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Abstract

This study aims to investigate the influence of local soil conditions and deep geological settings on vertical pseudo-spectral
accelerations (PSA) and their relationship with horizontal PSA through vertical-to-horizontal (V/H) ratios, addressing
limitations in current seismic design provisions. A case study is conducted for a representative site in Banja Luka, Bosnia
and Herzegovina, characterized by moderate-to-high seismicity and varying deep geological conditions. Regional
attenuation equations for the vertical response spectra are presented. Uniform Hazard Spectra (UHS) and V/H ratios are
calculated and systematically compared with the recommendations of Eurocode 8 (the 2004 version) for Type 1 and Type
2 spectra. The findings reveal that both local soil and deeper geological structures significantly influence vertical response
spectra, leading to substantial deviations in V//H ratios from those prescribed by Eurocode 8. These discrepancies suggest
that current code provisions may underestimate vertical seismic demand in certain conditions, potentially affecting
structural safety, resilience, and sustainable design. Although the results are derived from a case study in Banja Luka, they
provide valuable insight for regions with similar seismic and geological characteristics, particularly where detailed deep
geology data remain limited. When more vertical accelerograms become available and the database is enlarged, the
presented attenuation equations may be updated, and the vertical UHS easily recalculated.

Keywords: Vertical Ground Motion; Uniform Hazard Spectra; Deep Geology Site Conditions; Local Soil; Regional Attenuation
Equations; Vertical To Horizontal Spectral Ratios.

1. Introduction

Numerous researchers continue to study vertical ground motion response spectra. For instance, Hu et al. [1] have
demonstrated that vertical spectra are strongly controlled by site, path, and source effects, and that non-ergodic models
greatly increase prediction accuracy (reducing uncertainty by up to 44%). They also confirm that spatial variability in
vertical motions is systematic rather than random, which supports the need for regional and site-specific models. Sharma
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et al. [2] acknowledge the need for physics-based simulations in vertical ground motion analysis and present an Artificial
Neural Network (ANN)-based broadband model for vertical spectra. Additionally, in accordance with the results of
current empirical research by Ramadan et al. [3], Smerzini et al. [4] introduce a period-dependent factor for the Vertical-
to-Horizonal (V/H) response spectral ratios. Furthermore, instead of employing the VV/H models, several researchers
currently favor creating ground motion models solely for the vertical ground motion component [5, 6]. However, none
of the mentioned studies takes into account the simultaneous effects of the deep geological site surrounding and local
soil conditions on the vertical spectra.

This study's main objective is to ascertain how both local soil and deep geology affect the pseudo-absolute spectral
acceleration (PSA) spectra for vertical ground motion direction, PSAvert. In this context, "local soil" pertains to a
geotechnical definition of site conditions that takes into account only the soil layers over the first layer that has an
average shear wave velocity (Vs) greater than 800 m/s. Usually, only the first 30 meters are considered, but in some
cases, even the depth up to more than 100 meters is analyzed [7, 8]. Consequently, local soil conditions could be referred
to as “shallow geology.” On the other hand, geological settings that are hundreds of meters or several kilometers deep
are referred to as “deep geology” [9] (see Table 1 and the schematic presentation shown in Figure 1).

Table 1. Definition of the categorical variables S.1, S.1, Se1, and Sez, which are used in Equation 1 to take into account the
effects of the site conditions

Categorical Vari_ables for Types of_ Local Categorical Variables for Types of Deep Geology
Local Soil Soil Deep Geology
S11=0,S,=0 “Rock” (s.=0) S61=0,S52=0 Basement Rock (s = 2)
Sii=1,S,=0 Stiff (sL=1) Se1=1,Ss2=0 Complex (intermediate) (s = 1)
Sii=0,S,=1 Deep (s. = 2) S61=0,Se2=1 Sediments (s = 0)

i Local soil profile,
i depthupto30m

Geological rock :
(basalts, granites, etc.) Local soil profile, :

depth upt to ~ 100 m

Reck Soil,
i V530 > 800
Decpgeciogical | INERRER R
sediments, depth
up to several

hundreds of

meters or a few
km

Figure 1. Schematic explanation of the difference between the “local soil” and “deep geology”

In this paper, for the local soil classification, we will refer to Seed et al. [7, 8]. Therefore, local soils having a layer
thickness of less than 10 meters, above the layer with Vs > 800 m/s, will be referred to as “rock™ soils (see Table 1).
Sites with a 15-75 m deep soil layer on top of a Vs > 800 m/s layer will be referred to as “stiff soil.” Lastly, soil layers
thicker than 100 m above the Vs > 800 m/s layer will be referred to as “deep soil.” Trifunac and Brady's classification
system will be used for the deep geology [9]. Three categories of deep geology will be used: geological rocks (such as
granites and basalts), deep geological sediments (which are typically found in large basins, such as the Pannonian basin),
and intermediate locations with complex deep geological settings.

In this study, we continue to investigate strong ground motion prediction in areas with varying deep geology and
with a history of moderate to strong destructive earthquakes. In our previous papers [10-12], we investigated the
prediction of horizontal and vertical peak ground acceleration (PGA) and horizontal PSA. We have demonstrated that
changes in deep geological conditions might affect horizontal PGA and PSA values more than local soil. When
comparing the PSA amplitude at geological rock to that at intermediate sites, for example, the greatest site effects on the
horizontal PSA are obtained at the vibration period of 0.1 s. In this instance, the site amplification (due to the deep
geology) of 1.47 is 19% higher than the site amplification due to the local soil, which is equal to 1.24 for the stiff soil
compared to the rock soil sites. The results of our vertical PGA analysis [11] show that the vertical to horizontal PGA
ratios for the rock sites range from 0.30 to 0.66 and are dependent on the deep geology and source-to-site distance.
Therefore, the single values of 0.90 and 0.45 that Eurocode 8 specifies for Type 1 and Type 2 spectra, respectively,
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cannot be used to approximate these ratios. Furthermore, the findings of this study demonstrate that the effects of deep
geology on vertical ground motion can also outweigh those of local soil [11]. Now, in this paper, our focus is on PSAvert.

