it can be seen that the curves converted using the vector-valued IMs have better agreement with the ref-
erence curves (empirical and parametric) at upper tails in the cases where the two-parameter vector {IM1, IM2} has a
singificanly larger explicative power than IM1 alone (3st and 6st BF). As it regards the reference fragilities, the lognor-
mal fragility fits the empirical one, except the largest period structure (9st BF) where some discrepancies appear at
larger PGA values. In this case, the converted fragility curves apparently track better the empirical one than the set of
parametric fragility curves, which are constrained to a fixed shape.

It can be also seen that most of the conversion cases rendered the fragility estimates within the band of the res-
ampled fragility curves indicating estimation uncertainties. Particularly, the conversion involving the optimal IM led to
the median estimates θ̂PGA

� �
with 1% to 29% difference from the expected values from the parametric resampling.

6.1.2 | Global collapse

The results of the collapse fragility curves in terms of PGA are presented in Figure 6 for the nine building cases. The
results not only show somewhat similar trends as the UPD fragilities, but also may support that the performance of the
IM conversion depends on the combination of the original and target IMs.#

#Also, it should be noted that the local non-monotonicity of the converted fragilities at larger intensity measure (IM) levels are a numerical issue,
mainly deriving from the way disaggregation results are discretized in the applications.

FIGURE 5 Comparison of converted and reference fragility curves with respect to usability-preventing damage (UPD) (IM2≡PGA)
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In cases of converting from an intermediate period ranging from 0.5 to 1.5 seconds, the conversion approaches pro-
vided apparently comparable results to the reference curves in most of the cases. Indeed, the median estimates θ̂PGA

� �
feature 1% to 23% differences with respect to the expected value estimated from the resampled parametric fragilities,
E θ̂PGA

 �

. On the contrary, larger discrepancies with the target fragility estimates were observed in the IM conversions
from the spectral acceleration at the smallest and the largest periods (ie, 3st IF and 9st BF where IM1 is Sa(0.15s) and
Sa(2.0s), respectively). With respect to the former, all converted fragility curves were located at the right side of
the reference fragility functions, presumably because of regression involving relatively more correlated IMs
(ρlnIM1,lnIM2

ffi 0:89), which also seem to have affected somewhat the estimates of the UPD fragility curves. Regarding the
conversion from Sa(2.0 s), larger discrepancies are associated with the validity domain of the regression model. As
shown in Figure 3C, the major PDF contribution comes from a quite limited range of the IM1 − IM2 domain (ie,
corresponding to low values of IM1). In fact, the structural response data at large IM2 levels were rarely obtained under
the seismic input conditional on IM1 due to a relatively low correlation between the two IMs (ρlnIM1,lnIM2

ffi 0:35). In
such a case, the choice of regression models and/or fragility assessment procedures is also an issue. The resulting
converted fragility can be sensitive to the form of the fragility surface in the local area with dominant hazard
contribution.

Figure 7 illustrates the abovementioned issues showing the fragility surfaces in the Sa(T) − PGA domain with
respect to the considered two PLs. In each panel of the figure, the data points used for the regression analyses are plot-
ted together with the iso-probability lines for the fragility surfaces (for the sake of illustration, the plotted models

FIGURE 6 Comparison of converted and reference fragility curves with respect to global collapse (GC) (IM2≡PGA)
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correspond to the surfaces computed using {IM1, IM2}). The figure also provides μlnIM1 lnIM2,M,Rj and σlnIM1 lnIM2j from
Equation (6), given a certain earthquake scenario, namely, the lognormal parameters of the conditional PDF of IM1,
f IM1 M,R,IM2j , given IM2 and the M − R scenario dominating the hazard disaggregation in Figure 3A. The left panel corre-
sponds to the conversion from Sa(0.5 s) to PGA (ρlnIM1,lnIM2

ffi 0:69), while the right one shows the probabilistic models
for the conversion from Sa(2.0 s). It can be clearly observed that, when the two IMs are moderately correlated
(corresponding to the former), the data points defining the fragility surfaces (scatters in the figure) cover the range
corresponding to a high value of the conditional distribution function of IM1 given IM2 (dashed and solid black lines).
Thus, the conversion integral beyond the domain of the datapoints does not significantly matter as its effect is compen-
sated by the integration with the seismic hazard, which is low in this domain. Conversely, many of the data points in
the right panel lie beyond the IM1 − IM2 range corresponding to a large value of the conditional PDF, thus this kind of
model extrapolation can substantially affect the converted fragility, in particular, with respect to the GC. Furthermore,
in this conversion case, the underestimation of the probability that the structure fails according to the GC criterion (ie,
the 9st BF building in Figure 6) can be also ascribed to the small probabilities deriving from the fitted linear regression
model in the IM1 − IM2 domain where the hazard term is significant.

