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1. Introduction 
 

Most empirical equations for scaling peak ground 

acceleration (hereinafter, PGA) values only consider the 

impacts of local soil and ignore the effects of deep 

geological site surroundings (Douglas 2003). However, 

several strong motion studies have demonstrated that, to 

avoid bias, when estimating the severity of surface ground 

motion, both the deep geology and the local soil conditions 

must be simultaneously considered (Lee 1987, Trifunac 

1990, Bulajić et al. 2013, 2018). The 2004 version of 

Eurocode 8 (EN 1998-1:2004 2004) also recognizes the 

importance of deeper geological conditions by stating in 

Clause 3.1.2(1) that the National Annex may specify the 

classification scheme that will account for the deep geology. 

Here, the term “deep geology” refers to geological settings 

on the scale of a few kilometers or at least hundreds of 

meters (Trifunac and Brady 1975), whereas “local soil” 

refers to geotechnical site description on the scale of a few 

tens of meters, usually down to the first soil layers with the 

average shear wave velocity, VS≥800 m/s. 

Furthermore, most Ground Motion Prediction Equations 

(hereinafter, GMPEs) classify local soil conditions by just 

considering the top 30 m of the stratigraphic profile, despite 

research showing that the average shear-wave velocity of 

the top 20 or 30 m does not correspond with site resonance 
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(Peng et al. 2020, Tavakoli et al. 2016), especially not for 

the deep soil sites (Jakka et al. 2015). This method is still 

widely used because data on deep geology is scarce and 

investigating the soil profile to depths of 100 or 200 m 

would be prohibitively expensive for civil engineering 

design. 

In Croatia, seismic hazard maps created for use in the 

scope of Eurocode 8 (EN 1998-1:2004 2004) are defined 

for ground type A, which is defined as rock or “other rock-

like geological formation” with up to 5 m of weaker surface 

material and with VS>800 m/s in the top 30 m of the soil 

profile. The PGA at the surface of a local soil is then 

calculated by multiplying the PGA value obtained from the 

official hazard map by the so-called soil factor, S. Table 1 

shows how S varies with the ground type. S also depends on 

the type of spectrum-Type 1 or Type 2-which is determined 

by the magnitude of the “most contributing earthquakes” 

(EN 1998-1:2004 2004). Table 1 demonstrates that S is 

greater than 1 for all ground types (except for the normative 

type A) and both spectrum types, implying that ground 

motion will be amplified relative to the rock sites. However, 

the empirical attenuation equations developed in the mid-

1980s for California based on 1482 acceleration 

components from earthquakes in the western United States 

indicate a 30% de-amplification of PGA values in deep soils 

(Lee 1987, Lee and Trifunac 2010). This de-amplification 

would result in S equal to 0.70 in Eurocode 8 terminology. 

The primary goal of this study is to estimate PGA values 

at deep soil sites atop deep geological deposits. The case-

study region encompasses the entire city of Osijek, Croatia, 

for which our associated studies (Bulajić et al. 2021a, b, 

2022) examined vertical PGA values as well as uniform 

hazard spectral estimates. Osijek is located in the south-

central part of the Pannonian basin, along the Danube River 

and the Drava River, in a region with less seismic activity  
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than other parts of Croatia and the North-Western Balkans, 

as seen in Fig. 1. 

We will generate seismic hazard maps for the examined 

area using new GMPEs for PGA and compare the results to 

existing PGA and macroseismic intensity estimates. In this 

study, the local soil classification will be based on the one 

proposed by Seed et al. (1976a, b). This classification will 

be the same as that specified for the accelerograph locations 

in former Yugoslavia by Trifunac et al. (1991), Lee and 

Trifunac (1993), and Lee and Manić (1994). The “rock” soil 

locations will be the ones with VS>800 m/s. The stiff soil 

sites will have a 15 to 75 m thick soil layer atop the “rock” 

layer, while the deep soil sites will have a soil layer that is 

more than 100 m thick. For deep geology, we will use  

 

 

 

Trifunac and Brady's (1975) classification, which divides 

deep geology into three categories: the basement rock, 

(deep geological) sediments, and (complex or) intermediate 

sites. To minimize confusion with the varieties of local soil, 

we will further use “geological rock” rather than the 

“basement rock.” 

 

 

2. The case-study area-seismicity and site conditions 
 

2.1 Seismicity of the analyzed area 
 

The city of Osijek is located in the south-central part of 

the Pannonian Basin, which is an intraplate seismicity  

Table 1 PGA estimates for various ground types according to Eurocode 8 (EN 1998-1:2004 2004), where ag signifies 

the PGA value shown on the associated seismic hazard map for the examined site 

Eurocode 8 (EN 1998-1:2004 2004) ground types 

Type 1 Spectrum: “most 

contributing” earthquakes 

with MS>5.5 

Type 2 Spectrum: “most 

contributing” earthquakes 

with MS≤5.5 

Ground Type A, VS,30>800 m/s 

Rock, at the surface up to 5 m of weaker material. 
ag ag 

Ground Type B, VS,30=360-800 m/s 

At least several tens of meters thick deposits. Very dense sand, gravel, or 

very stiff clay. 

ag×1.2 ag×1.35 

Ground Type C, VS,30=180-360 m/s 

Deep deposits, several tens of meters up to hundreds of meters thick. Dense 

or medium dense sand, gravel, or stiff clay. 

