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Abstract. Eurocode 8 allows that any country can use its own shape of the elastic 
response spectrum after it defines it in the National Annex. Having in mind that such 
country-specific spectra are to be derived through analysis of the strong motion data 
recorded in the considered seismo-tectonic region, in this Paper we discuss the existing 
and a set of new empirical equations for scaling pseudo-acceleration spectra in Serbia 
and the whole region of north-western Balkans. We then compare the presented spectra 
to those proposed by Eurocode 8. Results show that the indiscriminate use of the strong 
motion data from different seismo-tectonic regions, improper classification of the local 
soil conditions, and neglect of the effects of deep geology, may all lead to unreliable 
scaling equations and to extremely biased ground motion estimates. Moreover, only 
two spectral shapes that are defined for wide magnitude ranges and scaled by a single 
PGA value, are not able to adequately represent all important features of real strong 
ground motion, and instead of using such normalized spectra one should rather employ 
the direct scaling of spectral amplitudes that is based on the analysis of regionally 
gathered and processed strong motion data. 
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1. INTRODUCTION 

Horizontal elastic response spectra, Se(T), described in Eurocode 8 [1] Article 3.2.2.2, 
represent the diagrams of the pseudo absolute acceleration for a series of natural periods 
of un-damped oscillations (of one degree of freedom systems), T, going from 0 to 4 sec, 
and with a viscous damping with a reference value of 5%. For the zero period, i.e. T = 0, 
spectral acceleration in the EC8 elastic spectrum is equal to the peak ground acceleration 
on the ground of the A type (i.e. on the rock), ag, multiplied with the value of the soil 
factor, S. Soil factor depends on the ground type and spectrum type (see Tables 3.2 and 
3.3 of Eurocode 8 [1]), and spectral amplitude for T = 0 equals the product ag·S. Shapes 
of the Eurocode 8 elastic spectra (see Figure 1) depend on the ground type (A, B, C, D, or 
E) and the magnitude of earthquakes “that contribute most to the seismic hazard defined 
for the purpose of probabilistic hazard assessment”, and have been defined empirically 
through analysis of the real strong ground motion records that had been available from all 
over European continent (and middle East). There is also an option left that any country 
can use its own shape of the spectrum after it defines it in its own National Annex to 
Eurocode 8 ([1]: see Note 1 in Article 3.2.2.1(4)). What is new and substantially different 
from the earlier versions of Eurocode 8 is that the version from November 2004 gives two 
different types of the elastic spectrum depending on the earthquake magnitude – Type 2 
for the earthquakes “that contribute most to the seismic hazard defined for the purpose of 
probabilistic hazard assessment” with a surface wave magnitude, MS ≤ 5.5, and Type 1 for 
the earthquakes with MS > 5.5 ([1]: see Article 3.2.2.2(2)P).  

At this juncture there are two issues that should be immediately discussed. First, the 
Eurocode 8 ground types ([1]: see Table 3.1) have been defined exclusively depending on 
the soil characteristics in the first 30 m of the stratigraphic profile. For example, type A 
(for which the scaling parameter, i.e. the peak acceleration, is defined) corresponds to the 
rock or similar geological formations (including at most 5 m of a weaker material at the 
surface) with the average shear wave velocity in the top 30 m (and at a shear strain level 
of 10-5 or less) greater than 800m/s. However, empirical analyses [2-3] have proven that 
the ground motion at a given location is also influenced by the depth of the geological 
sediments beneath the surface soil layer, i.e. by the so-called “deep geology” [2], and thus 
these effects should be also taken into consideration in the process of defining the shape 
of the design spectrum, naturally in the case when it is possible considering the available 
geological data. Eurocode 8 ([1]: see Note 1 in Article 3.2.2.1(4) and Note 1 in Article 
3.2.2.2(2)P) hence leaves the option that the countries who use this book of regulations 
may define different spectra (i.e. different than those that are already proposed) in the 
National Annex if the deep geology is to be taken into account, although it does not give 
any additional recommendations (except the short remark given in Article 3.1.1(4) [1] 
that, depending on the importance of the structure and on the particular conditions of the 
project, the ground investigations and/or geological studies should be performed to de-
termine the seismic action).  

The second issue to be discussed is related to something that is also important but 
what Eurocode 8 [1] does not even leave as a possibility of a free choice (to be defined 
for a country or a region) nor does it give any recommendations whatsoever and that is 
that for the definition of the spectral shape the distance between the earthquake source 
and the considered site is not taken into any account. This source-to-site distance how-
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ever, has the direct influence on both the amplitudes and the frequency content of the 
strong ground motion. Namely, attenuation of the wave amplitude with distance will de-
pend on both the wave type (it will be different for different body waves, or different sur-
face waves) and on the wave frequency, and in a general case ground motion time histo-
ries will be inherently different for different source-to-site distance ranges.  

Further on, the separation into just two types of the spectrum depending on the surface 
wave magnitude is rather rough. Eurocode 8 [1] elastic spectra are the normalized spectra 
that are scaled by multiplication with a design ground acceleration for a ground type A, 
ag, and by doing so the fact that the enlargement of the earthquake magnitude for a value 
of 1 corresponds to 10 times larger seismic wave amplitude is perhaps taken into account 
in an indirect way. However, the problem is that beside the increase in the ground motion 
amplitudes, it is the ground motion frequency content (and thereby also the shape of the 
response spectrum) that also changes with the magnitude – larger events generate more 
long period energy and that usually leads to spectral shapes which have larger long period 
ordinates, and this cannot be (in a general case) taken into account by using only two 
normalized types of the response spectra that are later scaled by a chosen value of the 
maximum ground acceleration.  

 

Fig. 1.  Eurocode 8 elastic response spectra for 5 different ground types and 5% viscous 
damping: on the left are Type 1 spectra, to be used in the case of the earthquakes 
“that contribute most to the seismic hazard defined for the purpose of 
probabilistic hazard assessment” with MS > 5.5, and on the right are Type 2 
spectra, to be used for MS ≤ 5.5 

Beside the design spectra represented by simple mathematical functions, comprising 
just a few alternative general shapes and being scaled by the peak ground acceleration 
values alone, there are also the empirical predictive equations developed for some regions 
for scaling independently a whole series of different spectral amplitudes (refer e.g. to [4-
12]). By using such empirical equations each spectral amplitude (and thus simultaneously 
the complete spectral shape) can be directly scaled with respect to e.g. the distance from 
the considered site to the earthquake source, magnitude or some other measure of the size 
of an earthquake, local soil conditions, deep geology, and also (in some of the equations) 
some other parameters that had been shown to be relevant. In those regions where the 
available data are not sufficient to develop the “domestic” scaling equations it is common 
to use the equations developed for some other part of the world. However, the attenuation 
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characteristics may differ very significantly from one region to another due to differences 
in geological characteristics and seismic source properties, and the indiscriminate use of 
“foreign” equations may lead to biased results.  

Having in mind that the Eurocode 8 ([1]: see Note 1 in Article 3.2.2.1(4) and Note 1 
in Article 3.2.2.2(2)P) allows that the countries who use or are going to use this book of 
regulations may define (in their National Annexes) response spectra different than those 
that are already proposed, and that these new spectra are expected to be derived through 
the analysis of the strong motion data recorded in the considered seismo-tectonic region 
(if such data exist), in the following Chapters we will review several existing and a set of 
new empirical equations that have been developed by using the data recorded in Serbia 
and other parts of the north-western Balkans. 

2. SEVERAL EXISTING AND A SET OF NEW REGIONAL EMPIRICAL EQUATIONS 

For any strong earthquake ground motion scaling study it is essential to be based on 
carefully verified contents of the strong motion database and on the correct treatment of 
the local geological (deep geology) and local soil (shallow geology) site conditions. Both 
existing and new empirical scaling equations that will be presented in this Paper have 
been developed on the basis of the accelerograms that were recorded in the region of 
former Yugoslavia and are comprised in the EQINFOS data bank [13].  

