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Abstract

Ground Motion Prediction Equations commonly use response spectra as input data. However, the selection of a unique
spectral function which minimizes the error between predicted and observed values, remains a subject of research. Recently,
response spectra independent of the sensors orientation have been used in seismic hazard studies, showing a reduction in the
error of the predictive equations. Nevertheless, the use of response spectra determined from the geometric mean of the
horizontal orthogonal response spectra is in debate. In particular, when it is convenient to know about the maximum spectral
accelerations expected. In this paper, different Orientation-Independent Measures are calculated for a Strong Motion Data
Base of Central America. A total of 1406 strong motion records with 3 orthogonal acceleration time series are used. For this
database, the median value of the ratio between the maximum spectral response with orientation of the sensors
independence and the one of the geometric mean of the as-recorded spectral response varies as a function of the period, with
a minimum of 1.22 at 0.1 seconds and a maximum of 1.3 at periods greater than 1 second. A new approach, for determining
the maximum Orientation-Independent spectral response, which is based on the Root-Sum-of-Squares, is probed.
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1. Introduction

Ground motion prediction equations (GMPE) play an important role in seismic hazard assessment and,
consequently, in structural seismic design. Commonly, the GMPEs are defined as a combination of parameters
based on the acceleration response spectrum of two horizontal components of earthquakes records. A review of
the different combinations used and published GMPEs are presented in Douglas [1]. According to this review,
the most used parameter is the Geometric Mean of the response spectra of the two as-recorded components

(SaGMar)-

Historically, Sagwmar has been preferred to determine the expected value of response spectra for GMPE due to a
reduction of the aleatory uncertainty when compared with other Intensity Measures (IM). This reduction is
obtained through a regression analysis [2,3,4]. Using the as-recorded orientation of the ground motion makes the
IM dependent of this aleatory orientation, which is often aligned with the cardinal directions or with the normal
(transversal) and parallel (longitudinal) orientations of specific structures. In recent years, different methods
have been proposed to determine orientation independent parameters [5,6,7], having a significant impact on the
selection of response parameters for the GMPEs. They were developed by, for instance, the Pacific Earthquake
Engineering Research Center (PEER), firstly in the 2008 versions, where a IM based on the geometric-mean, but
with rotational independence, was used [8] and, afterwards, in the 2012 version, using the non-geometric-mean
IM with rotational independence [9].

In this paper, a new angle and period independent parameter based on the root-sum-of-squares is
proposed. Besides, a database of accelerograms recorded in Central America [10] is analyzed and used to
determine different ratios between median and maximum IM.

2. Orientation-Independent Measure

In this section the basic definitions and an example of the most well-known measures that take into account the
influence of the orientation of the recording devices are presented. The orientation-independent measures are
desirable on the assumption that, by eliminating this dependency, a source of epistemic uncertainty is removed.
The Sagwmar, 1S the most frequent parameter used in the ground motion prediction equations [1]. If Sa, and Say are
the response spectra of the as recorded time series acc, and accy respectively, Sagmar is the geometric mean of
this two response spectrum. This parameter has two different sources of uncertainty, the first one is related to the
dependency on the orientation of the sensors and the polarization of the signal and the second one, concerns to
the process for obtaining it, since the computations of Sagwms (as others parameters) usually average spectral
guantities which implies the combination of two maximum values without considering the time mismatch in the
time series of the response itself.

To eliminate the dependence of IM on as-recorded orientation, Boore et al.[5] proposed the Sagmrotop, and
Sagmrotpp IM’s, Which are orientation-independent. To determine Sagmropp, It IS Necessary to compute the
geometric-mean of the response spectra for all orthogonal components of the ground motion for a specified
period, considering the input signals as is defined in Eg. (1) and (2). Taking a constant angular increment
(A6=1°), a total of 90 independent values are obtained for each period, and then by selecting the desired
percentile (pp=50 for median value and pp=100 for maximum value) the IM is defined. Sagmrowp, USES the
geometric-mean of different orientation at different periods, and therefore is not defined by two particular
ground motion time series. The period dependence of Sagmrompp (D) is defined by a specific rotation angle and it
could be different for each T,. To obtain period independent measures, Sacmrotipp, IS then determined as the
geometric-mean of the response spectra for a specific rotation angle, with the smallest difference from the
spectrum Sagmrotopp, thru a period range.

accy (t,0) = accy(t) cos O + accy (1) sin6 1)
accy(t,0) = —acc, (1) sin6 + accy (t) cos 6 (@)

