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Abstract: Following the Zagreb earthquake in March of 2020, a destructive 6.2 magnitude earthquake
struck Croatia again in December of 2020. The Sisak-Moslavina county suffered the most severe
consequences; many historical and cultural buildings were badly damaged. In the education sector,
109 buildings were damaged. One such building is the case study of this research. The heritage-
protected building of the First Primary School in Petrinja is an unreinforced masonry structure,
constructed using traditional materials and building techniques. The historical background of the
building and the results of the post-earthquake assessment are presented. A numerical calculation of
three strengthening methods was performed in 3Muri software: FRCM, FRP, and shotcrete. Non-
linear pushover analysis was performed for each model. Finally, the strengthening methods are
compared based on the achieved earthquake capacity, cost, and environmental impact.

Keywords: Petrinja; school; earthquake; FRP; FRCM; shotcrete; renovation; assessment; 3Muri; pushover

1. Introduction

Recent earthquakes in the Mediterranean once again confirmed the high seismic
vulnerability of unreinforced masonry buildings. Thousands of buildings were damaged
or demolished by earthquakes in the last 3 years in Albania [1], Greece [2,3], Turkey [4,5],
and Croatia [6,7]. The year 2020 in Croatia was marked by two catastrophic earthquakes
which caused enormous socioeconomic and material damage in the capital city of Zagreb
and surrounding counties. The consequences of the earthquakes are severe: eight fatalities,
hundreds of families displaced across the country, and many buildings of great historical
and cultural importance damaged or collapsed.

The devastating consequences of the Zagreb earthquake are explained in greater
detail in [6,8]; however, the focus of this paper will be on the impact of the 2020 Petrinja
earthquake on the historic district of Petrinja, particularly on one typical heritage-protected
masonry building. A case study of a heavily damaged primary school in Petrinja is used to
showcase the most common types of building damage, as well as seismic strengthening
methods for unreinforced masonry buildings.

On 29 December 2020, the Sisak-Moslavina county was struck by a 6.2 ML earthquake.
The maximum intensity of the earthquake in the epicenter was estimated to be VIII–IX
on the European Macroseismic Scale [9]. The Petrinja earthquake intensity is shown
in Figure 1. The earthquake caused enormous material damage. In Sisak-Moslavina
county, where the most affected cities, Petrinja, Glina, and Sisak, are located, the damage
is estimated at EUR 4.8 billion and the cost of reconstruction at nearly double—EUR
8.4 billion [10]. According to the data collected by the Croatian Center for Earthquake
Engineering (HCPI—in Croatian), more than 57,000 buildings were damaged [11].
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Figure 1. Petrinja earthquake intensity map according to EMS-98. 

The Petrinja earthquake was devastating for buildings in the education sector, which 
suffered the greatest damage in Zagreb and Sisak-Moslavina counties. According to the 
data from the World Bank report [10] and HCPI [11], as many as 271 buildings were dam-
aged in the earthquake, including 70 kindergartens, 160 primary schools, 32 secondary 
schools, 3 higher education buildings, and 6 student dormitories in the Sisak-Moslavina, 
Zagreb, Karlovac, Krapina-Zagorje Counties, and the City of Zagreb. All buildings are 
public assets, except for six kindergartens in Zagreb County. Most of the buildings were 
designated as usable or usable with a recommendation. In Sisak-Moslavina County, 109 
buildings were damaged. In total, 18 were marked as temporarily unusable and 14 as un-
usable (1 kindergarten, 9 primary and 4 secondary schools). Some of these buildings re-
quire complete reconstruction or should be demolished and rebuilt again. Two photos of 
damaged buildings after the Petrinja earthquake in the historical center of the city of Pe-
trinja are shown in Figure 2.  
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The total amount of losses and damage in the education sector from the Petrinja 
earthquake is estimated at EUR 174 million. Out of the total amount, the damage caused 
to buildings is estimated at EUR 154 million. The remaining EUR 20 million is equal to 
losses which include the costs of demolition and removal of unusable buildings, protec-
tion of cultural heritage buildings, transportation of students to other schools during re-
construction, etc. Over 3000 students were relocated to other schools after the earthquake 
to continue their education.  

Figure 1. Petrinja earthquake intensity map according to EMS-98.

The Petrinja earthquake was devastating for buildings in the education sector, which
suffered the greatest damage in Zagreb and Sisak-Moslavina counties. According to the data
from the World Bank report [10] and HCPI [11], as many as 271 buildings were damaged
in the earthquake, including 70 kindergartens, 160 primary schools, 32 secondary schools,
3 higher education buildings, and 6 student dormitories in the Sisak-Moslavina, Zagreb,
Karlovac, Krapina-Zagorje Counties, and the City of Zagreb. All buildings are public assets,
except for six kindergartens in Zagreb County. Most of the buildings were designated
as usable or usable with a recommendation. In Sisak-Moslavina County, 109 buildings
were damaged. In total, 18 were marked as temporarily unusable and 14 as unusable
(1 kindergarten, 9 primary and 4 secondary schools). Some of these buildings require com-
plete reconstruction or should be demolished and rebuilt again. Two photos of damaged
buildings after the Petrinja earthquake in the historical center of the city of Petrinja are
shown in Figure 2.
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Figure 2. Damaged buildings in the historical center of Petrinja.