For the case study location, we once again chose a site in Banja Luka, a city in Bosnia and Herzegovina. Banja Luka
is located on the border between the Pannonian basin and the Dinaric Alps (see Figure 2) and has a diverse geological
surroundings. The description of the regional seismotectonics and geological conditions underneath Banja Luka can be
found in Geological guidebook through Bosnia and Herzegovina [13], a comprehensive study by Ustaszewski et al. [14],
as well as in our accompanying papers [10-12] and will not be repeated here. On October 27, 1969, Banja Luka was
devastated by the earthquake that had a magnitude of My=6.1. Its epicenter was only 10 kilometers from the Banja Luka
city center, and in Banja Luka urban area, the observed intensity was VIII °MCS. Approximately 60% of buildings in
Banja Luka were irreparably damaged [15, 16].
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Figure 2. The top left shows the Dinaric and Julian Alps and Pannonian Basin; the top right shows the epicenters of the Mw>3
earthquakes (1900 to 2025) [17]; and the bottom shows the location of Banja Luka (solid blue circle) and the most devastating
seismic events in the region in contemporary history (1945—-present).
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In Eurocode 8 [18], which is used in Bosnia and Herzegovina [19], the vertical PGA is calculated by multiplying the
official horizontal PGA value for the given location, which is specified for the "rock™ (ground type A), by a constant
that varies depending on the prevailing magnitudes. In the case of Eurocode 8 Type 1 spectra (M > 5.5), it is equal to
0.9, and in the case of Type 2 spectra (M <5.5), it is 0.45. The motive for this particular study was the fact that Eurocode
8 [18], just like many other codes for earthquake-resistant design, neglects the effects of site conditions on the PSAvert.
For both spectral types, vertical PSA spectra are identical for all ground types that are defined in Eurocode 8, implying
that the site amplification occurs only horizontally, but not vertically. This complies with the H/V methodology for
determining the natural period of vibration of local soil using microtremors, which was proposed by Nogoshi and
Igarashi [20, 21] and subsequently made popular by Nakamura [22-24]. However, numerous investigations have shown
that this approach does not always produce accurate results [25-29].

The vast majority of existing ground motion prediction equations (GMPEs) for PSA..r: only take local soil conditions
into account by using the Vs 3o parameter [30-34]. Even though Eurocode 8 (Clause 3.1.2(1)) [18] allows for a different
site classification that will account for the deep geology, neither Bosnia and Herzegovina nor any other country has not
yet included the deep geological conditions in its National Annex [19, 35, 36]. However, PSA.r: estimates based on
scaling equations that account for deep geology and local soil conditions for depths of up to 100 m or more have been
shown to be quite accurate when compared to real strong motion records and observed intensities in the northwestern
Balkans [37, 38]. Hence, we will first present empirical GMPEs for PSAvert, developed using only regional strong
motion data. These scaling equations will consider both the effects of local soil conditions and deep geology. We also
analyze vertical to horizontal spectral ratios, VHpsa, and compare them to the ones defined in Eurocode 8 [18] and by
other researchers.

Finally, using the presented GMPEs, we will perform a probabilistic seismic hazard analyses (PSHA) and calculate
the Uniform Hazard Spectra (UHS) for a location in Banja Luka, and compare the obtained UHS for PSA.er to Eurocode
8 spectra. Furthermore, the vertical PGA multiplied by an assigned factor of 3.0 is how the peak spectral amplitudes are
defined in Eurocode 8 [18]. Determining whether this spectral amplification factor produces precise maximum PSAyer
estimations is another objective of this study. It should be noted, however, that all of the analyses that are presented in
this paper are based on seismicity, geology, and strong motion acceleration data that were collected solely in the
northwestern Balkans. Therefore, in a strict sense, the findings should only apply to this region. However, until deep
geology data for the vertical acceleration records are available in other regions, the results of this paper can be used as
a preliminary case study for sites with similar seismicity and different deep geology situations.

Figure 3 provides a flowchart that succinctly illustrates how the proposed methodology results in the UHS that can
be used as vertical design spectra in regions with moderate to high seismicity and varying deep geology conditions.

Review of Eurocode 8 vertical spectra and the empirical vertical
spectra for varying deep geology conditions

* Review of the Eurocode 8 suggestions for the vertical spectra

« Identification of other GMPEs that take into account deep geology
effects

Analyses of the available strong mation and deep geology data

* Regression analyses and development of new regional GMPEs
* Comparison of the empirical vertical spectra to the real records
» Comparison of the empirical V/H ratios to the Eurocode 8 ones

Probabilistic seismic hazard analyses

Selection of the input data (seismicity, GMPEs, deep geology)
Direct calculation of the vertical Uniform Hazard Spectra
Comparison of the obtained UHS to the Eurocode 8 spectra

Comparison of the USH-based V/H ratios to the Eurocode 8 ones and
to that of other researchers

Figure 3. Flowchart of the proposed methodology that results in the vertical UHS that can be directly used as design spectra
for the regions with varying deep geology and moderate to high seismicity
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2. Empirical GMPEs for Vertical PSA

We begin by presenting empirical equations for calculating PSAvr: in regions with varying deep geological
conditions. The GMPEs will be expressed using the mathematical form shown below.

log[ PSAyere(T)] = a1 (T) + ay(T) - M + a3(T) - log(y1% + 15(T)?) + ay(T) - Sp1 + as(T) - Spp +
ag(T) - Sg1 + a7(T) - Sgp +o(T) - P

M)

where, T denotes the vibration period, M stands for earthquake magnitude, and r is the epicentral distance. Categorical
variables Si1, Sio, Se1, and Sg» are defined in Table 1. Scaling coefficients a; through ae result from the regression
analysis — see Tables Al and A2 in the Appendix |. We assumed that the data follow a log-normal distribution with a
standard deviation ¢ (T), and P = 0 for median estimations.

