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Abstract

Research on performance-based earthquake engineering has shown that designing building
structures using seismic actions chosen based on the same return period of exceedance at dif-
ferent sites, does not necessarily warrant the same reliability. This has prompted several pro-
posals for alternative seismic design actions, referred to as risk-targeted, aimed at ensuring
consistent failure risk across sites with varying levels of earthquake hazard. This study adapts
the provisions of the US National Earthquake Hazard Reduction Program (NEHRP) for the
design of regular moment-resisting reinforced concrete buildings across multiple Italian sites.
For each location, a risk-targeted design response spectrum is defined by selecting a desired
failure risk threshold that aligns with the requirements of Eurocode 8. The sites were specifi-
cally selected to represent sufficiently high hazard levels so that the lateral strength demand
for the case-study buildings should be at least apparently governed by seismic base shear, ra-
ther than other design considerations. The failure risk for these buildings was evaluated using
incremental dynamic analysis (IDA) of simplified numerical models to determine fragility,
which was subsequently integrated with site-specific hazard curves. The IDA utilized different
ground shaking intensity measures, each with distinct sufficiency and efficiency characteristics.
The findings reveal a potential discrepancy between the initially set risk target and the post-
analysis calculated risk, which is partly attributed to known limitations of spectral ordinates as
intensity measures to express fragility when failure is related to collapse, and the design pro-
cedure's sensitivity to some assumptions. Additionally, at low-hazard sites, the risk-targeted
spectra appear to be interchangeable with traditional uniform hazard spectra, while at high-
hazard sites there is a more notable difference between the two.
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1 INTRODUCTION

Most modern building codes espouse the principles of performance-based earthquake engineer-
ing, requiring the design verification for performance objectives to be made against seismic
actions whose rarity depends on the importance of the structure and objective. In this context,
some building codes [1,2] define the seismic actions according to a uniform-hazard approach,
which entails that the design ground motion maintains the same return period of exceedance,
T,., across different sites. However, recent studies have shown that the seismic structural relia-
bility, expressed in terms of annual failure rate, A¢, tends to be lower in areas with higher earth-
quake hazard than at those with low hazard [3], even though, under uniform-hazard approach,
the elastic lateral strength demand varies commensurate with site-specific hazard analysis [4].
This could be possibly attributed to differences in hazard curve shape from one site to another,
especially at shaking intensities whose return periods go beyond the ones typically considered
for design [5] and to the lack of explicit control over seismic overstrength of structures during
the design process [6,7].

One of the proposals that have emerged to alleviate this discrepancy in seismic reliability
among sites, is to move away from uniform-hazard design ground motions towards so-called
risk-targeted ground motions (RTGMs). RTGMs are design actions that are defined with the
explicit goal of achieving a desirable level of seismic reliability, quantified by means of a target
failure rate, A¢ [8], that is an annual rate of failing to meet a seismic performance objective.

This approach typically entails making some a-priori assumptions about the corresponding
structural fragility, which is defined as the conditional probability of failure, given the value of
shaking intensity [9,10]. For example, this approach currently underlies the definition of design
ground motions in north American standards [11].

Although the RTGM approach has been recently gaining traction with the earthquake engi-
neering community [12,13], its implementation has been documented to still present some chal-
lenges [14]. For example, the authors have observed that various factors that enter into practical
design applications tend to limit the risk homogenization potential of RTGMs [15]. This work
builds upon those past observations to further explore the application of RTGMs at six Italian
sites, for three different performance objectives, that is varying target reliabilities associated
with a condition of conventional global collapse. More specifically, a mid-rise reinforced con-
crete (RC) moment-resisting frame is considered as benchmark structure, whose design against
RTGM seismic actions is simulated across all sites considered. These alternative designs are
simulated using available results of a recent extensive research project [16]. Subsequently, their
seismic reliability is calculated using incremental dynamic analysis (IDA; [17]) on equivalent
inelastic single degree-of-freedom (SDoF) systems to procure their collapse fragility curves,
which are then integrated with seismic hazard. Finally, these RTGMs are compared to nomi-
nally equivalent uniform-hazard design ground motions.

