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SUMMARY

In performance-based seismic design, as adopted by several building codes

worldwide, the structural performance is verified against ground motions that

have predetermined exceedance return periods at the site of interest. Such a

return period is evaluated by means of probabilistic seismic hazard analysis

(PSHA), and the corresponding ground motion is often represented by the uni-

form hazard spectrum (UHS). The structural performance for ground motions

larger than those considered in this design approach is, typically, not explicitly

controlled under the assumption that they are sufficiently rare. On one hand,

this does not achieve uniform safety at sites characterized by different design

ground motions corresponding to the same return period; on the other hand,

exceedances of the design spectra are systematically observed over large areas,

for example in Italy. The latter issue is because of the nature of UHS, the

exceedance of which is likely-to-almost-certain when the construction site is in

the epicentral area of moderate-to-high magnitude earthquakes (ie, the design

spectrum may be not conservative at these locations), especially if PSHA is

based on seismic source zones. The former is partially because of the system-

atic difference of ground motions for return periods larger than the design one

at the different sites. Quantification of the expected ground motion given the

exceedance of the design ground motions (ie, the recently introduced as the

expected peak-over-threshold or POT) can be of help in quantitatively assessing

these issues. In the study, a procedure to compute the POT distribution is

derived first; second, POT spectra are introduced and used to help understand-

ing why and how seismic structural reliability of code-conforming structures

decreases as the seismic hazard of the site increases; third, expected and 95th

percentile POT maps are shown for Italy to discuss how much high hazard

sites are exposed to much larger peak-over-threshold with respect to mid-haz-

ard and low-hazard sites; finally the POT is discussed with respect to the slope

of the hazard curve (in log-log scale) at the threshold, a known proxy for gro-

und motion beyond design. All data presented in the maps are made available

for the interested reader as a supplemental archive.
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1 | INTRODUCTION

According to the performance-based seismic design paradigm,1 as acknowledged by several contemporary building
codes such as the Italian code or the Eurocode 8 (EC8),2 seismic actions derive from probabilistic seismic hazard analy-
sis or PSHA.3,4 In fact, in most worldwide codes, design ground motion (GM) is represented in terms of the uniform
hazard spectrum (UHS), that is, a spectrum with ordinates that, taken individually, have the same probability of being
exceeded in a given time interval or, equivalently, same return period of exceedance (Tr). The return period used for
design depends on the performance of interest; ie, the limit state. Because the structural performance for GM larger
than the design one is not controlled, the return period is chosen so that exceedance is sufficiently rare to be acceptable.
A typical number for the life-safety limit state, according to the Italian code, is Tr = 475yr that corresponds to the signifi-
cant-damage limit state according to EC8.

Exceedances of code spectra based on UHS are systematically observed over large areas, for example, in all the dam-
aging earthquakes occurring in the last 10 years in Italy.5 Dedicated studies clarified that exceedance of design spectra
is expected to be rare only from the perspective at one individual site (eg, once every 475 years at that site), while it is
as more frequent as larger the number of considered sites is. Moreover, it has been demonstrated that exceedance of
design spectra is likely-to-almost-certain in the epicentral area of earthquakes of moderate-to-high magnitude, espe-
cially when the hazard assessment is based on seismic source zones. For example, would an earthquake of magnitude
about six to occur anywhere in Italy, a site within 5 km would likely see its peak ground acceleration (PGA) with
Tr = 475 years exceeded.6 This happens also in regions where the maximum magnitude considered in the hazard assess-
ment is about 7.5. The consequence of engineering interest is that it is systematically expected that the structures in the
epicentral areas of moderate-to-high earthquakes must withstand seismic actions larger than those accounted for by
design. Roughly speaking, one can iconoclastically say that the design spectrum does not protect in the epicentral areas
of these events.

It is well-known that this issue has a reflection on seismic structural reliability so that buildings of the same typol-
ogy, designed for the same limit state at different sites, characterized by different design GM corresponding to the same
return period of exceedance, have annual failure rates that can be different by orders of magnitude.7-9 Although this is
partially because the way design actions translate in seismic resistance according to modern seismic codes, as it is well
known, there is also an effect of GM corresponding to return periods larger than the design one, and against which
structural performance is not verified.

For both issues* discussed so far (that are not unrelated each-other), it could be useful to compute the expected GM
in earthquakes exceeding the design seismic action; ie, to quantify the extra-intensity the structures are exposed to in
these events. To this aim, the expected value of the peak-over-threshold (POT) has been recently introduced.10 It is the
mean spectral (pseudo) acceleration conditional to the exceedance of a threshold value (ie, the code spectrum). It has
been shown that it can be computed via disaggregation11 of the seismic hazard analysis the design UHS descends from;
thus, it is consistent with it.

Mapping the expected POT for Italy allowed the observation that: (a) it significantly varies over the country; (b) the
larger expected POT values are observed where the epsilon (ε) from disaggregation is lower and vice-versa; (c) it can be
larger than twice the design spectral ordinate it refers to, meaning that the exposure, beyond the design spectrum, of
structures in the epicentral areas of strong earthquakes (ie, those exceeding the design GM), can be large.

Starting from these conclusions, the study presented herein is intended to introduce some extensions and further
results. First, the full POT distribution is introduced, and it is shown how it can be computed from the hazard curve for
the site, without the need to recur to hazard disaggregation. Then, it is discussed how the moments of the POT distribu-
tion change with the return period of the threshold, the site's hazard, and the vibration period of the spectral ordinate
being considered. Uniform and conditional-POT spectra are also introduced. The effect of the POT on seismic structural
reliability is quantified and discussed. Finally, because the local slope of the hazard curve at the intensity corresponding
to the median capacity is related to the seismic structural reliability,12 it is also discussed that the POT is more informa-
tive than the slope of the hazard curve, although being computable with the same input information, thus also
preferable.

*Although design based on risk-targeted ground motions7 should solve the issue, as it aims at choosing the design actions to achieve a predefined
seismic safety, it is not yet widespread in codes (except some attempts), and the design approach based on fixed return periods will be likely still
grounded in practice for quite some time. It also should be mentioned, for completeness, that the risk-targeted approach has its own issues, mostly
related to the required assumptions on the seismic fragility of the structure to be designed.
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The remainder of the paper is structured such that what is likely to happen, in terms of seismic action, in the epi-
central areas of moderate-to-high magnitude earthquakes, is recalled first. Subsequently, the procedure to obtain the
POT distribution is derived and discussed for three sites exposed to low-hazard, mid-hazard, and high-hazard in Italy,
along with the POT spectra. Six-story reinforced concrete moment resisting frames are considered to assess the effect of
the POT on the structural safety and to discuss possible viable options within the considered design approach. Finally,
the expected value and the 95th percentile of the POT are mapped for Italy considering three return periods of design
interest. These maps, based on data made accessible for the reader, are discussed with respect to the corresponding
maps of the hazard curve's slope at the threshold. Final remarks close the study.

