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Abstract. Eurocode 8 spectra are scaled by the peak ground acceleration values that
are defined for the given site through a probabilistic seismic hazard analyses (PSHA).
However, spectra that are created by combining the empirical shapes with the single
PSHA-defined scaling factor will not represent the so-called Uniform Hazard Spectra
(UHS). Moreover, the very shape (Type 1 or Type 2) of the Eurocode 8 elastic spectrum
is selected with respect to the magnitude of the earthquakes “that will contribute most
to the seismic hazard defined for the purpose of probabilistic hazard assessment...".
Such definition is somewhat obscure since these “most contributing” earthquakes are,
even at the same site and for the same probability i.e. for the same “return period”,
different (in a general case) for different vibration periods, while the whole Eurocode 8
spectrum is scaled by using only the PSHA estimate of the peak ground acceleration. In
this Paper we present an illustrative example of the Uniform Hazard Spectra for the
city of Belgrade and compare the obtained UHS spectra, as well as the scenario
empirical spectra scaled for different earthquake parameters, to the corresponding
Eurocode 8 spectra, further pointing out the intrinsic ambiguities in the current EC8
suggestions for creation of design spectra.
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1. INTRODUCTION

Although Eurocode 8 [1] leaves the option that any country can use its own shape of
the spectrum after it defines it in its own National Annex, and thus compensates for the
plausible deficiencies of the proposed shapes of the design spectra (these were discussed
in Part I of this Paper [2]), there is yet another important issue related to the scaling of the
EC8 spectra that needs to be reviewed. Namely, the Eurocode 8 spectra, however their
shapes may look like, are still going to be scaled by the PGA values that are obtained as
results of probabilistic seismic hazard analyses (PSHA) — the design ground acceleration
on the ground type A4 (i.e. the rock), a,, by which the Eurocode 8 elastic response spectra
are scaled, is a probabilistic value, that is the value obtained after the probabilistic hazard
assessment for the site' in question. More precisely, the design acceleration, a,, TEpresents
the product of the reference peak ground acceleration, a. (see Articles 2.1 and 3.2.1(2),
in: [1]), and the “importance factor, y; (Articles 2.1 and 3.2.1(3), in: [1]), by which the
reliability differentiation is also implemented in Eurocode 8 by classifying structures into
different importance classes. Reference acceleration, ag, is associated with the reference
probability of exceedance P(A4) = 10% in ¢ = 50 years, i.e. with the return period 7, = 475
years, for the no-collapse requirement (that the structural integrity and a residual load
bearing capacity will be retained after the earthquake), and with the reference probability
P(A) =10% in ¢t = 10 years, i.e. with 7, = 95 years, for the damage limitation requirement
(the requirement that the costs of prospective damages are also limited). The importance
factor, vy, is further assigned to different importance classes (related to different types of
structures), and if it is feasible this factor is to be derived so as to correspond to a higher
or lower probability of exceedance of the seismic event (with regard to the reference
probability) as appropriate for the design of the particular class of structures. On the other
hand, shape of the Eurocode 8 elastic spectra, S.(7) or S,.(7), is selected with respect to
the magnitude of the earthquakes “that contribute most to the seismic hazard defined for
the purpose of probabilistic hazard assessment” (Note 2 in Article 3.2.2.1(5), Note 1 in
Article 3.2.2.2(2)P, and Note in Article 3.2.2.3(1)P, in: [1]).

Thus, according to Eurocode 8 [1] spectral shapes are chosen with respect to the size
of one or a couple of the earthquakes that dominantly influence the probabilistic seismic
hazard estimate at a given location, while the whole spectrum is scaled by the value of the
peak ground acceleration that should be found, for the given location, on an appropriate
PSHA (Probabilistic Seismic Hazard Assessment) map that was on the other hand derived
by taking into account all prospective earthquakes in the considered region. As we shall
see in the following text, the problem lies in the simple fact that different ordinates of a
Eurocode 8 spectrum do not have the same probability of (not) being exceed as the peak

! There are two basic philosophies for seismic hazard analyses: the deterministic seismic hazard assessment
(DSHA) and the probabilistic seismic hazard assessment (PSHA). Although there is no generally accepted
deterministic approach for all parts of the world and all application areas, it can be said that the DSHA
approach proposes design for only one (e.g. maximum credible) or just a few single prospective earthquakes of
particular size (magnitude) and with the origin (source) at a particular distance from the considered site, while
the PSHA approach on the other hand estimates the probability that a particular level of strong ground motion
will be experienced or exceeded during the expected lifetime of the analyzed structure, considering all
conceivable prospective earthquakes that could occur in the region surrounding the given site (for more details
refer e.g. to: [3]).
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ground acceleration (i.e. the 7= 0 sec spectral ordinate). Instead of using such method for
creation of design spectra, it is possible to carry out a probabilistic hazard analysis for
each spectral ordinate by using empirical equations for scaling response spectra, and for
each site in the considered region to obtain a Uniform Hazard Spectrum. In the following
pages main features of the Uniform Hazard Spectra will be presented and compared (in an
illustrative example) to the normalized Eurocode 8 response spectra scaled by the peak
acceleration values that are obtained through probabilistic hazard analyses.