The total amount of losses and damage in the education sector from the Petrinja
earthquake is estimated at EUR 174 million. Out of the total amount, the damage caused to
buildings is estimated at EUR 154 million. The remaining EUR 20 million is equal to losses
which include the costs of demolition and removal of unusable buildings, protection of cul-
tural heritage buildings, transportation of students to other schools during reconstruction,
etc. Over 3000 students were relocated to other schools after the earthquake to continue
their education.
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Although there were some initiatives for defining seismic risk and vulnerability of
buildings in Croatia [12,13], the research was mainly carried out just from a scientific point
of view, and the results were not respected by policy makers. Recently, several researchers
were dealing with the vulnerabilities of existing educational buildings [14–20] and case
studies were presented [21,22]. However, that kind of studies does not exist for Croatian
building typologies.

As seismic preparedness was absent, the legislative procedures for the reconstruction
were brought very late. The Law on Reconstruction of Earthquake-Damaged Buildings in
the City of Zagreb, Krapina-Zagorje County, and Zagreb County [23] was issued six months
after the Zagreb earthquake, but it wasn’t well prepared and focused solely on the damaged
areas in the first earthquake in 2020. As the Petrinja earthquake occurred 3 months after
the “well-prepared” Law, modifications to the Law needed to be made. In the end, in
February 2021, the new Law on Reconstruction of Earthquake-Damaged Buildings in
the City of Zagreb, Krapina-Zagorje County, Zagreb County, Sisak-Moslavina County
and Karlovac County was issued [24]. The Law and the Amendment to the Technical
Regulation for Building Structures (Official Gazette 75/2020) [25] define four different
levels of reconstruction of earthquake-damaged structures in relation to the achieved
mechanical resistance and stability. In renovating, every building has to achieve the level
of earthquake resistance that is required by HRN EN1998 [26]. The levels of reconstruction
according to the Technical Regulation for Building Structures [25] depend on the degree
of damage, the importance and purpose of the building, and the financial backing by the
investor. The relationship between the selected reconstruction level and the duration/price
of the reconstruction is shown in Figure 3. More details about the renovation levels can
be found in [7]. It must be said that the rapid post-earthquake assessments and all the
following procedures regarding the renovation, developments of legislation, etc. were
based on Italian experiences [27–32].
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Figure 4 shows the difference between the actual seismic resistance level of the building
and the seismic resistance ensured by different levels of reconstruction.
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Figure 4. Schematic representation of the reconstruction levels in relation to the actual level of the
building’s seismic resistance capacity.

In Croatia, unreinforced or partially reinforced masonry buildings make up a large
percentage of its building stock. Due to a lack of confining elements, the walls of these
buildings almost exclusively transfer compressive loads, while tension causes the appear-
ance of cracks [33,34]. Figure 5 shows some flaws of URM (unreinforced masonry) which
cause its poor seismic performance.
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Figure 5. Typical characteristics of unreinforced masonry structures in Croatia.

In Sisak-Moslavina county the most common form of housing is low-rise, usually
two-story residential buildings which were built during the post-war reconstruction period
in the mid-to-late 1990s. A large percentage of these low-rise residential buildings are URM
buildings whose walls were constructed using solid clay bricks and lime mortar of poor
quality. The foundations are assumed to be either thin concrete slab or strip foundations.
Based on the available, albeit limited, data, it can be assumed the soil is composed of
layers of sand, gravel, or thick clay with low bearing capacity and large deformability. The
ground floor of these buildings very often lacks vertical confining elements. The facades
usually aren’t protected by plaster. Horizontal confining elements are either missing or
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have insufficient height. The floor structure is usually a thin reinforced-concrete slab or
a semi-precast masonry/concrete floor. The roof structures are mainly made of timber.
The poor quality of construction and lack of confining elements, which are essential in
seismic areas, can be linked to the lower financial status of the residents in the earthquake-
affected areas. The most commonly observed types of damage in URM buildings include a
partial collapse of gable walls, wall failure due to lack of confining elements, and in-plane
shear failure.

In this paper, one heavily damaged school will be presented as a case study. A
simple overview of construction practices in Croatia with the historical background of
the educational sector in the region is very briefly shown. The assessment procedure and
damage classification are explained. However, the focus of this research is to show different
strengthening methods for a structural upgrading of a heritage-protected masonry building.
A decent number of novel technologies for the seismic upgrading of existing buildings
exist on the market. They can be divided as local or global measures as follows:

• Local: FRP (fiber-reinforced polymers)-based systems [35–37], FRCM (fabric-reinforced
cementitious matrix)-based systems [38,39], concrete shotcreting [40], reinforcing with
steel members and connection retrofitting [41,42];

• Global: capacity increase (new bracing systems, new reinforced shear walls, different
additions of shear walls), integrity enhancement (especially for masonry buildings),
demand reduction (base isolation, seismic dampers, energy dissipation systems) [43].

Three different, but most common, strengthening strategies are analyzed: strength-
ening with FRP, FRCM, and concrete shotcrete. The strategies are compared in points of
seismic resistance, costs, and very basic environmental impacts.