A second group of IM called Sageppp.and Sagreup, are based on non-geometric-mean measures with
orientation-independence [6]. The period-dependent (D) measure is computed as the response spectrum of a
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single component, with a combination of the two as-recorded time series, as defined in Eq. (1). For Sageppp IS
necessary the spectral response for all possible orientations, and with an angular increment equal to 1°, creates
180 values for a specific period. The computation of the period-independent (I) measure is identical to the
Sacmrotipp, €XCEPL that the rotation angle range is 180° instead of 90°. In the same way as Sagmrotopp, the 50
percentile represent the median value and the 100" the maximum value, which in this case represents the
maximum response spectra amplitude in all the possible orientations. The Samara (Costa Rica) earthquake of
7.6Mw [11] recorded in the GNSR station on September 5" 2012, is used herein to shown the behavior of the
different IMs as can be seen in Fig. 1. Sareui00 I this case coincides with the N9OE direction and although it is
difficult to see Saraso IS approximately equal to Sargpio fOr periods greater than 0.5 seconds, a situation that
may occur for a range of periods depending on the record and that was commented by Boore [6].
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Fig. 1- Response spectra for two acceleration horizontal components of the Samara 7.6 Mw earthquake and for
their all non-redundant rotations: a) based on Geometric Mean, b) based on non-Geometric-Mean.

An orientation-independent maximum-response IM is proposed and presented here. This IM is based on
the bidirectional response of a damped single-degree-of-freedom (SDOF) system over the horizontal plane (5%
of critical damping is assumed throughout). Let denote the total acceleration response in the as-recorded
direction of the SDOF system as Uy (Ti,t,&) and Uy (Ti,t,E), where normally the x-direction corresponds to the
N9OE azimuth and the y-direction correspond to the NOOE azimuth, and both are functions of the SDOF natural
period T;, and of the critical damping ratio &. By solving the response in acceleration as a vector point-to-point
for both times series, the simultaneous modulus and phase of the acceleration vector is obtained as:

ligss (T £, 8) = \/ [iixe (Ti, t, ©)12 + [ihye (Ti 1, E)]Z (3)
_1 [tye(Titi,8)
Orss(Ti t;,§) = tan™! [% (4)

Combining the solution of Eq. (3) and Eq. (4), allows to reconstruct the orbit in acceleration of the SDOF
for any record. The ground motion selected to illustrate this procedure was recorded at the GNSR station during
the September 5™ 2012, Mw 7.6 Samara-Costa Rica Earthquake [11]. For each period considered the
bidirectional response can be obtained, in the Fig. 2 the response for the oscillators at 0.1 and 1.0 seconds are
shown. This solution allows to understand some others parameters, for example, the spectral responses in the
orthogonal direction are the maximum value of the projection of all the response points over the N9OE and NOOE
planes. These values have not necessary to coincide with the projection of the maximum response (marked as a
circle). This maximum response is defined as the maximal spectral response and is obtained as:
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Sagss(T;, §) = max|iigss(T;, £, 8)| V t; (5)

This maximum IM is independent of the axes orientation, and therefore its value is the same for any
angular variation of the inputs, and thus, can be obtained from only one pair of time series. With this procedure it
is also possible to determine the direction of the maximum response for each period and damping, which in the
case of Fig. 2 are 345° and 27° respectively for 0.1 and 1 s periods. This angle is comparable with the one
obtained in Sarepigo for each T;, but without the need of performing the rotational scan of the responses. A
similar procedure was proposed by Rupakhety and Sigbjérnsson [7], using the displacement response and the
pseudo-acceleration instead of the acceleration response.

270 270

Fig. 2 — Orbit (amplitudes and phases) for the bidirectional acceleration response of a SDOF with: a) T,=0.1s,
b) T,=1s.

3. Database description

The database was pretreated and standardized by the Earthquake Engineering Laboratory of the University of
Costa Rica (LIS-UCR). The available data and the file formats [12] were corrected, completed and standardized,
as described by Schmidt-Diaz [13]. The whole database has 3191 three-component acceleration records
corresponding to 1004 earthquakes that were registered between 1961 and 2012. The recording stations are
located in the Central American region.

The records come from 5 different seismological centers (two from Costa Rica, two from El Salvador and
one from Nicaragua). All the countries are affected by the same seismogenetic features, with a high influence of
the subduction zone in the Pacific coast, where the Cocos plate subducts under the Caribbean plate. The
distribution of the strong ground motion stations can be seen in the Fig. 3a (for a complete description of the
stations characteristics refer to [13,14]) and Fig. 3b shows the epicenter location of the earthquakes with
Mw>5.5. It can be seen, how the subduction zone generates a correlation between the azimuth from the epicenter
with respect to the location of the stations, and therefore, the populated regions.