2. PROBABILISTIC SEISMIC HAZARD ASSESSMENT AND UNIFORM HAZARD SPECTRA

Probabilistic seismic hazard assessment is being used to calculate the probabilities of
experiencing a particular level of a ground motion parameter due to all different seismic
events that could occur in some area around a given structure during its estimated life pe-
riod. Although there are several different methodologies that can be used for the PSHA
analyses (see e.g. discussion in: [7]), for the illustrative example and all discussions in this
Paper we shall use the still widely used “deductive” approach, which is called “deductive”
because beside using the catalogue of historical earthquakes and the appropriate empirical
attenuation equations for the region”, we are also trying to deduce what are the possible
faults and earthquake sources for the selected region, as well as what are the seismicity
features of these sources. The first widely available computer program for performing
elementary PSHA based on the work of Cornell [8] was presented in 1976 by McGuire
[9], while the first complete deductive methodology for introduction and modeling of the
tectonic region, and for producing complete response or Fourier spectra having a constant
probability of no exceedance (“Uniform Risk Spectra”) was developed by Anderson and
Trifunac [10-11]. The concept of “Uniform Risk Spectra”, introduced by Anderson and
Trifunac [10], was later renamed to Uniform Hazard Spectra or the UHS approach. Up to
date, many variations of the deductive approach have been developed, and the detailed
descriptions of the theory behind these methods can be found in numerous publications
(e.g. [12-14])). Now the most important steps of the deductive method will be briefly pre-
sented, and the standard misconceptions made frequently by engineers and researchers on
reliability and probabilistic nature of the obtained results will be further discussed.

The first step in any deductive PSHA method is the characterization of the various
seismic sources, which may affect the given site [15-17]. After delineating the source
zones and defining their focal depths, it is necessary to define the seismicity (i.e. the ex-
pected rate of occurrence of earthquakes of different size), expected to occur in each zone
during a specified period of time. The seismicity is usually estimated through a least
square regression analysis of the data on past earthquakes, defining the parameters a and
b of the Gutenberg and Richter [18] recurrence relationship:

log Ny (M)=a—bM , ()

2 The ground motion attenuation relations are equations specifying the values of the selected ground motion
parameter at a particular site, as a function of: earthquake size, distance from the earthquake source to the site,
local soil conditions, and sometimes also some other ground or earthquake characteristics that influence ground
motion (see e.g. state of the art papers on attenuation equations by Douglas [4], Lee [5], or a paper by Lee and
Manic¢ [6]).
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where Ngr(M) is the mean yearly rate of occurrence of earthquakes with magnitude
greater than or equal to M, a characterizes the mean yearly number of earthquakes, while
b describes the relative frequency of larger earthquakes to the smaller ones. If we assume
that sizes (magnitudes) of earthquakes are temporally and spatially independent, and want
to use such assumption for the estimation of the seismicity characteristics of the selected
source zone, in that case the foreshocks and aftershocks should be first removed from the
corresponding part of the seismic catalogue. Probability density function on magnitude for a
double-truncated (bounded by limit magnitudes from both sides) Gutenberg-Richter recur-
rence relationship, can be further expressed (for a Poisson-distributed main shocks) as

eXp[—ﬂ(M B Mmin )] M .
exp[_ﬂ(Mmax - Mmin )] ’ "

where M, and M., are the lower and upper bounds on magnitude, £ is equal to (In10)b,
while the annual rate of earthquakes exceeding the magnitude M,;, can be defined as

v=explaln10—(bIn10)M . ]. 3)

fm(M)=,b’1 MM, 2

For the fault-specific sources it may be sometimes more appropriate to propose special
time-varying distributions, while the time-invariant probability distribution as defined by
Eq. (2) could still be used to describe the seismicity of areal source zones (which typically
comprise a number of different faults). The temporal and spatial variations of the seismic
potential can be incorporated into the seismic hazard analysis (refer e.g. to: [10-11,13,
1920]), but such analyses are feasible only when there are enough data [21].

