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Funding information approach. First, at lower-to-moderate-hazard sites, which may be the majority
ReLUIS (Rete di Laboratori di Ingegneria in a country, design against gravity loads and detailing according to minimum
Sismica), within the 2022-2024 code requirements, can result in higher-than-anticipated overstrength, not com-
DPC-ReLUIS research program mensurate with the adopted level of seismic design loads, thus deviating from
the target reliability. This leaves only higher-hazard sites with real margins
for homogenization of reliability, which raises the bar. Second, risk-targeted
spectrum approaches typically require some a-priori assumptions for structural
fragility at low-performance objectives, corresponding to alleged high damage.
These assumptions, among others, carry an implicit adoption of shaking inten-
sity measures with which to express fragility, whose lack of sufficiency and
efficiency may in turn reduce the level of homogenization of risk that can be

achieved.
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1 | INTRODUCTION

Many modern building codes"? adopt a uniform-hazard approach to define seismic design actions. However, research has
shown that structures designed under this concept are at different risk, expressed in terms of annual failure rate, 1y, in
locations with different earthquake hazard, despite the commensurate strength allocation.>> Two major factors emerge
as possible culprits for this site-to-site discrepancy in terms of analytically computed reliability. First, are the differences
in the shape of site-specific hazard curves® at return periods beyond those of the design intensity.” Second, structures may
possess seismic overstrength reserves that are not explicitly controlled, as they stem from code detailing requirements,
design against other non-seismic actions, for example gravity loads, drift limitations, and other factors inherent in the
simplifications of the design procedure; for example, when it is based on elastic design.®’
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One potential way of alleviating the seismic reliability discrepancy among sites, is to move away from the uniform
hazard concept and tailor the design actions for meeting a specific probabilistic performance objective, which a way to
achieve so-called risk-targeted design, to which this journal recently dedicated a special issue.'’ This entails choosing an
appropriate target rate of failure (often taken as interchangeable with the annual failure probability) to meet said objective,
A%, and making some a-priori assumptions about the corresponding structural fragility, that is, the conditional probability
of failure, given the level of shaking intensity.!!?

Despite the apparent simplicity of linking the seismic design actions to a risk objective, in practice this approach of
deriving, so-called, risk-targeted ground motion (RTGM), presents some issues' that this study explores by implementing
the original proposal for their derivation by Luco and co-authors,' for seven Italian sites. Risk-targeted and uniform-
hazard elastic design spectra are calculated for these sites and the available results of a recent research project are used
to simulate the design of low- and mid-rise reinforced concrete (RC) moment-resisting frames at each site. Incremental
dynamic analysis™ (IDA) of surrogate inelastic single degree of freedom (SDoF) systems is then used to obtain estimates
of each design’s reliability in terms of annual failure rate. Comparing these reliability metrics with each other highlights
the tradeoff between achieving predefined risk targets and the simplifications inherent in (elastic) design procedures.

2 | CASE-STUDY SITES AND STRUCTURES

For each of the seven Italian sites shown in Figure 1A, a risk-targeted design spectrum was developed setting a target
annual failure rate /1; = 2-107* and a 10% fragility at the design shaking intensity, or P [f|Sa (T) = sagy | = 0.10,
where f indicates structural failure (i.e., failure to meet design performance requirements), Sa(T) is the spectral pseudo-
acceleration at vibration period T, and sagr is the RTGM intensity. Furthermore, assuming that the shaking intensity
causing failure (i.e., the seismic fragility), quantified in terms of Sa(T), follows a lognormal model with logarithmic stan-
dard deviation 8 = 0.6, the value of sagy per vibration period can be calculated by iterating Equation (1) until 15 ~ l;;:

+o00

/1f=/cp[l”(sa) _ﬁln(saRT)+1.28 dAg,l, )

where ®(-) denotes the standard Gaussian cumulative distribution function, Ag, is the hazard curve in terms of Sa(T) at
the construction site, and 4y is the annual rate of earthquakes causing failure. This equation implies that the logarithm of
median spectral acceleration causing failure must be In(sagr) + 1.28 - 8, for sagr to correspond to the 10% quantile value
of the fragility.