2 RISK-TARGETED DESIGN SPECTRA AND SIMULATED DESIGN

The definition of a RTGM, generally requires the definition of a reliability objective and of
a value of failure probability, given the design shaking intensity. In this context, failure is de-
fined as the loss of structural performance beyond a predetermined threshold. Here the collapse
limit state is considered; this is to be interpreted as dynamic instability of the structure, whose
numerical prediction is sometimes termed the IDA flatline point [18]. For the present study,
three alternative reliability objectives are considered, in terms of target annual failure rate, A};

specifically, the values of Az = {2-107%1-107%6-107°} are considered. Finally, the
adopted anchoring value for the conditional failure probability is P[f|Sa(T) = sagr] = 0.10,
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where Sa(T) denotes the spectral pseudo-acceleration at vibration period T, sagy is the RTGM
intensity and f represents structural failure, as defined above. Note that this conditional failure
probability is also termed the collapse fragility of the structure.

Herein, risk-targeted design spectra are generated for six Italian sites. They were selected to
cover a representative range spanning conditions from high- to low-hazard in relative terms.
The RTGM generation assumes that the seismic fragility, defined by the probability distribution
of shaking intensity Sa(T) leading to structural failure, follows a lognormal model with an as-
signed standard deviation f = 0.6. Consequently, the value of sapr can be determined accord-
ing to the iterative procedure shown in the flowchart of Figure 1.

START

* Define a target for the annual failure rate Af
* Define probability of collapse given the design ground
motion (here 10%).

Select a period of natural vibration T;; i = 1, ...,n
% Take an arbitrary value of Sa(T;) = x
v

Assume a log-normal collapse fragility with standard deviation f = 0.6
and mean In(x) + 1.28 - 8

v

’ Integrate hazard with fragility and obtain trial 45

Figure 1. Flow-chart of the RGTM definition procedure.

As shown in the chart, for each site, target A; and vibration period, a series of iterations are

performed. First, an arbitrary spectral acceleration value is assigned to sagy and the annual
failure rate at the site, A, is calculated as:

Iy = fy o [REOTRE I g g, )
where ®@(-) denotes the standard Gaussian function, and Ag, is the annual rate of earthquakes
exceeding each Sa(T) value at the construction site, that is, the hazard curve. This process is
iterated by updating the sagr value, until A¢ approaches the target value Az, and is then re-
peated for all vibration periods and all the sites. In this equation, the expression In(sagy) +
1.28 - B corresponds to the median spectral acceleration causing failure, consistent with the
assumption that sapy corresponds to the 10-th percentile of the collapse fragility.
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Prior to this calculation, a probabilistic seismic hazard analysis (PSHA; [19]) was conducted
to determine A, for each site. The REASSESS software [20] for PSHA was employed, for a

range of vibration periods spanning Os < T < 2s, using the ground motion prediction model
suggested by Ambraseys and co-authors [21]. The analysis was based on the seismic source
model for Italy [22], which is also adopted in the current building code. These calculations were
performed for site class type C, according to Eurocode 8 classification [2].

The computed risk-targeted spectra are shown in Figure 2, for all six sites examined and for

the three target failure rates. The failure probability over a 50-year period, Pr 50, = 1 — € A 50,
corresponding to each target annual failure rate, is reported in Table 1. These sites are grouped
into high- to medium-hazard sites (Udine, Cortino, L’ Aquila and Brienza) and low-hazard sites
(Napoli and Arezzo). From panel A to C is observed that the seismic actions from RTGM tend
to increase as the performance objective becomes more stringent (i.e., lower annual failure
rates), which corresponds to higher seismic actions required to ensure lower failure probability.
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Figure 2. Risk-targeted spectra for the six case-study sites, considering a target annual failure rate of 1z = 2 -
107* (A),4; =1-107*(B),and A; = 6- 107> (C).

A 2-107* 1-107* 6-107°
Pr 50y 1% 0.5% 0.3%

Table 1. Target annual rates and corresponding collapse probabilities in 50 years.