The next step is to define the empirical attenuation relationships. The general form of
the attenuation equations can be expressed as

Y= f(M,R,Pi), 4

where Y represents the selected ground motion parameter (e.g. peak ground acceleration,
an ordinate of a response spectrum, duration of strong shaking, etc.), M the magnitude or
some other measure of the earthquake size, R is the distance from the earthquake source
to the site in question, while Pi represents all other parameters that describe earthquake
source mechanism, seismic wave path effects, or local geology and soil characteristics,
which will influence value of the used ground motion parameter at the given site. In order
to develop an attenuation equation for a region or country, one has to possess a series of
strong ground motion time histories recorded in that region. Using large number of such
strong motion data, it is possible to derive the attenuation equation empirically. Hence,
there is no definite, once for all, empirical attenuation equation, and these equations must
be updated whenever significant number of new data for the region becomes available.
Further, attenuation equations usually specify median amplitudes (i.e. the 50™ percentile
values on the empirically obtained cumulative distribution function) while the scatter of
the amplitude values around the median values is usually assumed to follow log-normal or
a similar probability distribution. It is important to mention however that the probability
distributions that are associated with the attenuation equations, are usually not truncated,
and thereby the values of the chosen ground motion parameter that can be predicted by
such equations are not limited [22]. Thus, the earthquake ground motions that are physi-
cally not conceivable for the real seismo-tectonic and geological conditions in the consid-
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ered region can still have a definite estimated probability of exceedance (in ¢ years).
Having in mind that even very small probabilities can sometimes be required (e.g. for de-
sign or safety assessment of dams, nuclear power plants, long-span bridges, high-rise
buildings, etc.), the upper bounds for the strong ground motion values that can be esti-
mated by attenuation equations should be defined for each seismically active region or
country. Definition of the upper bound ground motion values is an important issue for
both the deterministic and probabilistic seismic hazard analysis [23], and has been re-
cently discussed by a number of researchers from all over the world [24].

Now, if we for example follow the formulations of the PSHA method developed by
Cornell [8] and McGuire [9, 12] and assume that the overall seismic hazard at a site is
composed of the respective contribution from each source zone i (out of the set of zones
1), by using the so-called “theorem of total probability” [25], the mean annual rate of oc-
currence (that is the mean annual expected number) of the earthquakes that cause an am-
plitude Agmp of a ground motion parameter to exceed the expectation 4, can be expressed as

N =Yv, | [Gldgmp> AM.R)f, (M)f,, (RM)dMAR, (5)

iel M() Rmm

where v indicates the annual rate of earthquakes exceeding the lower bound magnitude
Miin, Minax 1 the upper bound magnitude value, R, and R« define the bound values for
the distance for each source zone; G(Agmp>A|M,R) denotes the conditional cumulative
distribution function defining the probability that the expectation 4 of the ground motion
amplitude is exceeded under the condition that an event of magnitude M occurred at dis-
tance R (it is defined from the selected attenuation equation for the used ground motion
parameter), f,, denotes the probability density function on magnitude (see Eq. (2)), and fy,,
is the probability density function on distance, which depends on the spatial relationship
between the source and the site. Thus, to compute the seismic hazard at the chosen site,
the contributions from the considered source zones are first integrated over all magnitudes
and distances (inside the limits defined for a source zone), and then summed. If we further
assume that all seismic events in the region (i.e. in all considered zones), are temporally
and spatially independent, then by following the Poisson distribution [25] the probability
of at least one exceedance of the expectation Agmp of a ground motion parameter of in-
terest, in a period of 1 year (the so-called “annual” probability), can be calculated from

P(A) =1-exp[-N(4)], (6)

and this probability is considered to be time-independent. Furthermore, by using the so-
called Binomial distribution [25] the probability P(A4) of at least one exceedance of the
expectation 4 in a period of ¢ years can be calculated as

P (4)=1-[1-P(A)]". (7

Calculations for P(4) are usually performed for a certain number of expectation values A
of a strong ground motion parameter, and after that is done the interpolation is used to
find the values of A for the chosen probability levels. By fitting a curve to the calculated
probabilities for a range of values 4, one can create a hazard curve, P(Agmp), for each
investigated site. By further creating a closely spaced grid of sites covering the complete
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territory of a certain region, one is able to develop a whole seismic hazard map for a se-
lected value of the probability P(4) or P(A4), simply by contouring the sub-areas for
which the values of 4 fall in the same range (refer e.g. to: [26]).

Thus, the purpose of the PSHA is to calculate the probability of (no) occurrence,
P(A), and not the return period, defined as 7, = N(4)", because such parameter does not
have a clear physical meaning, regardless of the fact that it has been used by many re-
searchers and also in Eurocode 8 [1] as an alternative way for the quantification of the
seismic hazard. In other words, the return period, 7,, defined as the reciprocal value of the
annual frequency of exceedance of a certain level of ground motion, cannot be directly
converted into the definition of a single earthquake that will contribute most to the seis-
mic hazard at a site, because the outputs of the PSHA analyses are composed of the re-
spective contributions from all possible earthquakes that had been taken into account in
the PSHA analysis. Earthquakes that contribute most to the hazard, i.e. to the calculated
values of the probability, i.e. P(4) or P(A), can indeed be found and the process of de-
composition of the PSHA estimates into the respective contributions of different seismic
events is called the “de-aggregation” (of the seismic hazard) [27], and its purpose is to
identify the “hazard-consistent” [28] earthquakes’. Beside the size and the location of the
hazard-consistent earthquakes, by the de-aggregation procedure usually also some meas-
ure of the uncertainty is defined, like e.g. number of standard deviations from the median
ground motion as predicted by a ground motion attenuation equation [27, 33], and the
finding of the most appropriate de-aggregation procedure that includes the treatment of
the uncertainties is still a subject of an extensive research (see e.g. [35-36]).