Table 1 shows a classification of the records according to magnitude, depth, distance and azimuth; a
separation between Subduction and Local or intraplate events is also shown. All this information was obtained
from the headers of the records. The median magnitude (Mw) of the events is 5.2 for subduction and 4.8 for
local/intraplate events. Only a few records (144) correspond to great earthquakes with Mw magnitude higher
than 7.0. The parameter used for selecting the record for the analysis was the PGAy, defined as the maximum
horizontal acceleration of each record without any kind of ponderation. A value of 10 cm/s” was set as the lower
limit for considering the records in the directionality analysis; a total of 1410 records fulfilled this criterion.

4
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Moreover, four files from Nicaragua were excluded due to the lack of information in the header. Therefore 1406
files were selected as a first group of records; this group is called DB-01. These records correspond to 451 events
(218 subduction and 233 local/intraplate origin).
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Fig. 3- a) Strong ground motion stations in Costa Rica, El Salvador and Nicaragua, b) Epicenter distribution of
selected earthquakes (DB-01 and Mw>=5.5).

This database has records from different types of accelerometers, which through the years evolved from
analogical to digital. Obviously, the quality of old records is lower. An important issue related to the quality of
the accelerograms concerns to the useful frequency band that, for old records, is narrower. As it can be seen in
Table 2, a large number of files, have a low cut frequency, F_ equal to 0.8 Hz (1.25 seconds), limiting the
maximum natural period allowed in the calculations of response spectra. Furthermore, assuming that the transfer
function of the instrument is flat in the frequency range of interest, the high frequency limit, Fy is controlled by
the sampling rate. Information in Table 2 has been also taken from the headers of the files.

The acceleration time series were first processed by applying a third order Butterworth bandpass filter
with zero-phase shift (processing the input signal in both the forward and reverse directions, doubling the filter
order), with frequency corners Fy of 20 Hz and F_ equal to the frequency provided in the file header, with a
minimum low frequency (F.) of 0.1Hz. For each file, the maximum useful period (T}) is taken as the inverse of
the minimum corner frequency of the filter. Some authors [15,16] recommend take a smaller period for Ty, when
response spectra are calculated, nevertheless, Ty, is taken as defined above for this paper.

To reduce the number of points of the records, without affecting the strong phase of the signal, the pre and
post event samples of each file were examined, determining, for intervals of 5 seconds, the mean value and the
root-mean-square-deviation. If the maximum value in the subsequent interval was higher than the 99% (2.5 std.
deviations) of the acceleration, then that interval was selected as the initial interval. This procedure is useful
especially when accelerograms have a large number of samples recorded before and after the earthquake.
Finally, to avoid rippling effects, a Tukey window with a 0.25 factor is applied in the time domain.

When feasible, response spectra were computed at 200 periods uniformly distributed in a logarithmic scale
varying from 0.025 to 10 seconds. As T, varies for different records, not all of the response spectra have 200
points; the minimum number of periods has been 133 for the cases with F equal to 0.8 Hz.



Table 1 - Summary of statistics for Central America Database, in number of records .

Magnitude Mw Depth (Km) Epicentral Distance (Km) Azimuth Ep. to St. (deg) PGA, (cm/s?)
Interv®[Sub® (%) Local® (96)|Total|Interv®@[Sub® (%6)|Local® (%6)|Total|Interv®@[Sub® (%6)[Local® (%6)|Total|Interv®|Sub® (9%6)[Local® (%6)[Total|Interv®] Total
<30 | 15(08) | 48(39) | 63 | <10 | 26(L3) | 539 (44.1) | 565 | <10 | 20(1.0) | 182 (14.9) | 202 | 0-60 |641(32.6)| 231 (18.9) | 872 | <10 | 1781
3.0-40 | 104 (5.3) | 219 (17.9) | 323 | 10-25 |292 (14.8)| 538 (44.0) | 830 | 10-25 | 62 (3.2) | 272 (22.2) | 334 | 60-120 | 448 (22.8)| 270 (22.1) | 718 | 1020 | 570
4.0-5.0 | 661 (33.6)| 389 (31.8) |1050| 25-50 |852 (43.3)| 139 (11.4) | 991 | 25-50 |295 (15.0)| 215 (17.6) | 510 |120-180| 62 (3.2) | 115(9.4) | 177 | 20-50 | 523
5.0-6.0 | 850 (43.2)| 360 (29.4) | 1210 50-100 | 756 (38.4)| 7(0.6) | 763 | 50-100 |933 (47.4)| 216 (17.7) | 1149|180-240| 38 (1.9) | 154 (12.6) | 192 | 50-100 | 199