The database that was used for the regression analyses consists of 218 vertical components of strong motion
acceleration time histories acquired in the northwestern Balkans from 112 different earthquakes with M ranging from 3
to 6.8 [11]. Further information regarding this database may be found in [10, 12, 39]. Even though the size of the
available database of vertical ground motion records for various geological conditions in the northwestern Balkans is
not large, this was the only region for which we had deep geology data for the acceleration records and the results of
our analyses can be viewed as an initial step towards defining more reliable PSAyer: for both this and other regions with
similar seismicity and geology. When more vertical accelerograms become available and the database is enlarged, the
presented GMPESs for PSAv.: may be updated and the vertical UHS easily recalculated. Moreover, when deep geology
data becomes available for the acceleration records in other regions, we will be able to compare the results and better
assess robustness and transferability of our GMPEs.

The MATLAB® function "regress” was used to do multiple linear regression analysis. To lower the root mean
squared error, rp (see Equation 1) was iteratively modified. We performed a secondary analysis utilizing only data from
distances r of less than 30 km because more than half of the data was obtained across relatively short distances. In all
analyses, we finally utilized the MATLAB® function "smooth" to smooth the coefficients a; to a; using weighted linear
least squares and a second-degree polynomial model. Tables Al and A2 show the final scaling coefficients, derived
based on the strong motion data recorded at all distances and at distances of up to 30 km, respectively.

Figures 4 and 5 show the attenuation with epicentral distance of PSAver: for six spectral amplitudes, that is, for
T=0.05,0.10, 0.30, 0.50, 1.00, and 2.00 s. Figure 4 displays how the empirically obtained predictions of PSAer: change
with the deep geology, and Figure 5 shows how PSA.er: changes with the local soil types.
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Figure 4. GMPEs for six different spectral amplitudes of PSAvrt, T = 0.05, 0.10, 0.30, 0.50, 1.00 and 2.00 s, calculated by
Equation 1 and using Table Al and Table A2 coefficients (solid lines and dashed lines, respectively), for s = 0 (“rock” type
of local soil) and three different deep geology types, s (see Table 1). Gray area depicts the boundaries of the median o

estimates of PSAvert for s=0.
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Figure 5. a) GMPESs for PSAwert at six spectral amplitudes (T = 0.05, 0.10, 0.30, 0.50, 1.00 and 2.00 s), computed by Equation 1
and Table Al and Table A2 coefficients (solid lines and dashed lines, respectively), for geological sediments (s = 0) and
different types of local soil, s. (see Table 1). The gray area shows the limits of the median +¢ estimates for s. = 2, b) GMPEs
for PSAwer, for intermediate deep geological conditions (s =1) and different types of local soil, s., ¢) GMPEs for PSAvert, for

deep geological rocks (s =2) and different types of local soil, si.
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To find the exact differences between the attenuation curves shown in Figures 4 and 5, we can use the scaling
coefficients pertaining to categorical variables S; and Sg. Table 2 shows the ratios between the empirical estimates of
PSAert for different site conditions, calculated for 8 different spectral amplitudes using the scaling coefficients from
Table Al.

Table 2. Ratios between the empirical PSAvert (T) estimates for different site conditions, calculated using the Table Al
coefficients, as and as for local soil, and as and a7 for deep geology

SEff / “Rock” soil “Rock” / SHiff soil Deep /“Rock” soil “Rock” /Deep soil C%mplex geology / Basement rock / Sediments / Basemgnt rock
(L=1/5.=0) (s.=0/s.=1) (s.=2/s.=0) (s.=0/s.=2) ("’S‘Sj”l‘e,’;‘:rgc)k C"(’;‘f'g’j ge:"'l‘;gy B("’S‘Sj”ge,“;:“;‘;k (’szg',”;e:‘g)
T[s] 102 1/10* 10% 1/10% 10% 1/10¢ 1027 1/10%"
0.05 1.37 0.73 113 0.89 0.81 1.23 0.95 1.05
0.10 1.52 0.66 1.23 0.81 0.68 148 0.66 1.52
0.20 1.54 0.65 1.29 0.77 0.83 1.20 0.91 1.10
0.30 1.49 0.67 1.23 0.82 1.24 0.81 121 0.83
0.40 1.28 0.78 111 0.90 1.24 0.81 133 0.75
0.50 1.16 0.86 1.01 0.99 1.28 0.78 1.40 0.71
1.00 1.02 0.98 0.80 1.25 1.12 0.89 1.38 0.72
2.00 0.90 111 0.53 1.89 1.09 0.92 1.40 0.71

In case of deep geology, and if we use the coefficients from Table AL, PSAyr(T) for T=0.05sand T = 0.10 s will
be 1/10°%9% = 1,05 and 1/10°%%8 = 1,52 times larger at basement rocks (s = 2) than for the deep geological sediments
(s=0). This is possibly because high-frequency seismic waves travel through more compact geological formations more
easily. However, the opposite is found for all vibration periods larger than 0.2 s; the PSAyr: for the geological rocks and
T =1.00s is 1/10%14° = 0.72 of the one obtained at deep geological sediments.

Regarding the effects of local soil, Table Al's coefficient as shows positive values for all T up to 0.5 s. This
suggests that for all vibration periods up to 0.5 s, the deep soil will cause an amplification of vertical ground motion.
For instance, the PSAvert in deep soil (s. = 2) will be 1/10%9%° = 1,23 times greater than at rock sites (s. = 0) for
T =0.10 s. However, the PSAer at T = 1.00 s will be de-amplified since 1/10-%%% equals 0.80. This de-amplification
may suggest that energy dissipation in deep soil surpasses the amplification because of the nonlinear behavior of
soft sediments under strong ground motion. However, the fact that the de-amplification occurs only for vibration
periods longer than 0.5 s was a surprising discovery because, according to Table Al in Bulaji¢ et al. [12], our
analysis of the horizontal PSA spectra showed that de-amplification can be observed also for short-period waves.
More precisely, in case of horizontal spectra, only the spectral amplitudes between T = 0.32 and T = 0.90 are
amplified for the deep soil sites [12].