2. Case Study
2.1. The Founding of the First Primary School in Petrinja—Historical Background

Near the end of the 18th and during the 19th century, the Military Frontier, a military
province that the Habsburg Monarchy founded to defend itself against the Ottoman Empire,
lost its defensive role and became a burden for the impoverished imperial treasury. The
authorities in Vienna attempted to improve conditions by founding new, privileged Fron-
tier cities where the development of crafts and trade was encouraged. These cities/towns
soon became economic centers with a large influx of people and goods not only from the
surrounding area but also from the more distant parts of the Habsburg Monarchy. It was
these immigrants who participated in the work of schools and cultural institutions. The con-
struction practices were similar to those in other major cities in the Monarchy [6,13,44,45]:
URM buildings (brick masonry of format 29 × 14 × 7 cm) with timber floors and roofs.

The educational reform of Maria Theresa in 1764, which ordered that a German school
must be founded in all important cities of the Military Frontier, was extremely important
for this area. The main task of these schools was to train a certain number of literate people
for the Frontier army. Up until then, schools were founded by nobles and church orders,
and the church authorities oversaw the schools.

As a result of these reforms, the public school in Petrinja became a Normal School
(dt. Normalschule) in 1777. The building of the Normal School was built in 1780. In 1861 the
old, dilapidated timber building was demolished, and a new single-story masonry building
was built in its place. The plans for the building were made by Croatian architect Bonifacio
Cettola. The construction of the building was completed in 1862, and the new building
(which today houses the First Primary School) was said to be the most beautiful school in
the Military Frontier. In 1871, the construction of a neighboring two-story neo-Renaissance
building was completed, which today houses the Petrinja High School (Figure 6).
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During the Croatian War of Independence (1991–1995), the school was used as a
warehouse for clothes and food. After the liberation of Petrinja in 1995, the building
was in poor condition due to aging and lack of maintenance. It had also been damaged
during the war. Renovation works lasted until June 1996, when students began to attend
classes again. More than a decade later, in June 2007, a much-needed reconstruction of
the building structure was carried out since the previous works were mainly for aesthetic
purposes. The building was restored to its former glory and classes continued regularly
until the devastating Petrinja earthquake in December 2020, when the building suffered
considerable damage.

Today the building of the First Primary School is located in the cultural district of the
city of Petrinja and, due to its long history and tradition, is classified as a cultural heritage
building. The building is listed in the Register of Cultural Properties of the Republic of
Croatia and is protected by the Act on the Protection and Preservation of Cultural Goods.

2.2. Description of the Case Study

The building of the First Primary School consists of two units: the main building
and the auxiliary building, which is detached from the main building. In the second half
of the 20th century, a vestibule was built between the courtyard wings as a single-story,
reinforced concrete structure, with a second floor added in 2007. The main building has a
U-shaped floor plan; the external dimensions are 36.45 m × 31.10 m. The dimensions of
the auxiliary building are 33.39 m × 6.30 m. The dimensions of the courtyard wings are
13.30 m × 16.60 m. The total height of the main building from the ground level is approx.
15.50 m. The height of the auxiliary building is approx. 4.00 m above ground level. The
height of the flat roof of the vestibule between the courtyard wings is 8.42 m above ground
level. The main building was built in 1862 as an unreinforced masonry structure, and
the auxiliary building was built in 2017 as a reinforced concrete structure. The auxiliary
building was built in accordance with current regulations; it is detached from the main
building and was not damaged in the 2020 Petrinja earthquake. Therefore, it is not the
subject of this paper.

The main building achieved its current floor plan (Figure 7) in the second half of the
20th century when the wings on the eastern side were upgraded, and their length increased
by 7 m. Various adaptations, upgrades, and reconstructions of parts of the building have
been carried out over the years.

On the ground floor the ceiling structure is a masonry barrel vault, reinforced with
steel beams. The floor structure in the sanitary areas in both upgraded wings, as well as
the vestibule, is a concrete slab. In the classrooms on the first floor, the floor structure is
timber—the floor joists are 90 cm apart. Walls are constructed using solid brick elements
30 × 15 × 7 cm and lime mortar. The total thickness of the walls varies from 50 to 100 cm,
including layers of plaster. The thickness of the outer load-bearing walls varies from 81 to
96 cm, and of the inner load-bearing walls from 51 to 67 cm. The staircases are U-shaped
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and made of timber. The load-bearing roof structure is timber. The original plans of the
foundations, and the structural analysis and design of the building are not available. The
structure of the vestibule is constructed using reinforced concrete columns and beams with
a semi-precast masonry/concrete ceiling. Figure 8 shows the 3D models of the floors of
the main building without the added vestibule, which are modeled and calculated in this
paper. Grey parts represent secondary walls without a load-bearing function.
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2.3. Post-Earthquake Damage Assessment