Now, in the case when the seismic hazard maps are expressed only by the values of
the peak acceleration, beside the seismicity characteristics and geometrical distribution of
plausible earthquake sources one has also to define an appropriate attenuation equation
for estimation of the PGA values at a certain source-to-site distance and from a certain
earthquake size, and the probabilistically estimated PGA values are then used for scaling
design spectra of a normalized shape. However, if instead the attenuation equation for the
PGA values, one uses the attenuation equations for different spectral amplitudes, then by
applying completely the same PSHA procedure as for the PGA values, the probabilistic
estimate can be found for each spectral ordinate and thus the Uniform Hazard Spectra can
be derived. Expectations of all spectral UHS amplitudes will have the same probability of
exceedance in one or in ¢ years. In the selection of the site specific response spectra for
engineering design purposes it is important to have in mind that each earthquake (that can
contribute to the seismic hazard at the site) may produce different spectral amplitudes and
shapes. By combining seismic contributions from all considered sources and taking into
account relative probabilities of occurrence of different earthquakes in each of those
sources, the “uniform hazard spectra” are created [10-11, 13, 15, 37-40].

It is further important to remember that in a probabilistic seismic hazard analysis
every probability of exceedance is obtained by considering all earthquakes in the region
that can contribute to some extent to the seismic hazard at a site, and thereby any uniform

3 These earthquakes can be identified in terms of ranges of magnitudes and distances [27, 29-32] for which the
relative contribution to the corresponding hazard estimate, P(4) or P(4), is the largest, or in terms of the latitudes
and longitudes, that define the locations of the earthquake sources, instead of the distances (e.g.: [33-34]) so that the
predominant earthquakes can be directly identified in specific source zones or on specific active faults.
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hazard spectrum does not correspond to only one of those contributing earthquakes. In
fact, the PSHA estimates of the strong ground motion at the same site and with the same
probability level (annual or in ¢ years), but for different frequency ranges, are sometimes
governed by earthquakes with significantly different magnitudes and/or source to site
distances [41], and in general it is not possible to define one most contributing earthquake
for all ordinates of a uniform hazard spectrum. Hence, strictly speaking, it would not be
correct to apply a multimodal response spectrum structural analysis using the ordinates of
a uniform hazard spectrum because one would then combine modal responses related to
different particular predominant earthquakes, and strictly speaking, the UHS could/should
be used only if the dynamic response of a structure can be modeled by a simple single-de-
gree-of-freedom oscillator. Gupta [42] and Todorovska [43] have presented a method of
how to carry out a seismic evaluation also of the multi-degree-of-freedom systems, at least
for the structures with small modal damping and natural frequencies that are not too close,
but such issues will remain out of the scope of current discussion. However, one could
perform the disaggregation of the obtained PSHA estimates, and hence develop different
earthquake scenarios and construct scenario response spectra and used them in the multi-
modal analyses. Considering that the earthquakes that contribute most to the PSHA esti-
mates for the selected site usually have the predominant influence on the shapes of the es-
timated uniform hazard spectra, in some cases it could be still appropriate to use the Uni-
form Hazard Spectra themselves for the multi-modal response spectrum analyses, pro-
vided that the shapes of the UHS for the given site had been previously compared to the
shapes of the corresponding UHS-consistent empirical scenario spectra and that no sig-
nificant discrepancies between the two were found. Furthermore, accounting for the cor-
relations between spectral ordinates at different response periods, the conditional mean
spectrum (CMS) can also be constructed, as discussed in [44].

In this Paper and for the purposes of illustrating the relation between EC8, empirical
and the uniform hazard spectra, we decided to use a slightly unconventional approach,
and to create a series of the spectra scaled by using empirical scaling equations (the same
as those used in the PSHA analysis for the creation of the UHS) for the magnitude and
distance values of either the maximum credible or hazard-consistent earthquakes, i.e. for
either the maximum plausible earthquake in the vicinity of the site or for the earthquakes
that contribute most to the UHS ordinates for several chosen structural vibration periods.

We will now present an illustrative PSHA example in order to better explain former
observations.