Table 2 shows that the effects of deep geology may be greater than those of local soil for some vibration
periods. For instance, at the vibration period of 0.5 s, the maximum site amplification of 1.40 is achieved when
comparing the PSAver: for the geological sediments to that of the geological rock. The deep geology amplification
is 21% higher than the local soil amplification of 1.16 for the same T at the stiff soil sites (relative to the "rock™
soil).

The PSAer: of 18 accelerograms recorded at four separate accelerograph stations in Banja Luka [11] is compared in
Figure 6 with the empirical predictions calculated using Equation 1 and the scaling coefficients from Table Al. A high
degree of agreement between the predicted and actual spectra is clearly seen.
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Figure 6. Recorded PSAwertin Banja Luka in comparison to the empirical predictions that were derived from Equation 1 and
Table Al coefficients. The 95% confidence interval (corresponding to median + 2-6 empirical estimates) is indicated by the
gray area.

3. Ratios of Vertical PSA to Horizontal PSA

Figures 7 and 8 show how the ratios of vertical to horizontal empirical spectral estimates, VHpsa, change with
epicentral distance and site conditions. The shown ratios were obtained by dividing the vertical PSA(T) calculated by
Equation 1 and the Table Al scaling coefficients (solid lines) and Table A2 (dashed lines) by the corresponding
horizontal PSA(T) from Bulaji¢ et al. [12]. The depicted ratios are also compared to the pertaining ratios that are
suggested for Type 1 and Type 2 spectra in Eurocode 8 [18]. As can be seen, the distance to the earthquake source,
vibration periods, local soil, and deep geology are all important and influence the VHpsa. As for the ratios suggested for
Type 1 or Type 2 in Eurocode 8, these ratios differ dramatically from the empirically obtained ones. As can be observed
from Figures 7 and 8, the empirical VHpsa is not a constant but rather changes in a non-linear manner with the distance.
For longer periods, it has a tendency to become higher with T, while for shorter periods, the opposite trend occurs.
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Figure 7. Empirical predictions of the VHpsa for six different spectral amplitudes (T = 0.05, 0.10, 0.30, 0.50, 1.00, and 2.00 s),
obtained using Equation 1 and Table Al and Table A2 coefficients (solid lines and dashed lines, respectively), for varying
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Figure 8. Empirical predictions of the VHpsa for six different spectral amplitudes (T = 0.05, 0.10, 0.30, 0.50, 1.00, and 2.00 s),
obtained using Equation 1 and Table Al and Table A2 coefficients (solid lines and dashed lines, respectively), for varying
local soil conditions (see Table 1) and different probability levels of empirical estimates.

4. UHS Calculations for Vertical Ground Motion in Banja Luka

Next, we conduct a PSHA analysis for the case-study site with coordinates 44° 46.5' N, 17° 15' E, which are shown
in Figure 9 as a solid blue circle. Equation 1 and the scaling coefficients from Table Al are used in this study to define
the GMPEs for PSHA analysis. The REASSESS V2.1 program [40] was used to compute the PSHA estimations. In the
present study, we chose to employ the pan-European seismic source zone model, which represented one of the results
of the SHARE ("Hazard in Europe™) Project [41-43], even though the seismic source zones can be determined using
accessible seismological data [44-46]. The new homogenous seismic catalogue that was created specifically for the
SHARE project [47] serves as the basis for this source zone model. Details regarding the completeness, homogenization
of magnitudes to Mw, and other critical factors of this catalogue are well examined in [42 ,48, 49] and will not be
duplicated here.
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Figure 9. Map of the areal seismic source zones that were used in this study's PSHA analyses. The maximum radii for reaching
1 percent accuracy of the probabilitic estimates of PSAvert for vibration periods of 1.0, 0.5, 0.3, and 0.1 s are represented by
the four larger circles around the analyzed location. The smallest circle represents the maximum radius for reaching 10
percent accuracy for the 0.1 s vibration period.

2209



Civil Engineering Journal Vol. 12, No. 06, June, 2026

The epicentres of some of the strongest historical earthquakes and a few recent catastrophic earthquakes in the
northwest Balkan region are depicted in Figure 9, along with the borders of the areal source zones used in this study's
PSHA calculations. The source-to-site distances of 229 km, 202 km, 99.75 km, and 68.25 km are represented by the
circles in Figure 9, and they are predicted to account for 99 percent of the total PSHA estimates for the 475-year return
period for spectral amplitudes of 1.0, 0.5, 0.3, and 0.1 s, respectively. The smallest circle with a radius of 34.75 km
represents the distances that will guarantee 10% accuracy of the 475-year PSHA calculations for the 0.1 s spectral
amplitude. As anticipated, the circles illustrate that local seismicity will dominate short-period amplitudes, whereas
distant strong earthquakes would have a larger effect on long-period PSAvert.