ag×1.15 ag×1.5 

Ground Type D, VS,30<180 m/s 

Deposits. Loose-to-medium cohesionless soil, or predominantly soft-to-firm 

cohesive soil. 

ag×1.35 ag×1.8 

Ground Type E 

Alluvium layer at the surface, between 5 and 20 m thick, above stiffer 

material. VS,30<360 m/s. 

ag×1.4 ag×1.6 

 

Fig. 1 The location of the investigated area inside the Pannonian Basin and the epicenters of regional earthquakes in 

the period between 1900 and 2017 (USGS 2017) 
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region, with a rare occurrence of larger events (Morales-

Esteban et al. 2014, 2021). Due to the collision of the 

Adriatic Platform and the Dinarides, the majority of 

earthquakes in Croatia occur around the Adriatic coast (see 

Fig. 1 in Bulajić et al. 2021a). In the western Balkans, 

Moho depth increases from 25 km beneath the Pannonian 

Basin to 45 km beneath the Dinarides (Skoko et al. 1987, 

Bielik et al. 2018).  

The epicenter locations of regional earthquakes with 

Mw≥2.5 that were observed between 1900 and 2017, as 

reported by the US Geological Survey (USGS 2017), are 

shown in Fig. 1. The closest seismic source zones to the 

examined area are Bansko Brdo, 30 km away, and Dilj 

Gora, 70 km away. On November 24, 1922, the strongest 

historical earthquake in the vicinity of Osijek occurred as 

part of the 1922-1924 seismic activity, with an epicenter 20 

km north of the city (see the right plot in Fig. 1) and a 

hypocentral depth of 18 km. According to the SHARE 

European Earthquake Catalogue (Stucchi et al. 2013), the 

magnitude was ML=4.9 while by the UNESCO catalog from 

1974 (UNESCO 1974), the magnitude was estimated to be 

5.1. The intensity in the epicentral region was VII-VIII 

(°MCS). In Osijek, the intensity was VII (°MCS). 

Osijek is the fourth largest city in Croatia, with a 

population of 108,000 inhabitants. Recent seismic risk 

studies reveal a substantial number of older buildings built 

before 1964 and the first earthquake-resistant design codes 

in former Yugoslavia (Pavić et al. 2020a). Similar 

structures exist in other parts of Croatia and other 

Mediterranean countries and might sustain significant 

damage during earthquakes similar to the one that struck 

near Osijek in 1922 (Inel et al. 2008, Kaplan et al. 2010, 

Bilgin et al. 2012, 2018, Işık et al. 2016, 2020, Pavić et al. 

2020b). A destructive earthquake with ML=5.5 (Mw=5.3) 

struck Zagreb, Croatia's capital, on March 22, 2020, with 

the epicenter 7 km north of the city center (EMSC-CSEM 

2021) and a focal depth of 10 km. This was the strongest 

earthquake near Croatia's capital since the 1880 Zagreb 

earthquake with Mw=6.3 (Prelogović and Cvijanović 1981). 

Another destructive earthquake struck Croatia on December 

 

 

29, 2020, this time 40 km south of Zagreb and with a 

magnitude of 6.4. (Ganas et al. 2021). The 2020 Zagreb 

earthquake had a maximum felt intensity of VII (on the 

Modified Mercalli scale), causing substantial damage in the 

historic city center, with over 1,900 buildings reportedly 

becoming uninhabitable because of the destruction. There 

was a total of 27 persons hurt, one of them died as a result 

of the injuries. The earthquake that struck Zagreb in 2020 

was also felt in Slovenia. Interestingly, even though the 

1880 earthquake was believed to be stronger (maximum felt 

intensity VIII-IX) than the 2020 one and the population 

within today's city limits increased tenfold (from 80,000 to 

800,000), the effects of the 1880 event were strikingly 

similar-around 1,800 buildings were damaged, 29 people 

were seriously injured, and one person succumbed to 

injuries. 

 
2.2 Geological settings for the case-study area 
 

The Pannonian basin (also known as the Carpathian 

basin) is located between the Julian Alps, Dinaric Alps, and 

the Carpathian Mountains in southeastern Central Europe 

(see Fig. 1). The basin encompasses parts of nine different 

countries, including northeast Croatia. 

When the Pannonian Sea dried up (after its greatest 

geographical extent during the Pliocene), the basin's 

lowlands formed the plain that remained. The basin is a 

sediment-filled back-arc basin that spread apart during the 

Miocene (Balázs et al. 2016). There are numerous rivers 

and lakes within the basin, which is roughly divided in half 

by the Danube and Tisza rivers.  

The Pannonian basin's deep geological strata date back 

to the time of the Pannonian Sea and are up to several 

kilometers thick (Timkó et al. 2019). The city of Osijek, as 

well as its surrounding area, is built over these deep 

geological layers. A rare exception can be seen 30 km north 

of the city, on Bansko Brdo hill, which is the sole hill in the 

vicinity, stretching 20 km NE-SW and including scattered 

outcrops of geological rocks (basalt-andesite and 

pyroclastic).  

 

Fig. 2 Two typical geotechnical profiles and the geological map for the analyzed region (Magaš et al. 1987) 
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The subsurface geology underlying the investigated 

region of Osijek (see the blue rectangle in Fig. 1) is made 

up of a complex of marls, sandstones, conglomerates, and 

limestones. These geological deposits have thicknesses of 

up to 3,000 m. 