An underlying assumption of the same equation is that a first mode-dominated structure, such as a moment-resisting
mid-rise frame, will be designed under elastic base shear demand F, calculated as:

Fo=m* -T-[Sa.(T1)/ql, 2

with T, being the first mode vibration period, Sa, (T;) = (2/3) - sagr is the elastic spectral acceleration demand, m* the
equivalent mass of the corresponding SDoF oscillator, I" the first-mode participation factor and q a structure-dependent,
so-called, behavior factor, that relates the elastic demand to the plastic deformation of the structure under the design shak-
ing. The reduction of the RTGM demand by a factor of 2/3 follows the procedure established in FEMA P695,' even if it
must be acknowledged that there are alternatives in the literature for linking the risk-targeted to the actual design-level
elastic demand.'"!” Although there are proposals to calibrate site- and structure-specific g-factors using risk-targeted seis-
mic design criteria,'®! herein q is treated as a maximum allowable code-mandated value that accounts for both inelastic
deformation capacity and overstrength associated with a particular structural typology (furthermore, it is treated as period-
independent; this is because structures with relatively large periods are considered and, in any case, it does not represent
a limitation).

To apply Equation (1), 15, was calculated — for each site — for a set of periods 0s < T < 2s using the REASSESS
software’’ to perform the probabilistic seismic hazard analysis (PSHA), based on a seismic source model for Italy*!
consistent with the one adopted by the building code currently in effect, for soil site class consistent with Eurocode 8 type
C.! Additionally, PSHA was also performed to obtain hazard curves for a more advanced intensity measure, that is average
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FIGURE 1 Map of Italy showing the seven case-study sites (A); risk-targeted and uniform-hazard design spectra calculated (B); average
spectral acceleration hazard curves (C); reference static pushovers of the three-storey reinforced concrete buildings and generated backbones
at intermediate base shears (D).

spectral acceleration Sa,,,, which is currently trendy in being preferred to Sa(T) to estimate failure probabilities,”*>* by
virtue of being a special case of an intensity measure that accounts for spectral shape at periods beyond that of the first
mode.? This intensity measure is given by:

N 1/N
Sagg = |[] Sa (T 3)
i=1

and in this case N = 17 spectral ordinates out of those contemplated in the ground motion prediction model of
Ambraseys and co-authors®® are used for its definition, more specifically {T;} = {0.70, 0.75, 0.80, 0.85, 0.90, 0.95,
1.00, 1.10, 1.20, 1.30, 1.40, 1.50, 1.60, 1.70, 1.80, 1.90, 2.00} s. For the calculation of the /lSaaug curves, a correlation
model among spectral ordinates was also needed.?’ Figure 1B shows the calculated risk-targeted spectra, plotted together
with uniform hazard spectra at the same sites corresponding to Ag, = 0.0021 (i.e., 475 year exceedance return period
uniform hazard spectra), and the lsaaug curves (Figure 1C).

Using the static pushover curves and metadata®® of RC frames that were designed according to the Italian building
code at sites with different hazard levels, in a previous work, the authors were able to generate, via interpolation, fami-
lies of surrogate inelastic oscillators with varying lateral resistance. This was done for each direction of frame alignment
of a three- and a six-storey RC bare frame building, for a total of four structural configurations. These oscillators have
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FIGURE 2 Configuration of the two case-study RC moment-resisting frame buildings: elevation of the three-storey (A) and six-storey
(B) building and plan common to both (C). Main directions indicators X, Y also shown.

idealized tri-linear monotonic backbones that can be considered representative approximations of the pushover curves
that would correspond to alternative Eurocode 8 compatible designs at different elastic base shear demands. For exam-
ple, Figure 1D shows the pushover curves of the three-storey building designed at a high-, medium- and low-hazard site
in Italy (I’Aquila, Naples and Milan, respectively) in terms of base shear F and roof drift 8, along with their piece-wise
linear approximation that is amenable to interpolation at intermediate values. From the design of those structures, whose
configuration in elevation and plan is shown in Figure 2, it was established that the third pushover from the low-hazard
Milan site, constitutes a lower bound for lateral strength of the code-conforming building, since gravity-load design and
minimum code requirements in terms of reinforcement detailing and cross-section dimensions govern the design of all
load-bearing RC members.