2.1. Equations developed by Manić 

Manić [14-15] developed an empirical equation for scaling values of the peak ground 
acceleration (abbreviated as PGA), by using 276 horizontal components of the records 
from the EQINFOS data bank [13] from 56 earthquakes in the period 1976 – 1983, of 
magnitudes between 4.0 and 7.0, mostly of shallow focal depths (less than 25 km), and 
mostly at the source to the site distances not larger than 50-100 km. Approximately one 
third of the used accelerograms i.e. 92 of them were recorded on the rock, and the rest 
184 on the stiff soil. Manić further developed equations [16-17] for scaling horizontal and 
vertical components of the pseudo velocity spectra corresponding to 24 vibration periods 
ranging from 0.04 to 2.0 sec, by using 154 horizontal and 77 vertical components of the 
accelerograms from the same database and from 19 shallow earthquakes with the surface 
wave magnitudes, MS, between 4.0 and 6.9, and Richter's local magnitudes, ML, between 
4.2 and 7.0, and at epicentral distances up to 150 km and fault distances up to 110 km. 
Manić [16-17] also gave equations for periods between 2 and 5 sec, however due to small 
signal-to-noise ratio for periods larger than 2.0 sec for majority of the used EQINFOS 
accelerograms, the results of any regression analysis for the vibration periods larger than 
2.0 sec could not be considered as reliable [18-19] and these scaling equations were hence 
disregarded. General form of the predictive equations is 
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where PSV(T), in [cm/sec], represents the ordinates of the 5% viscous damping pseudo ve-
locity spectrum for the natural periods of undamped vibration, T, of single-degree-of-free-
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dom oscillators, M designates values of the surface wave magnitude, MS [16-17] (Manić also 
gave the equations in which M is the Richter's [20] local magnitude, ML), R represents the 
shortest distance from the recording station to the surface projection of the fault rupture 
(Manić also gave the equations for the PSV ordinates in which R represents the epicentral 
distance), R0 is a constant to be determined with c1, c2, c3, and c4, so that the standard deviation 
is the smallest, while S is equal to 1 for the stiff soil and 0 for the rock sites (in compliance with 
the classification given by Ambraseys et al. [21], the rock sites are characterized by an average 
shear wave velocity in the upper 30m of the geotechnical profile, VS > 750m/s, while for the 
stiff soil VS lies between 360m/s and 750m/s), and σ represents the standard deviation of 
log[PSV(T)], assuming the normal distribution of the data around the median estimates, so that 
P = 0 for the median and 1 for the median ± one standard deviation estimates.  

Table 1 gives the coefficients of the scaling equations by Manić [14-17] that pertain to 
the equations in which M is the surface wave magnitude MS, R is the hypocentral distance 
for the PGA values, and R is the shortest distance from the recording station to the surface 
projection of the fault rupture for all other spectral amplitudes. 

Table 1. Coefficients (see Eq. 1) of the empirical equations proposed by Manić [14-17] 
for scaling the peak ground acceleration (PGA) values (expressed in [g]) and 
ordinates (for natural vibration periods, T) of the 5% viscous damping pseudo 
velocity spectra, for: a) ground motion in horizontal direction and b) ground 
motion in vertical direction 

T [sec] C1 C2 C3 R0 C4 σlog  
a) strong ground motion in HORIZONTAL DIRECTION 

PGA -1.664 0.333 -1.093 6.6 0.236 0.254 
0.04 -1.162 0.317 -0.878 4.7 0.196 0.224 
0.05 -0.933 0.308 -0.899 5.5 0.181 0.224 
0.06 -0.704 0.302 -0.932 6.2 0.160 0.241 

0.065 -0.636 0.298 -0.915 5.5 0.144 0.245 
0.08 -0.286 0.282 -0.948 6.7 0.103 0.251 
0.10 -0.274 0.285 -0.898 4.8 0.148 0.245 
0.13 -0.167 0.284 -0.864 5.3 0.177 0.246 
0.15 -0.015 0.300 -0.950 9.0 0.193 0.233 
0.17 -0.120 0.311 -0.884 6.9 0.194 0.242 
0.20 -0.025 0.314 -0.909 8.4 0.223 0.248 
0.24 -0.066 0.330 -0.901 8.9 0.238 0.270 
0.30 -0.261 0.364 -0.893 6.2 0.253 0.270 
0.34 -0.458 0.380 -0.848 3.6 0.272 0.272 
0.40 -0.749 0.424 -0.847 2.0 0.330 0.292 
0.50 -0.953 0.483 -0.922 1.6 0.324 0.273 
0.60 -1.014 0.497 -0.936 2.1 0.297 0.274 
0.75 -1.116 0.505 -0.899 2.5 0.236 0.290 
0.80 -1.177 0.511 -0.886 2.4 0.224 0.281 
1.0 -1.344 0.513 -0.819 2.9 0.264 0.260 
1.3 -1.477 0.527 -0.791 2.4 0.212 0.259 
1.5 -1.537 0.544 -0.854 2.6 0.211 0.264 
1.7 -1.607 0.557 -0.928 0.0 0.254 0.246 
1.9 -1.773 0.586 -0.960 0.0 0.267 0.243 
2.0 -1.828 0.593 -0.938 0.0 0.274 0.237 
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Most contributing earthquakes for the records comprised in the EQINFOS data bank 
[13] occurred in four different regions located inside former Yugoslavia (see, e.g., Fig. 1 
in [22]): Friuli region (Slovenia), Banja Luka region, Montenegro seaboard region, and 
Kopaonik region. Having in mind that study on attenuation of seismic intensity in Albania 
and former Yugoslavia done by Trifunac and Todorovska [23] showed that there is no 
clear indication that strong motion attenuation would be much different in any of the four 
contributing regions, the empirical equations given by Manić [14-17] can be therefore 
viewed as representing the average overall strong ground motion attenuation in the region 
of the north-western Balkans.  

In his studies, Manić [14-17] also investigated the influence of the use of different 
magnitude scales and source to site distance measures on the empirical equations. In the 
analysis of the PGA attenuation equation he showed that smaller standard deviations are 
obtained if for the parameter M the surface wave magnitude, MS, is used rather than the 
Richter's local magnitude (ML), and if R represents the hypocentral distance rather than 
the epicentral distance [14]. In the analyses of the PSV spectra, Manić [16-17] showed 
(see Fig. 2) that standard deviations, σ, for all ordinates of the horizontal spectra and for 
the ordinates larger than ~0.8-1.0 sec of the vertical spectra, are noticeably smaller when 
the values of the shortest distance from the recording station to the surface projection of 
the fault rupture (“fault distance”) are used rather than the values of the epicentral 
distance, and also in the case when the values of the surface wave magnitude, MS, are 
used instead of the values of the Richter's local magnitude, ML.  