3. AN ILLUSTRATION EXAMPLE — UNIFORM HAZARD SPECTRA FOR THE CITY OF BELGRADE

In this Section, a simple illustrative example is presented where the Eurocode 8 [1]
spectra have been compared to the uniform hazard spectra for the center of the city of
Belgrade (the capital of the Republic of Serbia), shown in Fig. 1. Peak acceleration values
and a series of spectral ordinates corresponding to periods up to 2.0 sec, for the location
“Belgrade” have been calculated on the basis of the PSHA approach by using the “Cor-
nell-McGuire” [8-9] method, i.e. EQRISK computer program. In the given example, the
same input data were used as for the hazard analyses presented in two recent papers by
Mani¢ and Bulaji¢ [45-46]. Considering that the purpose of the given example is not to
propose any new national seismic hazard maps but simply to stress out the major issues
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regarding the shapes of the Eurocode 8 spectra, Uniform Hazard Spectra, and different
empirical scenario spectra, the source zones were defined as the polygonal areal seismic
source zones of a simplified shape (see Figure 1), with a uniform seismicity (both spatial
and temporal) and the Poisson model of earthquake occurrence, and were delineated with
respect to the data from the available catalogues of the occurred earthquakes, current
hazard maps, areas that were suggested by Vukasinovi¢ (the director of the Seismological
Survey of Serbia during the 1980s), and available active fault maps for the region®. As for
the strong motion attenuation equations (Eq. 4), for this example we have used our new
empirical equations for scaling response spectra in this region (the coefficients of which
are given in Table 2a in Part I of this Paper [2]), in compliance with the Eurocode 8 that
allows ([1]: Note 1 in Article 3.2.2.1(4) and Note 1 in Article 3.2.2.2(2)P) that countries
who use or are going to use this book of regulations may define (in their National
Annexes) spectra different than those that are already proposed.
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Fig. 1. Location for which the seismic hazard was estimated (“Belgrade”), the selected
seismic source zones of a simplified shape with the magnitude recurrence
relationship for the source zone “Lazarevac”, and the source location of one
(MCE) of the scenario events

Table 1 shows the values of the so-called “return periods”, 7,, with the corresponding
P(A) values for z = 10 and 50 years, and the corresponding annual probabilities, P(4). As it
has been already mentioned in Section 2, a standard misconception related to the PSHA es-
timates is that the return period, T,, i.e. a parameter which in the case of the statistically in-
dependent set of seismic events can be defined as the reciprocal value of the annual fre-

4 When the territory of Serbia is concerned, it is important to mention that the attenuation of the seismic waves
coming from the intermediate-depth earthquakes inside the Vrancea’s seismogenic zone (located inside the
neighboring Romania) should be treated independently by applying a special attenuation equation (see, e.g.
equation for the PGA values given by Musson [47] or the prediction equations for the whole spectra by Sokolov et
al. [48]). Although it can be expected that the long-period waves from the Vrancea source could to some extent
influence tall buildings in Belgrade this will remain outside the scope of the discussions given in this Paper.
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quency of exceedance N(A4), can be directly related to a single earthquake that has the mean
recurrence time between two consecutive occurrences equal to 7, years. However, the direct
outputs of the probabilistic hazard analyses, i.e. the annual probabilities P(A4) or probabilities
in ¢ years P(A) that a certain level of ground motion will be exceed, are composed of the re-
spective contributions of a series of earthquakes of different size, and with different hypo-
centers inside different source zones. In other words, every prospective earthquake in the
considered region, regardless of its estimated size or the distance from the considered site,
contributes to a certain amount to the probability that an amplitude of the analyzed ground
motion parameter will exceed its target expectation, 4. Hence, the “return period”, 7,, (ap-
proximately linearly proportional to the reciprocal value of the calculated annual probability
that a certain level of ground motion will be exceed, P(4)™") cannot be directly related to any
specific prospective earthquake in the vicinity of the site, and has no clear physical meaning,
while on the other hand can lead to misunderstanding of the PSHA results. Therefore, re-
gardless of the fact that it has been used worldwide as an alternative parameter for the seis-
mic hazard quantification, it might be advisable to exclude the very expression “return pe-
riod, 7,” from all regulations related to earthquake resistant design of structures, and thus
also from the Eurocode 8 [1] terminology related to definition of the seismic action.

Figure 2 shows the hazard curves (estimated parameter vs. return periods) for the peak
ground acceleration values and three selected spectral ordinates (at 0.2 s, 0.5 s, and 1.0 s) for
the location “Belgrade” (Fig. 1) obtained by using the new set of regional empirical equations
for scaling response spectra [2]. Figure 3 shows the Uniform Hazard Spectra i.e. spectral curves
obtained by connecting different PSHA spectral estimates for the same annual probability.” In
the case of more detailed and thorough hazard analyses the so-called recursive analysis [49]
would be performed where the dominant hazard sources are first identified in the PSHA
analysis and than the corresponding deterministic events are modeled at a higher level of detail.
In this manner the PSHA and DSHA analyses can be used complementary, allowing the
probabilistic hazard analysis to guide the choice of the maximum credible event or a PSHA-
consistent scenario event, and using the deterministic hazard estimates to refine the probabilistic
ones (refer also to: [50-51]). In the presented illustrative example we decided to apply similar
approach, only again in the simplified manner so as to remain focused on the relations between
the Eurocode 8 spectra and the Uniform Hazard Spectra. Having in mind that among all of the
defined seismic source zones in the adjacency of Belgrade (see Figure 1: Fruska Gora,
Golubac, Lazarevac, Rudnik, and Svilajnac), the largest contributions to the PSHA results (and
to the resulting UHS) comes from the Lazarevac zone (see the seismicity coefficient v and £ in
Fig. 1), ground motion for the maximum credible earthquake (MCE) spectra for the given loca-
tion will be estimated simply by a “point source” model i.e. by scaling the attenuation equations
for the distance of ~30.8 km (i.e. the closest point to the location “Belgrade” of the northern
edge of the Lazarevac source zone), and for the magnitude M = 6.9 (the largest estimated value
for the Lazarevac zone).®