Furthermore, additional PSHA calculations were performed to obtain hazard curves for a more
advanced intensity measure (IM), that is average spectral acceleration Sa,,, 4, which is defined
as the geometric mean of 5% damped spectral accelerations at vibration periods T;,i =
1,2,...,N:

Saavg = Iivzlsa(Ti)]%’ (2

where N = 17 is the number of spectral ordinates contemplated in the aforementioned ground
motion model with T > 0.7s. This choice is motivated by the fact that this specific IM has a
larger predictive power of inelastic displacement response compared to Sa(T), attributed to its
consideration of the spectral shape beyond the structure’s fundamental period [23], which en-
hances the failure probability assessment [24-26]. To compute these hazard curves, the same
ground motion as before was used, along with a cross-correlation model among spectral ordi-
nates [27]. The locations of the sites, and their Asaavg hazard curves, are shown in Figure 3.
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Figure 3. Map of Italy showing the six case-study sites (A); elevation and plan of the six-storey buildings
(B); average spectral acceleration hazard curves (C); reference static pushovers of the six-storey reinforced con-
crete buildings and generated backbones at intermediate base shears (D).

For the present study, a six-storey RC bare frame building is considered and its design against
the RTGM obtained for each site is simulated. The elastic base shear demand per main struc-
ture’s direction, F,, is assumed to only reflect the contribution of the corresponding fundamen-
tal period of vibration T;, as is common for moment-resisting mid-rise frames, calculated as:

Fo=m T[], 3)

where Sa,(T;) = (2/3) - sagy is the elastic spectral acceleration demand, with a two-thirds
reduction of the RTGM according to the procedure outlined in FEMA 695 [28], m” is the equiv-
alent mass of the corresponding SDoF oscillator, I" is the modal participation factor and q is
the maximum allowable code-mandated behavior factor. The latter links the elastic demand to
the local ductility demands in members and hence to the plastic deformation of the structure
under the design ground motion, with a value of ¢ = 3.9 considered for the specific frame type.

The result of simulated design at each site are two surrogates inelastic SDoF structures, one
per principal direction of the structure, identified by the acronyms 6st-X and 6st-Y. These SDoF
systems exhibit a trilinear backbone, that is a monotonic force-displacement response curve
[29], having a peak strength of F. = «,, - F,, with a,, being the overstrength coefficient. In a
previous work [30], the authors used the static pushover (SPO) results [16] of alternative de-
signs of this six-storey frame, each designed according to the Italian building code at sites with

5
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different seismicity, to generate families of equivalent SDoF systems with different lateral
strength. The X-direction SPO curves from the three original designs at L’ Aquila, Napoli and
Milano (in decreasing order of seismic hazard) are shown in Figure 3.D. These curves are ex-
pressed in terms of base shear, F, and roof drift, 8, and are shown alongside their trilinear ap-
proximations, as well as interpolations generated for intermediate strength values.

For the purposes of the simulated design, the parameters m*, I', T, a,, for both directions
are obtained via iterative interpolation between the original reference structural design data,
leading to assigning a surrogate trilinear-backbone SDoF consistent with the elastic base-shear
demand stemming from Equation (3). It should be noted that the vibration period of the equiv-
alent inelastic SDoF oscillator, T, is generally different from T; , which is the period obtained
from the design elastic model of the structure. This difference is because the latter is the result
of an approximation of the secant stiffness at yield, via a nominal 50% reduction of member
sections’ moments of inertia, while the former is calculated as:

T =2m-\/m*-&8;/F, 4)

where F; is the nominal yielding force, 6 = H - 6,,/T is the displacement corresponding to

the development of a plastic mechanism, 6,, ~ 0.8% is the corresponding roof drift [31,32], and
H is the building height.

3 COMPARING SEISMIC RELIABILITY AMONG SITES

To calculate the seismic reliability resulting from these simulated designs, expressed in terms
of g, structural fragility was analytically evaluated based on IDA of the SDoF oscillators, using
the forty-four accelerograms of the FEMA-P695 far-field set [28]. The analyses were conducted
using the DY ANAS [33] interface for OpenSees [34] and two sets of IDA curves were obtained
for each case: one by scaling the records first to common Sa(T;) levels and another by subse-
quently scaling to a common Sag,,4. From each analysis, the flat-line height of the IDA curves
was used to identify the IM level causing failure, and lognormal fragility curves were fitted to
the results [35], expressed in terms of both Sa(T;) and Sag,,4. The annual failure rates, corre-
sponding to the three alternative levels of target seismic reliability considered, were derived by
integrating the fragility functions with the respective hazard curves at each site:

A = [T PIFIIM = im] - |d 2], (5)

where P[f|IM = im] is the IDA-based fragility lognormal fragility function and IM represents
either Sa(T;) or Sag,,.