2 | PSHA AND EPICENTRAL AREAS

Preliminarily to introduce the POT distribution, and to understand why it could be meaningful for earthquake engi-
neering, it must be recalled what is likely to happen for PSHA-based seismic actions in epicentral areas.

If the considered GM intensity measure is the spectral acceleration, Sa(T), at a vibration period of interest, T, and
referring to some damping factor, the main result of PSHA is the rate of seismic events (λSa(T) > sa) exceeding a thresh-
old value (sa) at the site of interest. Such a rate, which completely defines the homogeneous Poisson process regulating
the occurrence of earthquakes causing the exceedance of sa over time,3 can be computed as per Equation (1), that is the
hazard integral, which is written assuming that the site is subjected to earthquakes from s sources:

λSa Tð Þ> sa =
Xs

i=1

νi�
ðrmax

rmin

ðmmax

mmin

P Sa Tð Þ> sa jm,r½ ��f M,R,i m,rð Þ�dm�dr: ð1Þ

In the equation, the i = {1,2,…,s} subscript denotes the i-th seismic source, which is characterized by the rate of
earthquakes, νi, above a minimum magnitude (M) of interest (mmin) and below the maximum magnitude deemed possi-
ble for the i-th source (mmax). The term fM,R,i(m,r) represents the joint probability density function (PDF) of magnitude
and source-to-site distance (R). The (rmin, rmax) interval contains the possible values of the distance of the earthquake,
occuring on the i-th source, from the site. Finally, P[Sa(T) > sa j m,r] is the probability of exceeding the sa threshold
given magnitude and distance, and it is typically provided by a ground-motion prediction equation (GMPE). In their
classical format, GMPEs model the logarithm of Sa(T) as per Equation (2):

log Sa Tð Þ½ �= μSa Tð Þ,m,r + θSa Tð Þ + σSa Tð Þ�ε, ð2Þ

in which μSa(T),m,r+θSa(T) is the mean of log[Sa(T)] given {M,R,θSa(T)}, and θSa(T) denotes one or more coefficients
accounting for other features (eg, the soil type); σSa(T) � ε is a zero-mean and σ2Sa Tð Þ variance Gaussian random variable;
ie, ε is the standardized residual of the GMPE.

Computing Equation (1) for different threshold values allows obtaining the curve of the rates of exceedance as a
function of sa, that is the hazard curve for the site. To help the discussion, this study considers three sites, at compara-
tively low-hazard, mid-hazard, and high-hazard in Italy (ie, Milan, Naples, and L'Aquila, respectively). Figure 1 (right)

FIGURE 1 Left: three sites considered for

the analyses herein; right: hazard curves for two

spectral ordinates [Colour figure can be viewed

at wileyonlinelibrary.com]
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shows the PGA, that is Sa(T = 0s), and Sa(T = 1s) hazard curves for the sites (5% damping factor is considered). The
different shape of the hazard curves can be appreciated. It has a direct effect on what discussed in the following.

The curves, as well as all other results shown hereafter, were obtained considering the seismic source zones
described in the study that lies at the basis of the definition of the structural seismic actions according to the code
enforced in the country.13 Such a study features a logic tree made of several branches; herein, the branch identified as
921 was used. It considers the seismic source model of Meletti et al,14 which is made of 36 areal seismic zones, num-
bered from 901 to 936 (depicted in Figure 1, left). The seismicity of each zone is represented by the annual rates of
earthquake occurrence associated to bins of surface-wave mangitude.15 The considered GMPE is that of Ambraseys
et al,16 which was applied between magnitude 4.0 and 7.5 and epicentral distance up to 230 km. Assuming a uniform
epicenter distribution in each seismic source zone, epicentral distance was converted into the Joyner and Boore dis-
tance17 (ie, the metric adopted by the GMPE) according to Montaldo et al.18 In order to account for the predominant
style-of-faulting of each seismic source, the correction factors proposed by Bommer et al19 were also applied. The haz-
ard was computed using the REASSESS software presented in Chioccarelli et al.20

2.1 | Exceedance scenarios

It is useful to recognize that the product νi � fM,R,i(m,r) � dm � dr is the rate of earthquakes, from the i-th source, that
come from the M ∈ (m,m+dm) and R ∈ (r,r+dr) bins. Therefore, the hazard integral can be rewritten in finite terms as:

λSa Tð Þ> sa≈
Xs

i=1

Xmmax

mmin

Xrmax

rmin

P Sa T½ �> sa jm,r½ ��νm,r,i�Δr�Δm, ð3Þ

where summations replace integrals as computations require finite bins, Δr and Δm, in lieu of dr and dm.
In fact, even the product P[Sa(T) > sa j m,r] � νm,r,i �Δr�Δm is a rate. It is the mean number of earthquakes per unit-

time from the i-th source that cause exceedance of the sa threshold and come from the {m,r} bin. Such a rate can be
indicated as λSa(T) > sa,m,r,i � Δr � Δm. Thus, the hazard integral reduces to:

λSa Tð Þ> sa≈
Xs

i=1

Xmmax

mmin

Xrmax

rmin

λSa Tð Þ> sa,m,r,i�Δr�Δm: ð4Þ

This representation is useful: Figure 2 shows the hazard integral to compute the rate of exceedance of Sa(T = 1s),
on rock soil conditions, that corresponds to Tr = 475yr at the site of L'Aquila (central Italy), that is, saTr =475 = 0:21g.

The left panel of the figure provides the νm,r � Δr � Δm rates for all the sources within 230 km from the site (in terms
of epicentral distance), while the central panel gives P Sa Tð Þ> saTr =475 jm,r½ �. The product of the two leads to the right
panel which is λSa Tð Þ> saTr =475,m,r�Δr�Δm. It is clear, by definition, that summing up the values in the right panel yields
1/475 = 0.0021.

FIGURE 2 Hazard terms for the 1-second spectral acceleration with 475-year exceedance return period in L'Aquila. Left: occurrence

rates per magnitude and distance bins; center: probability of exceedance from the GMPE; right: rates of earthquakes exceeding the threshold

from specific magnitude-distance bins6
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It can be seen from the left panel that the maximum magnitude of earthquakes that can occur on the sources
affecting the hazard of L'Aquila is larger than M7. However, the rates of earthquakes larger than M6 are negligible com-
pared with those of magnitude below M6. Conversely, it can be appreciated from the middle panel that if earthquakes
with magnitude larger than M6 occur, for example, within 15 km from the site, the probability of exceeding saTr =475 is
from 0.4 to almost 1 (ie, exceedance is almost certain for these scenarios). This, as extensively discussed in Iervolino
et al,6 shows why exceedance of the design spectra is expected in the epicentral areas of earthquakes of magnitude that
would be considered relatively moderate otherwise, as systematically observed.21