Following the rapid post-earthquake assessment, the building was assigned the N2
label—not usable due to damage, which means that the structure has reached its load-
bearing capacity, and there is a possibility of a collapse of load-bearing and non-load-
bearing elements. For a full description of the post-earthquake procedures and damage
grading the reader is addressed to [47–50].
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A more detailed inspection was carried out in April 2022 within the detailed condition
assessment. The following damage was recorded: on the north-western side of the building
the roof structure had collapsed, which also caused part of the timber floor structure below
it to collapse; the north-western and south-eastern gable walls have collapsed; horizontal
cracks are visible on the western gable walls, indicating out-of-plane damage (Figures 9–12).
Furthermore, the masonry arches in the vicinity of the staircase on the ground floor were
damaged, and part of the barrel vault on the first floor had collapsed. The collapsed vault
is near the area of the building where the roof and timber floor structure had collapsed.
More detailed failures are explained in Table 1.
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In addition to the detailed inspection of the building, basic investigative works were
also carried out to determine the material properties. Floor structures were examined
to determine the type and thickness of layers and structural timber elements; the wall
thickness and the dimensions of the brick elements were measured; mechanical properties
of masonry walls (compressive strength and shear strength) were measured at two locations.
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One of the hardest things about this building was to decide the exact locations of in-
situ testing. Half of the building’s roof collapsed and was under influence of external
environmental conditions such as wind, rain, and snow. In addition, the facade walls
are full of openings, so they were not suitable for testing. The chosen wall should be
undisturbed, load bearing, if it is possible without openings, without any damage, etc.

The selected load-bearing walls are not in the vicinity of the collapsed parts of the
building; they were not exposed to the weather or damaged, and have as few openings
as possible. The compressive strength was tested in the field by directly loading the brick
in the wall with a cylindrical press, and brick samples were taken from the building in
six different places so that they could be tested in the laboratory for uniaxial compressive
strength. Shear strength was measured “in situ” by using a hydraulic press. The mortar
was moved horizontally in the vicinity of one brick in order to determine the shear strength.
At the same time, the structure of the existing wall was minimally damaged. One brick
is isolated in the wall so that it can move on one side, and a hydraulic press is placed on
the other side, which applies pressure to the brick until it fails. More explanation of this
common procedure in Croatia is given by Lulić et al. [49].

The following values were obtained after in situ testing:

• Shear strength of masonry under zero normal stress, fv0 = 0.05–0.06 N/mm2;
• Compressive strength of the brick elements, fb = 7.00 N/mm2.

3. Modelling and Design of Seismic Strengthening Methods

Although, the research on complex and more precise modeling of URM is very ac-
tive [51–54], in this research the 3D model for the evaluation of the seismic behavior was
created in the 3Muri software [55], which is used for the analysis of new or existing build-
ings, and is especially suitable for performing non-linear static (pushover) analysis, which
provides very good results for masonry structures.

Furthermore, the 3Muri software can perform linear static analysis and modal analysis
according to Eurocode 6 [56] and Eurocode 8 [26]. The 3Muri uses the FEM—Frame by
Macro Element calculation method [57,58]. Once the 3D model of the building is created,
the generation of the equivalent frame model transforms every wall element into several
deformable pier and spandrel elements, which are connected by rigid nodes. Provisions
given by Italian researchers [59,60] about the modeling and seismic response analyses of
URM buildings were respected.

Modeling in 3Muri software can be divided up into four phases:

• Phase 1: definition of geometry;
• Phase 2: definition of structural characteristics;
• Phase 3: model analysis;
• Phase 4: structural analysis;
• Optional phase 5: local mesh.

Every object is characterized by its material and geometric properties. Definition of
structural characteristics consists of defining material, geometrical, and structural proper-
ties. Material properties can be obtained through investigation work, assumed based on
Eurocode, MQI method, NDTs, etc. Geometrical properties are obtained through research
of archive and existing documentation, site visiting, and assessment. Structural analysis is
performed after all structural objects have been defined.

Structural analysis of the model consists of gravity (static) analysis, bending analysis
out of plane, linear analysis, modal analysis, and non-linear analysis (pushover analysis).
Results of performing non-linear analysis consist of capacity curves, vulnerability indices,
damage to the building, periods, activated masses, etc.

The program automatically generates constraints and boundary conditions of the
elements; however, additional constraints can be manually defined. For existing structures
which have suffered damage during an earthquake (as is the case with First Primary School
in Petrinja), one way of verifying the effectiveness of the model is a comparison of actual,
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recorded damage with the results of the pushover analysis. The result of the pushover
analysis is the capacity curve. The deformation of every wall can be shown in every step of
the analysis with color-coded damage (for example, red color is bending damage, orange
is shear damage). If the building model is accurate, the recorded damage will, in certain
measure, correspond with the results of the pushover analysis for any given wall.

The self-weight of the barrel vaults and the timber floors was determined according
to the results of the investigation works. The imposed load on the floor structures was
determined according to HRN EN 1991-1-1:2012/NA (Category C—areas where people
may congregate—areas in schools [61]). The snow load on the roof structure was calculated
according to HRN EN 1991-1-3/NA.