The Pannonian plain is also known for its loamy loess 

soil and is a significant agricultural area in Europe. The 

deep soil sites may be found along practically all rivers. The 

thickest loess sections (more than 50 m) in Croatia are 

found around the Danube River in the eastern part of the 

country (Banak et al. 2016).  

Osijek is situated on the right bank of the Drava River, 

only 25 km upstream from its confluence with the Danube 

River (see the right plot in Fig. 1). As a result, the shallow 

geological formations are made up of loosely, muddy, and 

sandy soil with high groundwater levels. The Quaternary 

deposits in the investigated area (see Fig. 2) have a total 

thickness of 150-180 m (Pikija and Šikić 1991, Magaš et al. 

1987). VS ranges between 180 and 360 m/s in the top 30 m 

of the stratigraphic profiles, while layers with a velocity 

greater than 800 m/s are found at depths of more than 100 

m. The local soil can be classified as deep soil according to 

categorization by Seed et al. (1976a, b). In addition, 

according to Eurocode 8 (EN 1998-1:2004 2004), the local 

soil might be categorized as Ground Type C (see Table 1). 

 
2.3 Previous and current design PGA estimates 
 

In 1964, ex-SFRY introduced its first code for seismic-

resistant design (Official Gazette of SFRY 1964). There 

was a Seismic Zoning Map, created in 1950 based on the 

highest macro-seismic intensities observed at the time, and 

was used together with the 1964 code. In 1981, a new 

earthquake-resistant design code was enacted, and a year 

later (Official Gazette of SFRY 1982), a seismic zoning 

map was prepared to be temporarily utilized with the new 

code. The 1982 map was based on the highest observed 

intensities once again. 

Finally, in 1990, the 1981 code was updated to include a 

set of six new seismic zoning maps (for return periods of 

50, 100, 200, 500, 1000, and 10,000 years) (Official Gazette 

of SFRY 1990). Although the seismic hazard was expressed 

 

 

in seismic intensity degrees and for average soil conditions, 

they were the first seismic hazard maps in this region 

generated using the Probabilistic Seismic Hazard 

Assessment (hereinafter, PSHA) approach.  

Table 2 shows macroseismic intensities for Croatia’s 

five most populated cities, based on hazard maps from 

1950, 1982, and 1990. Table 2 also includes the empirical 

PGA estimates, which were calculated using the following 

relationship (Trifunac et al. 1991) 

log(PGAhoriz) = −0.079 ⋅ 𝐼 + 0.290 ± 𝑃 ⋅ 𝜎, 𝜎 =
0.049  

(1) 

where PGAhoriz [cm/s2] is the PGA in the horizontal 

direction, I [°MCS] is the macroseismic intensity, and σ is 

the standard deviation, while P=0 for the median estimate. 

Table 2 displays the empirical PGA estimates for a median 

−σ and median +σ for each city. 

In 2011, two new hazard maps were introduced in the 

Croatian National Annex to standard EN 1998-1 (HRN EN 

1998-1:2011/NA 2011). In these two maps, seismic hazard 

is numerically expressed by the PGA values. The maps 

were created using the PSHA methodology. The first map is 

for a return period of 95 years, i.e., for the 10% in 10 years 

likelihood of exceedance, while the second is for a return 

period of 475 years, i.e., for the 10% in 50 years 

probability. The 95-year map corresponds to Eurocode 8 

“damage limitation” requirement, while the 475-year map 

corresponds to Eurocode 8 “no-collapse” requirement (EN 

1998-1:2004 2004). Both maps were created for ground 

type A, i.e., rock sites (see Table 1). Moreover, both maps 

ignore the impacts of the deep geology on surface ground 

motion.  

The horizontal PGA values in Osijek, according to the 

2011 maps, are 0.10-0.12 g for the 475-year and 0.04-0.06 g 

for the 95-year return period. If we assume deep soil and 

magnitudes of most contributing earthquakes smaller than 

5.5, the PGA values for Osijek are to be multiplied by 1.5 

(see Table 1 - Ground Type C and Type 2 Spectrum). As a 

result, the “final” PGA value for Osijek would be equal to 

0.15-0.18 g for a 475-year and 0.06-0.09 g for a 95-year 

return period. As shown in Table 2, the empirical PGA 

estimates based on the intensities provided in the 1990  

Table 2 Macroseismic intensity degrees from the seismic zoning maps of 1950 (Official Gazette of SFRY 1964), 

1982 (Official Gazette of SFRY 1982), and 1990 (Official Gazette of SFRY 1990) for the five cities in Croatia, as 

well as the corresponding empirical PGA values, determined using Eq. (1) 

City Measure 1950 1982 
1990 

50 yrs. 100 yrs. 200 yrs. 500 yrs. 1000 yrs. 10,000 yrs. 