3 | IMPLICATIONS OF LINEAR-ELASTIC DESIGN

At each of the seven sites and for each building configuration, that is both principal directions of the three- and six-storey
RC frame (denoted for brevity as 3st-X, 3st-Y, 6st-X, 6st-Y) the elastic base shear demand F, was established using the
spectral ordinates of both the risk-targeted and uniform-hazard spectra shown in the figure above, assuming negligible
contribution from higher modes, that is using Equation (2). The actual maximum (capping-point) strength F, = a,, - F,
was calculated via the overstrength coefficient «,,. For this calculation, it should be noted that that m*,T', T; are known for
the original reference designs, so they can also be assigned to the generated intermediate systems with some interpolation
where necessary, and that ¢ = 3.9 was assumed in all cases, consistently with the aforementioned (original) cases. The
overstrength coefficient «;,, was obtained from the static nonlinear analyses of the reference buildings, with more details
available in the earlier work."”

Although it seems straightforward, it is worth dwelling on the fact that the fundamental period T; during design is
obtained from a linear-elastic finite element model, where members’ gross cross-section flexural stiffness is reduced
according to simplified code-mandated rules, which generally leads to stiffer elements with respect to experimentally
measured average secant stiffness of RC members at yield.”” In other words, the condition T; < T* was consistently true
for all cases of simulated design considered, where T* is the period of the surrogate inelastic SDoF oscillator given by:

T* = 27 y/m*- (6, -H)/F, €Y

where H is building height, F), is the base shear at nominal yield, corresponding to the formation of a plastic mechanism
and 6, the corresponding roof drift which ranges from 0.8% to 1% for the structures considered here.

The underlying assumption of the risk-targeted design spectrum is that Sa(T) at the fundamental mode is used both
as a measure of failure capacity and a means to determine the yield strength of an equivalent SDoF oscillator. Thus, the
difference between T and T*, where the former is taken from modal analysis of the typical elastic model used for seismic
design by practitioners and the latter from static pushover analysis of a nonlinear model, hints at two potential issues.
First, the use of a linear-elastic analysis for force-based design, where material non-linearities at higher force demands
are not modelled for the sake of simplicity, can be seen as tantamount to an additional source of overstrength, simply
because Sa,(T;) > Sa.(T*) over the examined period range. Second, the fragility of an oscillator with vibration period T*
is being expressed in terms of spectral acceleration at another, shorter period, which could exacerbate the problems already
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FIGURE 3 Annual failure rates for the four structural configurations at seven sites using two alternative intensity measures as
hazard-fragility interfacing variables: structures with elastic base shear demand based on spectral ordinate at T; from modal analysis (A) and
at T* from the secant stiffness at nominal yield (B).

sometimes associated with Sa(T) as an intensity measure for numerical prediction of dynamic instability, as a proxy for
sidesway collapse mechanism.?>?* To address these potential concerns, the following steps were taken. First, a set of alter-
native simulated designs was performed where the elastic base shear demand was calculated as F, = m* - T - [Sa.(T*)/q],
thus virtually eliminating the discrepancy between T, from modal analysis and T*, which is a concept that has strong
proponents in the displacement-based design camp.’” Second, fragility was assessed for all surrogate SDoF systems via
IDA, using the forty-four accelerograms of the FEMA-P695 far-field set'® in conjunction with a dedicated interface® for
OpenSees.*” Failure was identified at the flat-line height of the IDA curves®® and lognormal fragility models were fitted to
the analysis results following the same procedure in previous related work of the authors.!” For each oscillator, fragility
was assessed in terms of three intensity measures: Sa(T,), Sa(T*) and Sa,,,, with the spectral ordinates always refer-
ring to T, and T* of each specific structure, while Sa,,, was the same for all. Integrating each of these fragility functions
with the already-available hazard curve at each site, provides the annual failure rate estimates shown in Figure 3, where
the indication Sa(T) implies that the hazard-fragility interfacing variable (intensity measure) coincides with the spectral
ordinate used to calculate the design base shear.
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For some of the cases considered, the maximum resisting base shear is not governed by the risk-targeted design spectra,
as that is superseded by the intrinsic lateral strength implicit in gravity-load design and adhering to minimum reinforce-
ment ratios, minimum cross-section dimensions and other detailing rules. In the figure, the corresponding failure rates are
plotted with non-filled markers to enhance the visual distinction, which serves as confirmation of previous research results
that uniform seismic reliability is a venture that may only concern higher hazard sites, at least when low-performance
levels are considered, nearing dynamic instability as a prelude to sidesway collapse. In other words, any evaluation of
how effective RTGM is towards homogenization of seismic reliability (to follow) ought to exclude these cases whose
overstrength is insensitive to the design actions. This observation is perhaps less trivial than it may seem, because such low-
hazard sites are often included when showcasing the regional disparity in seismic risk*!? that motivates the introduction
of RTGM or other risk-targeted design approaches.**3>