In Figure 10, we present disaggregation of the hazard calculated for the location 44° 46.5' N, 17° 15' E, for three
vibration periods (T) and two hazard probabilities. Probability of exceedance of 10% in 10 and 50 years corresponds to
return period, Tr, of 95 and 475 years, respectively. Figure 11 displays a cumulative disaggregation for source-to-site
distances and magnitudes, as well as the magnitude recurrence (Gutenberg-Richter) curve for the seismic zone around
Banja Luka. Just as expected, the most contributing distances and magnitudes increase with the vibration period. The
bottom-right plot in Figure 11 also shows real return periods for the magnitudes of 4.8, 5.15, 5.45, and 5.8. These
magnitudes contribute to 50% of the seismic hazard for the PSAvrrat T = 0.1s and Tr = 95, 475, and 2475 years, and for
the T = 1.0s and Tr = 475 years, respectively. Here, we should note that the so-called return period Tr is only a
probabilistic measure that is equivalent to the reciprocal value of the mean annual rate of occurrence of seismic events
that will cause a ground motion amplitude to exceed an expected value [10, 12]. Please refer to the relevant discussions
in Bulaji¢ et al. [10] and Bulaji¢ et al. [12] for more information. Real return periods are much shorter than corresponding
return periods, Tr, as seen in Figure 11. It's also crucial to keep in mind that, rather than using conservative limits for
maximum magnitudes, Eurocode 8 [18] specifies spectral Types (1 or 2) in terms of the magnitudes that “contribute
most to the seismic hazard defined for the site for the purpose of probabilistic hazard assessment." Based on what we
see in Figures 10 and 11, it appears that for Banja Luka we ought to use the Type 2 spectra (defined in Eurocode 8 for
magnitudes not exceeding 5.5).

As seen in Figures 10 and 11, only for longer T and longer Tr we may get the most contributing magnitude possibly
larger than 5.5. Since the hazard maps that are part of a National Annex to Eurocode 8 are defined for PGA, the Type 2
spectra should be used for Banja Luka and regions with similar seismicity. However, the catastrophic 1969 Banja Luka
Earthquake had a magnitude of 6.1, and this fact would lead multi-risk analysts to the conclusion that a risk associated
with a 100-year return period flood, for examples, is to be combined with a seismic risk based on the 95-year official
seismic hazard map for Bosnia and Herzegovina [19, 35-36], although we would rather need to use a 475-year map for
that purpose.
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Figure 10. Disaggregation of calculated hazard for PSAwer at the investigated location (44° 46.5' N, 17° 15" E), for different
probabilities of exceedance and different spectral amplitudes
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Figure 11. Cumulative disaggregation of seismic hazard for the analyzed site, calculated for distances (top-left plot) and
magnitudes (top-right and bottom-left plots) and for different vibration periods and return periods. The magnitude
recurrence curve for the seismic zone surrounding the analyzed site and entire city of Banja Luka (see Figure 9) is shown in
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Next, UHS spectra are calculated for the same site. In Figure 12, the left plots show the UHS calculated for the local
soil defined as rock sites (s. = 0), while the right plots show the UHS for stiff soil (s = 1). Top plots in Figure 12
compare the UHS with the Eurocode 8 Type 1 spectra, while bottom plots compare UHS to the Type 2 spectra. We can
see that the vertical UHS amplitudes at the rock sites better fit the Type 2 Eurocode 8 spectra (bottom-left plot in Figure
12), while the UHS for the still soil better fit the Type 1 spectra (top-right plot). Table 3 displays the largest vertical
UHS amplitudes for the probability of exceeding 10% in 50 years (Tr = 475 years), vibration periods (T) of these
maximum UHS amplitudes, and the ratios Spca 0f the maximum vertical UHS amplitude to the vertical PGA. These
ratios were computed for various site conditions. Table 3 demonstrates that for any analyzed combination of site
conditions, we were unable to achieve the Eurocode 8 factor of 3.0. The Spca ratios are higher than the 3.0 ratio suggested
by Eurocode 8 for all three types of local soil on top of deep geological rock, as well as for the deep soil sites on top of
intermediate deep geology. For deep soils on top of geological rock we obtain the largest discrepancy, with Spga = 4.03,
34% higher than the ratio suggested by Eurocode 8. On the other hand, for all three types of local soil on top of deep
geological sediments, as well as for the rock soil and stiff soil sites on top of intermediate deep geology, the Spca ratios
are lower than the 3.0 ratio suggested by Eurocode 8. In these cases, the largest discrepancy is obtained for the rock soils
sites on top of deep geological sediments, with the Spea ratio of 2.24, which is 25% lower than what is suggested by
Eurocode 8.
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Figure 12. USH for vertical ground motion for different site conditions, compared to corresponding Eurocode 8 [18] Type 1

Vibration periods [s]

Vibration periods [s]

and 2 spectra (top and bottom plots, respectively), all calculated for the case-study site

2211



Civil Engineering Journal Vol. 12, No. 06, June, 2026

Table 3. Maximum vertical 475-year UHS amplitudes and the corresponding vibration periods, as well as the ratios between
the maximum vertical UHS amplitudes and vertical PGA values, Spca, calculated for different site conditions

Deep geological rock (s = 2) Intermediate deep geology sites (s = 1) Deep geological sediments (s = 0)
. Maximum Maximum Maximum
Local soil UHS [g] T [s] Seca UHS [g] T[s] Sprca UHS [g] T [s] Srca
“Rock” (s. = 0) 0.21 0.07 3.06 0.12 0.05 242 0.13 0.06 2.24
Stiff (s.=1) 0.32 0.10 3.34 0.19 0.07 2.58 0.21 0.08 2.47
Deep (s. = 2) 0.26 0.07 4.03 0.15 0.05 311 0.17 0.06 2.99

As many codes try to simplify shapes of the design spectra and scale them by only one or two amplitudes, in Figure
12 we have also designated the vertical UHS amplitudes at 0.0s (vertical PGA), 0.1s, and 1.0s. Although it seems that
these three UHS amplitudes may capture key points of the entire vertical spectra, we still see no reasons why the vertical
design spectra should not be computed directly for at all spectral amplitudes for which scaling coefficients are available
(in Tables Al and A2, we presented scaling coefficients for 61 different vibration periods).