Table 1. Continued 

T [sec] C1 C2 C3 R0 C4 σlog  
b) strong ground motion in VERTICAL DIRECTION 

0.04 -1.24 0.330 -1.008 3.2 0.174 0.222 
0.05 -1.099 0.333 -1.008 3.2 0.157 0.233 
0.06 -0.853 0.322 -1.034 3.1 0.150 0.234 

0.065 -0.849 0.325 -1.001 2.8 0.150 0.246 
0.08 -0.779 0.332 -0.978 2.3 0.155 0.249 
0.10 -0.657 0.332 -0.944 1.5 0.108 0.227 
0.13 -0.511 0.335 -0.967 5.3 0.146 0.227 
0.15 -0.44 0.326 -0.940 6.2 0.174 0.206 
0.17 -0.489 0.342 -0.955 6.4 0.205 0.226 
0.20 -0.478 0.349 -0.974 6.2 0.235 0.223 
0.24 -0.45 0.375 -1.015 7.7 0.177 0.213 
0.30 -0.714 0.392 -0.880 4.3 0.159 0.215 
0.34 -0.81 0.425 -0.957 6.1 0.187 0.218 
0.40 -0.912 0.459 -1.001 7.1 0.193 0.232 
0.50 -1.268 0.486 -0.873 4.4 0.181 0.246 
0.60 -1.252 0.471 -0.835 4.4 0.195 0.249 
0.75 -1.465 0.497 -0.796 3.5 0.199 0.228 
0.80 -1.546 0.499 -0.757 3.0 0.207 0.231 
1.0 -1.745 0.497 -0.619 2.7 0.159 0.217 
1.3 -1.944 0.535 -0.696 0.0 0.167 0.229 
1.5 -1.787 0.524 -0.782 0.0 0.169 0.199 
1.7 -1.803 0.529 -0.806 0.0 0.124 0.206 
1.9 -1.942 0.555 -0.866 0.0 0.142 0.214 
2.0 -2.377 0.619 -0.867 0.0 0.202 0.206 
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Here it must be mentioned that Lee and Manić [18] i.e. Lee [6] have also developed 
empirical equations for scaling response spectra in former Yugoslavia (on the basis of the 
same EQINFOS data that Manić refined and updated, and used in his later investigations), 
by using the methodology previously developed by the SMG (Strong-Motion Earthquake 
Research Group) at the University of Southern California (refer e.g. to: [4-5], as well as to 
the later work of the SMG members related to scaling of the response spectra: [7-11]). 
However, these equations were developed on the basis of the experience and the lessons 
derived from the studies of strong ground motion data in California, and include more so-
phisticated modeling of the strong ground motion attenuation with the distance from the 
earthquake source. Moreover, there were several studies (refer e.g. to: [18-19,24-25,30]) 
that showed that amplitudes and frequency content of the strong ground motion change 
(with earthquake magnitude, source to site distance, etc.) in a different manner in the 
north-western Balkans and in the western parts of the USA. We have hence decided to 
present herein only the equations developed solely on the base of regional strong motion 
records and our own experience. Having in mind the scarcity and uneven distribution of 
the currently available strong motion data in the north-western Balkans (i.e. distribution 
with respect to the values of all relevant scaling parameters: earthquake magnitude, source 
to site distance, geological and local soil conditions), in this Paper we will focus more on 
the influence of different datasets on the obtained empirical estimates, while the influence 
of the source to the site distance on the spectral estimates will be modeled by a simple 
term expressed as: 1/rn, where n = c3, and r is the square root of the sum of squares of the 
hypocentral distance R and the constant R0. The constant R0 is to be determined so that the 
standard deviation for the considered equation would be the smallest, and incorporates all 
factors that tend to limit ground motion near the source (refer e.g. to: [21] and [31-32]). 
We are though well aware that any strong motion estimate that is obtained from simplified 
prediction models must be used with caution, especially for the area within a few km off 
the main rupture, not only because of the great scarcity of the data recorded very near the 
sources of shallow and large magnitude events, but also because such motion is greatly af-
fected by the complexity of the source mechanism and rupture propagation as all studies 
on past strong earthquakes reveal. 

 

Fig. 2. Standard deviations, σ, that pertain to the empirical PSV spectra developed by 
Manić [16-17] for different measures of the earthquake magnitude and the source-
to-site distance for ground motion in horizontal (left plot) and vertical (right plot) 
direction 
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2.2. Other existing regional empirical equations 

When scaling of response spectra in Serbia and the neighboring regions is considered, 
there are also two studies presented by Naumovski [33] and Stamatovska [34], that tried 
to develop empirical prediction models for peak accelerations and PSV ordinates at some 
“average soil conditions”. Those equations however, did not at all consider influence of 
the local soil conditions on the empirical strong motion estimates and all accelerograms 
were used as if recorded on some “average” soil conditions. Moreover, both Naumovski 
[33] and Stamatovska [34] derived their scaling coefficients by using the data that also 
included strong motion recordings from other seismic regions (Naumovski [33] e.g. used 
also the data from Italy and Greece, while Stamatovska [34] used also the data from Italy, 
Greece, and a few records from western USA, Mexico, and Romania (Vrancea records)). 
However, considerable regional differences in the use of magnitude and intensity scales, 
and physical differences in the seismo-tectonic regions where the used strong-motion data 
were recorded, produced additional unknown systematic biases (i.e. besides those from 
neglecting effects of the local soil) in spectral amplitudes predicted by scaling equations 
of Naumovski [33] and Stamatovska [34]. Figure 3 (taken from: [17]) shows comparison 
of the standard deviations of the log[PSV(T)], obtained in investigations by Naumovski 
[33], Stamatovska [34], and Manić [16-17]. As expected, results of Naumovski [33] and 
Stamatovska [34] have much larger standard deviations than the results of Manić [16-17], 
and consequently the their scaling equations should not be used for seismic action 
estimation in Serbia and elsewhere in the north-western Balkans.  
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Fig. 3. Comparison of the standard deviations, σ, that pertain  

to the empirical PSV spectra, obtained in investigations 
by Naumovski [33], Stamatovska [34], and Manić [16-17] 

2.3. New regional empirical equations for scaling pseudo-acceleration spectra 

Although the EQINFOS strong motion databank [13] comprises total sum of even 449 
accelerograms (digitalized and processed) from more than 200 earthquakes that occurred 
in the period 1976-1983, Manić [14-17] used only those records for which the necessary 
data on local soil conditions and the seismological data on contributing earthquakes were 
positively identified. Manić has later further refined and updated data on magnitude, focal 
depth and epicentral distance for the earthquakes of the EQINFOS strong motion records 
(please refer e.g. to: [25-29]) and the new empirical equations for scaling response spectra 
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that will presented herein have been developed on the basis of this refined strong motion 
database. 

New empirical scaling equations have been developed on the basis of 203 acceleration 
time histories taken from the EQINFOS data bank [13], registered solely inside the region 
of the north-western Balkans in the period 1976 – 1983, from 108 earthquakes that had 
been first identified and cross-references with various regional seismological catalogues 
by Jordanovski et al. [13] while later for some earthquakes the data on magnitude (M), 
focal depth (h) and epicentral distance (E) were re-identified by Manić [25-29]. From the 
total sum of 203 data, 64 were from 3 ≤ M ≤ 4, 63 from 4 < M ≤ 5, 36 from 5 < M ≤ 6, 
and 40 data for 6 ≤ M ≤ 6.8, while most accelerograms were recorded at relatively small 
epicentral distances: even 148 at D < 30 km, and 166 (82%) at D < 50 km, while the rest 
~8% of the data are recorded at 50 km < D < 200 km. Most considered earthquakes are of 
shallow depth: for 198 data (98%) focal depth is h ≤ 25 km, and for 154 data h ≤ 10 km.  

As far as the local soil conditions are concerned, the local soil classification of the ac-
celerograph sites in former Yugoslavia was made by Trifunac et al. [24] and updated and 
refined throughout the following years by Lee and Trifunac [18], Lee and Manić [19], and 
Manić [25], in compliance with the classification proposed by Seed et al. [35-36] – the 
“rock” sites were characterized by an average shear wave velocity, VS > 800m/s with the 
soil layer overlying rock less than 10m thick, the “stiff soil” sites with VS > 800m/s and 
the soil layer between 15m and 75m thick, and the “deep soil” sites with VS > 800m/s and 
more than 100m thick sol layer. Around 31% (61) of the used accelerograms were re-
corded at the rock sites and the rest 140 (or 69%) on the stiff soil [25]. Here it should be 
mentioned that according to Eurocode 8 ([1]: see Article 3.1.2 and Table 3.1) ground type 
A corresponds to “rock or other rock-like geological formation, including at most 5 m of 
weaker material at the surface”, with the average shear wave velocity for the top 30m, VS, 
greater than 800m/s, while the type B corresponds to “deposits of very dense sand, gravel, 
or very stiff clay, at least several tens of meters in thickness, characterized by a gradual 
increase of mechanical properties with depth”, with VS for the upper 30m between 360m/s 
and 800m/s. In order to make some comparisons we will consider that “our” rock sites 
correspond to the EC 8 ground type A, while the stiff soil corresponds to the EC8 type B. 