The results of this operation are summarized in Figure 4, where non-filled markers are used
to indicate the annual failure rates of structures whose intrinsic base-shear capacity, stemming
from detailing due to gravity-load design and minimum code requirements, overrides the risk-
targeted seismic demand. On the other hand, filled markers are used to indicate cases where
RTGM seismic demand governs lateral resistance. The first observation is that, in all cases, the
analytical reliability estimates appear to have overshot the target performance objectives A,
especially considering the Sa,,,4 based calculations, which is the main point of reference. This
can be attributed to overstrength, which is partly due to Sa,(T;) > Sa.(T").

The second observation that can be made is regarding the dispersion of the failure rates. For
this consideration and for each performance objective, the failure rates’ arithmetic means, Z,

and standard deviations, s, are calculated only for those designs that are governed by the seis-
mic actions, that is for the points on the plot with shaded markers; the location of the means are
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indicated on the graph by a dash-double-dot line, while the actual values are reported in Table
2. The table also reports their empirical coefficient of variation, CoV = s/A.
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Figure 4. Annual failure rates for the two structural configurations at six sites, using two alternative intensity
measures, as interfacing variables between fragility and hazard, and three target annual failure rates.

Savg Sa(Ty)
Performance objective 21 s s/ 1 s s/
1-1075 [1/yr] 1-1075 [1/yr]
A =2-10"* 1.950 0.455 0.23 6.164 0.846 0.13
A =1-10"* 0.938 0.219 0.23 3373 1117 0.33
A =6-107° 0.523  0.246 0.47 1.931  0.959 0.50

Table 2. Values of the mean and standard deviation of the annual failure rates, estimated varying the intensity
measure for deriving the fragility functions and the performance objectives.

Although it seems that the empirical standard deviation of the failure rates is smaller when
using Sag,, as the interfacing variable between hazard and fragility, rather than Sa(T;) , this
can be partly attributed to the mean estimates obtained using the former IM, being smaller than
those derived using the latter. In fact, if one considers the CoV, which expresses the standard
deviation using the mean as the unit of measure, this trend for dispersion is not univocal. It is
also important to note that these results are subject to estimation uncertainty [36], as the failure
rates are derived from finite samples of structural response, and the two IMs are not character-
ized by the same efficiency [37].

A more interesting trend is the fact that the CoV of the failure rates either stays the same or
increases, when moving from one performance objective to a more stringent one, that is moving
towards situations where the same structure has to be designed with greater lateral resistance,
due to higher RTGMs. Also in this case, it is preferable to monitor the dispersion of reliability
estimates by following the CoV, since 4 will naturally decrease when moving to lower Ay tar-
gets. This trend can be explained by the fact that, as the reliability target drops to lower failure
rates, low-hazard sites pass from a condition where reliability is not governed by seismic design,
to one where the more stringent performance objective makes seismic design relevant. This can
be visualized in the graph, by noticing empty site-specific markers that become filled going
from left to right, that is from Az = 2 - 10~* towards A =6- 1075, It is those sites that exhibit
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the largest deviations from the mean reliability in the last third of the graph. In other words,
lowering the target reliability towards more demanding performance objectives, appears to tend
to reduce the risk harmonization potential of RGTMs, as these seismic design actions tend to
become relevant for lower-hazard sites.

4 RISK-TARGETED VS UNIFORM-HAZARD SPECTRA

By construction, the RTGM spectral ordinates depend on some assumptions about structural
fragility, a target reliability objective and the site-specific seismic hazard. Therefore, the sagr
values, at different vibration periods, will not necessarily have the same return period, T.. Nev-
ertheless, after the sagy(T) have been defined, it is straightforward to look at the hazard curves
used to derive them and calculate T, = 1/44,,. for each T. The results of this operation, for all
sites and performance objectives considered here, are shown in Figure 5.A.
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Figure 5. Comparison between the design spectra. Return period and vibration periods relationship (A); ratio
between the risk-targeted spectral acceleration and uniform hazard spectral acceleration (B); risk-targeted spectra
for the case-study sites of L’ Aquila (C) and Napoli (D) along with the comparison uniform-hazard spectra.