Zagreb 
I [°MCS] VIII-IX VIII VII VII-VIII VIII VIII-IX IX IX 

PGA [g] 0.159-0.388 0.159-0.199 0.081-0.102 0.081-0.199 0.159-0.199 0.159-0.388 0.309-0.388 0.309-0.388 

Rijeka 
I [°MCS] IX VII VI VII-VIII VIII VIII VIII-IX IX 

PGA [g] 0.309-0.388 0.081-0.102 0.042-0.052 0.081-0.199 0.159-0.199 0.159-0.199 0.159-0.388 0.309-0.388 

Split 
I [°MCS] VII VI VII VII VII VIII VIII VIII 

PGA [g] 0.081-0.102 0.042-0.052 0.081-0.102 0.081-0.102 0.081-0.102 0.159-0.199 0.159-0.199 0.159-0.199 

Osijek 
I [°MCS] VIII VII VI VII VII VIII VIII VIII 

PGA [g] 0.159-0.199 0.081-0.102 0.042-0.052 0.081-0.102 0.081-0.102 0.159-0.199 0.159-0.199 0.159-0.199 

Zadar 
I [°MCS] IX VIII VI VII VII VIII VIII VIII 

PGA [g] 0.309-0.388 0.159-0.199 0.042-0.052 0.081-0.102 0.081-0.102 0.159-0.199 0.159-0.199 0.159-0.199 

236



 

PGA estimates for deep soils atop deep geological sediments-An example of Osijek, Croatia 

 

 

 

hazard maps are quite similar to the PGA values calculated 

for Osijek based on the 2011 hazard maps. 

 

2.4 Numerical simulation procedure 
 

The northwestern Balkans are not only a region with 

hundreds of strong ground motion records but also one of 

the few regions in the world with data on deep geological 

conditions for many recording stations.  

The regional strong motion data were utilized to create 

several GMPEs that can account for the effects of local soil 

(up to depths of 100 m and beyond) and deep geology at the 

same time (Lee and Trifunac 1993, Lee and Manić 1994, 

Bulajić et al. 2013). The GMPEs were then used in a series 

of recent microzonation studies (e.g., Lee et al. 2015, 

2017a, b, c), the results of which were shown to be in great 

agreement with the observed macroseismic intensities 

(Bulajić et al. 2018, Manić et al. 2015).  

It is also worth noting that these microzonation studies 

revealed that PGA amplitudes are dominantly influenced by 

the local seismicity and are not particularly sensitive to very 

strong and distant events like those in Romania’s Vrancea 

source zone (Lee et al. 2016a, b). This is the case because 

high-frequency seismic waves attenuate quickly. As a 

result, when traveling from extremely far away, their final 

contribution is less than the contribution of the waves 

caused by local events. 

We will now try to generate new regional empirical 

equations for predicting PGA values that can be applied to 

deep soil sites and deep geological strata. The attenuation 

equations will be written in the following mathematical 

form 

 

 

log⁡( 𝑃𝐺𝐴) = 𝑐1 + 𝑐2 ⋅ 𝑀 + 𝑐3 ⋅ 𝑙𝑜𝑔(√𝑅
2 + 𝑅0

2) +  

⁡+𝑐4 ⋅ 𝑆𝐿1 + 𝑐5 ⋅ 𝑆𝐿2 + 𝑐6 ⋅ 𝑆𝐺1 + 𝑐7 ⋅ 𝑆𝐺2 + 𝜎𝑙𝑜𝑔 ⋅ 𝜀 
(2) 

where PGA denotes horizontal peak ground accelerations 

(in g), M the earthquake magnitude (please see Lee et al. 

1990 for more information on magnitude type), and R the 

hypocentral or epicentral distance (we will develop 

equations for each type of distance). SL1 and SL2 are 

categorical variables for local soil, and SG1 and SG2 are 

categorical variables for deep geological conditions. Table 3 

shows the values of these categorical variables. 

The database used to create predictive equations 

contains 436 horizontal components of strong-motion 

accelerograms recorded from 112 earthquakes with a 

magnitude of 3≤M≤6.8. As the database does not include 

large magnitude events, the obtained predictive equations 

will be only applicable for moderate earthquakes. All of the 

accelerograms were recorded in the north-western Balkans. 

The majority (418) was recorded between 1976 and 1987 

(Jordanovski et al. 1987, Ambraseys et al. 2002, 2004), 

with the remainder (18) in 2010. 

Fig. 3 depicts a map of regional strong motion records, 

with full circles representing recording station locations, 

stars representing earthquake epicenters, and dashed lines 

connecting epicenters and recording stations. 

The MATLAB®  scripts for deriving the GMPEs for 

horizontal PGA values are prepared in version 8.5 release 

2015a. We did multiple linear regression analyses in two 

phases. In the first phase, we fitted Eq. (2) to a strong 

motion dataset containing only the 406 horizontal 

acceleration components from the EQINFOS database 

(Jordanovski et al. 1987), for which the soil classification of  

 
Fig. 3 Map of strong motion records in the north-western Balkans; blue circles and red asterisks represent the 

EQINFOS (Jordanovski et al. 1987) recording locations and earthquakes, respectively; the epicenters are 

connected to the ground motion stations by green dashed lines; the additional records from the ISESD 

(Ambraseys et al. 2002, 2004) database are represented by black circles, black asterisks, and black dashed 

lines; the positions of the recording sites and earthquakes for the accelerograms obtained by SSoS (2021) are 

indicated by violet circles and orange asterisks, respectively 

237



 

Borko Đ. Bulajić, Marijana Hadzima-Nyarko and Gordana Pavić 

 

Table 3 Categorical variables employed in this study for 

various types of local soil and deep geological site 

environments 

Local soil 

parameters 

Local soil 

categorical 

variables 

Deep geology 

parameters 

Deep geology 

categorical 

variables 

“Rock” soil 

sites: 

sL=0 

SL1=SL2=0 

Basement 

(Geological) 

rock: s=2 

SG1=SG2=0 

Stiff soil sites: 

sL=1 
SL1=1 and SL2=0 

Intermediate (or 

complex) sites: 

s=1 

SG1=1 and SG2=0 

Deep soil 

sites: 

sL=2 

SL1=0 and SL2=1 

(Deep 

geological) 

Sediments: s=0 

SG1=0 and SG2=1 

 

 

the recording sites was defined by Trifunac et al. (1991) 

and later refined and updated by Lee and Trifunac (1993) 

and Lee and Manić (1994). We fitted Eq. (2) without the 

coefficient c5 because there were no deep soil sites among 

the 406 components. As a result, we only calculated c1, c2, 

c3, c4, c6, and c7. To maximize the R2 statistics of the PGA 

prediction, the R0 values were iteratively changed. 

