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Abstract: After a long period of no excessive ground shaking in Croatia and the region of ex-Yugo-

slavia, an earthquake that woke up the entire region was the one that shook Croatia on 22 March 

2020. More than 25,000 buildings were severely damaged. A process of reconstruction and strength-

ening of existing damaged buildings is underway. This paper presents proposed strengthening 

measures to be conducted on a cultural-historical building located in the city of Zagreb, which is 

under protection and located in zone A. After a detailed visual inspection and on-site experimental 

investigations, modeling of the existing and strengthened structure was performed in 3Muri. It is 

an old unreinforced masonry building typical not only for this region but for relevant parts of Eu-

rope (north, central, and east). The aim was to strengthen the building to Level 3 while respecting 

the ICOMOS recommendations and Venice Charter. Some non-completely conservative conces-

sions had to be made, to fully retrofit the building as requested. The structural strengthening con-

sisted of a series of organic interventions relying on—in the weakest direction—a new steel frame, 

new steel-ring frames, and FRCM materials, besides fillings the cracks. Such intervention resulted 

in increasing the ultimate load in the X and Y directions, respectively, more than 650 and 175% with 

reference to the unstrengthened structure. Good consistency was obtained between the numerical 

modeling, visual inspection, and on-site testing.  

Keywords: masonry cultural heritage building; strengthening; pushover analysis; FRCM; 3MURI; 

earthquake; Venice Charter; ICOMOS recommendations; ambient testing; numerical modeling 

 

1. Introduction 

Earthquakes are one of the natural hazards which can have a dreadful influence on 

existing buildings, population, economy, and community as a whole. Multiple conse-

quences of the ground shaking can lead to the devastation of complete districts and even 

some small villages can be completely erased by destructive earthquakes, such as the case 

of the village of Onna in Italy in 2009. On 22 March 2020, around half past seven in the 

morning, an earthquake woke up the citizens of Zagreb. The earthquake was of magni-

tude ML = 5.5, Mw = 5.3, and the intensity in the Zagreb Metropolitan area was measured 

as VII-VIII according to the Medvedev–Sponheuer–Karnik scale [1]. Additionally, the fact 

that this was a shallow earthquake having a depth of only 10 km influenced the degree of 

the building’s damage. The measured peak ground acceleration (PGA) for the leading 

NorthSouth direction was 0.22 g [2]. This main shock was followed by numerous after-

shocks and the ground continued to shake for several months. It was 142 years before that 

Zagreb was shaken by an earthquake, known as the Great Zagreb earthquake, with an 
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estimated magnitude (ML = 6.3) [3], according to macroseismic observations, which had 

caused tremendous damage. In the building’s assessment report, it was stated that 1758 

residential buildings were damaged and out of that 27.6% were heavily damaged (Figure 

1a). Numerous buildings of various usage (residential buildings, public buildings, medical 

facilities, historical monuments, etc.) were damaged by the 2020 Zagreb earthquake, having 

different levels of damage from minor damage to severe damage, and even partial collapse 

of buildings (Figure 1b). The most affected area was in the vicinity of the epicenter, the 

Lower Town of the city of Zagreb, constituted of cultural heritage buildings. Additionally, 

buildings constructed in the late 19th and 20th centuries, mainly unreinforced masonry 

structures were damaged to a great extent. It is estimated that up to 25,000 buildings were 

affected by this earthquake. Luckily, not many human fatalities were registered (one human 

life was lost) and this can be connected to the COVID-19 restrictions at that time. 

  

(a) (b) 

Figure 1. Building devastation after: (a) 1880 Zagreb earthquake [4] Reproduced with permission 

from Zagreb City Museum, 2022.; (b) 2020 Zagreb earthquake (author’s figures). 

Based on the available statistical census data [5], the percentage of dwellings con-

structed before 1945 was 13.3%, from 1946 to 1970 was 29.1%, from 1971 to 1980 was 22.1%, 

from 1981 to 1990 was 16.8%, from 1991 to 2005 was 13.6%, and after 2006 was 5.1%. The 

first group can be subcategorized into a period before 1919 (7.63%) and from 1919 to 1945 