3 | PEAK-OVER-THRESHOLD DISTRIBUTION

A consequence of the likely exceedance of the design actions in epicentral areas of moderate-to-high magnitude earth-
quakes is that structures will be exposed to actions larger than those considered in design. In other words, the design
spectrum does not protect in the epicentral areas of these events. Therefore, it can be useful to quantify the expected
GM in these earthquakes. To this aim, the expected POT was introduced in Iervolino et al 10 as the mean Sa(T) condi-
tional to the exceedance of the threshold corresponding to a return period of interest, indicated as saTr . Following the
common notation in probability, the expected POT can be indicated as E Sa Tð ÞjSa Tð Þ> saTr½ �. It was demonstrated that
it can be computed as:

E Sa T½ �jSa T½ �> saTr½ �=
ð ð
M,R

eμSa Tð Þ,m,r �
ð+∞

log saTrð Þ−μSa Tð Þ,m,r
σSa Tð Þ

eσSa Tð Þ�z�f M,R,εjSa Tð Þ> saTr
m,r,zð Þ�dz�dr�dm, ð5Þ

where all the terms and symbols have been already introduced, except f M,R,εjSa Tð Þ> saTr
m,r,zð Þ, which is the joint PDF of

{M,R,ε} given that Sa Tð Þ> saTr ; ie, the disaggregation distribution for saTr . (In this context, z denotes the generic realiza-
tion of ε, and the lower limit of the inner integral is the ε value corresponding to the disaggregated acceleration value:
log saTrð Þ−μSa Tð Þ,m,r

h i
=σSa Tð Þ.)

Note that Equation (5) is written assuming θSa(T) = 0 in the GMPE; however, the POT for any other value of θSa(T)
(eg, for any other soil condition) can be computed from Equation (5) as:

E Sa Tð ÞjSa Tð Þ> saTr ,θSa Tð Þ
� �

= eθSa Tð Þ �E Sa Tð ÞjSa Tð Þ> saTr½ �: ð6Þ

To link the POT to hazard disaggregation is functional to show that it has a negative correlation with ε; ie, at the
sites where the average ε from disaggregation is lower, the POT is comparatively larger and vice-versa. In other words,
where less anomalous GM is expected to cause exceedance, then the amount of exceedance is relatively larger and vice-
versa.

Herein, a procedure to compute not only the expected value of the POT, but the full PDF of Sa(T) given exceedance
of saTr , or f Sa Tð ÞjSa Tð Þ> saTr

sað Þ, which does not require hazard disaggregation, is introduced. To start, the distribution of
Sa(T) in one generic earthquake,† fSa(T)(sa), is needed. Such a distribution can be obtained from the absolute value
derivative of the hazard curve divided by the total rate of earthquakes over the sources, ν=

Ps
i=1νi:

f Sa Tð Þ sað Þ�d sað Þ= 1
ν
� dλSa Tð Þ> sa

d sað Þ
����

�����d sað Þ= 1
ν
� dλSa Tð Þ> sa

�� ��: ð7Þ

At this point, the sought distribution, that is f Sa Tð ÞjSa Tð Þ> saTr
sað Þ, it can be computed via the conditional probability

rule:

†That is, given an earthquake of unknown magnitude and source-to-site distance.
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f Sa Tð ÞjSa Tð Þ> saTr
sað Þ= f Sa Tð Þ\Sa Tð Þ> saTr

sað Þ
P Sa Tð Þ> saTr½ � , ð8Þ

where the denominator, P Sa Tð Þ> saTr½ � is the probability of exceeding the threshold in one generic earthquake and, in
fact, is the rate of exceedance of saTr , divided by the total rate of earthquakes:

P Sa Tð Þ> saTr½ �= λSa Tð Þ> saTr

ν
: ð9Þ

The numerator is the PDF of Sa(T) when, at the same time, Sa Tð Þ> saTr . In other words, it is just the portion of
fSa(T)(sa) at the right of saTr ; then:

f Sa Tð ÞjSa Tð Þ> saTr
sað Þ= f Sa Tð Þ> saTr

sað Þ
P Sa Tð Þ> saTr½ � : ð10Þ

Replacing Equation (7) in Equation (10), it results that the POT distribution is just the absolute value of the deriva-
tive of the hazard curve,‡ truncated at the threshold and divided by the exceedance rate of threshold:

f Sa Tð ÞjSa Tð Þ> saTr
sað Þ�d sað Þ= 1

ν
� dλSa Tð Þ> sa

�� ��
P Sa Tð Þ> saTr½ � =

dλSa Tð Þ> sa

�� ��
λSa Tð Þ> saTr

, 8sa> saTr : ð11Þ

An example is given in Figure 3, where the POT distribution is derived for the 1-second spectral acceleration given
the exceedance of the threshold with 475-year return period on rock in L'Aquila.

It follows that E Sa Tð ÞjSa Tð Þ> saTr½ � , as well as any other statistical quantity, can just be computed from
f Sa Tð ÞjSa Tð Þ> saTr

, in lieu of Equation (5). In this case, it is evident that the expected POT does not explicitly depend on
the GMPE and hazard disaggregation, as it just requires the hazard curve. In other words, deriving the expected POT
from the POT distribution results in a procedure simpler than Equation (5). Moreover, this procedure also allows to eas-
ily retrieve the spectrum of the peak-over-the-thresholds (as it will be clear in Section 5) given the exceedance of sa
corresponding to any return period.§

Finally, it is noted that the term peak-over-threshold is somewhat common in time-variant reliability problems22;
however, its definition herein is closer to the concept of superquantile or conditional quantile from risk analysis.23

4 | POT DISTRIBUTIONS AND SITE'S HAZARD

In this section, the distribution of the spectral acceleration given the exceedance of some threshold values is discussed
for Milan, Naples, and L'Aquila. The objective is to discuss the effect of the site's hazard on the shape of the POT distri-
bution, varying the return period of the threshold and the spectral ordinate of interest. To this aim, for the three consid-
ered sites, the POT distribution for PGA and Sa(T = 1s) were computed as discussed in the previous section. The
thresholds are those that have exceedance return period equal to 50, 475, and 2475 years, according to the hazard curves
of Figure 1. The first two return periods have been chosen because they correspond to the damage and life-safety limit
states of an ordinary structure according to the Italian building code, respectively, while Tr = 2475yr is the maximum
return period considered by the code. Therefore, six distributions are computed for each site and displayed in Figure 4.

‡It follows that the POT's complementary cumulative distribution function is just P Sa Tð Þ> sa Sa Tð Þ> saTrj½ �=1 for sa≤ saTr , and
P Sa Tð Þ> sa Sa Tð Þ> saTrj½ �= λSa Tð Þ> sa=λSa Tð Þ> saTr for sa> saTr , that is, the normalized tail of the hazard curve.
§Although it could also be done via Equation (5), it would require disaggregation to be performed for all the return periods of interest. However, it is
to note that Equation (5) can be more robust computationally, because Equation (11), to produce unbiased results, requires the hazard curve be
computed up to sa values sufficiently large so that the area under the PDF equals one.
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Looking at the figure horizontally, that is the same return period for different sites, it is shown that the POT distri-
bution tends to get wider (ie, the POT random variable is comparatively more dispersed) as the hazard for the site
increases. This result applies to both the spectral ordinates considered. Given the discussion of Section 3, the explana-
tion is in the shape of the hazard curves. As it can be seen from Figure 1, the larger the hazard the lower the (negative)
slope of the hazard curve at the threshold (see also Section 7.1). Exploring the figure vertically, that is, different return
periods for the same site, it appears that also in this case the POT distribution gets flatter. This is less obvious as, heuris-
tically, one could think that the larger the threshold the lower the peak over it. In fact, the expected value of the POT
should asymptotically tend to the threshold; however, the heterogeneity of spectral acceleration given exceedance tends
to get wider (to follow).