For the given location of the building, the ground type C (deep deposits of dense or
medium-dense sand, gravel of stiff clay with thickness from several tens to many hundreds
of meters) was selected. Considering that the case study has great cultural and historical
importance, and is currently being used as a primary school, it is classified as Importance
class III, with the corresponding importance factor γI = 1.2. The seismic hazard map for
Croatia from the National Annex to Eurocode 8 [62] was used to determine the value of
peak ground acceleration (PGA). The design ground acceleration is equal to peak ground
acceleration times the importance factor:

For the return period of 95 years:

ag,95 = γI × agR = 1.2 × 0.074g = 0.87 m/s2

For the return period of 475 years:

ag,475 = γI × agR = 1.2 × 0.152g = 1.80 m/s2

Given that the building in question is classified as Importance class III, and that the
building was heavily damaged, the chosen reconstruction level for the building is level 4:
complete reconstruction of the building structure. At reconstruction level 4, the building’s
seismic resistance should match the conditions given by the Technical Regulations for
Building Structures and HRN EN. The value of the vulnerability index for each of the two
limit states (Significant Damage and Damage Limitation) must be greater than 1.00. The
vulnerability index α is defined as the ratio between the limit capacity acceleration of the
building and the reference peak ground acceleration. For Limit State of Significant Damage,
the return period of PGA is 475 years, corresponding to the probability of exceedance of
10% in 50 years. For Limit State of Damage Limitation, the return period of PGA is 95 years,
corresponding to the probability of exceedance of 10% in 10 years.

The masonry properties used are based on investigative post-earthquake assessments
on similar buildings [48,49,63,64] and are shown in Table 2.

Table 2. Masonry properties.

Material MoE, [N/mm2]
Shear Modulus G,

[N/mm2]
Specific Weight

[kN/m3]

Characteristic
Compression

Strength, [N/mm2]

Shear Strength
[N/mm2]

Masonry 1500.00 500.00 18.00 1.62 0.05

Linear static analysis of the structure was carried out, and it was concluded that all
walls meet the load-bearing conditions and the geometric conditions. Furthermore, a modal
analysis was carried out; the results are presented in Table 3.

Another important parameter that needs to be defined for pushover analysis is the
control node, whose displacement is used to draw the capacity curve. The control node is
located on the top floor and as close as possible to the center of mass. The selected node is
shown in Figure 13.
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Table 3. Modal analysis results.

Mode T [s] mx [kg] Mx [%] my [kg] My [%] mz [kg] Mz [%]

1 0.29594 1,829,485 70.37 160 0.01 25 0
4 0.21744 108,720 0.42 2,090,799 80.42 1 0
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Local mechanisms were also checked. 3Muri has an optional module that performs
local mechanisms analysis. The local mechanisms analysis is performed on those parts of
the building where there is a possibility of wall failure by overturning due to an earthquake.
To check the local mechanisms, it is necessary to extract from the global numerical model a
part of the structure that is assumed to have failed due to overturning; these are usually
gable walls or protruding parts of structures. The capacity check is carried out using
the kinematic model balance method by comparing the required acceleration that causes
the out-of-plane failure of the isolated part of the structure and the minimum required
acceleration that depends on the height position of the isolated part of the structure. For
the case-study building, gable walls were of course critical.

3.1. Results of the Pushover Analysis

For the case-study building, 24 pushover analyses were performed, depending on
the type of load (uniform and modal distribution), direction (±x, ±y) and the accidental
eccentricity value which accounts for inaccuracies in the distribution of masses in the structure.
As traditional buildings in Croatia, as well as in all the Mediterranean region, consist of
load-bearing masonry walls and timber diaphragms, these diaphragms can be considered
flexible or semi-flexible. Lately, a lot of research has been done in the field [65–71].

The results of the performed analyses are presented as 24 corresponding capacity
curves (Figure 14).

Figure 15 shows a 3D representation of different types of damage to the building at
the last step of the pushover analysis. In x direction, most of the damage is bending (pink
color) and shear (beige and orange color) damage, but serious failure has not yet occurred.
This is not the case for the y direction where the wall elements of the southwestern façade
are in serious crisis (pink color) and are failing during the elastic phase (blue color). This is
in accordance with the actual recorded damage of the building.



Buildings 2022, 12, 2263 14 of 28Buildings 2022, 12, x FOR PEER REVIEW 14 of 29 
 

 
Figure 14. Capacity curves for x (blue) and y (red) direction. The bright red color represents a critical 
result. 

Figure 15 shows a 3D representation of different types of damage to the building at 
the last step of the pushover analysis. In x direction, most of the damage is bending (pink 
color) and shear (beige and orange color) damage, but serious failure has not yet occurred. 
This is not the case for the y direction where the wall elements of the southwestern façade 
are in serious crisis (pink color) and are failing during the elastic phase (blue color). This 
is in accordance with the actual recorded damage of the building. 

Table 4 shows the values of the vulnerability index for the most significant analysis 
in the x and y directions. Since the values for both Significant Damage and Damage Lim-
itation limit states are lower than 1.00, it can be concluded that the current building struc-
ture is deficient and requires seismic strengthening. 

 
Figure 15. 3D view of damage for the most significant pushover analysis: (a) in x-direction; (b) in y- 
direction. 

Table 4. Values of vulnerability index α for the most significant analysis in the x and y direction. 

No. Direction αSD αDL 
12 +X 0.333 0.434 
19 +Y 0.569 0.697 

Figures 16 and 17 show the comparison of obtained failures by 3Muri and observed 
damage on the real case-study building.  

Figure 14. Capacity curves for x (blue) and y (red) direction. The bright red color represents a
critical result.