(5.78%). The categorization of building according to construction age (six groups) is con-

nected with the introduction, revision, and upgrading of seismic codes in ex-Yugoslavia 

which were applied to Bosnia and Herzegovina [6], Croatia, and other ex-Yugoslavian Re-

publics. For the city of Zagreb, a very similar trend is observed for certain construction pe-

riods (13.3%; 30.4%; 17.8%; 14.7%; 15.2; and 8.8%, respectively) [7]. Unreinforced masonry 

structures (URM) mainly constructed between 1860 and 1920 make up the historical cores 

of Croatian cities, so does the city of Zagreb as well, where this percentage is 3.9. It was all 

until 1920 that the floors were made with timber flexible floors which were not well con-

nected to the walls and the connection of the wall was poor and inadequate. Buildings con-

structed until 1948 were built during the period when there were no standards regarding 

seismic actions in this region. The first official document which had minimum seismic re-

quirements was the PTP2 (1948) [8], having no limitation on the height of the various ma-

sonry building, which would be modified in 1964 regulations PTP-GuSP64 [9]. 

During the 19th century, the material which was mainly used for construction was 

adobe, stone, brick, timber, and steel profiles to a minimum extent. Family buildings (an 

example of the considered case study) in this period (until 1920) were constructed as URM 

structures with wooden floors, except for the basement ceilings which were very often 
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constructed with iron beams and segmental brick vaults. This is the case as well for resi-

dential multistorey buildings. These structures usually have an adequate load-bearing ca-

pacity for standard loads except for seismic loads. It was in 1930 that the timber floors 

were starting to be replaced by the semi-prefabricated ribbed reinforced concrete floor, 

having a concrete layer of around 6.5 cm which could be considered as a rigid diaphragm 

[10]. Buildings with rigid floors had a smaller level of damage compared to the ones with 

wooden floors. After II World War, until 1964, monolithic reinforced concrete floors 

started to be introduced in the building’s construction. After the 1963 Skopje earthquake, 

confined masonry was massively implemented in this region. This was as well an era of 

construction of residential buildings made of reinforced concrete load-bearing systems in 

line with the regulations for 1964 and then later stricter regulation regarding seismic ac-

tions enforced in 1981 after the 1979 Montenegro earthquake. Eurocodes were introduced 

in a step-by-step sequence firstly having a pre-standard status for the duration of 6 years 

(1992–1998) and then with a full EN label from 1998. The final implementation of Euro-

code standards started in 2005 [7]. 

After the 2020 Zagreb earthquake, it was necessary to collect information about the 

type and level of damage. As there were no post-earthquake forms for Croatia, it was 

decided to use the Italian forms and adjust them to Croatia [11]. After conducting the 

preliminary inspection, each inspected building was marked with the appropriate color 

and label. Buildings were categorized into three usability categories marked with three 

colors. The green color indicated that the building is usable either with limitations (U1) or 

with recommendations (U2). Buildings marked with a yellow sticker indicated that they 

are temporarily unusable: either that a detailed inspection is required (PN1) or that short-

term countermeasures are required (PN2). Unusable buildings either due to external risk 

(N1) or due to damage (N2) were marked with red color. 

Several papers have been published regarding the rehabilitation of damaged build-

ings after the 2020 Zagreb earthquake. One building of the infantry barrack of Prince Ru-

dolf (built from 1887 to 1889) located in the Lower Town of the city of Zagreb was re-

searched by [12]. It is listed as one of the Protected Cultural Heritage buildings being lo-

cated within the A protection zone of the Historical and Urban Entity of the city of Zagreb. 

The building is representative of a typical URM structure, where the load-bearing walls 

are made of Austro-Hungarian solid bricks of the old standard (14 × 6.5 × 29 cm). The 

thickness of the walls reduces from the basement to the upper floors. The ceiling floor is 

made of a brick vault while the other floors are made of wooden and steel beams. In order 

to increase the capacity of the brick load-bearing walls, fibre reinforced cementitious ma-

trix (FRCM) strengthening system or concrete jacketing was proposed. Additionally, the 

removal of brick partition walls was proposed and replacement with a drywall system. In 

order to increase the stiffness of the wooden floors, a thin reinforced concrete compression 

slab was proposed [12]. Moreover, two additional strengthening ideas proposed a new 

steel equivalent system and seismic isolation. A step further was conducted in [13], where 

three possible ways of strengthening a URM structure used for education purposes built 

in the 19th century were elaborated. Strengthening was proposed solely by FRCM, shot-

crete, and then their combination. The analyses were implemented through the applica-

tion of the static nonlinear method in 3Muri software. Besides the increase of the load-

bearing capacity, the estimation of the expected cost and environmental impact of each 

proposed remedial measure was investigated. The lowest cost and the highest capacity 

increase were obtained for strengthening the structure with shotcrete; however, its appli-

cation was proven to be too invasive for cultural heritage structures [13]. The FRCM sys-

tem had a much smaller emission of CO2 than the shotcrete application. 