As a summary, Table 1 reports the thresholds, the expected values, the standard deviations, the coefficients of varia-
tion (CoV) of the POT distributions, and the absolute values of hazard curve slope's (h) at the threshold, in log-log scale,
for the three sites. As discussed, both the standard deviation and the CoV of the POT are larger for the most hazardous
sites. In other words, the larger the hazard of the site, the more uncertain (also relatively to the mean) the spectral
acceleration given exceedance is. Moreover, for any site, one can see that, invariably, increasing the return period of
exceedance of the threshold, the standard deviation increases; however, the CoV decreases, although mildly. In other
words, the larger the hazard of the site and/or the return period of the threshold the more uncertain the spectral accel-
eration given exceedance is; however, it is decreasing if measured relatively to the mean.

The table also reports the 95th percentile from the POT distribution (sa95%), which will be discussed more thor-
oughly later. It has been chosen as a measure of how large the POT can be at a specific site. It can also be interpreted as

FIGURE 4 POT

distributions of PGA and 1-

second spectral acceleration

conditional on the exceedance

of the threshold with return

period equal to: 50 (top),

475 (middle), and 2475 years

(bottom) [Colour figure can be

viewed at wileyonlinelibrary.

com]

FIGURE 3 Left: 1-second spectral acceleration hazard curve for the site of L'Aquila; center: distribution of 1-second spectral

acceleration in one earthquake; right: POT distribution relative to exceedance of the spectral acceleration with 475-year exceedance return

period from the left panel [Colour figure can be viewed at wileyonlinelibrary.com]
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the value of spectral acceleration to be expected one-in-twenty earthquakes causing exceedance of the threshold of
interest (in fact, it represents the GM that corresponds to a return period equal to that of the threshold divided by
1-0.95; ie, in the case of the threshold with Tr = 475yr, the 95th POT percentile is sa95% = saTr =9500).

As it regards the slope, it is increasing with the return period, as expected, and generally decreasing with site's haz-
ard, although not always.

Considering the site of L'Aquila (right panels of Figure 4), which is in the central Italy Apennines, one of the most
seismically hazardous areas in the country, the POT distribution for PGA is over the intervals (0.094g; +∞) and
(0.253g; +∞) for the return periods of Tr = 50yr and Tr = 475yr, respectively (obviously, the lower ends of the intervals
are the thresholds with the considered exceedance return period). The 95th percentile of the spectral acceleration is
0.345 g for Tr = 50yr, which means that one-in-twenty earthquakes exceeding the PGA with 50 years return period are
expected to almost double the acceleration with 475-year return period at the site. In L'Aquila, the expected value of the
POT is 0.75 g for the threshold with Tr = 2475yr, while the 95th POT percentile is as high as 1.35 g. A similar reasoning
applies to the 1-second spectral ordinate; however, the relative difference between the expected value and the threshold,
as well as between the 95th percentile and the threshold, is larger for Sa(T = 1s) than PGA, for each return period.

In the case of Naples (middle panels of Figure 4), which is exposed to generally lower seismic hazard with respect to
L'Aquila, it can be observed that, with reference to Sa(T = 1s), the PDF of the acceleration conditional on the exceed-
ance of the threshold with Tr = 50yr is defined for values larger than 0.036 g, while it is defined over the interval
(0.119g; +∞) for Tr = 475yr, and (0.218g; +∞) for Tr = 2475yr. The values of the 95th POT percentile, still in terms of
Sa(T = 1s), if the exceedance of the corresponding ordinate of the UHS with Tr = 50yr and Tr = 475yr occurs, are 0.158
and 0.327 g, respectively. For Tr = 2475yr, the 95th POT percentile is about 0.5 g.

It is also worthwhile to consider the case of Milan that, unlike the other two sites, is outside the seismic sources of
the model considered for the hazard analysis (see Figure 1). In fact, the conditional PDF of the considered spectral
accelerations (left panels of Figure 4) are informative about what to observe for code-conforming structures located in
the low-hazard regions in the case exceedance of the design spectrum occurs. Looking at the distribution of Sa(T = 1s)
for the threshold with Tr = 50yr, which is defined over the interval (0.014g; +∞), one can observe that the 95th percen-
tile is equal to 0.045 g, which is more than three times the corresponding ordinate of the spectrum. Looking at the

TABLE 1 Mean, standard deviation, CoV, 95th percentile of POT distributions, and slope of the hazard curve at the threshold, from

Figure 4

MI NA AQ

Sa(T = 0s) Sa(T = 1s) Sa(T = 0s) Sa(T = 1s) Sa(T = 0s) Sa(T = 1s)

Tr = 50yr saTr [g] 0.026 0.014 0.054 0.036 0.094 0.049

h 3.093 2.192 1.810 1.470 2.099 1.575

Expected POT [g] 0.036 0.023 0.096 0.072 0.165 0.119

St. dev. [g] 0.013 0.013 0.058 0.049 0.118 0.147

CoV 0.350 0.556 0.600 0.691 0.712 1.237

sa95% [g] 0.059 0.045 0.198 0.158 0.345 0.318

Tr = 475yr saTr [g] 0.050 0.035 0.152 0.119 0.253 0.207

h 3.866 2.745 2.618 2.414 2.398 1.637

Expected POT [g] 0.065 0.052 0.225 0.182 0.412 0.412

St. dev. [g] 0.018 0.021 0.091 0.080 0.225 0.316

CoV 0.277 0.413 0.405 0.441 0.545 0.766

sa95% [g] 0.099 0.090 0.394 0.327 0.817 0.937

Tr = 2475yr saTr [g] 0.074 0.060 0.268 0.218 0.496 0.515

h 4.440 3.228 3.226 3.063 2.532 2.043

Expected POT [g] 0.093 0.083 0.368 0.306 0.753 0.868

St. dev. [g] 0.023 0.029 0.120 0.108 0.319 0.486

CoV 0.242 0.345 0.325 0.354 0.424 0.559

sa95% [g] 0.136 0.135 0.593 0.504 1.353 1.723
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larger return periods, the domain of the distribution for Sa(T = 1s) reduces to (0.035g; +∞) for Tr = 475yr and to
(0.060g; +∞) for Tr = 2475yr; the 95th percentiles of the spectral ordinate over the threshold are equal to about 0.1 and
0.135 g, respectively.