Buildings 2022, 12, x FOR PEER REVIEW 14 of 29 
 

 
Figure 14. Capacity curves for x (blue) and y (red) direction. The bright red color represents a critical 
result. 

Figure 15 shows a 3D representation of different types of damage to the building at 
the last step of the pushover analysis. In x direction, most of the damage is bending (pink 
color) and shear (beige and orange color) damage, but serious failure has not yet occurred. 
This is not the case for the y direction where the wall elements of the southwestern façade 
are in serious crisis (pink color) and are failing during the elastic phase (blue color). This 
is in accordance with the actual recorded damage of the building. 

Table 4 shows the values of the vulnerability index for the most significant analysis 
in the x and y directions. Since the values for both Significant Damage and Damage Lim-
itation limit states are lower than 1.00, it can be concluded that the current building struc-
ture is deficient and requires seismic strengthening. 

 
Figure 15. 3D view of damage for the most significant pushover analysis: (a) in x-direction; (b) in y- 
direction. 

Table 4. Values of vulnerability index α for the most significant analysis in the x and y direction. 

No. Direction αSD αDL 
12 +X 0.333 0.434 
19 +Y 0.569 0.697 

Figures 16 and 17 show the comparison of obtained failures by 3Muri and observed 
damage on the real case-study building.  

Figure 15. 3D view of damage for the most significant pushover analysis: (a) in x-direction; (b) in
y-direction.

Table 4 shows the values of the vulnerability index for the most significant analysis in
the x and y directions. Since the values for both Significant Damage and Damage Limitation
limit states are lower than 1.00, it can be concluded that the current building structure is
deficient and requires seismic strengthening.

Table 4. Values of vulnerability index α for the most significant analysis in the x and y direction.

No. Direction αSD αDL

12 +X 0.333 0.434
19 +Y 0.569 0.697

Figures 16 and 17 show the comparison of obtained failures by 3Muri and observed
damage on the real case-study building.
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3.2. Seismic Strengthening Strategies

In this paper, the three most commonly applied methods of seismic strengthening in
Croatia are presented: reinforcement with concrete shotcrete, with FRP, and with FRCM.

In 3Muri software in the definition of structural characteristics there is a possibility
to define retrofitting measurements such as FRCM/FRP, shotcrete, reinforced plaster, re-
inforced masonry, reinforcement, etc. For FRCM/FRP reinforcement, there is a material
library with all the needed data for different providers such as MAPEI, Kerakoll, Rure-
gold, etc. To apply FRCM or FRP reinforcement, one needs to define which reinforcement
and which manufacturer he/she uses. After defining the type of reinforcement and man-
ufacturer, the basic material characteristic should be defined. After that, the software
automatically calculates changes in structural characteristics. Applying shotcrete consists
of applying reinforcement on masonry walls such as reinforcing mesh and changing the
wall MoE so that software can calculate changes in structural characteristics. Before decid-
ing what kind of retrofitting method is the most suited to stabilize the current structure of
the building and make the building earthquake-resistant, it is needed to think about how it
will affect the building. For example, would it increase the masses of the building, would it
modify the structural system, etc. After applying retrofitting measurements, it is necessary
to perform model analysis and structural analysis to see if the building has reached the
required safety level.

The numerical calculation of all reinforcements was performed for a model with a
rigid diaphragm on the first floor (timber–concrete composite floor) because without such
a solution it was not possible to meet the limit states of significant damage and limited
damage. Although the retrofitting technique for activating timber floors for their energy
dissipation is ongoing research [72], still, according to Croatian regulations timber–concrete
composite was chosen.

3.2.1. Reinforcement with FRCM

FRCM is a modern and compatible strengthening strategy for existing masonry, which
consists in plastering the walls by means of mortar layers with embedded grids or textiles
made of long fibers [73]. In this research, the structure is reinforced with five different
FRCM systems of varying thicknesses, which are shown in Table 5. Three layers of glass
fiber mesh were applied to both faces of the walls to ensure there is no difference in wall
stiffness. Glass fiber mesh was chosen due to its availability and cost-effectiveness [74].
The most favorable configuration of different FRCM systems that satisfied the Significant
Damage and Limited Damage limit states (Figure 18) was determined by iteration. The
results of the pushover analyses are presented as 24 capacity curves (Figure 19).

Table 5. FRCM composite system properties.

FRCM Composite System
Fiber thickness tf (mm) 0.18 0.22 0.25 0.28 0.30
Modulus of elasticity E

(N/mm2) 71,000

3.2.2. Reinforcement with FRP

The structure is reinforced with four different FRP systems of varying thicknesses,
which are shown in Table 6. Carbon fiber fabric is applied to both faces of the walls. The
most favorable configuration of different FRP systems that satisfied the Significant Damage
and Limited Damage limit states (Figure 20) was determined by iteration. The results of
the pushover analyses are presented as 24 capacity curves (Figure 21).
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Table 6. FRP composite system properties.