As for the deep geology classification, international team of 13 experienced geologists 
and earthquake engineers carefully interpreted description of the site deep geology for the 
recording stations in former Yugoslavia [24], following the methodology proposed by 
Trifunac and Brady [2], and the geological settings for 28 (~14%) data were classified as 
the “basement rock”, for 86 (42%) data as the (geological) “sediments”, and for 89 (44%) 
data, which correspond to the stations located in the complex geological settings, as the 
“intermediate sites” [25]. 

General form of the predictive equations was the same as given by Eq. 1, with the only 
difference that the values of pseudo absolute acceleration spectra1, PSA(T), in [g], were 

                                                 
1 Having in mind that the pseudo absolute acceleration spectra, PSA, are used in the multimodal response 
spectrum structural analyses to calculate sectional forces and deformations and not the absolute acceleration 
spectra SA, we have developed equations for the PSA values. PSA ordinates, which are equal to the product 
SD×(2π/Tn)2, where SD is the spectral displacement (i.e. the maximum displacement of the oscillator with a 
natural vibration period, Tn) are for the one-degree-of-freedom systems proportional to the elastic force while 
the maximum absolute acceleration, SA (that is, the maximum sum of the ground acceleration and the relative 
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estimated. In the new equations, M designates values of the magnitude as defined in the 
Report by Jordanovski et al. [13] (in this Report Trifunac chose the most appropriate 
magnitude values – for ~90% of the data it was the Richter's local magnitude, ML, being 
the most suitable for the so-called “strong motion”, i.e. for the frequency content of the 
ground motion between, say, 0.1 and 30 Hz [37], and for the rest ~10% of the data (the 
largest events) it was the surface wave magnitude, MS), and R represents the epicentral 
distance. However, we have done also a parallel analysis that included effects of the deep 
geology in the empirical model and obtained much lower values of standard deviation. 
General form of this (i.e. the 2nd) prediction model is: 
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where categorical variable SG1 is equal to 1 for the intermediate sites and 0 otherwise and 
SG2 is equal to 1 for the sediments and 0 otherwise. 

On the basis of the presented two models (described by Eq. 1 and Eq. 2), a series of 
multiple linear regression analyses was performed. Scaling coefficients, ci, of the new re-
gional scaling equations, standard deviations, and R2 statistics2, have been all calculated 
by using MATLAB® function “regress” (for more details on the background theory refer 
to: [38-42], and the R0 values were iteratively adjusted so that the root mean squared error 
of the analyzed prediction model was the smallest, i.e. that the R2 statistic had the largest 
possible value. Tables 2 and 3 present respectively the obtained scaling coefficients for 
the 1st prediction model (local soil effects only) and the 2nd one (both the local soil effects 
and deep geology effects). In order to save paper space, coefficients for the spectra in the 
vertical direction are given (in Tables 2 and 3) for the PGA values and only 24 vibration 
periods (instead for all 61 considered periods like for the horizontal spectra). All scaling 
coefficients, R0 values, and standard deviations, σ, presented in Tables 2 and 3, have been 
calculated for the PGA values and 61 spectral ordinates corresponding to periods between 
0.04 sec and 2.0 sec. Due to small signal-to-noise ratio for the periods larger than 2.0 sec 
majority of the EQINFOS records had been filtered by using relatively large high-pass 
filter corner frequencies [18-19] and thereby the results of regression analyses for the 
natural periods larger than 2.0 sec could not be considered as reliable.  

We further wanted to see how the exclusion of the smaller magnitude data influences 
the resulting empirical ground motion predictions, and so decided to perform two another 
sets of regression analyses, by using: (1) 128 records from earthquakes with M ≥ 4.25, 
that is total sum of 128 vertical and 256 horizontal response spectra and PGA values – 
63% of the data from the original dataset used for the calculation of the coefficients given 

                                                                                                                                                
acceleration of a one-degree-of-freedom oscillator) is proportional to the sum of the elastic and damping force 
and thus PSA is always smaller than SA. However, the difference between the PSA and SA ordinates can be of 
some significance only for long-period systems with large damping, while in the case of undamped vibrations 
PSA is equal to SA and in that case PSA represent the exact maximum values of the absolute acceleration. 
2 R2 statistic represents the amount of response variability explained by the model, and is equal to one minus 
the ratio of the sum of squares of the calculated residuals to the sum of squares of the differences between each 
response observation and the mean observation. Close to zero or even negative values of R2 indicate that the 
model is not appropriate for the data. 
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in Tables 2 and 3, and (2) 156 records from earthquakes with M ≥ 3.75, that is total sum 
of 312 horizontal response spectra and PGA values (77% of the all considered data).  

Figure 4a, left side, shows scaling coefficients c2 and c3, developed in this study by 
using the 1st prediction model (Eq. 1), while Figure 4a, right side, shows the coefficients 
c4, c5 and c6, obtained by using the 2nd model (Eq. 2). Figure 4b shows the same, only for 
ground motion in vertical direction, while Figure 5 compares the empirical spectra scaled 
for different values of magnitude, source-to-site distance and local soil and deep geology 
conditions, to the corresponding Eurocode 8 spectra. 

From Fig. 4a it can be seen that coefficient c2, which describes dependence of strong 
motion on the earthquake magnitude, is larger for larger vibration periods, steeply rising 
up to natural vibration periods of ~0.5 sec, causing the shapes of the empirical spectra (as 
shown in Figure 5a) to continuously change with magnitude, slowly shifting their peaks 
towards the longer periods. This is in agreement with the well-known fact that the larger 
magnitude earthquakes generate more long period seismic energy than the earthquakes of 
smaller size. Furthermore, from Figs. 4a and 5a it can be seen that the coefficient c3, 
which describes strong motion dependence on the source to site distance, is also changing 
with vibration periods. In other words, attenuation of spectral ordinates with the distance 
diminishes with the vibration period, which proves the known fact that the high frequency 
(the low period) waves attenuate faster than the long-wave components because they have 
to make more cycles of motion for the same distance. By observing the slow variation of 
the values of the standard deviations with the vibration periods (bottom left plots in Fig. 
4) it can be also concluded that the 84 percentile (i.e. median plus one standard deviation) 
empirical spectra are somewhat wider towards the longer periods than the median spectra 
that represent empirical predictions with 50% probability that they shall not be exceeded.  

As it can be also seen from Fig. 4a (left side), excluding the smaller magnitude data 
from the original dataset will increase values of the coefficient c2 and hence also increase 
in spectral amplitudes for all considered vibration periods (this enlargement is somewhat 
faster for periods larger than ~0.5 sec), what further confirms that stronger earthquakes 
generate more seismic energy at lower frequencies. However, trends for the coefficient c3 
show the opposite – if we exclude the smaller magnitudes data from the original dataset 
that will cause increase in the attenuation and thus all spectral ordinates will be smaller. 
Reason for this effect might perhaps lie in the enlarged amount of inelastic soil behavior 
(i.e. in the enlarged energy dissipation) in the case of stronger ground shaking. Logically, 
between these two opposite effects prevailing are the effects of the coefficient c2 and the 
resulting spectral ordinates will be larger when smaller magnitude data are excluded from 
the analysis. In any case, the obvious correlation between the coefficients c2 and c3 is in-
teresting and demands due attention in future strong motion analyses. 