Because the majority of the data was collected at shorter 

distances, we conducted a supplementary analysis utilizing 

only data collected at epicentral distances of less than 30 

km. We calibrated the generated prediction model in the 

second phase by restricting the coefficient c5 based on the 

extra 30 acceleration components recorded at the deep soil 

sites. The additional data was either included in the ISESD  

 

 

database (Ambraseys et al. 2002, 2004) or captured in 2010 

by the accelerograph network run by the Seismological 

Survey of Serbia (SSoS 2021).  

For all regression analyses, the analyzed data were 

assumed to have a log-normal distribution. In Eq. (2), σlog is 

the standard deviation of the common logarithm of PGA, 

where ε=0 for the median and ε=1 for the median +1×σlog 

estimate.  

The finalized scaling equations for the horizontal PGA 

are as follows: 

1) based on data collected at all source-to-site distances, 

the equation with R as the epicentral distance 

log(𝑃𝐺𝐴) = −1.2864 + 0.3937 ⋅ 𝑀 − 1.3820 ⋅

log( √𝑅2 + 19. 52) + 0.1764 ⋅ 𝑆𝐿1 − 0.0820 ⋅ 𝑆𝐿2 −
0.1498 ⋅ 𝑆𝐺1 − 0.1085 ⋅ 𝑆𝐺2 + 0.2692 ⋅ 𝜀  

(3) 

2) based on data collected at all source-to-site distances, 

the equation with R as the hypocentral distance 

log(𝑃𝐺𝐴) = −0.8793 + 0.3730 ⋅ 𝑀 − 1.5096 ⋅

log( √𝑅2 + 25.22) + 0.1961 ⋅ 𝑆𝐿1 − 0.1435 ⋅ 𝑆𝐿2 −
0.1303 ⋅ 𝑆𝐺1 − 0.1066 ⋅ 𝑆𝐺2 + 0.2764 ⋅ 𝜀  

(4) 

We also utilized the same coefficients for deep soil sites 

in equations based solely on data collected at epicentral 

distances of less than 30 km: 

3) using R as the epicentral distance in the equation 

log(𝑃𝐺𝐴) = 3.1399 + 0.3864 ⋅ 𝑀 − 3.8132 ⋅

log( √𝑅2 + 40.02) + 0.1015 ⋅ 𝑆𝐿1 − 0.0820 ⋅ 𝑆𝐿2 −
0.2387 ⋅ 𝑆𝐺1 − 0.0893 ⋅ 𝑆𝐺2 + 0.2689 ⋅ 𝜀  

(5) 

 

 
 
 
 
 

 

Fig. 4 Empirical GMPE curves for PGA, derived using Eqs. (3)-(6) for various local soil and deep geology conditions 

(see Table 3) 
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4) using R as the hypocentral distance in the equation 

log(𝑃𝐺𝐴) = −2.0081 + 0.3698 ⋅ 𝑀 − 0.7030 ⋅

log( √𝑅2 + 18.52) + 0.1044 ⋅ 𝑆𝐿1 − 0.1435 ⋅ 𝑆𝐿2 −
0.2497 ⋅ 𝑆𝐺1 − 0.0884 ⋅ 𝑆𝐺2 + 0.2765 ⋅ 𝜀  

(6) 

Fig. 4 depicts the attenuation of PGA as a function of 

distance, as estimated by Eqs. (3)-(6). The coefficients of 

the categorical variables SL and SG can be used to calculate 

the differences between values estimated by the same 

equation and for various site conditions (see Table 3). If the 

deep geology conditions remain the same and Eq. (3) is 

used for the epicentral distances and all data, the PGA value 

for stiff soil sites will be 100.1764=1.50 times larger than the 

PGA for rock soil sites. PGA for deep soil sites will be 

equal to 10-0.0820=0.83 times the PGA for rock soil locations 

using the same equation. To put it another way, horizontal 

short-period seismic waves at the surface will be de-

amplified at deep soil sites compared to the rock sites. This 

suggests that the energy dissipation of short-period waves in 

deep soils overcomes a local soil amplification that is 

caused by the impedance contrast between the deep soil and 

harder rocks beneath.  

Similarly, assuming the local soil conditions remain 

constant, the PGA estimates at the geological rock will be 

1/10-0.1085=1.28 times larger than at geological sediments, 

 

 

and 1/10-0.1498=1.41 times larger than at intermediate sites. 

The fact that short-period waves pass more easily through 

more compact and harder rock formations (such as basalts 

and granites) than geological sediments and intermediate 

geological environments may explain this amplification at 

geological rock sites. 

If empirically defined effects of deep soil sites and deep 

geological sediments are combined, PGA estimates will be 

10-0.0820/10-0.1085=0.83∙1.28=1.06 times larger than at rock 

soil sites atop geological rocks. 