A remarkable building located at Matice Hrvatske 2 Street in Zagreb, identified as 

one of the most significant structures in the whole of Croatia [14], was investigated in the 

paper [15]. The building was constructed in 1887 and during its life, several adaptations 

were conducted. It is an L-shaped corner building within an old masonry building block. 

The vertical loadbearing system is composed of Austro-Hungarian solid bricks connected 
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with lime mortar. This structure is as well under heritage protection. The building was 

modeled as a stand-alone structure due to a lack of information regarding the adjacent 

buildings. Good consistency was obtained between the modeling and the noted damage 

after the 2020 Zagreb earthquake. 

Our paper is structured in the way that in Section 2 a description of the methodology 

which has been applied is briefly explained and discussed. The intention was to empha-

size the importance of the application of the ICOMOS recommendations [16] and the prin-

ciples of the Venice Charter when reconstructing buildings of cultural heritage. Section 3 

is dedicated to the selected case study building Ribnjak 44, a building located within the 

protection zone “A”. The section opens with the historical information which was ob-

tained about the buildings, and the defined classification of the building after the 2020 

Zagreb earthquake according to the EMS-98 classification. In Section 3.3, a detailed expla-

nation is provided about the conducted visual inspection of the buildings and crack pat-

tern survey. Once the visual inspection was conducted, it was necessary to make on-site 

investigations and perform tests required for the determination of the in-situ compressive 

stress level as well as deformability characteristics of masonry (modulus of elasticity) and 

dynamic characteristics of the structure (Section 3.4). Section 4 is dedicated to the model-

ing of the existing structure, taking into account all the data provided in the previous sec-

tions. The nonlinear static analysis (pushover analysis) was performed in the 3Muri soft-

ware. Once the results were obtained, it was concluded that the structure does not possess 

adequate capacity, requiring it to be strengthened. This leads to Section 5 which elaborates 

on various strengthening procedures and their modeling in the 3Muri software. An ade-

quate choice of various strengthening procedures had to be selected in order to follow and 

respect the recommendations regarding material compatibility with existing materials, 

application of reversible methods as much as possible, and methods that are least invasive 

and most compatible with heritage values, matching the need for safety and durability. 

Section 6 compares the results of the unstrengthened and strengthened structure and in-

dicates the effectiveness of the strengthening techniques. The paper closes with a conclu-

sion and provides several recommendations and explains the contributions of the research 

to knowledge in the European context. It indicates some encountered challenges and pro-

vides suggestions on how to overcome these issues. 

2. Applied Methodology 

In order to propose and design a suitable intervention and strengthen the existing 

buildings, proper investigation and diagnosis are the key factors. The importance of in-

vestigations for the determination of structural diagnosis (including historical aspects, 

materials, and structures) is emphasized in the Venice Charter (1964). Investigations must 

take into account a variety of different aspects including the typology of the building, the 

type of masonry elements, connections between elements, characteristics of materials, etc. 

Each structure has unique characteristics and the investigations must be planned and ex-

ecuted to ensure that an adequate understanding of the structure is obtained [17]. The 

methodology can be divided into two phases. In the first phase, it is necessary to gather 

as much information as possible regarding the structure (historical information, descrip-

tion of the building, survey and description of the damage pattern, and in-situ and labor-

atory experimental tests). The second phase is devoted to the numerical analysis where it 

is necessary to select what is the most effective modeling type (block-based models, con-

tinuum homogeneous models, geometry-based models, or equivalent frame models) and 

type of analysis (linear or nonlinear). Once numerical modeling is conducted, based on 

the obtained results it is necessary to determine appropriate interventions for strengthen-

ing the structure. The use of this phased multidisciplinary procedure is essential for an in-

depth understanding of structures. This kind of analysis allows the performance of 

knowledge-based structural analysis and thus defines with more confidence the strength-

ening interventions. It can as well prevent the execution of intrusive repair works. Its appli-

cation gains special interest when structures are located in areas with high seismic risk [18]. 
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ICOMOS [16] has published and approved the Recommendations for the Analysis, 

Conservation and Structural Restoration of Architectural Heritage. To make a decision re-

garding which remedial measures will be selected and applied, it is required to apply a 

methodology (Figure 2) which is an iterative process between the tasks of data acquisition, 

structural behavior, and diagnosis and safety [19]. The correct interpretation of the diagnosis 

and safety from a qualitative and quantitate perspective is of the utmost importance as it 

will lead to the type and degree of remedial measures. 