To extend the results discussed so far to a larger number of return periods, 30, 50, 70, 100, 140, 200, 475, 975, and
2475 years, are considered. For these return periods, Figure 5 provides the percentage difference of the POT for the
three sites and the two spectral ordinates. These differences are defined as
Δ% =100� E Sa Tð ÞjSa Tð Þ> saTr½ �−saTrf g=saTr and Δ% =100� sa95%−saTr½ �=saTr for the expected POT and the 95th per-
centile, respectively. The most important result the curves show is that, generally, the percentage increment is not uni-
form across the sites, even for the same return period of the threshold. Moreover, the increment tends to decrease as
the return period increases, as expected, however, relatively mildly.

With reference to L'Aquila, once the exceedance of the design PGA with Tr = 2475yr occurs, one can observe that
such exceedance is expected to be equal to 52%, and there is 5% probability that the difference is larger than 172%.
Coherently with the results obtained at a national scale (to follow), the curves in Figure 5 show that percentage differ-
ences are smaller for PGA than Sa(T = 1s). In fact, for the latter spectral ordinate, the minimum value of the increase
in the expected POT, in the investigated range of return periods, is equal to 68%, and it results equal to 234% for the
95th percentile.

For the case of Milan, even if the design threshold is exceeded due to a more anomalous ground motion,¶ the rela-
tive amount of exceedance is smaller than in L'Aquila.10 In fact, for the PGA, the percentage increments of the expected
value and 95th percentile of the acceleration beyond the threshold with Tr = 2475yr, are equal 26% and 83%, respec-
tively. With reference to Sa(T = 1s), the minimum percentage difference of the expected exceedance, in the investigated
range of return periods, is equal to 38%, and it is 125% for the 95th percentile.

The case of Naples generally shows intermediate values with respect to the other two sites considered, confirming
that the hazard level has a positive correlation with the POT in both absolute and relative terms. In fact, the relevant
result here is that the GM, in case of exceedance of the design spectra with the same return period, is significantly larger
for sites exposed to comparatively larger hazard (eg, twice in L'Aquila with respect to Milan) and although this can now
seem intuitive, it is not accounted for in current performance-based seismic design and can have an effect of seismic
safety implied in code-conforming design, as discussed in Section 6.

5 | SPECTRA-OVER-THRESHOLD

Because seismic design actions are represented in the form of spectra, it would be beneficial to compare with the POT
represented in terms of spectra as well. To this aim, it is possible, for each spectral ordinate in a range of natural vibra-
tion periods and for a given return period of exceedance at a site, to plot the expected value of the POT versus the vibra-
tion period. The resulting spectrum collects the expected spectral accelerations conditional to the exceedance of the
corresponding UHS ordinates. In a similar manner, if a specific percentile of the POT distribution is selected, it is possi-
ble to build the spectrum collecting the POT ordinates corresponding to the same percentile. These functions can be
referred to as uniform-POT spectra. In Figures 6, 7, and 8, the uniform-POT spectra are provided for the three sites and
return periods considered in Section 4. In fact, in the figures, the corresponding UHS are also given, along with the
spectra for: (a) the expected value and (b) the one-in-twenty value of the accelerations given the exceedance of the
corresponding ordinate in the UHS; ie, the 95th POT percentile spectra. (All spectra are lumped at the natural vibration
periods considered by the adopted GMPE.)16 Moreover, in each figure, the middle and right panels provide the absolute
and relative differences of the two POT spectra with respect to the corresponding UHS. The relative differences have
been already defined in the previous section, while the absolute differences are Δ=E Sa Tð ÞjSa Tð Þ> saTr½ �−saTr and
Δ= sa95%−saTr for the expected POT and its 95th percentile, respectively.

It can be preliminarily observed that, as expected, the shape of the spectra-over-the-thresholds is not different from
that of the UHS. This is because the conditional PDFs of the different spectral accelerations only depend on the hazard
curves; indeed, similarly to the latter, they vary with the natural vibration period according to the considered GMPE.
Furthermore, while the percentage increments decrease with the return period for almost all the spectral ordinates, the
opposite trend can be found for the absolute differences.

¶The expected value of ε, for any given return period, is systematically larger in Milan rather than in L'Aquila.11
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To further analyze these figures, it could be useful to discuss the sites individually. For L'Aquila (Figure 6), the per-
centage increments of the expected POT spectrum with respect to the design thresholds are up to 150%, 106%, and 80%
in the case the exceedance of the UHS with 50, 475, and 2475-year return periods, respectively; they occur at vibration
periods equal to 1.4, 0.75, and 0.6 seconds, respectively. The maximum absolute differences for the expected POT spec-
trum are equal to 0.2, 0.5, and 0.8 g for 50, 475, and 2475 years, and all occur at a vibration period equal to 0.32 second.
For what concerns the 95th percentile spectrum, considering, for example, 475 years as the return period, the maximum
is about 2.3 g and occurs at 0.32 second.

FIGURE 5 Percentage difference

of expected value (top) and 95th

percentile (bottom) of the spectral

accelerations with respect to the

corresponding threshold, as a function

of its return period of exceedance

FIGURE 6 Expected and 95th percentile POT spectra and UHS for 50 (top), 475 (middle), and 2475 (bottom) years return period in

L'Aquila (left); for each return period, absolute (center) and percentage (right) differences with the exceeded UHS are also provided
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FIGURE 7 Expected and 95th percentile POT spectra and UHS for 50 (top), 475 (middle), and 2475 (bottom) years return period in

Naples (left); for each return period, absolute (center) and percentage (right) differences with the exceeded UHS are also provided

FIGURE 8 Expected and 95th percentile POT spectra and UHS for 50 (top), 475 (middle), and 2475 (bottom) years return period in

Milan (left); for each return period, absolute (center) and percentage (right) differences with the exceeded UHS are also provided
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With reference to Naples (Figure 7), the ordinates of both POT spectra are always smaller than in L'Aquila, consis-
tent with the results of the previous section. In fact, for the expected POT spectrum, the maximum percentage incre-
ments are equal to 100%, 55%, and 43% for the considered return periods in ascending order. The maxima occur at
T = 1.40s for Tr = 50yr and at T = 0.70s for both Tr = 475yr, and Tr = 2475yr. The maximum absolute differences are
equal to 0.11, 0.19, and 0.26 g for the three (increasing) return periods; these maxima occur at T = 0.19s for Tr = 50yr
and Tr = 475yr, and at T = 0.32s for Tr = 2475yr. Looking at the spectrum of the 95th percentile of the POT for Tr = 475yr,
it can be seen that the maximum is around 1 g, occurring at T = 0.19s

In the case of Milan (Figure 8), the percentage increments of the expected POT spectrum with respect to the design
thresholds are up to 73%, 50%, and 40%, in the case the exceedance of the thresholds with 50, 475, and 2475 years return
period, respectively. They occur at vibration periods equal to 1.8, 1.5, and 1.8 seconds, respectively. The maximum abso-
lute difference of the expected POT spectrum, in ascending order of the return period, are equal to 0.03, 0.05, and
0.065 g and occur at T = 0.17s for Tr = 50yr, and at T = 0.32s, for the other two return periods. With reference to the
95th POT spectrum corresponding to Tr = 475yr, the maximum value is slightly smaller than 0.3 g and occurs at
T = 0.19s.