5 Uniform hazard spectral values were calculated at 13 ordinates: 7' = 0.00, 0.05, 0.075, 0.10, 0.15, 0.20, 0.30,
0.40, 0.50, 0.75, 1.00, 1.50, and 2.00 seconds, and interpolated between. In order to make comparisons of the
UHS to the “deterministic” empirical spectra, the original “jagged” empirical spectra [2] were smoothed by
drawing the same 13 discrete values and interpolating between.

6 Such “point-source” deterministic estimates can in the case of location “Belgrade” indeed provide realistic
strong motion predictions since the active fault maps available to the authors showed that the angle between the
source-to-site vector and the direction of rupture propagation is large enough for the most important faults, i.e.
for the given location there is no danger of the significant “directivity” [52-53] effects.
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Fig. 2. Seismic hazard curves and the de-aggregation pattern for different spectral ordinates,
obtained by using empirical scaling equations for the north western Balkans

Table 2. Set of the corresponding values for different probabilistic seismic hazard
measures: a) P(4) are the probabilities of at least one exceedance of the
expectation 4 of a ground motion parameter in the period of one year,

b) Pio(A) and c¢) Pso(A) are the probabilities of at least one exceedance of 4 in

the time period of 10 and 50 years,

of the so-called “return periods”

respectively, and d) T,(4) denotes the values

1 1 1

PA)  Pu ] P TS = e e
0.020000 18.29 *63.58 50
0.010481 10 40.95 95.41 (EC8 “damage limitation” requirement)
0.005000 4.89 22.17 200
0.002105 2.09 10 475.06 (EC8 “no-collapse” requirement)
0.001000 1.00 4.88 1000
0.000100 0.10 0.50 10,000

* The probability values of at least one exceedance of the expectation 4 in the period of 7, years (i.e. in the
time period of the return period itself) rapidly decrease from 100% for 7, = 1 year to 75% for 7, = 2 years, than
gradually decrease and are equal to ~ 63% for all return periods 7, larger than ~50 years.

Figure 2 shows the empirical attenuation curves for different spectral ordinates and for
the MCE magnitude of 6.9 (the largest estimated magnitude in the closest source zone),
for the median minus one standard deviation empirical estimates (i.e. the 16 percentile),
median (50%), median plus one standard deviation (84%) and median plus two standard
deviations empirical estimates (98%), and compares those empirical attenuation curves to
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the obtained probabilistic hazard curve. Furthermore, Fig. 2 also shows several another
attenuation curves that are iteratively obtained by changing value of the magnitude so that
at the distance of the MCE event (~30.8 km) selected spectral ordinate will have the same
value as on the hazard curve (i.e. on the UHS) for the return periods, 7,, of 95, 475 and
1000 years. Fig. 3 further shows the corresponding UHS and empirical scenario spectra.

As it can be seen from Fig. 2, the scenario event (inside the closest source zone) that
will contribute the most to the estimated seismic hazard at the given site, will occur at the
distance between ~30.8 and ~102 km, and will have the magnitude lower than 6.9 while
the empirical reliability level will lie between those of the closest two MCE attenuations
curves. For example, the most contributing event for the UHS ordinate at the vibration pe-
riod of 0.2s, and for the P(A4) = 10% in ¢ = 50 years (the return period 7, of 475 years),
would occur at the distance up to ~51km from the given site in the case of the empirical
estimates between 50% and 84% reliability, at the distance between ~51km and ~85km
for the empirical estimates between 84% and 98% reliability, and at larger source to site
distances for even larger percentile (and less reliable) empirical estimates. Obviously, the
UHS-compatible empirical scenario spectra depend on the probability that the empirical
estimates shall not be exceeded — for the 7, = 95 years UHS spectra, and for some of the
vibration periods and scaling equations, already the 16% empirical spectra will be able to
reach the values of the corresponding UHS ordinates, for the 7, = 475 and 1000 years
UHS the 84 percentile empirical estimates should be used, while for the 7, = 10,000 years
UHS not even the 84% empirical estimates will suffice but the 98% (i.e. median plus two
standard deviations) empirical estimates should be used. Large empirical reliability levels
(e.g. median plus 2, 3 or even 4 standard deviations estimates) that are needed in the case
of the hazard estimates with very low probabilities P(4) and P(A4), indicate that these
hazard values (and the corresponding UHS), are overly dominated by the o value of the
used empirical attenuation equation (see Eqs. 1 and 2 in [2]) i.e. by the scatter of the used
strong motion data around median empirical estimates. Just like most available empirical
attenuation equations, our new empirical scaling equations [2] (used in this example) do
not define any bounds for the probability distributions that define this scatter and thus fi-
nite probabilities are obtained even for the unrealistically large ground motion estimates.
As we already said in Section 2, the definition of the upper bound ground motion values
is an important issue for both the deterministic and probabilistic seismic hazard analysis.
However, and notwithstanding the excessive contribution of the standard deviation in the
strong-motion prediction equations, caution needs to be applied before applying any trun-
cations to the distribution of the ground-motion residuals, as explained in the paper by
Strasser et al. [54].

