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Abstract

Given that several regions of the Republic of Croatia are exposed to moderate and high seismic
hazard, earthquake risk assessment is of particular interest to the government and the
community, as it is a key aspect of implementing prevention and mitigation strategies.
Schools, in particular, are part of the community's critical infrastructure, and their safety and
earthquake resistance are of utmost importance. After the earthquakes struck Croatia in 2020,
it became clear that schools are not safe places, as more than 400 schools were affected by
these events. The project EARS was initiated with the aim of creating a reliable earthquake
risk model for schools, assessing the risk, and prioritizing the seismic retrofitting of buildings,
in both the short and long term.

This paper presents the initial steps in creating a detailed earthquake risk model for elementary
schools in Croatia, specifically the exposure model. First, a GIS-based database is created,
including multi-level data. The lowest level of data (LD1) covers all schools and includes
basic information such as geographic location, seismic hazard at the site, construction/retrofit
period, importance in civil protection, number of students and staff, and school area. The next
level (LD2) adds basic structural information, while the highest level (LD3) includes detailed
structural data. Based on this multi-level database, school facilities in areas of high seismic
hazard will be mapped, the number of exposed children will be determined and the main
structural typologies of school buildings will be identified. Moreover, schools already
damaged by the 2020 earthquakes and their retrofit interventions will be systematically
recorded, providing essential input for subsequent vulnerability analyses. This newly created
exposure model will serve as the basis for a detailed nationwide earthquake risk assessment
of schools and for prioritizing interventions, which is planned for the next phases of this
project.
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1- INTRODUCTION

Croatia is located in a seismically active region of southern Europe, where strong earthquakes have occurred
in the past resulting in casualties and significant destruction of the built environment. Therefore, earthquake
risk assessment is of particular interest to the government and the community, as it represents a very important
aspect for the implementation of prevention and mitigation strategies. Since schools are a vital part of
community infrastructure, their safety and seismic resilience are crucial. Furthermore, they are attended by
children, the most vulnerable group of the population, and very often schools are designated as shelters for the
population after a disaster. After the earthquakes struck Croatia in 2020, it became clear that schools are not
safe places, and the authorities were strongly pressured by parents to start solving the problem. It is interesting
to mention that 214 schools were damaged in the Zagreb earthquake, and 192 schools in the Petrinja
earthquakes (Figure 1). Let us just recall the fortunate circumstances that the Zagreb earthquake, which caused
a great extent of damage, was only moderately strong, considerably weaker than predicted for the location, and
that it occurred on early Sunday morning during the COVID-19 lockdown, when the children were not in
school, while the Petrinja earthquakes occurred during school vacations.

Considering the facts mentioned above, it can be concluded that many schools in central Croatia cannot
be considered safe. This can also be extrapolated for the rest of Croatia, because, according to the available
data from the data management system of the Ministry of Science, Education and Youth of Croatia, more than
half of all schools were built before the adoption of the first seismic regulations.
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Figure 1- Aftermath of the 2020 earthquakes: a) Archdiocesan Gymnasium in Zagreb; b) Secondary School in
Petrinja

Many countries in seismically active parts of Europe and the wider region have made school earthquake
safety a major priority. Only a few examples include Italy, Greece, Portugal, and Turkey. After the 2002 Molise
earthquake in Italy, which killed 27 pupils [1] Italy launched a national prevention plan, established research
networks such as ReLUIS and EUCENTRE in cooperation with Civil Protection [2], and developed tools like
the DaDO database and WebGIS platforms to improve vulnerability and risk assessment [3—6]. Greece recently
introduced the “SafeSchools” program, which uses seismic sensors, real-time data, and early warning software
to estimate damage and support rapid decisions on evacuation and building safety [7—10]. Portugal has focused
on prioritizing schools for retrofitting and developing risk mitigation plans [11], while Turkey invested €270
million between 2019 and 2024 to strengthen 350 schools and improve safety for about 280,000 students and
staff.

Despite the extensive damage to buildings in the education sector due to earthquakes in 2020 [12-16],
Croatia did not take measures towards seismic risk mitigation of the educational sector, nor did the research
community devote itself to the problem of earthquake-(un)resistant schools nor to improve the models needed
for reliable earthquake risk assessment. In Croatia, the areas of the strongest seismic activity are also the areas
with the largest population, and thus also of special economic and social importance (e.g., the area of Zagreb,
Split, Dubrovnik, and Rijeka): more than 30% of the territory, i.e., around 60% of the population, is exposed
to strong earthquakes with expected catastrophic consequences [17,18]. Besides, almost a third of the housing
stock was built before the adoption of any regulations that take earthquake action into account. Moreover,
buildings were designed for seismic forces that were several times lower before the adoption of Eurocode
standards than today, which can be extrapolated to public buildings as well.