Finally, we estimate VHpsa for different combinations of site categorical variables (see Table 1), as shown in Figure
13. For different vibration periods, we compare the obtained VHpsa to the corresponding ratios suggested in Eurocode
8 [18] for Type 1 and Type 2 spectra. We also compare them to the only two GMPEs that we could find that used exactly
the same categorical variables for the site conditions as we did (see Table 1). The first GMPEs are labeled USC-CA,
and were created at the USC for California [50], whereas the ones labeled USC-ExY U were also created at the USC but
for former Yugoslavia [51]. While both GMPEs neglect the local soil effects on vertical spectra, the equation for
California, based on 1482 strong motion time histories, demonstrates that deep geology does influence seismic waves
in the vertical direction [50].
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Figure 13. VHpsa for different site conditions, calculated by dividing vertical by horizontal UHS. Corresponding Eurocode 8
[6] ratios and the empirical estimates of VHpsa in California [23] (labeled USC-CA) and former Yugoslavia [24] (USC-ExYU)
are also shown.

Figure 13 shows that the Eurocode 8 Type 2 VHpsa ratios are quite consistent with the VHpsa empirical predictions,
however the Eurocode 8 VHpsa ratios computed for Type 1 spectra are substantially larger for shorter vibration periods.
For the 0.05 s vibration period, the Eurocode 8 VHpsa ratio for Type 1 spectra is 1.8, which is two to three times more
than other VHpsa ratios displayed in Figure 13. However, the VHpsa ratios obtained from the computed UHS amplitudes
based on our GMPESs roughly match the VHpsa ratios produced by the empirical equations for California for intermediate
(complex) deep geology (s = 1) and rock soil sites (sL = 0) for all vibration periods. For basement rock (s = 2) and deep
sediments (s = 0), the VHpsa ratios derived from the UHS amplitudes agree with the ratios determined by the GMPESs
for California. However, there is a discrepancy for vibration periods between 0.1 and 0.4, where "our" VHpsa ratios are
30-40% lower. Unfortunately, there are no additional GMPEs that simultaneously take into account the effects of local
soil and deep geology, other from the GMPEs for California that are covered here [50]. As a result, they were the only
ones to which our study's findings could be compared, notwithstanding that our GMPEs are based on 218 acceleration
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components that were recorded in the northeastern Balkans, whereas the Californian GMPEs were based on the 1482
acceleration components recorded in California [50]. We intend to update the GMPEs for PSA.x and compare the
VHpsa ratios to the Californian ones once more as additional vertical accelerograms become available and the database
is expanded. Then and only then will we be able to evaluate our GMPES' resilience and transferability more accurately.

5. Conclusion

In this study we first developed regional empirical ground motion prediction equations (GMPEs) for vertical pseudo-
spectral acceleration (PSAvert) based exclusively on regional strong-motion data recorded in the northwestern Balkans,
and explicitly incorporating the combined effects of local soil conditions and deep geological structures. Using these
models, vertical uniform hazard spectra (UHS) were derived and systematically compared with Eurocode 8 provisions,
alongside an analysis of vertical-to-horizontal spectral ratios (VHpsa). The results clearly demonstrate that, contrary to
current code assumptions, vertical response spectra are significantly influenced by site-specific conditions, with both
shallow soil layers and deep geological features exerting comparable impacts on seismic demand. In some cases, changes
in deep geological conditions might affect PSAex even more than local soil. For example, when comparing PSAver at
deep sediments to that at geological rock, the amplification at the vibration periods of 0.5 s is 1.40, which is 21% higher
than the maximum amplification due to the local soil, which is equal to 1.16 for the stiff soil compared to the rock soil
sites. Furthermore, the findings indicate that vertical design spectra should not be defined as scaled versions of the
vertical ones, but rather derived directly from period-dependent UHS based on regionally calibrated GMPEs.

Additional analyses reveal that the dominant earthquake scenarios contributing to seismic hazard vary with vibration
period and return period, with larger magnitudes and greater source-to-site distances becoming more influential at longer
periods. Importantly, the commonly used return period does not correspond to a specific design earthquake, highlighting
its limitations as a physical descriptor of seismic input. The study also shows that VHpsa ratios cannot be represented
by a constant value, as they depend on multiple interacting factors, including vibration period, distance, soil conditions,
and deep geology. Similarly, the ratio between maximum vertical spectral acceleration and vertical PGA deviates from
the constant factor proposed in Eurocode 8.
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Appendix I: Derived Scaling Coefficients for Vertical PSA

Table Al. Derived scaling coefficients of the empirical GMPEs, for the region of former Yugoslavia—Equation 1, based on
the regional PSAwert data that were recorded at all epicentral distances