 

Figure 2. Flowchart with the methodology for structural interventions proposed by [16,19]. Repro-

duced with permission from Lourenço, P.B., 2022. 

Comprehensive and in-depth knowledge of the structure and material characteris-

tics, state of damage, and crack pattern with the causes is a prerequisite for adequate and 

correct rehabilitation of the structure. It is only once an accurate diagnosis of the struc-

ture’s damage stated has been determined that adequate prevention and rehabilitation 

measures can be effectively conducted. Incorrect diagnosis may lead to inadequate 

strengthening recommendations, which may be more harmful [20]. This methodology has 

been used for the assessment of several buildings [17,19,21–26]. The research conducted 

by Ademović [17] and Ademović et al. [21] applied this methodology in the seismic as-

sessment of a typical residential building constructed in Sarajevo (Bosnia and Herze-

govina) in 1957. Iterative procedure in the view of various strengthening procedures was 

investigated in [22]. In this work, three strengthening proposals were given: the addition 

of new walls, the addition of new walls and a tie, and the addition of new wall and fiber 

reinforced polymers (FRP) on the ground floor. It was noted that the inclusion of ties pro-

vides a higher capacity of the global structure in relation to the strengthening by FRP. 

However, this did not solve the issue of localized damage on the ground floor, which was 

fixed with the inclusion of FRP. The mode of failure transformed from shear failure to 

bending damage, being a more tolerable failure mode for masonry structures. The recom-

mended iterative process proposed in the ICOMOS methodology was implemented for 

the assessment of the historical structures of the Monastery of Jerónimos in Lisbon [19]. 

From the gathered results, it was proposed to conduct additional on-site experimental 

investigations and additional monitoring. This is all with the goal to obtain as much in-

formation as possible that leads to the application of the least invasive and most adequate 



Buildings 2022, 12, 2024 6 of 29 
 

strengthening measures. It has been emphasized that a correct and adequate choice of 

strengthening methodology and techniques in cultural heritage buildings requires an it-

erative approach. In [23], the Cathedral of Porto dating back to the middle of the 12th 

century was investigated. The absence of a suitable preliminary diagnosis was recouped 

with excessive multidisciplinary activity during the execution period. The work con-

ducted by Lourenço et al. [24] presents all the above-mentioned steps for a building from 

the 1930s. The case study highlights the importance of suitable methodologies that allow 

a clear understanding of the behavior of complex structures; correct assessment of the 

need for structural strengthening; and analysis of the economic implications of different 

strengthening interventions in the specific case. The instrumental case of Julianos Church 

in Umm el-Jimal [25] elaborates on the influence of the local construction material and 

techniques that have been used for construction on the arrangement of complex roofing 

structures. The data obtained from comprehensive historical research is combined with 

structural engineering reconstruction leading to the generation of 2D and 3D digital re-

construction models. The archaeological complex of “Chokepukio” in Cusco and the 

church “San Pedro Apostol de Andahuaylillas” were assessed in the same city [26] with 

the application of a modern scientific approach organized in an iterative manner and 

phases. Combining aerial photogrammetry with in-situ operational modal analysis and 

IR thermography is beneficial as more precise information is obtained regarding geome-

try, material, and state-of-damage. This information is then used as input data for numer-

ical modeling. In this specific case, equivalent static nonlinear analyses were conducted. 

The obtained failure patterns interpreted correctly can lead to less invasive strengthening 

interventions [26].  

3. Case Study-Building in the Street Ribnjak 

The building considered as a case study in this paper is located on the eastern side of 

Ribnjak street in Zagreb, in a building row. It was constructed at the end of 1904. In 1904, 

the cluster construction method was prescribed, together with semi-open and open-mode 

construction [27]. This residential building (Ribnjak 44) is located in the area of the pro-

tection zone of the cultural property of the Republic of Croatia, within the area of the 

cultural-historical complex of the city of Zagreb, Protection Zone—A (Figure 3a). This 

zone represents an area of extremely well-preserved and particularly valuable historical 

structures. By valorization, the protection zone ‘A’ has been established for urban settle-

ments or their parts with pronounced urban-architectural, cultural-historical, landscape, 

or ambient values of emphasized significance for the narrower and wider picture of the 

city, with a preserved architectural structure of high monumental value. It is interesting 

to mention that the famous Villa Peroš is located at Ribnjak 46 which belongs to the built 

structure “in the group”, which together with the buildings at house number 42 and 44 

forms a series of one-story houses in accordance with the so-called cluster construction 

method. This represents a transitional form from the closed (Lower Town block) to the 

open way of building in the northern areas. More details about the history of Villa Peroš 

and damage after the 2020 Zagreb earthquake can be found in [28]. 