The research project EARS (Development of an Earthquake Risk Model for Schools in the Republic of
Croatia), funded by the Croatian Science Foundation, was initiated with the aim of creating a reliable
earthquake risk model for schools, assessing the risk and prioritizing the seismic retrofitting of buildings, in
both the short and long term. As the project officially started in April 2026 and is planned to last 5 years, this
paper will only describe the initial activities of the project.

2- INVENTORY OF ELEMENTARY SCHOOLS IN CROATIA

According to data from the Ministry of Science, Education and Youth for 2024/2025, there are 2,501 schools
in total, of which 1,996 relate to regular elementary schools. According to Croatian regulations, attending an
8-year education in an elementary school (i.e., homeschooling is not allowed) is obligatory for all children, and
the majority of children attend state-owned schools. Therefore, there are many school buildings spread across
the country, attended by more than 300,000 pupils (Figure 2).
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Figure 2- Elementary schools in Croatia: a) counties, b) geolocations and number of schools by counties, and c)
number of pupils by counties (right)
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Regarding the number of schools, around 10 % of the schools are located in the Split-Dalmatia County,
which comprises a few large islands, followed by Osijek-Baranja County in the east (9%) and the City of
Zagreb (8 %). More than one-fifth of all pupils attend schools in the City of Zagreb, while in some counties
large in area, such as Lika-Senj and Pozega-Slavonia, there are fewer than 5,000 pupils.

As may be seen in Figure 3, some areas of the country are exposed to moderate/high seismic hazard.
The hazard map created by the Department of Geophysics, Faculty of Science [19] is currently the only official
information on seismic hazard in Croatia, due to the lack of detailed microzonation studies that should be
conducted for a comprehensive seismic hazard assessment. Since seismic microzonation is not available, the
USGS vs30 (average shear wave velocity) model based on the topographic slope [20-23] can be used to
estimate amplification effects.
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Figure 3- Seismic hazard information: a) map of epicenters of earthquakes from the Croatian Earthquake
Catalogue (1908—2019), M > 1.0 [24], b) peak ground acceleration (PGA) [g] of type soil A for return period (RP)
of 475 years (a probability of exceedance of 10% in 50 years) [19], and c) the values of vs30, based on the USGS
topographic slope model for Croatia [20-23] (right)
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Figure 4 shows counties according to seismic hazard (color of the polygon), and the number of exposed
pupils on the left map and the number of exposed buildings on the right map (height of a polygon). The seismic
hazard is shown as the mean PGA values on the bedrock in a county.

If the number of pupils and schools in the areas with moderate/high seismic hazard is analyzed, two
counties stand out — the City of Zagreb and Split-Dalmatia County. However, the county with the highest
hazard, Dubrovnik-Neretva County, also has approximately 10,000 pupils, while the moderately hazardous
areas of Zagreb County and Primorje-Gorski Kotar County have more than 24,000 and nearly 19,000 pupils,
respectively.
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Figure 4- Counties by seismic hazard, shown by polygon color, and exposure indicators, represented by polygon
height: a) number of exposed pupils, and b) numbers of exposed buildings

Clearly, earthquake risk should be among the top priorities. The basis for reliable risk assessment is
good data on schools, especially on structural parameters, which will be reflected in the exposure model.

One of the first steps in developing the exposure model is creating the GIS-based database architecture.
Given the large number of elementary schools (around 2,000), data collection is conducted at three levels,
using available data from the Ministry of Science, Education and Youth, local authorities, and completed
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projects (e.g., the Zagreb Earthquake Risk Project), along with field research and computer-based research
(e.g., using Google Street View).

. Level 1 (LDI1) — this lowest level of data covers all schools and includes basic data such as
geographic location, seismic hazard at the site, construction/retrofit period, importance in civil
protection, number of students and staff, and school area.

. Level 2 (LD2) —adds basic structural information (structural material, structural system type,
number of storeys) to LD1. The goal is to gather LD2 data for the majority of schools — depending
on the availability of the data, but especially for schools located in seismically active areas of
Croatia (Central Croatia, Croatian Littoral, and the southern part of the country).

. Level 3 (LD3) — includes LDI1, LD2, and detailed structural data, such as plan and elevation
irregularities, floor plan shape, floor and roof structure, and aggregate position, based on GEM
taxonomy [25,26]. LD3 data will be collected for 10 pilot schools, where a monitoring system will
be installed in the later phases of the project. This system will enable real-time damage assessment
in earthquake shaking. Data will also be gathered for all elementary schools in Zagreb, with efforts
to include other schools in seismically active areas as well.