Fig. 4a (bottom plot on the left and plots on the right side) and Fig. 5a (bottom plots) 
show that for the horizontal strong motion both the local soil and deep geology conditions 
have to be taken into account in empirical predictive equations or else the empirical PSA 
estimates might be significantly biased. Spectral amplitudes for the local soil type of “stiff 
soil” are more than twice larger than the values for the “rock sites” for the periods around 
0.3 sec. On the other hand, the deep geology “sediments” and “intermediate sites” amplify 
PSA amplitudes the most (compared to the values for the “rocks”) for the periods between 
0.4 and 0.6 sec, and at the same time de-amplify spectral amplitudes for periods smaller 
than ~0.2-0.3 sec (for a more detailed analysis of the local soil and deep geology effects 
please refer to another Paper of the same authors: [43]).  
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Table 2. Coefficients of the new empirical equations created by the 1st prediction model 
(see Eq. 1) i.e. by considering only the local soil effects, for scaling the peak 
ground acceleration (PGA) values and ordinates (for natural vibration periods, T) 
of the 5% viscous damping pseudo absolute acceleration spectra, for: a) ground 
motion in the horizontal direction and b) ground motion in the vertical direction 

T [sec] C1 C2 C3 R0 C4 σlog 
a) strong ground motion in HORIZONTAL DIRECTION 

PGA -1.50133 0.386543 -1.31896 17.9 0.198410 0.272476 
0.040 -1.37017 0.360862 -1.28352 18.0 0.170576 0.271057 
0.042 -1.35612 0.359558 -1.28402 18.0 0.170030 0.271090 
0.044 -1.31463 0.354619 -1.28576 18.2 0.166043 0.271040 
0.046 -1.28284 0.350497 -1.28469 18.2 0.161296 0.271803 
0.048 -1.25115 0.347040 -1.28477 18.2 0.156090 0.273029 
0.050 -1.22591 0.341805 -1.27843 18.1 0.152083 0.274398 
0.055 -1.12069 0.333350 -1.29242 18.5 0.140502 0.277979 
0.060 -1.04212 0.331068 -1.31547 18.6 0.134392 0.286303 
0.065 -0.98368 0.328111 -1.32162 18.4 0.120724 0.293518 
0.070 -0.88929 0.323156 -1.34155 19.0 0.105639 0.294365 
0.075 -0.79431 0.322002 -1.37149 20.0 0.100431 0.292661 
0.080 -0.77259 0.330667 -1.39993 20.5 0.103903 0.290938 
0.085 -0.74908 0.339981 -1.43222 21.1 0.108580 0.289424 
0.090 -0.71729 0.345940 -1.46145 21.8 0.115857 0.288240 
0.095 -0.75091 0.354681 -1.47034 21.4 0.125536 0.289633 
0.100 -0.75641 0.358882 -1.47850 21.5 0.135956 0.290492 
0.110 -0.73411 0.360002 -1.48617 21.9 0.147269 0.292515 
0.120 -0.77453 0.359257 -1.46099 21.5 0.168783 0.297446 
0.130 -0.81685 0.365500 -1.45496 21.2 0.187088 0.297257 
0.140 -0.76556 0.375762 -1.50789 22.6 0.203608 0.292407 
0.150 -0.70370 0.383834 -1.55884 24.0 0.214116 0.287505 
0.160 -0.79728 0.394512 -1.54151 23.4 0.227333 0.288827 
0.170 -0.82435 0.404713 -1.55377 23.6 0.229368 0.293321 
0.180 -0.90668 0.412183 -1.53563 23.1 0.245606 0.293897 
0.190 -0.99178 0.414713 -1.50529 22.4 0.264403 0.297696 
0.200 -1.04215 0.421180 -1.50290 21.7 0.274371 0.300724 
0.220 -1.14139 0.431357 -1.48974 20.5 0.281868 0.298109 
0.240 -1.29977 0.436749 -1.42623 19.4 0.300465 0.295042 
0.260 -1.38649 0.449487 -1.42832 19.5 0.328621 0.291002 
0.280 -1.53032 0.461176 -1.40022 19.0 0.344246 0.291695 
0.300 -1.65313 0.480894 -1.40061 18.9 0.336703 0.298005 
0.320 -1.82769 0.497056 -1.36541 18.1 0.329084 0.301228 
0.340 -2.00221 0.506409 -1.31321 16.8 0.321751 0.304041 
0.360 -2.13831 0.520519 -1.29154 15.9 0.312072 0.308319 
0.380 -2.28602 0.534307 -1.26536 15.0 0.315715 0.313230 
0.400 -2.40768 0.543695 -1.23799 14.3 0.315215 0.314652 
0.420 -2.48491 0.555786 -1.24377 14.0 0.310499 0.315918 
0.440 -2.56402 0.567899 -1.24894 13.5 0.297290 0.316508 
0.460 -2.61246 0.573486 -1.24707 13.4 0.284386 0.314377 
0.480 -2.64266 0.579853 -1.25697 13.7 0.277499 0.312903 
0.500 -2.69537 0.589122 -1.26319 13.7 0.274101 0.315014 
0.550 -2.84212 0.597298 -1.22965 13.3 0.266224 0.318613 
0.600 -2.98378 0.599419 -1.17897 12.9 0.259172 0.323454 
0.650 -3.10337 0.601828 -1.14485 12.7 0.256893 0.326873 
0.700 -3.24983 0.602681 -1.08991 11.8 0.247667 0.329345 
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Table 2. Continued 

T [sec] C1 C2 C3 R0 C4 σlog 
a) strong ground motion in HORIZONTAL DIRECTION 

0.750 -3.37023 0.602674 -1.04515 11.2 0.242715 0.324589 
0.800 -3.48763 0.601902 -0.99685 10.5 0.231715 0.327519 
0.850 -3.58328 0.606301 -0.97967 9.9 0.229250 0.326733 
0.900 -3.69154 0.608036 -0.94026 9.2 0.221913 0.326532 
0.950 -3.77295 0.610307 -0.92105 8.8 0.215313 0.327561 
1.000 -3.85216 0.615330 -0.91082 8.7 0.210400 0.328099 
1.100 -3.97615 0.611127 -0.85421 8.4 0.203548 0.328810 
1.200 -4.05181 0.596966 -0.78752 8.1 0.182762 0.327413 
1.300 -4.12769 0.594446 -0.75273 8.0 0.164699 0.327374 
1.400 -4.16906 0.593998 -0.75217 8.2 0.155112 0.327905 
1.500 -4.20343 0.592535 -0.75372 8.3 0.143974 0.327905 
1.600 -4.23902 0.588856 -0.74766 8.1 0.130598 0.326486 
1.700 -4.28643 0.587764 -0.74334 7.9 0.125504 0.325555 
1.800 -4.32919 0.592655 -0.75897 8.1 0.122393 0.325496 
1.900 -4.36820 0.596853 -0.77827 8.3 0.124064 0.324785 
2.000 -4.40931 0.600421 -0.79235 8.5 0.126969 0.327265 