6.0-7.0 | 239 (12.1)| 162 (13.2) | 401 [100-150| 24 (1.2) | 0(0.0) | 24 |100-150|335 (17.0)| 171 (14.0) | 506 |240-300| 59 (3.0) | 189 (15.5) | 248 [100-250| 98
>70 | 99(5.0) | 45(3.7) | 144 | >150 | 18(0.9) | 0(0.0) | 18 | >150 |323 (16.4)| 167 (13.7) | 490 |300-360|720 (36.6)| 264 (21.6) | 984 | 250> | 20

Total 1968 1223 3191| Total 1968 1223 3191| Total 1968 1223 3191| Total 1968 1223 3191| Total | 3191
] . . . PGAy
Magnitude Mw Depth (Km) Epicentral Distance (Km) | Azimuth Ep. to St. (deg) (cm/s?)

Sub® [ Local® | Total | Sub® | Local® | Total | Sub® | Local® | Total | Sub® | Local® | Total | Total
Mode 4.7 4.2 5.4 50 10 50 33.75 17.22 17.22 0.1 223.3 0.1 11.3

Median| 5.2 4.8 52 | 447 10 29.2 | 82.28 40.86 73.2 | 105.9 179.2 1209 | 221

Mean | 522 | 485 |5.08 |46.42| 125 |33.43| 101.82 70.56 89.84 | 169.1 179.2 173.0 7,7

Std. 0.92 11 1.01 |2594| 942 |26.84| 80.64 7291 79.23 | 1373 113.9 1289 | 59,5

@ Records: file with three orthogonal components for each seismic event. Usually there are more than one record for each event, depending on the
number of recording stations.

@ Interval or range of values used in the classification.

® Sub (Subduction or Interface): Earthquakes occurred along the interfaces between the Cocos and the Caribbean Plates. Generally, they have focal
mechanisms consistent with its occurrence with reverse shift in diving planes.

@ Local or Intraplate: Earthquakes occurred inside the Caribbean Plate associated to internal deformation, generally they have focal mechanisms
consistent with normal faults, caused by displacement in extension.
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Table 2 — Frequency filters applied in preprocess of database.
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F. (Hz)|Original DB (%) |DB-01 (%) |Fy (Hz)| Original DB (%) | DB-01 (%)
0,10 1773 (55.6) 621 (44,17)] 23 443 (13.9)  [408 (29,02)
0,12 815 (25.5) |237(16,86)] 25 50 (1.57) 46 (3,27)
0,25 50 (1.57) 46 (327) | 40 69 (2.16) 68 (4,84)
0,50 110 (3.45) 94 (6,69) 47 925 (29.0) 331 (23,54)
0,80 443 (13.9) 408 (29,02)| 50 1704 (53.4) |553 (39,33)
Total 3191 1406 Total 3191 1406

4. Median Ratios and Variability

To compare the results obtained from the different parameters in a fast, simple and straightforward way, the
ratios between the parameters have been used. These ratios can be useful for improving existing attenuation laws
[4],for instance by just multiplying them by the median ratios. Two different kinds of ratios are shown in this
section. The first one is related to the median response (percentile 50) and are similar to Sagw,r; the second one
holds for the maximum response (percentile 100) including, in this group, the proposed parameter Sgss, related to
root-sum-of-squares.

In the case of the median response spectra, for each record it is necessary to determine the following 5
response spectra: Sagmar, S@cMRoD50, SAcMRotiso, S@ropso AN Sareuse. ONnce the 1406 spectra have been
calculated, four ratios are considered dividing the four last spectra by the first one (Sagmer)- It is noteworthy that
this procedure implies the computation of a total of 379 620 response spectra. This leads to 1406 values for each
ratio and for each considered period (remember that depending on the F_ of the Table 2, this number decreases
as the period increases), being necessary then to perform an average to obtain the desire results. The distribution
of the different response spectra and its ratios, follow a lognormal distribution and therefore the mean values
correspond to the antilog of the mean of the logarithmic value of the relationship. A similar procedure has been
used by other authors [4,17,18]. In the same sense, the standard deviation corresponds to the normal standard
deviation of the logarithm of the ratios and, if the confidence intervals are examined, it is necessary to calculate
first the log value of the ratio, then to do the addition or subtraction processes and finally, to compute the antilog
of the result.