As a conclusion, the spectra of the peak-over-the-threshold show that, in case of exceedance (eg, when the site is in
the epicentral area of a moderate-to-high magnitude earthquake), the largest absolute differences with the considered
threshold are observed at the low-to-mid vibration periods. The vibration periods corresponding to the maxima tend to
decrease with the increasing return period. The maximum percentage increments tend to occur at lower vibration and
return periods; however, they show less sensitivity to the vibration period than the return period of the considered
threshold.

5.1 | Conditional POT spectrum

Finally, it is noted that the definition of the POT spectra given in this section does not contemplate any stochastic
dependency between spectral ordinates, which are known to exist in one earthquake. This is for consistency with the
UHS to which the POT spectra are compared. Nevertheless, it is worth noting that POT spectra can be computed in
analogy with other forms of spectra, which account for correlation of spectral ordinates, such as the conditional mean
spectrum (CMS).24,25 In particular, once a spectral ordinate at a vibration period of interest (T*) is chosen and the
expected POT is computed, then the other spectral ordinates can be obtained as:

E log Sa Tð Þ½ �f g=ð ð
M,R

μSa Tð Þ,m,r + ρT,T* �σSa Tð Þ�
E Sa T*

� �jSa T*
� �

> saTr

� �
−μSa T*ð Þ,m,r

σSa T*ð Þ

( )
�f M,RjSa T*ð Þ=E Sa T*ð ÞjSa T*ð Þ> saTr½ � m,rð Þ�dr�dm, ð12Þ

where, as already introduced, saTr is the value with Tr exceedance return period of the spectral acceleration at the
vibration period T*. All the terms in the equation have been defined already, except f M,RjSa T*ð Þ=E Sa T*ð ÞjSa T*ð Þ> saTr½ � ,
which is the magnitude-distance disaggregation distribution given the expected POT, and ρT,T* , which is the correlation
coefficient of the spectral accelerations at the two periods {T,T*}. The equation allows, analogously, to compute the
CMS spectra corresponding to any other POT percentile.

FIGURE 9 CMS conditional to the

expected value (left) and 95th percentile

(right) POT for the 1-s spectral

acceleration with 475-year return period

in L'Aquila
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As an example, Figure 9 provides the POT-CMS for the site of L'Aquila, given the exceedance of 1-second
spectral acceleration from the 475 years UHS (computed with the correlation model by Baker and Jayaram).26 In
particular, the left panel shows the UHS, the expected value of the POT (ie, the same as in Figure 6), and the
conditional spectrum computed according Equation (12). The right panel shows the conditional spectra
corresponding to the 95th percentile of the POT for the same spectral ordinates, as well as the 95th percentile POT
spectrum, and the UHS from Figure 6.

6 | PEAK-OVER-THRESHOLD AND SEISMIC RELIABILITY OF CODE-
CONFORMING STRUCTURES

In this section, it is discussed how the POT can help understanding the seismic structural safety of code conforming
structures. To this aim, some structures designed, modeled, and analyzed in the RINTC research project27 are consid-
ered. The project evaluated the seismic structural reliability (ie, the annual failure rate) of structures, belonging to sev-
eral structural typologies and designed for different seismic hazard levels across the country. In particular, the same
sites (ie, Milan, Naples, and L'Aquila) of this study were considered.

The structures have been designed with respect to two limit states, that is, damage and life-safety. The design GM
has return period of 50 years for the former and 475 years for the latter. In turn, in the project, the annual failure rates
have been evaluated with respect to two performances named usability-preventing damage (UPD) and global collapse
(GC). Failure with respect to UPD is related to damage to nonstructural elements (eg, infills in reinforced-concrete
buildings), while GC is related to the loss of lateral strength of the structural system.

One of the main results of the project is that the seismic structural reliability of code-conforming structures tends to
decrease as the hazard of the site increases, despite the exceedance return period of the design GM being the same at all
sites.9 As an example of such a result, the failure rates of the six-story (bare) moment-resisting frames from the RINTC
project are given in Table 2, where it can be seen that they grow by orders of magnitude as the hazard of the site
increases. One of the explanations for these results could possibly be related to issues that can be grossly categorized as
the design minima; ie, the requirements that the code imposes regardless of the design seismic actions and that are
expected to have a larger effect on the seismic safety of structures designed for low-hazard sites (for structural design
and modeling details, see Ricci et al).28 However, as it is discussed here, the GM beyond that considered for design can
also play a role with respect to this issue.

Figure 10 (top) shows the equivalent single-degree-of-freedom system backbones for the considered structures (ie,
six-story [bare] moment-resisting frames) designed at the three sites, which are obtained from the original three-
dimensional structural models as discussed in Suzuki et al.29 It can be seen that, as expected, the maximum strength
and displacement (Sd) capacity of code-conforming structures increase as the hazard of the site increases. These back-
bones are rendered nondimensional, thus more easily comparable, in Figure 10 (bottom), where the coordinates are the
displacement ductility (μ) and the strength reduction factor (R). On the same figure, the 475-year UHS for the sites (ie,
approximately that used for design), as well as the expected POT spectra, are also shown in the acceleration-
displacement format. (Spectra are not exactly those of the previous section because structural design of the considered
structures refers to soil site class C according to EC8.)2

At Milan, the UHS demand is in the elastic range, and a hypotethical performance point, according to Fajfar,30

would move to the right of the backbone as the seismic hazard increases. This can be considered the effect of the code
requirements discussed earlier. However, in the figure, the expected POT spectra are also shown for the three sites. The

TABLE 2 Failure rates and strength reduction factors for six-story reinforced concrete code-conforming structures. (*The rate was so

low that only an upper bound could be provided; see Iervolino et al 9 for details)

MI NA AQ

Global collapse annual failure rate 1.00E − 5* 1.00E − 5* 8.47E − 5

Usability-preventing damage annual failure rate 1.86E − 4 5.97E − 3 1.08E − 2

RPOT ¼E Sa T*
� �

Sa T*
� �

> saTr¼475

��� �
=say 0.41 1.16 2.19

RUHS ¼ saTr¼475=say 0.28 0.77 1.10
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seismic demands according to these spectra also change as the hazard of the site increases; however, it happens in a dis-
proportionate way with respect to what happens for the UHS, and this can have a non-negligible impact on the seismic
structural reliability. To quantify this effect, Table 2 provides the strength reduction factors computed with respect to
the expected POT (RPOT) and the UHS (RUHS). These factors are defined as the values from the respective spectra, at the
period of the considered system, divided by the yielding spectral acceleration (say) of the system. It is easy to note a
larger increase, with site's hazard, of the RPOT with respect RUHS.