b) strong ground motion in VERTICAL DIRECTION 
T [sec] C1 C2 C3 R0 C4 σlog 
PGA -1.84297 0.388900 -1.27067 15.7 0.181350 0.244655 
0.040 -1.71722 0.368919 -1.24100 13.4 0.193024 0.260619 
0.050 -1.51467 0.362460 -1.30123 14.7 0.173341 0.266581 
0.060 -1.31702 0.353221 -1.34021 15.8 0.145956 0.266200 
0.065 -1.31949 0.360016 -1.34799 15.3 0.146735 0.269337 
0.080 -1.09096 0.373214 -1.48531 18.5 0.180699 0.274132 
0.100 -1.02988 0.356011 -1.43437 19.2 0.164065 0.270097 
0.130 -1.22094 0.368277 -1.37742 17.3 0.205763 0.279376 
0.150 -1.30056 0.382210 -1.38176 17.7 0.235400 0.280058 
0.170 -1.33888 0.413156 -1.45286 19.0 0.213624 0.273446 
0.200 -1.51025 0.446382 -1.46945 19.7 0.210476 0.276382 
0.240 -1.75706 0.468084 -1.40435 18.5 0.178596 0.261558 
0.300 -2.03355 0.484140 -1.32130 18.4 0.175196 0.257192 
0.340 -2.42248 0.511375 -1.21424 15.1 0.135925 0.266159 
0.400 -2.85626 0.546131 -1.11175 12.9 0.134293 0.281938 
0.500 -3.09188 0.551552 -1.01714 13.5 0.071960 0.288402 
0.600 -3.33049 0.552385 -0.93838 12.3 0.078401 0.299697 
0.750 -3.61829 0.567172 -0.88508 11.4 0.077262 0.307766 
0.800 -3.68497 0.565787 -0.85641 11.3 0.062269 0.308809 
1.000 -4.05772 0.558774 -0.69851 9.4 0.046314 0.304467 
1.300 -4.19629 0.544267 -0.65219 10.0 0.021447 0.301610 
1.500 -4.29713 0.538746 -0.64059 9.7 0.026133 0.300998 
1.700 -4.35655 0.533904 -0.64414 10.1 0.016400 0.300645 
1.900 -4.46692 0.539846 -0.64545 9.8 0.005872 0.308093 
2.000 -4.50361 0.542048 -0.65712 10.0 0.005099 0.313480 
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Table 3. Coefficients of the new empirical equations created by the 2nd prediction model (see 
Eq. 2) i.e. by considering both the local soil and deep geology effects, for scaling the 
peak ground acceleration (PGA) values and ordinates (for natural vibration periods, 
T) of the 5% viscous damping pseudo absolute acceleration spectra, for: a) ground 
motion in the horizontal direction and b) ground motion in the vertical direction 

a) strong ground motion in HORIZONTAL DIRECTION 
T [sec] C1 C2 C3 R0 C4 C5 C6 σlog 
PGA -1.28638 0.39367 -1.38196 19.5 0.17635 -0.14977 -0.10849 0.26924 
0.040 -1.14159 0.36845 -1.35012 19.7 0.14492 -0.16131 -0.11287 0.26717 
0.042 -1.11868 0.36718 -1.35374 19.8 0.14339 -0.16460 -0.11404 0.26702 
0.044 -1.07487 0.36246 -1.35590 20.0 0.13923 -0.16758 -0.11689 0.26679 
0.046 -1.03263 0.35862 -1.35820 20.1 0.13390 -0.17350 -0.12175 0.26721 
0.048 -0.99608 0.35552 -1.35921 20.1 0.12773 -0.17947 -0.12601 0.26809 
0.050 -0.95087 0.35058 -1.35939 20.2 0.12126 -0.18961 -0.13112 0.26884 
0.055 -0.81026 0.34339 -1.38434 20.9 0.10910 -0.21166 -0.15293 0.27096 
0.060 -0.71401 0.34183 -1.41263 21.1 0.10251 -0.22390 -0.16470 0.27861 
0.065 -0.63937 0.33956 -1.42341 21.0 0.08810 -0.23606 -0.17577 0.28510 
0.070 -0.54101 0.33479 -1.44466 21.6 0.07265 -0.23842 -0.17761 0.28579 
0.075 -0.48037 0.33184 -1.46510 22.3 0.06531 -0.21136 -0.14483 0.28608 
0.080 -0.48440 0.33904 -1.48666 22.6 0.06818 -0.18938 -0.12050 0.28573 
0.085 -0.50156 0.34724 -1.50615 22.8 0.07444 -0.16608 -0.09978 0.28551 
0.090 -0.49282 0.35220 -1.52872 23.3 0.08167 -0.14941 -0.08230 0.28510 
0.095 -0.51568 0.36079 -1.54139 23.0 0.08906 -0.15278 -0.08069 0.28629 
0.100 -0.49826 0.36570 -1.55693 23.3 0.09937 -0.16541 -0.09362 0.28656 
0.110 -0.42972 0.36877 -1.57826 24.0 0.10819 -0.19845 -0.12295 0.28671 
0.120 -0.42510 0.36978 -1.56680 24.0 0.13008 -0.22748 -0.15407 0.28983 
0.130 -0.44226 0.37728 -1.56814 23.9 0.14989 -0.24572 -0.17639 0.28820 
0.140 -0.38744 0.38781 -1.62385 25.4 0.17355 -0.24015 -0.18612 0.28350 
0.150 -0.35514 0.39535 -1.66654 26.6 0.19203 -0.21854 -0.18099 0.27993 
0.160 -0.44856 0.40595 -1.64974 26.1 0.20900 -0.21523 -0.18542 0.28139 
0.170 -0.47238 0.41668 -1.66271 26.3 0.21307 -0.21944 -0.19435 0.28556 
0.180 -0.56956 0.42387 -1.63954 25.7 0.23127 -0.21238 -0.19115 0.28661 
0.190 -0.66758 0.42622 -1.60448 24.9 0.25077 -0.20811 -0.18816 0.29082 
0.200 -0.73012 0.43237 -1.59799 24.1 0.26241 -0.20170 -0.18496 0.29433 
0.220 -0.84659 0.44198 -1.57853 22.7 0.26803 -0.19541 -0.17420 0.29224 
0.240 -1.04834 0.44590 -1.50113 21.3 0.28740 -0.17047 -0.14967 0.29076 
0.260 -1.21687 0.45574 -1.47795 20.7 0.31580 -0.11971 -0.09737 0.28932 
0.280 -1.44286 0.46365 -1.42599 19.6 0.33112 -0.05979 -0.03397 0.29183 
0.300 -1.64661 0.48083 -1.40230 18.9 0.33177 -0.00535 0.00504 0.29872 
0.320 -1.85190 0.49562 -1.35863 17.9 0.32619 0.01905 0.02617 0.30187 
0.340 -2.05789 0.50398 -1.29771 16.4 0.32449 0.04320 0.03917 0.30448 
0.360 -2.22878 0.51683 -1.26689 15.3 0.32107 0.07213 0.05588 0.30828 
0.380 -2.39234 0.52980 -1.23687 14.3 0.32577 0.08694 0.06904 0.31285 
0.400 -2.52712 0.53837 -1.20624 13.5 0.32484 0.09929 0.08280 0.31390 
0.420 -2.61058 0.54951 -1.21151 13.2 0.31765 0.10993 0.09945 0.31473 
0.440 -2.68831 0.56135 -1.21719 12.7 0.30119 0.10994 0.10642 0.31521 
0.460 -2.74245 0.56620 -1.21486 12.6 0.28721 0.11929 0.11875 0.31260 
0.480 -2.78840 0.57202 -1.21892 12.7 0.27788 0.12612 0.13075 0.31069 
0.500 -2.84114 0.58082 -1.22696 12.8 0.27581 0.13363 0.13619 0.31251 
0.550 -2.99429 0.58845 -1.19151 12.3 0.26501 0.13872 0.14762 0.31571 
0.600 -3.12372 0.58959 -1.14634 12.0 0.24860 0.13923 0.16886 0.31977 
0.650 -3.21842 0.59245 -1.11861 11.9 0.23728 0.11895 0.16719 0.32341 
0.700 -3.33121 0.59387 -1.07323 11.2 0.21784 0.09472 0.16407 0.32590 
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Table 3. Continued 