The results obtained for the DB-01 are shown in Fig. 4. As it was expected, ratios are close to one, but
over the period range the Sagmrot are more similar to the Sagma- AS the period increases, Saropso and Saretso
reach values between a 4 and 6 percent higher than the Sagmer. In general, the ratios with the period dependent
spectra (Sagmromso and Sarepse) Show a lower standard deviation compared with the independent spectra
(Sacmrotiso and Sarenso). This fact can be related to the fact that the independent spectra are , on average, an
approximation of the dependent one but, for some range of periods this approximation could be not appropriate
(as was shown in Fig. 1) and a large dispersion can exist. This phenomenon is especially noticeable in the
Sareuso/Sagmar ratio, where the deviation is twice as the obtained for the other ratios.

The maximum response parameters Sagmrotp100; SA6MRoti100, S8Rroto1oo aNd Sagreioo Were calculated with
the same response spectra used to calculate the previous IMs; in this case, instead of the 50™ percentile the 100"
percentile (or the maximum value) was selected for each record. Moreover, the Sagss is obtained separately as it
requires computing 2812 response spectra, only two for each record, for the entire database DB-01.
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Fig. 4 — Mean value and standard deviation for different median response spectra for DB-01.

The ratios between the 100" percentile IM and Sagwmar, are shown in Fig. 5. The Sagwrot ratios exhibit a
flat behavior and the differences with respect to Sagmar are around 4 and 7%. This low error values are due to the
fact that these measures are based on a similar averaging method, that is, the geometric mean of the response
spectra projections. In the case of the Saropioo, Sarotizoo aNd Sagrss, the amplification of the response is around
15% for Sagroyi00 and between 22 and 31% for the other two parameters respectively. As it can be seen in this
figures, the lines corresponding to the ratios of Sarepigo and Sarss are overlapped because the difference
between them are very small due to the small rotation angle increment chosen for the computation of rotated
response spectra (A6 = 1°).
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Fig. 5 — Mean values and their standard deviation of the ratios of 100" percentile IM and Sagss for DB-01.
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To obtain the Sagqmpp, @ Verification of the response of a SDOF is made for several possible sensor
orientations spaced A6 degrees. If this A6 is small enough, we can find the orientation in which the maximum
response occurs (i.e., Saroi0o). Otherwise, if a large A6 is employed, the possibility of reaching this solution
decreases and it can differ from Sagss. Similar comments can be stated for the standard deviations. Moreover,
the standard deviations are higher for the period independent response spectra than for the period dependent
ones. The ratios of the maximum response spectra exhibit an increasing tendency for interim periods with two
semi-flat regions, the first one in the low period range (T,<0.2s) and the second one in the high period zone
(T,>2.0s). Similar results were obtained by Beyer and Boomer [4] for the NGA database, with a slight lower
dispersion in the ratios of maximum responses.

The 2008 NGA attenuation laws, were done to predict the Sagmrouso at a site [8]. After this, the Sagreiopp
was proposed as IM for seismic hazard analysis by NEHRP [19], in particular the Sagrepioo (COnsidering the
maximum response spectrum) is considered to be a more reliable parameter for the structural design. The use of
maximum parameters as input in seismic hazard studies must take into account the variation in the probability of
exceedance of the ground motion in order to maintain a constant risk level in the analyzed region. The
application of a straightforward transformation between any kind of IM, as a way to modify the seismic hazard
for assessment of structures, could derive in a non-uniform hazard level in the zones where the attenuation law is
applied [20].

Finally, the relationship between the maximum response parameter (Sarepi00 OF Sarss in the case of this
research) and the Sagmrouso allows us to compare the results from different research articles and databases, as
well as to verify if there exists any variation in their behavior. Fig. 6 shows a comparison between the
corresponding ratio Sarss/Sacmronso @S Obtained in this paper and the ones obtained from other studies and
databases [4,17,19,21,22,23]. As it can be seen in this figure, the results obtained in this paper present a similar
behavior with the other curves, except for the last fragment. The first part of the curve is flat around a value of
1.22, until around 0.15 seconds, after that, the curve increases to 1.28 at 1.0 second period, being flat again after
that. This last segment of the curve differs from other studies because, in our case, it lacks of an increment in the
high period zone (T,>4s). This phenomenon could be due to the absence of far field (FF) records in our
database, because of the narrowness of Central America or to instabilities of these procedures for long periods
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Fig. 6 — Mean value of the ratio Sarss/Sagmrouso for DB-01 and other research.