It can be concluded that the GM exceeding the design one, for which the structure is not verified during design, is
significantly different at the three sites, so that it has an effect on seismic structural safety even if the design GM has
the same return period across the sites, and the worst situation is for the sites exposed to the larger hazard. One solution
to this issue is, in principle, the design based on risk-targeted GMs, which overcomes the return period approach dis-
cussed herein and provides a given degree of structural safety assuming a reference fragility function for the structure
being designed. However, the paradigm according to which design explicitly targets a certain level of structural safety
has not found yet its way fully in many codes worldwide, one significant example being the EC8 and similar building
codes as the Italian one, which are and will be for quite some time still based on static and modal analyses via behavior
(ie, strength reduction) factors. To account for the issues brought by the POT in this framework, there are at least two
possible remedies that are currently under preliminary discussion in the scientific community. A straightforward one
would be to calibrate behavior factors so that they are hazard and POT dependent; ie, in a reverse manner as addressed
in the illustrative structural application of this section, so that to achieve a comparable structural safety of the structures
designed at different sites (see also the work of Suzuki,31 for a more comprehensive assessment of the strength reduc-
tion factors for a variety of code-conforming structural typologies). Alternatively, it could be argued that for structures
located in sites where the POT is larger, the design action is possibly largely exceeded when the site is the epicentral
area of a moderate-to-high earthquake. Therefore, an additional performance objective could be verified for the

FIGURE 10 Top: equivalent single-degree-

of-freedom system backbones for six-story

reinforced-concrete code-conforming structures;

bottom: acceleration-displacement spectra and

performance points in normalized (ie, strength

reduction factor vs ductility) format
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structures designed in these sites. The seismic action for this further limit state should be derived from the POT distri-
bution. In other words, referring for example to the EC8 limit states: a structure designed for life-safety, should also be
verified for collapse-prevention when the GMs equal the expected POT. However, any code-ready proposal requires fur-
ther research work.

7 | POT PERCENTILE MAPS

This section is intended, with reference to Italy, to provide insights on the POT range of variability, when different
return periods are considered, at a national scale, considering the same hazard model recalled in Section 2. # In particu-
lar, these maps were carried out considering saTr =50 , saTr =475 , and saTr =2475 as the reference thresholds. Results are
shown in Figures 11 and 12 for PGA and Sa(T = 1s), respectively. In particular, the top, middle, and bottom panels refer
to Tr = 50yr, Tr = 475yr, and Tr = 2475yr, respectively. For a given return period, the maps show, from left to right, the
thresholds according to the considered hazard model, the expected value, and the 95th percentile from the POT distribu-
tions at each site, as discussed in Section 3. For each map and in both figures, the location where the maximum for each
map occurs and areal source zones adopted in the analyses are also provided.

The figures show that the design thresholds are larger along the central-southern Apennines mountain chain and in
the Calabrian arch, regardless of the return period of interest. Considering Tr = 2475yr, the largest value of the thresh-
old across Italy is around 0.6 g for both the spectral ordinates.

As expected from the analysis of the three sites above, the larger is the threshold at the site, the larger are the
expected value and the 95th percentile of the spectral acceleration given exceedance. This is also true when, for a given
site, the statistics of the POT, at different return periods, are considered. In fact, looking at the figures vertically, it can
be noted that both the expected POT and sa95% increase with the return period at all the sites. Given the exceedance of
saTr =2475 , the maximum value of the expected acceleration across Italy is around 1 g for both the spectral ordinates,
while the maximum value of sa95% is 1.5 g in the case of PGA and even a little above 2 g for Sa(T = 1s).

The relative difference between the statistics of the POT and the threshold from the data are also larger in the
most hazardous areas. These differences tend to decrease with the increasing return period, although mildly. For
example, with reference to PGA, the expected POT can be as high as two times the threshold when the exceedance
of saTr =50 occurs in some areas along the southern Apennines mountain chain. On the other hand, considering the
same areas, if the exceedance of the Tr = 2475yr PGA is of interest, the acceleration over the threshold is expected to be
equal around 1.5 times the threshold. These results are also consistent with what discussed for the three sites in
Section 4.

On average, the percentage differences, over the country, of the expected peak over threshold with 50-year
return period, are equal to 67% and 104% for PGA and Sa(T = 1s), respectively. In the case Tr = 475yr, the differ-
ences are equal to 50% for PGA and 70% for Sa(T = 1s). When Tr = 2475yr, the amount of exceedance of the
threshold is equal to 41% in the case of PGA and 54% in the case of Sa(T = 1s). In the case of sa95%, the average
percentage difference is equal to 233% for PGA and 375% for Sa(T = 1s), when the exceedance of saTr =50 is of
interest. Like the expected POT, these differences tend to decrease with the return period. In fact, for PGA, they are
equal to 170% and 134% for Tr = 475yr and Tr = 2475yr, respectively, and 243% and 183% for Sa(T = 1s). However, the
figures confirm that the amount of exceedance over the threshold strongly varies from site-to-site depending on the
site's hazard.

7.1 | POT vs hazard curve's slope

Note that the absolute value of the local slope of the hazard curve at the threshold, which—as discussed by
McGuire12—is related to the structural reliability, can be considered a proxy for the POT. In fact, 101/h represents the

#In fact, the expected value of the acceleration over the design threshold with 475 years was already mapped for Italy.10 That analysis was helpful in
showing that when ε is large, the expected value of POT is low and vice-versa. It was found that, when an anomalous ground motion is required to
cause exceedance, the expected amount of exceedance is comparatively low with respect to those location where exceedance is due to a less
anomalous ground motion (ie, lower ε). Because the hazard disaggregation generally shows smaller ε in high-hazard sites, it means that in these areas
the exceedance is larger.

CITO AND IERVOLINO472



increase in GM due to a 10-fold decrease of the exceedance rate, assuming a linear approximation of the hazard curve.
However, the slope does not provide any direct information to quantify the GM beyond design, such as its expected
value given exceedance, beyond a linear approximation that may be crude. **As shown, the POT distribution can be
computed with the same input information required to compute the slope, that is, the hazard curve alone. Therefore,
the POT distribution must be considered preferable in quantifying the GM beyond design at a specific site, being more
informative yet computable with the same ease. Nevertheless, because of its widespread use to approximate hazard cur-
ves, it may be worthwhile to compare it with the POT. To this aim, using the same national hazard model recalled
above, the slope of the hazard curves at the thresholds was computed and mapped for the same return and spectral
periods of the POT maps given in the previous section. The maps, given in Figure 13, also provide the absolute value of
the mean and the median of the slope across the country.

FIGURE 11 Top: Maps of the PGA design threshold, expected value, and 95th percentile of the spectral acceleration given the

exceedance of the threshold with 50-year return period at each site; middle is for 475-year return period; bottom is for 2475-year return

period

**Also note that, according to Vamvatsikos32: The most heavily criticized approximation of the SAC/FEMA33 [reliability] formats is the first-order
power-law fit of the hazard curve. It results to unacceptable errors whenever the curvature of the hazard function becomes significant.
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As expected, the shallower slopes generally correspond to the areas where the POT is larger. However, there
are cases in which similar slopes correspond to very different POT. As an example, Figure 14 provides the PGA
hazard curves (on rock) for three sites exposed to comparatively low-hazard, mid-hazard, and high-hazard, as it
can be seen by the different values of the intensity corresponding to 475-year return period (also given in the
figure). While the expected POT increases by a factor of almost four increasing the sites' hazard, the slope is the
same. Nevertheless, it should be mentioned that, at least in this example, the slope of the hazard curve is well
related to the percentage increase of the POT with respect to the threshold. In fact, for the three sites in the fig-
ure, which all have slope equal to 2.3, the ratio of the threshold divided by the expected POT varies between 0.62
and 0.64.