FRP Composite System
Fiber thickness tf (mm) 0.15 0.18 0.22 0.25
Modulus of elasticity E

(N/mm2) 390,000

3.2.3. Reinforcement with Concrete Shotcrete

The third and final analyzed method is reinforcement with shotcrete. The thickness
of the concrete layer is 6 cm, the selected reinforcing mesh is Q283 (6 mm diameter bars
with 100 mm pitch), and the steel grade is B500B. Unlike the previous two strengthening
methods, shotcrete is applied to only one face of the wall, given that such a variant meets
the required checks, and results in a lower cost of reconstruction. On the external walls,
shotcrete is applied on the inner face of the wall to preserve the appearance of the building,
which has great cultural and historic importance. The most favorable configuration of
shotcrete reinforcement that satisfied the Significant Damage and Limited Damage limit
states (Figure 22) was determined by iteration. The results of the pushover analyses are
presented as 24 capacity curves (Figure 23).
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3.3. Comparison of Strengthening Methods

The risk indices of the most significant pushover analysis for both Significant Damage
and Damage Limitation limit state are presented in Table 7. The limit state is considered
satisfied if the vulnerability index α is greater than 1.00. The vulnerability index α is
the result of the pushover analysis and is defined as the ratio between the limit capacity
acceleration of the building and the reference peak ground acceleration. Two vulnerability
indices are calculated for every pushover analysis: one for Significant Damage LS and
one for Damage Limitation LS. The limit capacity acceleration of the building is the peak
ground acceleration for which the structure reaches one of the two limit states. For Limit
State of Significant Damage, the return period of PGA is 475 years, corresponding to the
probability of exceedance of 10% in 50 years. For Limit State of Damage Limitation, the
return period of PGA is 95 years, corresponding to the probability of exceedance of 10% in
10 years. The PGA values are input data for seismic load. The value of the vulnerability
index for each of the two limit states must be greater than 1.00. The EN 1998-3 defines the
Significant Damage Limit State as follows: the structure is significantly damaged, with
some residual lateral strength and stiffness, and vertical elements can sustain vertical loads.
Non-structural components are damaged, although partitions and infills have not failed
out-of-plane. The structure can sustain after-shocks of moderate intensity. The Damage
Limitation Limit State can be defined as follows: the structure is only lightly damaged,
with structural elements prevented from significant yielding, and retaining their strength
and stiffness properties. Non-structural components, such as partitions and infills, may
show cracking, but the damage could be economically repaired. EN1998-3 defines a third
limit state: Near Collapse; however, the Croatian National Annex doesn’t require checks
for that LS. Accidental eccentricity of the center of mass with respect to the rigidity center is
computed automatically. According to EN1998, it is calculated as 5% of the floor dimension
perpendicular to the direction of the seismic action.
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Table 7. Vulnerability indices for the most significant analysis in the x and y direction for the
strengthened models.

Method No. Direction αSD αDL

FRCM 13 −X 1.002 1.614
FRCM 22 −Y 1.175 2.133

FRP 15 −X 1.522 1.944
FRP 20 +Y 1.257 2.182

Shotcrete 12 +X 1.752 2.861
Shotcrete 19 +Y 1.377 1.912
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All 24 pushover analyses for all strengthening methods satisfied this check. A 3D
visualization of damage for the most significant analysis in x and y directions for all
strengthening methods is shown in Figure 24.
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Figure 24. Three-dimensional visualization of damage in the last step of the most significant pushover
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A graphical comparison of vulnerability indices for all 24 pushover analyses is shown
in Figure 25. Figure 26 shows the comparison of the risk indices for the unreinforced model
and all reinforcement variants. The results show that the highest values of the vulnerability
index are mostly obtained for the model reinforced with shotcrete.
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4. Financial Costs and CO2 Impact

Besides achieved earthquake capacity, the methods were compared based on cost-
effectiveness. Approximate costs of renovation were calculated for every strengthening
method (Tables 8–12) according to [75]. The cost of a new concrete slab on the first floor is
added to the renovation costs of each strengthening variant, given that the assumption of a
rigid diaphragm was a precondition for the limit state checks to be satisfied.

Current trends in the construction industry indicate a general shift toward sustainabil-
ity and integrated approaches [76,77]; therefore, the environmental impact of the proposed
strengthening methods was also considered. In addition, preserving cultural heritage is
not only an obligation to sustain and transmit it to the future generation, but is also a
driver of sustainable growth [78]. Using the SimaPro software [79], the environmental
impact of each strengthening method was calculated in the form of CO2 greenhouse gas
emissions (Table 13). It is important to note that the calculation doesn’t take into account
CO2 emissions during transportation, construction, usage, and demolition, but only during
the material production phase.

Table 8. Calculation of renovation costs—rigid diaphragm on the first floor.

Task Description Unit of Measure Unit price (EUR) Amount Total Price (EUR)

Dismantling of existing wooden floor layers m2 5.98 491.74 2940.61
Loading and unloading the waste in
the landfill m3 46.48 24.59 1142.80

Filling the space between the joists with
expanded polystyrene (EPS) m2 7.3 491.74 3589.70

Installation of steel connectors pcs 1.59 12,300.00 19,557.00
Installation of anchor rods that connect the
concrete slab to the walls pcs 33.2 360.00 11,952.00

Placement of nylon on which the concrete
is poured m2 0.66 491.74 324.55

Installation of reinforcement mesh kg 1.33 2203.00 2929.99
Pouring a new concrete slab (6 cm thick) m3 112.88 29.05 3279.16
Total (EUR) 45,715.81

Table 9. Calculation of renovation costs—preparatory works (all strengthening methods).