As the project has started very recently, only LD1 data have been collected from the management
system of the Ministry of Science, Education and Youth of Croatia, which will be presented in brief in the
following text. LD2 and LD3 attributes will be collected from multiple sources, including archival
documentation from schools and local authorities, as well as field and online surveys.
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Figure 5- County-level exposure data: a) buildings by construction periods, and b) buildings by number of storeys,

Regarding the construction period (Figure 5 left), 29 % of all schools were constructed before 1948, 22
% in the period from 1948-1964, 22 % in the period 1965-1981, 20 % in the period 1982-2010, 3 % after 2010,
and for the remaining schools, the data is not available. It may be observed that 52 % of the school buildings
were built before the seismic codes were drafted in the region. Unfortunately, the majority of the schools in all
counties with the highest seismic hazard in the country were also built before 1965.

If the number of storeys is analyzed (Figure 5 right), 33 % of the buildings are single-story buildings,
while an additional 5 % have an attic. Two-storey buildings account for 39% of the stock, with an additional
5% comprising two storeys plus an attic. Buildings with three storeys represent 11%, while a further 3% have
three storeys and an attic. Only 3% are higher than 3 stories, while for the remaining schools, data is not
available.

The activity of collecting LD2 and LD3 data has already begun for the City of Zagreb, however, it has
not yet been systematized as it also includes extensive documentation.

3- OBSERVED DAMAGE IN PAST EARTHQUAKES
As shown in the previous chapters, many school buildings are located in areas with moderate/high seismic

hazard and some of them have already been damaged by earthquakes. Impacts of the M,,5.4 Zagreb earthquake
have been presented in detail in [12,14,16], so the focus here will be on school performance. Among the more
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than 500 damaged educational and research institutions, schools were the most affected (about 200 buildings).
Fortunately, all of these institutions were closed on the day of the event, because it was Sunday in the midst of
the COVID-19 pandemic. Figure 6 shows the distribution of buildings across the city according to usability
tags (colors) and gross floor area (columns). The usability tags were defined as: (i) green (no structural damage
observed; Ul: entry is allowed without limitations, and U2: can be used with recommendation for short-term
countermeasures), (ii) yellow (potential structural damage observed; PN1: temporarily unusable, require
additional inspection, and PN2: can become usable after performing urgent interventions) or (iii) red (structural
damage, no entry is allowed; N1: unusable due to external risks, and N2: unusable due to damage) color.

Figure 6- Damage to buildings according to usability tags (colors) and gross floor area (columns) on 3D aerial view
of the City of Zagreb

Among the affected schools, 8 buildings have been red-tagged — 7 in Zagreb and 1 in Krapina-Zagorje
County, while 81 have been yellow-tagged. Yellow- and red-tagged buildings required additional engineering
review.

All the red-tagged buildings in Zagreb were unreinforced masonry (URM). A few examples of damage
may be observed in the Figure 7.

Figure 7- Damage to elementary school buildings: Vugrovec-Kasina (top) [27] and Petar Zrinski [28] (bottom)

One of the buildings that has undergone extensive post-earthquake retrofit was the elementary school
Petar Zrinski.

It is a URM building built in 1889 as one-storey building (Figure 8) with a 5 m high storey, and in 1922
a second storey was added with the same materials. In 1956, an annex to the building was constructed in
reinforced concrete, comprising only columns and floor systems (without beams or walls). In that intervention,
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additional openings were made in the original longitudinal structural walls. All of this weakened the original
structure. It is important to mention that the school is categorized as an individually protected heritage building.

In the scope of preliminary investigations to fully assess the extent of the damage, a geodetic survey of
the building’s vertical alignment was carried out. After processing the survey data, significant deviations from
the building's verticality were observed, the largest at the location of the annex. Therefore, it was decided that
the 1956 extension, where the largest displacements were measured, should be removed and a new building
constructed in its place.