Note that the POT and slope data, the maps given in this paper are based on, are made available at http://wpage.
unina.it/iuniervo/papers/POT_maps_Italy.xlsx. In the archive, results are also given for site conditions other than rock;
in particular, the POT for other soil classes are computed from those for rock following Equation (6), while the slope of
the hazard curve is insensitive to the soil site class.34

FIGURE 12 Top: Maps of the Sa(T = 1s) design threshold, expected value, and 95th percentile of the spectral acceleration given the

exceedance of the threshold with 50-year return period at each site; middle is for 475-year return period; bottom is for 2475-year return

period
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FIGURE 13 Maps of the hazard

curve slope (when plotted in log-log

scale) for the three return periods and

two spectral ordinates considered

FIGURE 14 Three sites, with significantly different hazard, and then POT, but with similar slope at the threshold
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8 | CONCLUSIONS

In performance-based seismic design, actions typically derive from a UHS, the return period of which is based on the
limit state of interest. It has been discussed in literature that in the case an earthquake occurs close to the construction
site, the design thresholds are likely to be exceeded even for event's magnitude relatively far from the maximum of the
sources determining the seismic hazard for the site. From the structural engineering perspective, this means that the
design spectrum is not expected to protect in the epicentral areas of these earthquakes, even of relatively moderate mag-
nitude; ie, a code-conforming structure is expected to experience seismic actions beyond those accounted for in design.
In this context, the peak-over-the-threshold helps to quantify the (pseudo) accelerations a structure should withstand in
the case of strong earthquakes (ie, those able to cause exceedance of the design spectrum).

Extending from previous work, herein, how to compute the full distribution of the POT is discussed. It was
shown that such distribution is obtained by truncating the PDF of the spectral acceleration of interest, given the
occurrence of one earthquake of unknown characteristics, at the value corresponding to the design threshold. This
only requires the derivative of the hazard curve at the site of interest to be computed. Once the distribution of
the spectral acceleration over the threshold is available, it allows computing whatever probabilistic measure of the
acceleration given exceedance. Moreover, the POT distributions were computed for two spectral ordinates, PGA
and Sa(T = 1s), at three (L'Aquila, Milan, and Naples) sites in Italy, referring to three return periods of exceed-
ance of the threshold. This allowed the discussion of the moments and the percentiles as function of site's hazard.
The uniform-POT spectra, obtained collecting the expected values and the 95th percentiles of the POT, were also
introduced for the sites, as well as POT-conditional-spectra. The POT effect on seismic structural safety was
discussed based on some conforming reinforced-concrete moment-resisting frames. Finally, maps of POT percen-
tiles for Italy were given and compared with the corresponding maps of the slope of the hazard curve at the
threshold.

The study concluded that the range of actions structures must withstand in earthquakes able to exceed the
GM used for design substantially varies with sites' hazard; ie, the percentage difference increases for the most haz-
ardous sites. Moreover, the uncertainty about the actions to be observed in case of exceedance increases as the
return period of the exceeded threshold increases (although it decreases relatively to the mean). For example, in
the case of the 1-second spectral acceleration at L'Aquila, which is representative of the most hazardous sites in
Italy, considering the largest return period the code allows for design (ie, 2475 years), the 95th POT percentile is
equal to 172% with respect to the threshold, while the expected POT is 52%. For the same return period, in the
case of Milan, which is exposed to relatively lower hazard, percentage differences equal to 38% and 125% were
found for the expected value of the peak-over-threshold and the 95th percentile. Naples is in an intermediate situa-
tion between the two other sites. The comparison of the spectra-over-the-threshold with the UHS counterparts rev-
ealed that the largest absolute differences occur at low-to-mid periods, while maximum percentage increments
tend to occur at lower periods.

The Italian POT maps for PGA and Sa(T = 1s) revealed that the average, over the country, of the percentage differ-
ence of the expected POT and the threshold are about 70% and 100%, respectively, when the 50-year return period of
exceedance is of concern. The average percentage difference considering the 95th POT percentile, for the same return
period, are equal to about 230% and 400%, respectively. In the case of the expected POT, these percentage differences
reduce to 40% and 50% for PGA and Sa(T = 1s), respectively, when considering the threshold with 2475-year return
period. In the case of the 95th percentile, for the same return period, the average percentage differences are equal to
about 130% and 200%, for PGA and Sa(T = 1s), respectively.

The comparison of the POT maps with the corresponding map of the slope of the hazard curve, a known
proxy for the shape of the hazard curve, showed that it is, as expected, a proxy for the POT; however, the latter
can be computed with the same input information needed for the former, and it is more (fully) informative about
GM beyond the design value. (All data of the discussed maps, and others, are made available to the interested
reader via a linked archive.)

It was also shown that the difference in GMs among sites exposed to different hazard can have a significant effect
on the seismic structural safety and is one of the factors why the code-implied structural reliability can be different for
structures of the same configuration and typology and designed for the same limits states, yet at different sites. In fact,
it was found that, in the analyzed case, the strength reduction factor corresponding to the expected POT in L'Aquila is
more than five times that in Milan, while the same reduction factor computed with respect to the design UHS is slighlty
less than three times larger for the former site with respect to the latter. Within the approach where design is based on
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behavior factors (eg, in Europe), this may call for hazard-dependent strength-reduction and/or for additional perfor-
mance objectives for those sites where the POT is expected to be larger.

In conclusion, to quantify the GM in earthquakes exceeding the design values can be useful to understand the impli-
cations of state-of-the-art seismic design and to interpret the behavior of structures in the epicentral areas of strong
earthquakes, where it is likely, by the nature of the design spectra, that actions are larger (several times larger, in the
most seismically hazardous sites) than those accounted for in the design process.
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CORR I G ENDUM

Erratum: Peak-over-threshold: Quantifying ground motion
beyond design

Pasquale Cito | Iunio Iervolino

There is an error in Equation (12) and in the subsequent description. In fact, Equation (12) should read as:1

E log Sa Tð Þ½ �f g=ð ð
M,R

μSa Tð Þ,m,r + ρT,T� �σSa Tð Þ�
log E Sa T�ð Þ∣Sa T�ð Þ> saTr½ �f g−μSa T�ð Þ,m,r

σSa T�ð Þ

� �
�f M,R∣Sa T�ð Þ=E Sa T�ð Þ∣Sa T�ð Þ> saTr½ � m,rð Þ�dr�dm:

The description of the equation terms should read as follows: ρT,T� is the correlation coefficient of the residuals of
the GMPEs for the spectral acceleration at the two periods {T,T*}.
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