All the databases in general, show an increment in the dispersion of data in the high period zone (above 4
seconds). This fact can be related to the deficiency of reliable data for high periods due to the fact that filtering
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can produce loss of information from high magnitude and intensity records corresponding to older events. In our
database DB-01, about 35.71% of the records were excluded of the analysis for periods greater than 4 seconds
(0.25Hz) according to the low frequency cut values shown in Table 2.

5. Discussion

The application of a new intensity measure of the maximum response proposed here, has shown that it can be a
more realistic and efficient way to define the maximum expected seismic actions instead of the Sagrepigo
proposed by Boore [6], giving as well a physical interpretation of the acceleration response of a SDOF system
when submitted to two horizontal orthogonal accelerograms. The use of this parameter is promising, since the
design standards are just starting to include it and not only for the determination of the attenuation laws, but also
for the selection of records to be used in time history dynamic analyses [24].

Parameters based in the geometric mean (Sagmar, S@emrotopp, SAcmrotpp), @S analyzed in our database, have
shown similar behaviors, like being constant and independent from the period. In the case of the 50" percentile
the values are close to the as-recorded, being only about 1-2% higher than the Sagwa In the case of the 100"
percentile, the values are in the range between 4 and 7% higher than the as-recorded. Standard deviations show a
dependence on the period, with an increment between 0.1 and 1 seconds and a flat behavior outside this limits.
Single component rotation parameters (Saroiopp aNd Saroupy) Show also a dependence on the period, increasing in
the range from 0.1 to 1 second. The median value (Saropso and Sareuso) begins near the same ordinate as Sagmrot
and reaches maximum values of 4 and 6 percent higher than the Sagwm,r Values. The maximum response spectra
(percentile 100 and Sagrss) present a similar behavior but with an important increase in the values, reaching
values above 1.30 times than Sagmar.

The Sageioo SPectrum can be considered an approximation of Sarss spectrum; moreover, differences
between Sagrss and Sagreipioo diminish when the angle increment (A6) used to compute the rotated components
decrease. Thus, it is concluded that both Sarypig0 and Sarss are equivalent. The maximum response spectrum
has a greater deviation with respect to the Sagwsr than response spectra based on the median response, and this
significant increment in the dispersion may affect the regression process for new attenuation laws that may use
this response spectrum as IM of the seismic actions. It is worth to comment, that this kind of ratios and their
possible application to transform spectral amplitudes do not intend to substitute existing PSHA results but,
certainly they must be kept in mind for future research.

Results obtained for the Central American database are consistent with the ones obtained by others by
using other databases. Using a broader database, containing all the available records, has pros and cons, as this
may affect the obtained results. Using more records may allow reducing the dispersion, especially in the long
period zone, where many records have been discarded. The records used in this work can be separated according
to different criteria and/or classified in order to be used in other specific studies as, for instance, to obtain soil
dependent response spectra or to analyze other specific variables as functions of magnitude or epicentral
distance.

6. Conclusions

This paper shows the main results of a study about the directionality effects on the computation of acceleration
response spectra. An extensive database of accelerograms recorded in the southern part of Central America has
been analyzed. Median and maximum response spectra independent of the rotation angle have been computed.
In turn, period dependent and period independent measures have been also calculated for both median (50"
percentile) and maximum (100" percentile) response spectra. Then, the obtained median and maximum response
spectra were compared with the most used measure in predictive attenuation laws, that is the geometrical mean
of the as-recorded accelerograms (Sagmar). Moreover, the root-sum-of-squares (Sarss) is proposed as a good
choice for seismic hazard analysis and seismic evaluation of structures, because it is computed in an easy and
straightforward way, as, for each period, it requires only two time histories of the response of the orthogonal
response components instead of the 180 time histories needed for the Sarempigo, if it is considered and angle
increment of one degree (A6=1°). Nicely, the results obtained are very similar to those obtained in other studies
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by using data from other regions and with different earthquakes, showing a fair stability and a relative
independence of the results obtained. Moreover, having maximum response spectra based on strong ground
motions records produced by actual earthquakes, is attractive from the perspective of seismic design and
evaluation of special structures and facilities. The results of this kind of studies reveal that they should have also
a significant impact in the PSHA, both in the determination of the expected seismic intensities as well as in their
uncertainties.
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