The school building also suffered other significant damage: horizontal and diagonal cracks were
recorded on all longitudinal and transverse walls of the original old building; cracks were recorded on all lintels;
deviations of the fagade walls from their vertical axis were recorded, partly as a consequence of the earlier
subsidence of the southern part of the building due to unstable foundations; the central staircase connecting the
floors deviates from the school’s street-side outline by more than 10 cm, with the greatest deviation at the level
of the second floor. Damage caused by differential settlement, identified in previous investigations prior to the
2020 earthquake, is also noted.
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Figure 8- Elementary school Petar Zrinski in Zagreb: layout from the archive documentation, 1889 [28]

The building was retrofitted to Level 3 according to the Croatian Technical Code for Structures [29].
The proposed retrofit strategy was based on a set of coordinated interventions intended to restore structural
integrity, improve global seismic behavior, and ensure more reliable interaction between the existing masonry
walls, floors, and foundations. The concept includes subsoil improvement and foundation strengthening in
reinforced concrete where required, repair and injection of damaged masonry, strengthening of lintels above
openings, replacement of deteriorated secondary timber beams with steel ones, and the introduction of
reinforced concrete floor slabs to provide stiffer and more effective diaphragm action. Additional measures
include strengthening the basement vaulted structure, applying reinforced concrete jacketing to selected walls,
tying wall intersections to improve continuity, and filling wall niches in order to reduce local weaknesses.
Taken together, these measures aim to create a more regular, connected, and earthquake-resistant structural
system while retaining the essential characteristics of the historic building. The more detailed description of
the intervention may be found in [28].

Regarding the Mw6.4 earthquake near Petrinja, the impacts were thoroughly described in [15]. As in
the Zagreb earthquake, the most severely damaged buildings were unreinforced masonry (URM) structures
built before the first seismic codes. Among the educational facilities, 192 schools and 10 higher education
buildings were damaged by the earthquake. Fortunately, because of the public holiday, the schools were closed
on the day of the main event. An example of damage to schools is given in Figure 9. The Petrinja Elementary
School, a valuable URM heritage building, sustained extensive damage with significant damage to load-bearing
walls, and collapse of gable walls, a number of spandrels, and of partition walls. The roof structure also partially
collapsed. Despite the field inspection experts' recommendation to demolish the building, it was retrofitted due
to its high cultural value.

The post-earthquake retrofit included strengthening the walls using an FRCM system and shotcrete.
Collapsed walls were removed and reconstructed as confined masonry. The floor layers on the ground were
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removed and replaced with a new, lightly reinforced concrete base slab, waterproofing, thermal insulation
layers, and the final floor layers. The floor structure was removed down to the level of the brick vault, and a
lightweight concrete slab is to be constructed over all the underlying layers. The timber ceiling joists below the
attic were removed and replaced with new ones. On the underside, a 15 cm suspended ceiling is to be installed,
consisting of mineral wool and gypsum plasterboards fixed to a suspended metal substructure. On the upper
side, a new composite reinforced concrete slab was constructed. The roof structure was removed and rebuilt
within the same dimensions as the existing one. All partition walls on each floor were removed and replaced
with new gypsum-board walls in accordance with the new functional layout [30,31].

Figure 9- Damage to Petrinja Elementary School [27]

Another typology of buildings often built after WWII was the dual system comprising reinforced-
concrete infilled frames and unreinforced masonry walls of solid brick, with the ribbed floors with closely
spaced joists that are load-bearing in only one direction. Before 1964, when the first seismic code was drafted,
it was typical for RC columns in frames to lack the minimum transverse reinforcement, so brittle shear failure
in the concrete may be expected. Some of these buildings were also damaged in the 2020 earthquakes,
particularly those belonging to the higher education sector. These buildings were retrofitted so that the original
dual structural system was transformed into a wall system [30,31]. One such school is currently undergoing a
retrofit in Zagreb, so more detailed data will be available in the next phases of the project.

4- CONCLUSIONS

This paper presents the initial steps of developing a new exposure model for elementary schools in the Republic
of Croatia. It is shown that among approximately 2,000 schools, 52% were constructed without any seismic
considerations. About one-third of all buildings are single-storey buildings, while 39 % are two-storey
buildings (in addition, 5 % of both types have an attic also). If the seismic hazard is analyzed, approximately
12 % are located in zones with PGA on the bedrock for the return period of 475 years, higher than 0.25 g, while
an additional 55% of the buildings are located in zones with PGA on the bedrock for the return period of 475
years, higher than 0.15g. All the information is stored in the newly created GIS database, which will serve as
the foundation for earthquake risk assessment.

This research is being conducted through the project EARS (Development of an Earthquake Risk Model
for Schools in the Republic of Croatia), funded by the Croatian Science Foundation, with the aim of developing
an advanced system that will contribute to mitigating the earthquake risk for schools, consisting of a new
advanced web platform for schools based on a GIS system, along with a newly developed risk assessment
methodology and a new risk model. Unfortunately, recent earthquakes have demonstrated that Croatia is in
urgent need of it.
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