T [sec] C1 C2 C3 R0 C4 C5 C6 σlog 
0.750 -3.40587 0.59458 -1.04144 10.9 0.19827 0.06146 0.16127 0.32044 
0.800 -3.48324 0.59500 -1.00263 10.4 0.17534 0.02528 0.14914 0.32287 
0.850 -3.55953 0.59970 -0.99015 9.9 0.16488 0.00877 0.14914 0.32116 
0.900 -3.66097 0.60165 -0.95329 9.3 0.15751 0.00522 0.14579 0.32104 
0.950 -3.73981 0.60427 -0.93403 8.9 0.15145 0.00046 0.13949 0.32236 
1.000 -3.81517 0.60952 -0.92413 8.8 0.14548 -0.00488 0.13604 0.32289 
1.100 -3.89681 0.60751 -0.87731 8.8 0.13366 -0.04648 0.10339 0.32363 
1.200 -3.96520 0.59430 -0.81193 8.6 0.11636 -0.05606 0.08583 0.32295 
1.300 -4.03383 0.59272 -0.77687 8.5 0.09965 -0.06958 0.06830 0.32327 
1.400 -4.06630 0.59290 -0.77880 8.8 0.09111 -0.07760 0.05776 0.32399 
1.500 -4.09502 0.59174 -0.78095 8.9 0.07836 -0.08494 0.05337 0.32376 
1.600 -4.12686 0.58820 -0.77520 8.7 0.06323 -0.09002 0.05174 0.32205 
1.700 -4.17724 0.58706 -0.77042 8.5 0.05959 -0.08690 0.05196 0.32132 
1.800 -4.22573 0.59202 -0.78359 8.6 0.05890 -0.08496 0.04844 0.32164 
1.900 -4.26636 0.59633 -0.80282 8.8 0.06287 -0.08306 0.04550 0.32125 
2.000 -4.30385 0.59972 -0.81958 9.1 0.06492 -0.08083 0.05013 0.32363 

b) strong ground motion in VERTICAL DIRECTION 
T [sec] C1 C2 C3 R0 C4 C5 C6 σlog 
PGA -1.67319 0.39382 -1.31973 16.9 0.15484 -0.12067 -0.06821 0.24295 
0.040 -1.59502 0.37105 -1.27659 14.2 0.16043 -0.08452 -0.01701 0.25995 
0.050 -1.36431 0.36555 -1.34533 15.7 0.13953 -0.10269 -0.03334 0.26549 
0.060 -1.19370 0.35612 -1.37604 16.6 0.12056 -0.08589 -0.03437 0.26598 
0.065 -1.17925 0.36355 -1.38849 16.2 0.11944 -0.09914 -0.04403 0.26873 
0.080 -0.90936 0.37848 -1.53910 19.7 0.15637 -0.12302 -0.07560 0.27284 
0.100 -0.77473 0.36741 -1.51044 21.3 0.17428 -0.17475 -0.20451 0.26336 
0.130 -0.87462 0.38066 -1.48080 20.0 0.19008 -0.23292 -0.20852 0.27059 
0.150 -0.95844 0.39332 -1.48416 20.3 0.20882 -0.22748 -0.17934 0.27239 
0.170 -1.10207 0.42065 -1.52363 20.7 0.19129 -0.15797 -0.11641 0.27043 
0.200 -1.38788 0.44966 -1.50575 20.5 0.19075 -0.08245 -0.04339 0.27653 
0.240 -1.78889 0.46608 -1.39509 18.2 0.17180 0.02349 0.03920 0.26258 
0.300 -2.17451 0.47865 -1.28156 17.4 0.18804 0.10651 0.08353 0.25634 
0.340 -2.53028 0.50552 -1.18575 14.3 0.13452 0.09168 0.09884 0.26552 
0.400 -2.93736 0.53921 -1.09327 12.3 0.11745 0.08439 0.12499 0.28055 
0.500 -3.21382 0.54302 -0.98753 12.5 0.05968 0.11701 0.14908 0.28594 
0.600 -3.43523 0.54298 -0.91516 11.4 0.05391 0.11224 0.17074 0.29623 
0.750 -3.65390 0.55898 -0.88089 11.0 0.03056 0.06004 0.16453 0.30370 
0.800 -3.70372 0.55879 -0.85569 11.0 0.01580 0.04176 0.14478 0.30563 
1.000 -4.09030 0.55132 -0.69634 9.1 0.00764 0.06010 0.14747 0.30165 
1.300 -4.22569 0.53733 -0.65038 9.7 -0.01515 0.05505 0.13767 0.29928 
1.500 -4.31761 0.53170 -0.64162 9.5 -0.01514 0.04985 0.14250 0.29814 
1.700 -4.37621 0.52685 -0.64530 9.9 -0.02539 0.04905 0.14278 0.29773 
1.900 -4.47153 0.53289 -0.65024 9.7 -0.04352 0.03633 0.14591 0.30457 
2.000 -4.51627 0.53497 -0.65945 9.8 -0.04188 0.04180 0.14628 0.31028 

Figs. 4b and 5b, describing empirical strong motion estimates in the vertical direction, 
show practically the same trends of the magnitude and source-to-site distance effects on 
the spectral ordinates as the ones observed for the horizontal direction (i.e. in Figs. 4a and 
5a). When it comes to the local soil and deep geology effects, although it is visible that 
both are less expressed than in the horizontal direction, these effects still cannot be always 
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neglected – the deep geology effects can be noticed for a wider range of vibration periods, 
while the local soil effects are expressed for the periods smaller than ~0.3 sec. 

 

Fig. 4a. Scaling coefficients, c2 and c3, derived by using the 1st prediction model that 
account only for the local soil effects (related coefficients are given in Table 2), 
scaling coefficients, c3, c4 and c5, derived by using the 2nd prediction model that 
account for both the local soil and the deep geology effects (related coefficients 
are given in Table 3), and standard deviations, σ, obtained by using the 1st and 
the 2nd prediction model for different sub-datasets, of the new regional empirical 
equations for scaling pseudo-absolute acceleration spectra, for ground motion in 
the HORIZONTAL direction 
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Fig. 4b. Scaling coefficients, c2 and c3, derived by using the 1st prediction model that 
account only for the local soil effects (related coefficients are given in Table 2), 
scaling coefficients, c3, c4 and c5, derived by using the 2nd prediction model that 
account for both the local soil and the deep geology effects (related coefficients 
are given in Table 3), and standard deviations, σ, obtained by using the 1st and 
the 2nd prediction model for different sub-datasets, of the new regional empirical 
equations for scaling pseudo-absolute acceleration spectra, for ground motion in 
the VERTICAL direction 
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Fig. 5a. New empirical median estimates (50% probability that the predicted value shall 
not be exceeded) of the HORIZONTAL pseudo-absolute acceleration spectra for the 
rock sites (on the left) and for the stiff soil (on the right), scaled for different values of 
the source to site distance, R, and the same magnitude, M = 6 (top plots), then for 
different M and the same R = 50 km (medium plots), and again for different M 
and R = 50 km only now by showing the spectra that consider also the deep 
geology effects instead (bottom plots – the thinnest lines represent the deep 
geology “intermediate sites”, the thickest lines represent the “sediments”, and the 
third group of lines represent the deep geology “rock” [2]), all of them compared 
to the corresponding Eurocode 8 [1] elastic response spectra 
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Fig. 5b.  New empirical median estimates (50% probability that the predicted value shall 
not be exceeded) of the VERTICAL pseudo-absolute acceleration spectra for the 
rock sites (on the left) and for the stiff soil (on the right), scaled for different 
values of the source to site distance, R, and the same magnitude, M = 6 (top 
plots), then for different M and the same R = 50 km (medium plots), and again 
for different M and R = 50 km only now by showing the spectra that consider also 
the deep geology effects instead (bottom plots – the thinnest lines represent the 
deep geology “intermediate sites”, the thickest lines represent the “sediments”, and 
the third group of lines represent the deep geology “rock” [2]), all of them 
compared to the corresponding Eurocode 8 [1] elastic response spectra  
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3. DISCUSSION AND CONCLUSIONS 