T a1 a as ro a as as ar 4
0.040 -1.545 0.370 -1.292 14.7 0.149 0.041 -0.091 -0.020 0.260
0.042 -1.524 0.369 -1.297 14.7 0.149 0.043 -0.090 -0.020 0.260
0.044 -1.502 0.369 -1.303 14.8 0.148 0.045 -0.090 -0.020 0.261
0.046 -1.476 0.368 -1.310 14.9 0.147 0.048 -0.090 -0.021 0.262
0.048 -1.436 0.366 -1.317 15.1 0.141 0.050 -0.090 -0.022 0.263
0.050 -1.399 0.364 -1.326 15.2 0.136 0.052 -0.090 -0.021 0.264
0.055 -1.307 0.362 -1.350 15.7 0.127 0.057 -0.090 -0.024 0.266
0.060 -1.222 0.361 -1.376 16.2 0.123 0.061 -0.092 -0.029 0.268
0.065 -1.145 0.362 -1.405 16.8 0.123 0.066 -0.094 -0.035 0.270
0.070 -1.082 0.365 -1.438 17.3 0.130 0.070 -0.097 -0.042 0.271
0.075 -1.006 0.371 -1.484 18.4 0.143 0.074 -0.104 -0.055 0.272
0.080 -0.937 0.376 -1.520 19.3 0.156 0.077 -0.113 -0.077 0.272
0.085 -0.875 0.378 -1.543 20.2 0.166 0.081 -0.125 -0.104 0.270
0.090 -0.824 0.378 -1.555 20.9 0.174 0.084 -0.140 -0.132 0.269
0.095 -0.791 0.378 -1.557 214 0.179 0.087 -0.155 -0.159 0.268
0.100 -0.774 0.377 -1.551 216 0.183 0.090 -0.170 -0.181 0.267
0.110 -0.776 0.376 -1.526 215 0.187 0.095 -0.199 -0.213 0.265
0.120 -0.809 0.375 -1.497 21.0 0.191 0.099 -0.224 -0.225 0.267
0.130 -0.862 0.378 -1.476 20.4 0.196 0.102 -0.237 -0.220 0.268
0.140 -0.914 0.386 -1.477 20.2 0.200 0.105 -0.234 -0.202 0.270
0.150 -0.974 0.396 -1.486 20.2 0.201 0.107 -0.219 -0.178 0.271
0.160 -1.042 0.408 -1.500 20.3 0.201 0.109 -0.195 -0.151 0.272
0.170 -1.122 0.420 -1.510 20.4 0.199 0.110 -0.168 -0.121 0.273
0.180 -1.213 0.431 -1.511 20.4 0.196 0.111 -0.139 -0.093 0.274
0.190 -1.310 0.440 -1.504 20.2 0.192 0.111 -0.109 -0.066 0.273
0.200 -1.408 0.449 -1.493 19.9 0.188 0.111 -0.080 -0.041 0.272
0.220 -1.596 0.460 -1.456 19.4 0.183 0.109 -0.027 0.002 0.269
0.240 -1.764 0.466 -1.407 18.8 0.184 0.106 0.020 0.035 0.265
0.260 -1.919 0.469 -1.354 18.2 0.185 0.101 0.056 0.057 0.261
0.280 -2.064 0.475 -1.310 175 0.181 0.095 0.079 0.071 0.259
0.300 -2.214 0.482 -1.265 16.7 0.172 0.088 0.093 0.083 0.259
0.320 -2.368 0.492 -1.222 15.7 0.161 0.081 0.099 0.091 0.262
0.340 -2.526 0.503 -1.181 14.7 0.148 0.072 0.098 0.100 0.266
0.360 -2.671 0.515 -1.147 13.7 0.134 0.064 0.095 0.108 0.270
0.380 -2.796 0.525 -1.118 13.0 0.121 0.055 0.093 0.115 0.273
0.400 -2.902 0.533 -1.093 125 0.109 0.046 0.094 0.123 0.277
0.420 -2.992 0.539 -1.072 12.2 0.098 0.037 0.095 0.129 0.279
0.440 -3.061 0.543 -1.053 12.2 0.088 0.029 0.099 0.134 0.282
0.460 -3.122 0.546 -1.036 12.1 0.079 0.021 0.102 0.139 0.284
0.480 -3.175 0.548 -1.019 12.1 0.070 0.013 0.104 0.143 0.286
0.500 -3.220 0.548 -1.004 12.1 0.064 0.005 0.108 0.147 0.288
0.550 -3.334 0.547 -0.959 12.0 0.055 -0.012 0.113 0.157 0.292
0.600 -3.439 0.546 -0.918 11.6 0.053 -0.028 0.113 0.167 0.296
0.650 -3.530 0.548 -0.895 11.3 0.050 -0.042 0.101 0.171 0.299
0.700 -3.606 0.552 -0.877 11.0 0.044 -0.054 0.084 0.169 0.302

2217



Civil Engineering Journal Vol. 12, No. 06, June, 2026

0.750 -3.679 0.554 -0.852 10.8 0.034 -0.064 0.068 0.161 0.303
0.800 -3.756 0.555 -0.824 10.5 0.025 -0.072 0.056 0.153 0.304
0.850 -3.836 0.555 -0.792 10.2 0.017 -0.080 0.049 0.146 0.305
0.900 -3.916 0.554 -0.760 9.8 0.013 -0.086 0.047 0.143 0.304
0.950 -3.991 0.552 -0.729 9.5 0.010 -0.091 0.048 0.141 0.303
1.000 -4.058 0.550 -0.702 9.3 0.008 -0.095 0.050 0.140 0.301
1.100 -4.163 0.546 -0.662 9.0 0.004 -0.105 0.057 0.141 0.299
1.200 -4.230 0.541 -0.641 9.0 0.000 -0.116 0.060 0.143 0.298
1.300 -4.267 0.538 -0.636 9.2 -0.006 -0.132 0.060 0.144 0.298
1.400 -4.292 0.534 -0.637 9.4 -0.012 -0.153 0.056 0.142 0.298
1.500 -4.322 0.531 -0.637 9.6 -0.017 -0.175 0.052 0.142 0.298
1.600 -4.357 0.530 -0.638 9.7 -0.023 -0.196 0.049 0.142 0.298
1.700 -4.393 0.530 -0.641 9.7 -0.029 -0.215 0.046 0.143 0.300
1.800 -4.429 0.530 -0.646 9.8 -0.034 -0.232 0.043 0.144 0.302
1.900 -4.466 0.532 -0.653 9.8 -0.039 -0.252 0.040 0.145 0.305
2.000 -4.504 0.534 -0.662 9.8 -0.044 -0.278 0.037 0.147 0.308

Table A2. Derived scaling coefficients of the empirical GMPEs, for the region of former Yugoslavia—Equation 1, based on
the regional PSA.ert data that were recorded at epicentral distances up to 30 km