Task Description Unit of Measure Unit Price (EUR) Amount Total Price (EUR)

Operating the mobile
scaffolding to perform the
necessary task

m2 15.94 1544.69 24,622.30

Complete removal of plaster
from the walls m2 4.65 3151.16 14,652.89

Waste collection m2 1.99 3151.16 6270.81
Loading and unloading the
waste in the landfill m3 46.48 94.54 4394.42

Total (EUR) 49,940.30

Table 10. Calculation of renovation costs—FRCM composite system.

Task Description Unit of Measure Unit Price (EUR) Amount Total Price (EUR)

Preparatory works 49,940.30
Repointing mortar joints m2 13.28 884.36 11,744.32
Application of FRCM system m2 33.2 2927.24 97,184.27
Connecting the FRCM layers
with FRP rope pcs 15.94 3500.00 55,790.00

Applying new plaster m2 11.28 3151.16 35,545.08
Total (EUR) 250,204.09
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Table 11. Calculation of renovation costs—FRP composite system.

Task Description Unit of Measure Unit Price (EUR) Amount Total Price (EUR)

Preparatory works 49,940.30
Repointing mortar joints m2 13.28 884.36 11,744.32
Application of FRP system m2 66.4 2927.24 194,368.54
Connecting the FRP layers with
FRP rope pcs 15.94 3500.00 55,790.00

Applying new plaster m2 11.29 3151.16 35,576.60
Total (EUR) 347,419.87

Table 12. Calculation of renovation costs—shotcrete.

Task Description Unit of Measure Unit Price (EUR) Amount Total Price (EUR)

Preparatory works 49,940.30
Installation of anchors for the
reinforcement mesh (4 pcs/m2) pcs 2.66 2710 7208.60

Installation of Q283 reinforcement mesh kg 1.33 3031.08 4031.34
Shotcrete application (6 cm thick) m3 112.88 39.57 4466.46
Applying new plaster m2 11.29 3151.16 35,576.60
Total (EUR) 101,223.41

Table 13. CO2 emissions for different materials.

Unit CO2 Emissions (kg) Amount Total CO2
Emissions (kg)

FRCM
Concrete m3 385.32 43.91 16,919.25

Glass fiber kg 1.92 1857.86 3570.00
Total 20,489.25
FRP

Carbon fiber kg 31.00 1112.35 34,482.85
Total 34,482.85

Shotcrete
Concrete m3 385.32 40.59 15,640.00

Steel kg 2.28 3031.08 6900.00
Total 22,540.00

The final goal of this paper is to compare the strengthening methods based on the
achieved earthquake capacity, cost, and environmental impact (Figure 27). The diameter
of the bubbles represents the CO2 emissions. The production of concrete emits the largest
amount of CO2 but, from an economic standpoint, this option is the most favorable. Fur-
thermore, glass fibers have a much smaller carbon footprint than concrete and, despite the
slightly higher price, the application of the FRCM system should be seriously considered.
The FRP system, despite low CO2 emissions, is quite costly compared to the other variants.
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5. Conclusions

Croatia is one of the most seismically vulnerable countries in Europe. The re-
cent earthquakes in Zagreb and Petrinja exposed many weaknesses of construction in
Croatia—dilapidated buildings and materials, numerous mistakes in design and con-
struction, and slow and inconsistent legal framework related to reconstruction are just
some of the problems. Experts in the fields of seismology and civil engineering have
been warning about the possible catastrophic consequences of earthquakes for years;
unfortunately, until the 2020 earthquakes, more attention and resources were directed to
increasing the energy efficiency of buildings, while seismic renovation was neglected
despite the significant seismic risk.

The main goal of retrofitting is to make buildings earthquake-resistant and to stabilize
the current structure. However, in addition, it needs to be in line with the conservation and
restoration rules and, of course, with the building owner requests. Some of the basic and
commonly used retrofitting methods in Croatia are adding shear walls, jacketing of beams
and columns, applying FRCM or FRP, applying shotcrete, and adding timber–concrete
composite floors. Shotcreting is certainly more widespread because it is much simpler and
certainly ensures a sufficient level of load capacity. The problem arises that it is not effective
with flexible diaphragms and greatly changes the static and dynamic image of the lateral
system. Renovation with FRP allows the freedom to use the flexible floor structure and, as
a rule, does not change the dynamic image of the structure. Basic problems in Croatia are
non-educated and untrained workers, high costs of retrofitting, and sometimes unrealistic
conservation demands.

The selection of the optimal strengthening method will depend on the age and type of
the building, required load-bearing capacity and ductility, available means of reconstruction,
and many other factors. Shotcrete is the most cost-effective, but large CO2 emissions
and invasiveness are reasons to consider other solutions, especially when a culturally
significant building is in question. The FRP composite system achieved satisfactory seismic
capacity; the disadvantage of this solution is the high cost of renovation compared to the
FRCM system, which meets the requirements for seismic capacity and sustainability while
maintaining a slightly lower price.
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53. Tomić, I.; Vanin, F.; Božulić, I.; Beyer, K. Numerical simulation of unreinforced masonry buildings with timber diaphragms.

Buildings 2021, 11, 205. [CrossRef]
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