Studies dealing with interpretation and use of strong ground motion accelerograms in 
California (for which there are now more than 2,000 significant strong ground motion ac-
celerograms that have been recorded, digitized, processed and analyzed, after more than 
70 years of the strong-motion recording programs in the western United States), suggests 
that at least 1000 to 1500 records, uniformly distributed over all scaling parameters, is the 
necessary starting condition for the development of the reliable region-specific scaling of 
the strong motion amplitudes. Strong ground motion data available today in Europe are 
unfortunately still relatively scarce and the majority of more than 2,000 strong motion re-
cords that are available in Europe and the Middle East and can be downloaded from the 
“Internet site for European strong-motion data” (ISESD) data bank [44-45] are from small 
magnitude earthquakes of limited engineering significance. European predictive equations 
that are based on the largest databases are those of Ambraseys et al. [46] (who used 595 
triaxial strong-motion records from Europe and the Middle East from 135 shallow crustal 
earthquakes with moment magnitudes Mw ≥5 and distance to the surface projection of the 
fault less than 100 km) and of Akkar and Bommer [47] (who used 532 accelerograms re-
corded at distances of up to 100 km from 131 earthquakes with Mw from 5 to 7.6), how-
ever their databases (which are almost identical) comprised records that came mostly 
from four rather different seismo-tectonic regions: Italy, Turkey, Greece, and Iceland, as 
well as from another 16 countries from all over Europe (including countries of the former 
Yugoslavia) and Middle East (including even one record from Uzbekistan). The largest 
database that was used for creation of empirical scaling equations for a single region is 
the database used by Bindi et al. [48] who developed scaling equations for Italy based on 
241 three-component waveforms from 27 earthquakes with Mw ranging from 4.8 to 6.9, 
recorded by 146 stations at distances up to 200 km. Bindi et al. [48], who partially used 
and refined the dataset that was the basis of equations of Sabetta and Pugliese [31-32], 
showed that there are some differences between their predictions and those made by the 
equations of Ambraseys et al. [46] and Akkar and Bommer [47], although there was an 
acceptable agreement for distances shorter than 100 km and moderate magnitudes.  

In the case of Serbia and the north-western Balkans region in general, assuming that 
the current level of seismicity continues, at least additional two to even three decades of 
strong motion recording may be required [18,30] to collect sufficient number of the data 
that are also distributed uniformly for sufficiently large intervals of all considered scaling 
parameters. Until then, the empirical equations of Manić [14-17] and the ones that have 
been presented in this Paper (based on 203 acceleration time histories recorded solely in-
side the north-western Balkans region, from 108 earthquakes with 3 ≤ M ≤ 6.8, and at 
source-to-site distances up to 200 km) may still enable us to understand how the strong 
motion attenuation in this region may look, at least for certain ranges of the used scaling 
parameters. Having also in mind that this is the only region in Europe for which both the 
data on local soil conditions and on deep geology do exist, the presented equations that 
consider both the local soil and deep geology effects can be also viewed as a step towards 
some future much more reliable models for scaling design response spectra in Serbia and 
the whole region of the north-western Balkans. 

When the seismic hazard for the territory of the Republic of Serbia is concerned, it is 
also important to mention that the attenuation of the waves coming from the intermediate-
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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 derived by Musson [49], or the prediction equations for 
a series of spectral ordinates derived by Sokolov et al. [50]). Although it is reasonable to 
expect that the long-period waves from the Vrancea source will be able to influence (at 
least to a certain extent) structural behavior of many tall buildings in large cities like e.g. 
Belgrade or Novi Sad, this issue will however remain outside the scope of the discussions 
given in this Paper. 

As for the Eurocode 8, suggestions for definition of design spectra given in its Articles 
3.2.2.2 and 3.2.2.3 [1] imply that choice between the Type 1 and Type 2 spectral shape 
depends solely on the site conditions and on whether or not the surface wave magnitude, 
of the “most contributing earthquakes” is smaller or larger than 5.5. Comparison of the 
Eurocode 8 [1] elastic spectra to different empirical response spectra presented herein in 
Fig. 5 shows however:  

1) that spectral shapes depend directly on both the earthquake size (magnitude) and 
the source-to-site distance, and that in a general case only two spectral shapes with respect 
to earthquake magnitude may not be sufficient to appropriately represent seismic action 
for a region or a site, 

2) that the local soil classification proposed by Eurocode 8 [1] may not be delicate 
enough for all sites that fall in the same EC8 ground class, nor for all spectral periods, and 
that the data on geological settings (i.e. on the deep geology) for the considered site have 
to be taken into consideration for developing predictive equations or else the empirical 
ground motion estimates might be extremely biased,  

3) that the vertical spectra also depend on the local soil conditions, at least for smaller 
periods, and also on the deep geology for all vibration periods, and that it would be much 
better if the values of the vertical design acceleration are defined directly by the empirical 
scaling equations instead by using the ratios of the vertical to horizontal peak acceleration 
that are recommended in Eurocode 8 [1] for different magnitude ranges. 

Thus, it can be seen that the design spectra suggested by Eurocode 8 do not take into 
account some of the most important features of real strong ground motion, and hence may 
sometimes lead to either underestimation or overestimation of the design seismic action, 
i.e. either to un-conservative or to over-conservative seismic design. 

When it comes to reliable evaluation of the seismic action in Serbia and surrounding 
countries, instead of using normalized spectral shapes one should rather use the empirical 
scaling equations developed specially for this region, and thus employ the direct scaling 
of a selected ground motion parameter in terms of the regionally gathered and processed 
strong ground motion data. It is however essential that recording, processing, and analysis 
of the strong motion data in the region are not only continued but also expanded and 
modified in order to provide more uniform distribution of the collected data with respect 
to the values of all relevant scaling parameters (magnitude, distance, local soil conditions 
and deep geology, etc.), and only by doing so the presented regional empirical equations 
can be eventually updated and refined, producing within years more reliable estimates of 
the seismic action for this region.  
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KA PRIPREMI PROJEKTNIH SPEKTARA ZA SRPSKI 
NACIONALNI ANEKS NA EVROKOD 8 – DEO I: SPEKTRALNI 

OBLICI I REGIONALNE EMPIRIJSKE JEDNAČINE ZA 
SKALIRANJE SPEKTARA PSEUDO-UBRZANJA 

Borko Đ. Bulajić, Miodrag I. Manić, Đorđe Lađinović 

Evrokod 8 pruža mogućnost da bilo koja zemlja može da koristi svoj sopstveni oblik elastičnog 
spectra odgovora nakon što isti definiše u Nacionalnom Aneksu. Imajući u vidu da ovakvi, za određenu 
zemlju zasebni, spektri trebalo da budu izvedeni kroz analize podataka jakog kretanja tla koji su 
registrovani u tom seizmo-tektonskom regionu, u ovom radu diskutovano je o postojećim i setu novih 
empirijskih jednačina za skaliranje spektara pseudo-ubrzanja u Srbiji i celom regionu severo-zapadnog 
Balkana. Zatim je dato poređenje prikazanih spektara sa spektrima koje predlaže Evrokod 8. Rezultati 
pokazuju da nasumično korišćenje podataka jakog kretanja iz različitih seizmo-tektonskih regiona, 
nedovoljno dobra klasifikacija uslova lokalnog tla, kao i zanemarivanje efekata duboke geologije, mogu 
svi da dovedu do nepouzdanih jednačina za skaliranje i do veoma pogrešnih procena veličine kretanja 
tla. Štaviše, samo dva spektralna oblika u odnosu na široke opsege magnituda i skalirana sa samo 
jednom vrednošću maksimlanog ubrzanja tla, nisu dovoljna da na odgovarajući način predstave sve 
važne karakteristike stvarnog jakog kretanja tla, i umesto korišćenja takvih normalizovanih spektara bilo 
bi bolje primeniti direktno skaliranje spektralnih amnplituda koje je bazirano na regionalnim i obrađenim 
podacima jakog kretanja tla. 

Ključne reči:  Evrokod 8, Nacionalni Aneks, Srbija, empirijske jednačine za skaliranje parametara 
kretanja tla, spektri odgovora za pseudo-ubrzanje.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