6.2 | IM conversion to spectral acceleration at a larger period

The IM conversions from Sa(0.5 s) to Sa(T > 0.5 s) were also performed in a similar manner. The results of the
IM conversions with respect to the two PLs are shown in Figure 8 for all three cases. Regarding the fragilities
with respect to UPD, all converted fragility curves derived from the linear regression models are generally in
agreement with the reference curves, although the curves in terms of Sa(1.0 s) are located slightly at the left side
to the group of the reference fragilities. When the GC fragility is concerned, however, all log-linear regression-
driven fragility curves (denoted LR in the figure) resulted to underestimate the reference fragility at large IM2

levels (eg, beyond the ninth stripe where Sa(1.5 s) = 1.0 g, corresponding to TR = 104 years). In such cases, the
hybrid models utilizing the logistic regression apparently capture better the target curves from the reference MSA
up to the largest IM2 level (corresponding to TR = 105 years; eg, Sa(1.5 s) = 2.0 g). Although large discrepancies
at extremely large IM levels generally may not significantly matter when integrated with a hazard curve to obtain
the failure rate, the shape of the resulting GC fragility depends on the functional form adopted in the original fra-
gility assessment. It should also be noted that the GC fragility conversion to Sa(2.0 s), again, turned out to be an
exception due to the extension of the regression model far beyond the observation range (see the previous
subsection).

FIGURE 7 Comparisons of the fragility surfaces with respect to the two performance levels and the ground motion prediction equation

(GMPE) models: (left) six-story (6st) infilled-frame (IF) and (right) nine-story (9st) bare-frame (BF)
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7 | CONCLUSIONS

The study discussed the probabilistic framework for converting spectral acceleration-based IMs of fragility curves with
the aid of the state-of-the-art methods within PBEE. On the premise that structural response given an IM is available
from a preliminary structural response analysis, the framework aims to express the fragility curve in terms of a target
IM without any additional structural analyses.

The IM conversion cases were explored using the ESDoF systems of multi-story Italian code-conforming RC build-
ings featuring a wide range of the fundamental vibration period of the structure (from 0.3-2.0 seconds). For each struc-
ture, the original IM was defined as spectral acceleration at a period close to the fundamental period of the structure,
Sa(T). Then, the IM conversions were performed with respect to two performance levels (ie, UPD and GC) and under
two different conditions: (a) the target IM is the spectral acceleration at a period smaller than that of the original IM
(ie, PGA) for all considered structures and (b) the target IM is the spectral acceleration at a period larger than that of
the original IM for a structure, that is, 0.5 seconds. For all IM conversion cases, the fragility curves, expressed in terms
of the target IM, were obtained from the regressions of the structural response given Sa(T) on the involved IM variables
and functions computed from the PSHA for the building site. The converted fragility functions were compared with the
results of the reference fragility analysis, also accounting for the estimation uncertainties. Notable remarks are summa-
rized in the following:

1. Owing to the use of mostly sufficient IMs and the hazard-consistent record selection for structural response assess-
ment, the effects of magnitude and source-to-site distance did not affect significantly the resulting converted fragility
functions. Nevertheless, it was also observed that the use of a two-parameter vector IM consisting of the original and
target IMs exhibited better agreement with the reference fragility curves in some cases.

2. It was observed that the choice of fragility modelling approaches affected the resulting fragilities, possibly depending
on the correlation and/or the interaction between the original and target IMs. In cases of converting to spectral
acceleration at a period smaller than that of the original IM (ie, to PGA), the linear regression models were used to
model the original fragility functions. Mostly, the converted PGA fragility curves resulted to be within the range of

FIGURE 8 Comparison of converted and reference fragility curves in cases of IM2 ≡ Sa(T > 0.5 s): (A,B) to Sa(1.0 s), (C,D) to Sa(1.5 s),

and (E,F) to Sa(2.0 s)
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reference curves, ie, parametric fragility functions including estimation uncertainties. The larger discrepancies with
the reference analysis results were observed in the conversions from spectral acceleration at the smallest or the larg-
est period among those considered. The former can be due to the used regression model to link structural response
with variables including two spectral accelerations at close periods, while the latter can be related to the use of the
fragility model beyond the domain where response data belong. These trends were clearer particularly when refer-
ring to the attainment of GC.

3. In cases of converting to spectral acceleration at a larger period than that of the original IM, the results suggested
that it is necessary to carefully investigate a fragility model. The results from multiple linear regression models
showed consistency with the reference curves (both empirical and parametric) for UPD. Conversely, the hybrid
models, combining the linear and logistic regressions, showed better agreement for the GC performance levels.

The procedures described in the paper can be of help to the structural engineers dealing with fragility functions in
terms of different IMs. Besides other meaningful metrics, such as the structural failure rate, this allows an informative
comparison of structural vulnerability.
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