A more conspicuous observation is that, among the structures for which minimum requirements do not override seismic
design loads, only the right-hand group in panel B achieves reliability levels consistently near the target /1}5. In fact, this is
the only case where Sa(T*) is both the spectral ordinate driving design and the intensity measure for fragility and hazard.
In other words, where two of the premises behind the risk-targeted design spectrum’s derivation are both met. On the
other hand, in the case of panel A, where the design spectral ordinate is determined by linear-elastic modal analysis, rather
than the secant stiffness from static nonlinear analysis, risk assessment using both intensity measures leads to failure rates
between 10~* and 107°. These are lower than the target 2 - 107#, at times by an order of magnitude, suggesting that the
simplification of using elastic analysis with conventional member stiffness reduction in conjunction with a risk-targeted
design approach can become a source of additional overstrength, at least in the range of periods 0.45 to 2.0 s examined here.
This is corroborated by the difference in reliability estimates between the two panels using Sa,,,, Which is not affected by
the presumably lower explanatory power of Sa(T) with respect to seismic response.

Finally, when looking exclusively at cases not affected by design requirements other than the RTGM (filled markers),
one can observe an alignment of failure rates when fragility is expressed in terms of the Sa(T*) spectral ordinate, hinting
at the uniformity of seismic reliability that is the premise behind RTGM. However, this becomes less clear-cut when
the fragility is expressed in terms of the other ground motion intensity measures, especially Sa,,,. Naturally, such an
observation can only be made after recalling that these comparisons are between point estimates of the various failure
rates, which are derived from finite samples of structural responses and are therefore affected by estimation uncertainty.*
For this reason, the graph is also equipped with vertical bars indicating the fifth and ninety-fifth quantile intervals of the
estimators, indicated as 1 £,0.05 and 1 1,095, respectively, calculated via a parametric bootstrap procedure.’’ This additional
information shows that reliability across the sites can appear homogeneous also under Sa(T;), but that is not the case
for the more efficient Sa,,,. This observation implies that the uniformity of seismic risk, which is the goal of RTGMs,
may be partially hindered by the fact that it is being enforced via a fragility expressed in an arbitrary intensity measure,
at least at low-performance levels, although the importance of this issue remains to be quantified.

4 | RISK-TARGETED VS UNIFORM-HAZARD DESIGN

From the presented results it seems as though, despite some caveats, risk-targeted design spectra provide relatively uni-
form seismic reliability for a specific structure designed across sites with differing hazard, as long as said hazard does not
drop below a threshold that renders the lateral resistance insensitive to the level of seismic actions. This can be appre-
ciated by looking at the map of Figure 4A, which divides Italy in three zones. The dark shading, featuring more than
twenty percent (22%) of the total area, represents the part where the lateral strength attributed to any of these four struc-
tures designed on soil type C, using the RTGM described above, would be determined by the seismic actions. The lighter
shading signifies that, in those areas, the risk-targeted design scenario would lead to lateral strength governed by code
detailing requirements for all four structures and accounts for more than sixty percent (62%) of the Italian territory. The
remaining area (16%), with intermediate shading, corresponds to sites where some of the four structures fall in the first
and some in the second category. This goes to show that, even for a notoriously earthquake-prone country such as Italy,
only less than half of the territory (22%-38%) would see a shift in seismic reliability by adopting a RTGM approach, at least
for the specific structures used in this example and with the set reliability goals.

Momentarily excluding these low-hazard sites from the discussion, the structure-specific risk homogeneity cannot be
said to persist within the confines of a structural typology, in the sense that some variability of 1; can be observed between
the case-study structures, which are all low- to mid-rise moment-resisting RC frames with the same planar configuration,
their main differences being in actual number of storeys and bays. However, lacking an objective yardstick for how close
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FIGURE 4 Map dividing Italy into tree zones, according to whether the risk-targeted design ground motion would govern lateral
strength of the case-study structures (A). Mean annual frequencies of failure for simulated designs across five sites, using risk-targeted and
uniform hazard spectra (B).

together those reliability estimates must congregate to dub risk-targeted design a success, a possibility is to compare with
the main alternative, that is design against uniform-hazard seismic actions. This comparison is made in Figure 4B, where
the juxtaposition is limited to the use of Sa,,, as intensity measure for five sites, for which it has been ascertained that
strength allocation is not insensitive to the seismic actions, be that risk-targeted or uniform-hazard. In this comparison,
only the case where T; from modal analysis is used to calculate design base shear is used, as it is considered a benchmark
with greater vicinity to actual practice.