From the figure, one can observe that for the high-seismic hazard sites, the variability of T,
among the RTGM spectral ordinates is more marked than for low-seismic hazard sites; this is
especially evident for Sites 1 and 2 at the two lower performance objectives, for which the T,

8
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appears almost constant across the 0 to 2s vibration period range shown. To better illustrate this
trend, a comparison uniform-hazard spectrum, Sa(T)yys, was defined for each performance
objective, at Site 2 (Napoli) and Site 5 (L’Aquila). These comparison UHS were defined for
each case, by taking the average-across-vibration-periods 7, of the RTGM (within the Os to 2s
interval), which are reported case-by-case in Table 3, and then obtaining the spectral ordinates
corresponding to that mean T, from the hazard curves.

Site Ar=2-10"* Ar=1-10"* Ar=6-107°
Site2-Napoli 665 years 1280 years 2100 years
Site5-L’Aquila 870 years 1620 years 2550 years

Table 3. Mean return periods of the RTGMs, used to construct uniform hazard spectra for comparison.

Figure 5.B plots the ratio sagr(T)/Sa(T)yyus against T, for the two sites, and three perfor-
mance objectives, while the actual RTGM and UHS spectra under comparison are shown in the
panels below. For the lower-hazard site of Napoli, this ratio remains within the range of 0.99
and 1.02, that is close to unity. On the other hand, for the higher-hazard site of L’Aquila, the
ratio exhibits more variation, but the two ordinates never differ by more than 10% in this period
range. In fact, it appears that the uniform-hazard ordinates are higher than the risk-targeted ones
for T < 0.4s and vice-versa for 0.4s < T < 2.0s, but this could depend on the ground motion
prediction model used in these specific hazard calculations and bears investigating further. This
comparison seems to suggest that, for low-seismic-hazard sites, RTGM and UHS whose return
period has been explicitly calibrated against the declared performance objective, can be almost
interchangeable. It should also be noted that, in this comparison, neither the risk-targeted nor
the uniform-hazard spectra were modified to comply with a more code-friendly standardized
design spectrum shape, which is another issue [14]. This is highlighted because the percentile
differences observed between the compared spectra appear similar to those that one could plau-
sibly expect when fitting calculated spectral ordinates to a code-standard design spectrum shape.

S DISCUSSION AND CONCLUSIONS

The presented study examined an application of risk-targeted ground motions to the design of
a single case-study reinforced concrete frame structure, which was repeated for multiple Italian
sites characterized by varying seismic hazard. The applications considered three alternative
performance objectives, in terms of the target annual collapse rate. The analysis confirmed that
the ability of RTGM-based seismic actions to harmonize structural reliability, for the same
structural typology designed across sites with different seismic hazard levels, can be limited for
several reasons. One reason can be found in the simplifying assumptions inherent in designing
against elastic demand, with performance objectives that would have the structure into the plas-
tic deformation range. Another reason is the non-optimal performance of first-mode spectral
acceleration as an intensity measure to predict global collapse. Both of these observations con-
firm previous works on the topic.

One interesting observation that emerged from this study concerns the role of low-hazard
sites when evaluating the ability of RTGMs to harmonize seismic risk between different con-
struction locations. In construction sites affected by lower levels of seismic hazard, it often
occurs that the ability of the structure to resist earthquake-induced lateral forces is determined
by code-mandated minimum detailing requirements or design against other types of actions,
rather than the seismic design actions themselves. Thus, it is reasonable to disregard those sites
when evaluating the level of risk uniformity achievable by RTGMs. Nevertheless, in cases
where performance objectives need to become more stringent, for example because of strategic

9
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importance of a structure and/or longer required service life, RTGM-based actions can return
to govern lateral resistance, and those low-hazard sites re-emerge as the problem child that
limits the risk harmonization potential of RTGMs.

A second observation regards the innate difference in form between a set of uniform-hazard
and risk-targeted spectral ordinates, that is the difference in spectral shape prior to any modifi-
cations to fit a canonical code-mandated form. For the case-study applications considered
herein and all the underlying models and assumptions, it was shown that, for the low-hazard
sites, it is possible to define uniform-hazard spectra that are almost undistinguishable from their
risk-targeted counterparts. For the higher-hazard sites such an operation was not possible, but
even then, the period-dependent deviation of the risk-targeted from the uniform-hazard spec-
trum was mostly within 5% and never exceeded 10%.
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