Since we defined the seismic source zones (see Fig. 1) as the polygonal areal zones of
a simplified shape, with a uniform spatial seismicity and the Poisson model of earthquake
occurrence, for the purposes of the illustrative example we will define the UHS-consistent
scenario events so as to have the epicenter at the same spot of the MCE event (at ~30.8
km from the given site) while the magnitude will be iteratively found so that it be the first
one less than 6.9 for which the empirical estimate (for the lowest possible empirical reli-
ability) will match the corresponding UHS ordinate. From Fig. 2 it can be seen for exam-
ple that the magnitude values of the PSHA-consistent scenario events for the PGA values
are equal to 6.34 (the 50% i.e. the median empirical estimate) for 7, = 95 years, to 6.28
(the 84% i.e. median plus one standard deviation empirical estimate) for 7, = 475 years,
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and to 6.54 (again the 84% empirical estimate) for 7, = 1000 years (P(4) = ~4.88% in t =
50 years), while e.g. for the UHS amplitude at T = 0.5s the corresponding scenario event
magnitudes are equal to 6.36 (the median estimate) for 7, = 95 years, to 6.36 (the 84%
empirical estimate) for 7, =475 years, and to 6.56 (the 84% empirical estimate) for 7, =
1000 years. By observing different plots in Fig. 2 it is thus obvious that not only that the
magnitude of the UHS-consistent scenario events change with spectral ordinates (due to
different strong motion attenuation features for different vibration periods), but also that
these magnitudes often pertain to different probabilities of the empirical estimates.

0.700

MCE Spectrum, - 0450
0600 /84% estimate = =UHS, Tr=1000years 0400 /-\\ —UHS, Tr=475years
2 MCE Spectrum, —_UHS, Tr=475 = NN\ — - PGA-UHS-Comp.Spectrum, 84%
H 50% estimate 1T years c 0.3%0
© 0.500 o = =0.2s-UHS-Comp.Spectrum, 84%
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Fig. 3. Uniform hazard spectra for the location “Belgrade” and the maximum credible
earthquake spectra (left part) i.e. the 7, = 475 years uniform hazard spectrum and
the UHS-compatible empirical spectra for different spectral ordinates (right part),
vs. EC 8 elastic spectra scaled by corresponding PSHA estimates of the peak
ground acceleration.

Left part of Fig. 3 shows the obtained Uniform Hazard Spectra for 7, = 95, 200, 475,
1000, and 10,000 years and the 16%, median (50%) and 84% empirical spectra for the
“maximum credible earthquake” (MCE), i.e. the closest to the considered site and the
strongest of all prospective earthquakes that have been taken into account in the PSHA
analysis (i.e. for calculation of the uniform hazard spectra). Right part of the same Fig. 3
shows the 475 years Uniform Hazard Spectrum and the corresponding UHS-compatible
empirical scenario spectra for different spectral ordinates. Left part of Fig. 3 also shows
the Eurocode 8 elastic spectra scaled by the 7, = 95, 200, 475, 1000, and 10,000 years
PSHA estimates of the peak ground acceleration (PGA), and right part of Fig. 3 shows
only the Eurocode 8 spectrum scaled by the 7, = 475 PSHA estimate of PGA. From Fig. 3
it can be seen that although the shapes of the calculated Uniform Hazard Spectra do re-
semble the shapes of the corresponding scenario spectra, they are still not the same (the
differences between corresponding ordinates of UHS-consistent spectra and of the UHS
go up to ~17%). Clearly, this is because the value of each UHS ordinate comprises many
contributions from different empirical spectra scaled for various values of earthquake
magnitudes and source to site distances. It can be also seen from Fig. 3 (right part) that
the UHS-compatible empirical spectra can in some cases have significantly different
shapes themselves. Furthermore, although recent seismic hazard analyses in the USA [55]
and in Canada [56-57] showed that only a few spectral ordinates are sufficient to con-
struct the spectra that will closely match the shape of the uniform hazard spectra, namely:
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0.1, 0.3, 0.5, 1.0, and 2.0 sec for the USA, and 0.2, 0.5, 1.0, and 2.0 sec for Canada, it
seems that the choice of how many and which one of the spectral ordinates are sufficient
for definition of the Uniform Hazard Spectra in some country (or a region) cannot be made
before the responsible national authorities make the exact choice of the empirical equation(s)
that will be used for scaling different spectral ordinates, and of course not before a thorough
analysis of the UHS shapes for a series of different sites in the considered region.