It is worth pointing out that, for this comparison, both the risk-targeted and uniform hazard spectra have shapes directly
derived from the calculations, courtesy of the ground motion model(s) therein, without any smoothing adjustments for
cosmetic or practical purposes. This was a conscious choice, since other works have shown that the way such spectral
shape modifications are implemented has far from negligible effects'® which are not examined here. For all three sites,
the assumptions made about the target reliability against failure, have produced higher risk-targeted spectral ordinates
than the corresponding 475 years return period uniform hazard spectra, across all vibration periods (T). This is reflected
in the fact that the estimated annual failure rates are generally lower for the risk-targeted design cases, but it does not
constitute per se a useful point for comparison, since the reliability objective that drives their relationship is, to a certain
extent, arbitrary.

At first glance, it appears that for each structure, the site-to-site variability of the reliability metric 4, is less in the
risk-targeted design case with respect to the uniform hazard one. However, the structure-to-structure variability is less
obvious to the naked eye. For this reason, the arithmetic means of all twenty failure rates were obtained per design
strategy, indicated in the figure by the horizontal dotted dark line, together with the empirical coefficient of variation
(CoV) about said means. The CoV for the risk-targeted design cases was found equal to 0.35, while the one for the
uniform hazard ones resulted only somewhat larger at 0.36. Recalling that, in the previous section, the failure rates for
the same cases appeared more tightly knit together under the lens of fragility in first-mode spectral ordinates, this result
may allow to quantify the intensity measure effect indirectly: it is enough to render the improvement in the disparity
of structure-specific reliability across sites with different seismic hazard, when switching from UHS- to RTGM-based
design, non-obvious or at least quite limited.

5 | DISCUSSION

This brief note presented a limited number of case-study examples, where the extensive results of previous research
projects were exploited to simulate the design of RC frames under risk-targeted seismic actions. In its simplicity, force-
based seismic design using linear-elastic analysis allocates strength demand to load-bearing members in proportion to the
design actions, while detailing rules guarantee an adequate degree of inelastic deformation capacity. This gives rise to the
concept that the design actions can be modulated in accordance with both site-specific hazard and structural fragility, in
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order to avoid the site-to-site discrepancies in seismic reliability that are observed when designing against elastic seis-
mic demand with a predetermined exceedance frequency. Despite the intuitive appeal of a proposal to achieve more
homogeneous seismic reliability, the examples presented here showcase some of its well- and less-known issues.

At lower-hazard sites, member strength demand from seismic loads can be superseded by demand from gravity-load
design, drift limitations®® or simply detailing requirements such as minimum reinforcement ratios. This renders the seis-
mic reliability against collapse insensitive to the elastic seismic demand provided by the design spectrum for such regions.
For the Italian RC buildings and reliability target used here as examples, these regions can be more than sixty percent of
the country’s total area, so this limitation can be far from negligible.

The secant stiffness of RC structures at nominal yield is only considered approximately in linear-elastic analysis that
forms the basis for design. Given that the approximation is generally towards stiffer calculation models, that in itself can
become an additional source of overstrength. Additionally, the corresponding spectral ordinate is less of a robust measure
for structural fragility, as shown by the different estimates when better-performing intensity measures are employed. The
examples presented here showed that the combination of these two effects can lead to overshooting the reliability objective
failure rate by up to an order of magnitude.

Finally, when the offending risk variability is examined only in the narrower domain of higher-hazard sites, the margins
for improvement with respect to uniform-hazard design are smaller than they appear when low-hazard site reliability is
also included. For these comparisons, the uncertainty which affects the estimation of the failure rate because of record-
to-record variability of structural response, should not be neglected. For the cases examined here, involving four similar
structural configurations spread across five sites, the coefficient of variation in failure rate remains practically unchanged
when employing RTGMs.

Given that this study willingly left out certain aspects, such as the tendency of codes to adopt conventional spectral
shapes, higher-mode-influenced structures, or even drift-governed lateral-load systems, it seems that, although RTGMs
can represent a useful tool in harmonizing seismic risk, some issues remain, and addressing them may be relevant for the
advancement of seismic design of structures.
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