The median, median ±1×σlog, and median ±2×σlog GMPE 

estimates obtained using Eqs. (3) and (5) are compared to 

the observed PGA values for the deep soil sites in Fig. 5. 

The empirical predictions are in excellent agreement with 

the deep soil PGA values recorded in the region, as shown 

in Fig. 5.  

The presented GMPEs do not consider potential PGA 

changes as a function of rupture direction relative to the 

examined site. According to a recent study, the directivity 

phenomenon (i.e., the existence of high-velocity pulses) can 

have a major influence on masonry structures like those 

seen in Osijek (Bilgin and Hysenlliu 2020). Furthermore, 

near-field and far-field earthquake effects on low-rise 

buildings like the ones dominating in Osijek are shown to 

depend on the local soil conditions (Sonmezer and Celiker  

 

Fig. 5 Comparison of the median, median ±1×σlog, and median ±2×σlog (gray shaded areas) empirical estimates obtained 

using Eqs. (3) and (5), with recorded PGA values at deep soil sites and different deep geological conditions 
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2020). However, due to a lack of sufficient directivity and 

near-field data in regional strong motion records, this will 

remain beyond the purview of our current study.  

In this research, we employed the empirical GMPEs to 

directly predict deep soil surface response. Though we did 

not compare our empirical estimates to the modeled soil 

response using pattern recognition methods (see, for 

example, Javadi and Rezania 2009) or various equivalent 

linear and nonlinear analyses (Jakka et al. 2015, Onturk et 

al. 2020, Saffarian et al. 2014a, b, Sahin 2015a, b, 

Sonmezer et al. 2018), we intend to do so in the future, 

based on geotechnical data. Because Osijek lacks a dense 

network of soil profiles, we may need to interpolate 

available data on soil profiles (see, e.g., Aziz et al. 2017) to 

encompass the whole study area. 

 

 

3. Results-Seismic microzonation for the case-study 
area 
 

Assuming deep soil sites and deep geological deposits 

for the entire case-study area and using Eq. (3) as the 

GMPE, we have conducted a PSHA analysis for the area 

within the blue rectangle shown in Fig. 6. The PSHA 

analysis will be based on Cornell's (1968) and McGuire 

(1976)'s approach and will follow Chioccarelli et al.'s 

(2019) procedure. The overall hazard within the studied 

area is the sum of each source zone's contributions, i (from 

the entire set of zones I). For all PSHA analyses, we will 

use the SHARE Project's pan-European seismic source zone 

model (Giardini et al. 2013, Wössner et al. 2015, Pagani et 

al. 2018).  

The boundaries of the selected seismic source zones for 

the hazard calculations in this study are shown in Fig. 6. 

 

 

Although it is beyond the focus of this study, the seismic 

source zones can also be defined using publicly available 

regional seismological data (Amaro-Mellade et al. 2017, 

2020, 2021).  

To calculate the total hazard, we will apply the so-called 

law (or formula) of total probability (Ang and Tang 2006), 

which states that the probability that an event A occurs if a 

series of n mutually exclusive events, Hi, occurs, where Hi 

comprise a full system of hypotheses about the event A, is 

𝑃(𝐴) = ∑ 𝑃(𝐴|𝐻𝑖) ⋅ 𝑃(𝐻𝑖)
𝑛
𝑖=1   (7) 

As a result, we use the following formula to compute the 

mean annual rate of occurrence of seismic events that may 

cause a PGA to exceed the expected pga 

𝑁(𝑝𝑔𝑎) =

∑ 𝜈𝑖 ∫ ∫ 𝑓𝑔𝑚𝑝𝑒(𝑃𝐺𝐴 > 𝑝𝑔𝑎⁡|𝑀, 𝑅)
𝑅𝑚𝑎𝑥

𝑅𝑚𝑖𝑛

𝑀𝑚𝑎𝑥

𝑀𝑚𝑖𝑛
𝑖∈𝐼 ⋅

𝑓𝑚𝑖
(𝑀) ⋅ 𝑓𝑟𝑖|𝑚𝑖

(𝑅|𝑀)𝑑𝑀𝑑𝑅  

(8) 

where i is the source zone number (from the set I), and ν is 

the yearly rate of earthquakes exceeding Mmin and is defined 

as 

𝜈 = 𝑒𝑎 𝑙𝑛 10−(𝑏 𝑙𝑛 10)𝑀𝑚𝑖𝑛 (9) 

In Eq. (9), a and b are the Gutenberg and Richter (1944) 

coefficients, which characterize the overall level of 

seismicity in the study area and the ratio between small- and 

large-magnitude events, respectively, and are defined as 

log𝑁𝐺𝑅 (𝑀) = 𝑎 − 𝑏 ⋅ 𝑀  (10) 

where NGR is the rate of occurrence of events of various 

magnitudes for each zone i. Mmax is the greatest regarded 

magnitude for each zone i, Mmin is the lowest considered 

magnitude (although the SHARE seismic-hazard map for  

 

Fig. 6 The SHARE Project seismic source zones (Giardini et al. 2013, Wössner et al. 2015, Pagani et al. 2018) 

used in this investigation for hazard assessments; the two larger circles, with radii of 182.5 km and 205 km, 

reflect the distances that must be included in the 95-year return period PSHA calculations for the study area to 

achieve at least 99 percent and exact 99 percent of the total hazard estimates, respectively; the two smaller 

circles with radii of 115 km and 132.5 km exhibit the same for the return period of 475 years 

240



 

PGA estimates for deep soils atop deep geological sediments-An example of Osijek, Croatia 

 

 

 

entire Europe was calculated with Mmin=4.5 (Wössner et al. 