T a a as o as as s az [
0.040 5.345 0.391 -5.302 40.0 0.156 0.041 -0.154 -0.008 0.266
0.042 5.346 0.391 -5.296 40.0 0.156 0.043 -0.153 -0.008 0.267
0.044 5.341 0.390 -5.287 40.0 0.155 0.045 -0.152 -0.008 0.267
0.046 5.330 0.390 -5.271 40.0 0.154 0.048 -0.152 -0.008 0.268
0.048 5.318 0.387 -5.246 40.0 0.147 0.050 -0.150 -0.008 0.269
0.050 5.308 0.385 -5.225 40.0 0.141 0.052 -0.149 -0.006 0.271
0.055 5.235 0.381 -5.146 40.0 0.129 0.057 -0.147 -0.007 0.273
0.060 5.109 0.380 -5.045 40.0 0.123 0.061 -0.147 -0.011 0.275
0.065 4.933 0.381 -4.920 40.0 0.122 0.066 -0.149 -0.018 0.276
0.070 4.738 0.385 -4.796 40.0 0.127 0.070 -0.153 -0.026 0.277
0.075 4.345 0.392 -4.564 40.0 0.143 0.074 -0.161 -0.044 0.277
0.080 3.972 0.397 -4.337 40.0 0.158 0.077 -0.173 -0.071 0.276
0.085 3.644 0.399 -4.127 40.0 0.169 0.081 -0.189 -0.104 0.275
0.090 3.412 0.399 -3.970 40.0 0.176 0.084 -0.207 -0.138 0.274
0.095 3.307 0.397 -3.889 40.0 0.180 0.087 -0.225 -0.169 0.272
0.100 3.366 0.396 -3.904 40.3 0.182 0.090 -0.241 -0.194 0.270
0.110 3.420 0.391 -3.908 40.1 0.182 0.095 -0.274 -0.229 0.267
0.120 2.819 0.388 -3.550 37.0 0.179 0.099 -0.306 -0.240 0.267
0.130 2.044 0.389 -3.112 334 0.175 0.102 -0.328 -0.230 0.268
0.140 1471 0.396 -2.804 31.7 0.169 0.105 -0.335 -0.208 0.269
0.150 1.208 0.406 -2.687 315 0.162 0.107 -0.326 -0.178 0.270
0.160 1.287 0.417 -2.779 32.6 0.156 0.109 -0.302 -0.142 0.271
0.170 1.430 0.428 -2.914 33.9 0.150 0.110 -0.270 -0.103 0.273
0.180 1.684 0.438 -3.114 353 0.145 0.111 -0.233 -0.066 0.274
0.190 2.016 0.447 -3.357 36.7 0.139 0.111 -0.193 -0.031 0.274
0.200 2.371 0.454 -3.609 38.0 0.134 0.111 -0.153 0.001 0.273
0.220 2.928 0.464 -4.013 39.6 0.132 0.109 -0.076 0.056 0.271
0.240 3.132 0.468 -4.191 40.0 0.139 0.106 -0.008 0.099 0.268
0.260 3.229 0.471 -4.295 39.7 0.143 0.101 0.041 0.128 0.263
0.280 3.557 0.476 -4.531 39.9 0.133 0.095 0.068 0.146 0.259
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0.300 3.945 0.484 -4.803 40.1 0.112 0.088 0.077 0.156 0.258
0.320 4317 0.493 -5.067 40.2 0.087 0.081 0.074 0.163 0.258
0.340 4.640 0.506 -5.309 40.2 0.059 0.072 0.062 0.169 0.261
0.360 4.780 0.519 -5.446 40.0 0.034 0.064 0.050 0.173 0.264
0.380 4.825 0.531 -5.522 39.8 0.013 0.055 0.041 0.176 0.268
0.400 4.793 0.540 -5.545 39.6 -0.001 0.046 0.038 0.177 0.271
0.420 4.707 0.547 -5.530 39.6 -0.011 0.037 0.039 0.177 0.275
0.440 4.640 0.551 -5.517 39.6 -0.016 0.029 0.047 0.174 0.277
0.460 4.542 0.554 -5.484 39.5 -0.019 0.021 0.055 0.172 0.279
0.480 4518 0.555 -5.489 39.6 -0.021 0.013 0.062 0.170 0.280
0.500 4.448 0.555 -5.463 39.6 -0.021 0.005 0.071 0.168 0.281
0.550 4.370 0.553 -5.446 39.8 -0.018 -0.012 0.083 0.168 0.283
0.600 4.287 0.552 -5.420 40.0 -0.014 -0.028 0.079 0.174 0.284
0.650 4.110 0.555 -5.344 40.1 -0.016 -0.042 0.059 0.181 0.286
0.700 3.922 0.559 -5.261 40.0 -0.024 -0.054 0.039 0.186 0.288
0.750 3.771 0.559 -5.189 40.0 -0.034 -0.064 0.027 0.188 0.289
0.800 3.627 0.558 -5.122 40.0 -0.045 -0.072 0.018 0.189 0.288
0.850 3.497 0.556 -5.062 40.0 -0.054 -0.080 0.014 0.190 0.287
0.900 3.369 0.554 -5.004 40.0 -0.059 -0.086 0.012 0.190 0.284
0.950 3.259 0.552 -4.955 40.0 -0.062 -0.091 0.012 0.190 0.282
1.000 3.163 0.549 -4.913 40.0 -0.063 -0.095 0.012 0.190 0.280
1.100 2.998 0.545 -4.845 40.0 -0.062 -0.105 0.012 0.188 0.275
1.200 2.872 0.543 -4.799 40.0 -0.058 -0.116 0.011 0.185 0.273
1.300 2.770 0.540 -4.765 40.0 -0.052 -0.132 0.009 0.182 0.272
1.400 2.657 0.536 -4.717 40.0 -0.048 -0.153 0.008 0.178 0.271
1.500 2.532 0.532 -4.661 40.0 -0.046 -0.175 0.007 0.175 0.270
1.600 2.423 0.529 -4.617 40.0 -0.044 -0.196 0.006 0.173 0.269
1.700 2.325 0.527 -4.581 40.0 -0.042 -0.215 0.006 0.171 0.268
1.800 2.237 0.526 -4.551 40.0 -0.041 -0.232 0.005 0.169 0.268
1.900 2.159 0.525 -4.529 40.0 -0.040 -0.252 0.005 0.168 0.268
2.000 2.092 0.526 -4.514 40.0 -0.040 -0.278 0.005 0.166 0.269
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