4. DISCUSSION AND CONCLUSIONS

Shape of the Eurocode 8 [1] elastic spectrum, S.(7), is selected with respect to the
magnitude of the earthquakes “that will contribute most to the seismic hazard defined for
the purpose of probabilistic hazard assessment, rather than on basis of the conservative
upper limits (e.g. the Maximum Credible Earthquake) defined for that purpose” ([1]: Note
2 in Article 3.2.2.1(5) and Note 1 in Article 3.2.2.2(2)P). This definition is however
somewhat obscure since the spectral shape is to be chosen with respect to the magnitudes
of only one or just a few earthquakes that dominantly influence the probabilistic seismic
hazard estimate at a given site (Type 1 or Type 2 spectrum), while the whole spectrum is
scaled by the value of the peak ground acceleration that should be found for the given site
on an appropriate seismic hazard map, and which is obtained as a result of a complete
probabilistic hazard analysis i.e. taking into account all prospective earthquakes in the
considered region. These “most contributing” earthquakes will be in general case different
(i.e. of different size and at a different distance from the given site) for different spectral
ordinates, while the Eurocode 8 [1] spectrum is scaled by using only the PSHA estimate
of the peak acceleration value. Furthermore, Eurocode 8 does not consider that the shape
of the design spectra are also related to the reliability level of the empirical estimates — for
the probabilistic seismic hazard estimates with smaller probability in ¢ years the empirical
predictions with lower reliability level of the empirical estimates will “contribute most” to
the UHS results.

In this Paper we presented an illustrative example where the EC8 spectra are for a site
in the city of Belgrade (Serbia) compared to the created UHS spectra, as well as to the
empirical spectra scaled by different scenario earthquake parameters.

Results indicate that the use of Eurocode 8 response spectra may in some cases lead to
underestimation and in other cases to overestimation of the design seismic action, i.e. that
it can lead to grossly un-conservative or even to over-conservative seismic design.
Presented results thus advocate that in Serbia and the whole north-western Balkans the
reliable regional empirical attenuation equations should be used to create UHS spectra for
a dense network of sites, so that UHS spectra can be used for definition of seismic action.
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KA PRIPREMI PROJEKTNIH SPEKTARA ZA SRPSKI
NACIONALNI ANEKS NA EVROKOD 8 — DEO II: PRIMENA UHS
PRISTUPA UMESTO SKALIRANJA EMPIRIJSKI DEFINISANIH
SPEKTRALNIH OBLIKA JEDNIM PSHA PARAMETROM

Borko D. Bulaji¢, Miodrag I. Mani¢, Dorde Ladinovi¢

Evrokod 8 spektri se skaliraju sa vrednostima maksimalnog ubrzanja tla koje su odredene za zadatu
lokaciju kroz probabilisticku analizu seizmickog hazarda (PSHA). Medutim, spektri koji nastaju
kombinovanjem empirijskih oblika sa jednim jedinim PSHA faktorom za skaliranje, nece predstavijati tzv.
Uniform Hazard Spektre (UHS). Stavise, sam oblik (Tip 1 ili Tip 2) elasticnog spectra po Evrokodu 8 se
bira u odnosu na magnitude zemljotresa “koji ¢e najvise doprineti seizmickom hazardu odredenom za
potrebe probabilisticke ocene hazarda...”. Ovakva definicija je donekle nejasna jer su ovi zemljotresi
“koji ¢e najvise doprineti” (u opStem slucaju), cak i za istu lokaciju i istu verovatnocu t. za isti “povratni
period”, razliciti za razlicite periode vibracija, dok se ceo Evrokod 8 spektar skalira koriséenjem samo
PSHA ocene maksimalnog ubrzanja tla. U ovom radu predstavijamo jedan jednostavan ilustrativni
primer Uniform Hazard Spektara za Beograd i poredimo dobijene UHS spektre, kao i scenario empirijske
spektre skalivane za razlicite zemljotresne parametre, sa odgovarajucim spektrima po Eurokodu 8, dalje
potencirajuéi sustinske nedoslednosti u postojecim sugestijama Evrokoda 8 u pogledu kreiranja
projekmih spektara.

Kljucne reci: Evrokod 8, skaliranje spektara, probabilisticka analiza seizmickog hazarda, povratni
period, Uniform Hazard Spektri.
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