2015), we opted to use Mmin=4.0 for all zones in this study, 

to obtain more conservative PGA estimates for smaller 

return periods), and Rmin and Rmax are defined as 0 and 300 

km, respectively. 

The conditional cumulative distribution function, fgmpe, 

depends on the GMPE and defines the probability that PGA 

will exceed pga if an event of size M occurs at a distance R. 

The probability density function for distance is denoted by 

fr|m, and the probability density function for magnitudes, fm, 

is defined as follows 

𝑓𝑚(𝑀) = 𝛽
𝑒−𝛽(𝑀−𝑀𝑚𝑖𝑛)

1−𝑒−𝛽(𝑀𝑚𝑎𝑥−𝑀𝑚𝑖𝑛)
⁡ , 𝑀𝑚𝑖𝑛 ≤ 𝑀 ≤ 𝑀𝑚𝑎𝑥,  (11) 

where β=(ln10)b.  

The following formula is used to calculate the “return 

period” 

𝑇𝑟 = 𝑁(𝑝𝑔𝑎)−1                       (12) 

Although Tr is frequently used in engineering literature 

as an intuitive measure of hazard level (larger Tr 

corresponds to stronger events that occur less frequently, 

and vice versa), it lacks a unique physical meaning in the 

sense that it does not (in general) correspond to any single 

earthquake of engineering interest. This is because the data 

from all the analyzed seismic source zones are merged and 

summed over all magnitudes and distances to calculate 

N(pga) for a specific location. 

If homogeneous Poisson distributions are assumed, the 

annual probability, i.e., the probability of at least one yearly 

exceedance of the expectation pga, can be calculated as 

follows (Ang and Tang 2006) 

𝑃(𝑝𝑔𝑎) = 1 − 𝑒−𝑁(𝑝𝑔𝑎)                 (13) 

If a binomial distribution is considered, the probability 

 

Table 4 Four alternative seismic hazard probability 

measures: P(pga) is the annual probability of minimum one 

exceedance of the expectation pga; p(pga) represents the 

probabilities of minimum one exceedance of the 

expectation pga in t=10 or 50 years, and Tr(pga) is the so-

called “return period” 

P(pga) 
p(pga) [%] 

in t=10 yrs. 

p(pga) [%] 

in t=50 yrs. 

𝑇𝑟(𝑝𝑔𝑎) =
1

𝑁(𝑝𝑔𝑎)
≅

1

𝑃(𝑝𝑔𝑎)
  

=
1

1−√1−𝑝(𝑝𝑔𝑎)
𝑡  [yrs.] 

0.020000 18.29 63.58 50.00 

0.010481 10.00 40.95 95.41 

0.005000 4.89 22.17 200.00 

0.002105 2.09 10.00 475.06 

0.001000 1.00 4.88 1000.00 

0.000100 0.10 0.50 10,000.00 

 

 

that pga will be exceeded at least once throughout t years 

can be calculated as follows (Ang and Tang 2006) 

𝑝(𝑝𝑔𝑎) = 1 − [1 − 𝑃(𝑝𝑔𝑎)]𝑡             (14) 

Table 4 presents the values of alternative metrics for the 

level of seismic hazard. 

A procedure known as “seismic hazard disaggregation” 

can be used to determine the most contributing earthquakes 

to the estimated hazard level (Bazzurro and Cornell 1999). 

It is effectively the opposite of the process described in Eq. 

(8), and it allows us to separate independent contributions 

from distinct pairs of magnitude and distance. As a result, 

we can specify the number of standard deviations that 

log(pga) is distant from the median empirical estimate for 

each pair of M and R (McGuire 1995).  

The PSHA disaggregation for the position 45° 32' N, 

18° 23' E (see the red circles in Figs. 8 and 9) and Tr=475 

years are shown in the top plots of Fig. 7. The cumulative  

 

Fig. 7 Top plots-seismic hazard disaggregation for the location 45°32' N, 18° 23' E (see Figs. 8 and 9), return period 

Tr=475 years, and the exceedance and occurrence probabilities; bottom plots-for various return periods, cumulative 

disaggregated values of epicentral distance and magnitude 
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Fig. 8 Seismic microzonation maps for probabilities of p in t years that correspond to return periods of 95 (top left), 475 

(top right), 975 (bottom left), and 2475 (bottom right) years, for the deep soil and deep geological sediments; the red 

circle represents the location for which the hazard was disaggregated, as shown in Fig. 7 

 

Fig. 9 Seismic microzonation maps for probabilities of p in t years that correspond to the return periods of 95 (top left), 

475 (top right), 975 (bottom left), and 2475 (bottom right) years, for the “rock” soil and intermediate deep geology sites 
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disaggregated values of R and M are shown in the bottom 

plots of Fig. 7. For return periods equal to 2475, 975, 475, 

and 95 years, the bottom left plot in Fig. 7 demonstrates that 

distances up to, respectively, 15, 15, 17.5, and 27.5 km, 

contribute to even 50% of the projected probability of 

exceedance. For the same four return periods, the bottom 

right plot in Fig. 7 reveals that earthquake magnitudes up to, 

respectively, 5.5, 5.25, 5.25, and 5.5, contribute to 50% of 

the projected probability of exceedance. 

The maximum epicentral distances that must be 

included in the PSHA calculations to reach at least 99 

percent or exactly 99 percent of the total PGA probability 

estimates for Osijek are presented by dotted circles in Fig. 

6. For example, the circle with a radius of 115 km 

represents the distances that must be included in the 475-

year PSHA calculations to reach at least 99 percent of total 

hazard estimates. As also shown in Fig. 6, the largest 

historical earthquake that was reported in Osijek occurred 

within a 40 km radius of the examined area. The data in 

Figs. 6 and 7 indicate that, as previously mentioned, the 

PGA amplitudes are dominated by local seismic activity and 

are not highly sensitive to the occurrence of distant large 

earthquakes. 

Figs. 8 and 9 show the seismic microzonation maps for 

the study area. For Tr=95, 475, 975, and 2475 years, Fig. 8 

displays the first four maps, which were created using Eq. 

(3) for deep soil locations and deep geological deposits. For 

the “rock” soil sites and the most prevalent form of deep 

geology for the recording stations in the region-the 

intermediate sites (Bulajić et al. 2013), “standard” hazard 

maps were created using Eq. (3). These maps are shown in 

Fig. 9. 

 

 

3. Conclusions 
 

In this study, we examine horizontal PGA values in low 

 

 

to medium seismicity regions with deep soil sites atop deep 

geological sediments. For this reason, Croatia’s city of 

Osijek was chosen as a case study area. With a population 

of 108,000 inhabitants, Osijek is Croatia's fourth most 

populous city and the economic center of the region of 

Slavonia. It has many unreinforced masonry buildings that 

are sensitive to short-period ground motion (Pavić et al. 

2020a). The city of Osijek is situated in the Pannonian 

basin's south-central region, near the rivers Drava and 

Danube. Underneath the city's local soil, which is 

categorized as deep soil, are deep geological sediments. 

New empirical regional GMPEs for horizontal PGA are 

presented. The provided equations consider the effects of 

local soil and deep geological conditions at the same time. 

According to the new GMPEs, the combination of deep soil 

and deep geological deposits results in PGA values that are 

only 6 percent larger than those obtained at rock locations. 

Despite the modest number of accelerograms recorded at 

deep soil sites in the North-Western Balkans and used in 

this study to calibrate the GMPEs, the empirical estimates 

are in excellent agreement with both real records and the 

results of a similar US investigation. As a result, we believe 

that the data provided here can be utilized as a first step 

toward defining more trustworthy PGA estimates at deep 

soil sites in the future, as the number of real ground motion 

records increases in regions with similar seismic activity 

and local soil and deep geology properties. 

The hazard curves for the position 45° 32' N, 18° 23' E 

(see Figs. 8 and 9) are compared to the PGA values from 

Table 2 and the values published in current official Croatian 

seismic hazard maps (HRN EN 1998-1:2011/NA 2011) to 

verify the conclusions of our PSHA study, as shown in Fig. 

10. 

It is worth repeating that the PGA values on the hazard 

maps included in the National Annex to Eurocode 8 are for 

“rock or comparable geological formations” (EN 1998-

1:2004 2004). Under the former standards, the official 

 

Fig. 10 Comparison of the PGA values defined in this study to the PGA values found in current 

official Croatian seismic hazard maps (HRN EN 1998-1:2011/NA 2011) and PGA values based on 

intensity degrees in previous maps (Official Gazette of SFRY 1990); all PGA values are for the 

position 45° 32' N, 18° 23' E, which is inside the investigated area (see Figs. 8 and 9) 
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hazard maps were developed for average local soil 

conditions, and the hazard was estimated using MCS 

intensity scale degrees (Official Gazette of SFRY 1964, 

1982, 1990). The effects of deep geological conditions were 

not examined in any of these maps. 

Furthermore, we conducted additional hazard analyses 

for the comparisons shown in Fig. 10, using the same Eq. 

(3) but also considering the deep geological rocks (which 

can be found in Bansko Brdo hill, only 30 km north of 

Osijek), as well as the “rock” soil and stiff soil sites, which 

are presumably also common on the slopes of Bansko Brdo 

hill. The probabilistic estimates of horizontal PGA values 

for deep geological rocks and “rock” soil or stiff soil sites 

are in excellent agreement with the PGA values estimated 

from macroseismic intensities, and in particularly good 

agreement with the PGA values given in the 2011 official 

Croatian maps (HRN EN 1998-1:2011/NA 2011), as shown 

in Fig. 10. Deep soil hazard estimates, on the other hand, 

are lower than all the above. The only deep soil PGA 

estimate that corresponds to the official maps is the one in 

the 1990 hazard map for a 10,000-year return period. 

It is also worth noting that the intensity degrees of VII 

and VIII °MCS are estimated for the studied area in maps 

from 1950 (SFRY Official Gazette 1964) and 1982 (SFRY 

Official Gazette 1982). These intensities correspond to the 

horizontal PGA values that span the range that includes our 

estimates for the geological rock beneath “rock” and stiff 

soil sites. 

Even though the hazard curves for the deep soil sites are 

smaller than all other estimates, we believe the 2011 hazard 

maps should be used until more data from the deep soil sites 

is collected and the scaling equations are further assessed 

and, if necessary, calibrated or modified, especially given 

the vulnerability of the city of Osijek building stock (Pavić 

et al. 2020a). 
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