A complete preservation procedure of the historic urban structure, spatial and land-

scape features, and individual buildings are applied in this zone [29]. The register of all 

cultural assets that have been damaged in the Zagreb 2020 earthquake in the protection 

zone area A is shown in Figure 3b. 
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(a) 

 

(b) 

Figure 3. (a) Location of the elaborated building—Zone A; (b) register of cultural assets-damages in 

a plan. Data source: Geoportal of cultural assets, Ministry of culture and media, 2020. Prepared for 

the needs of the complete reconstruction of the historical urban area of the city of Zagreb—authors 

of the study, Urban model of the reconstruction, Faculty of Architecture—Department of Urban 

Planning, Spatial Planning and Landscape Architecture [30]. Reproduced with permission from In-

stitute for Spatial Planning of the City of Zagreb, Program cjelovite obnove povijesne urbane cjeline 

grada Zagreba, prijedlog za javnu raspravu 22_ožujak 2022, 2022. 

3.1. Historic Information 

As the building under investigation is a building of cultural-historical importance, it 

is of the utmost importance to follow the procedure explained previously. Historic build-

ings, regardless of their importance (famous monuments or so-called “minor”), character-

ize a vital part of our cultural heritage [31] that have to be preserved as testimonies of our 

past for future generations.  

First of all, it was necessary to obtain the archive drawings from the State Archives 

in Zagreb (Figure 4a–c). As can be seen from the drawings, the design was created in 1901. 

Since its construction, the building has undergone several reconstructions and upgrades. 

The first one was conducted in 1937 when several walls were demolished and a new lodge 

in the courtyard was constructed (Figure 4b,c). Demolition of the façade load-bearing 



Buildings 2022, 12, 2024 8 of 29 
 

walls looking at the courtyard additionally decreased the loadbearing capacity of the 

structure in the X direction. To make a wider open space, the construction of the new walls 

did not follow the position of the existing walls on the ground floor causing the change in 

load transfer. The reconstruction of the apartments was not synchronized causing a 

change in the global behavior of the structure. In 1998, several reconstructions were con-

ducted on the first floor, while in 2015, in the apartments, several steel girders have been 

constructed. The demolishment of the longitudinal walls, as will be proved later on by the 

calculations, caused a lot of difficulties in the reconstruction process. A new lodge was 

constructed (see Figures 4c and 5b) founded on new steel columns. The constructed lodge 

is not adequately connected to the existing structure, the steel columns do not have ade-

quate foundations, and this additionally modified the behavior of the structure. 

   

(a) (b) (c) 

Figure 4. Investigated buildings Ribnjak 44: (a) original drawings from the State Archives in Zagreb; 

(b) reconstruction-demolished walls shown in red color State Archives in Zagreb; (c) construction 

of new walls and a lodge [32]. Reproduced with permission from State Archives in Zagreb, 2022. 

The present state of the unreinforced masonry (URM) buildings is presented in Fig-

ure 5a,b. It is a row building (the yellow one) located between two buildings of the same 

height (on the north and the south side). The building has a regular shape with dimensions 

14.5 × 17.20 m in plan, the floor plan of the building is 217 m2, and the gross construction 

area is equal to 799.07 m2. The structure consists of a basement, two storeys (ground floor 

and first floor), and an attic. 

 
 

(a) (b) 

Figure 5. Investigated buildings Ribnjak 44: (a) street view (building in the middle); (b) courtyard 

view [32]. Reproduced with permission from Projekt na kvadrat d.o.o., 2022. 
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Due to the undergone changes, and the fact that not all these changes and upgrades 

have been documented, it was of the utmost importance to make a point cloud laser scan-

ning of the building in order to obtain the correct geometry of all the elements of the build-

ings. Laser scanning imaging was used to form a point cloud of the exterior and the inte-

rior of the entire building. The 3D point cloud and 3D vector digital model of the existing 

building were constructed as presented in Figure 6a,b. The height of the basement floor is 

3.48 m, the height of the ground floor is 4.10 m, and the height of the first floor is 4 m. The 

height of the attic varies and the one looking at the street is 1.1 m while the one towards 

the courtyard is 0.5 m (Figure 6b). The load-bearing walls are built with solid “old format” 

brick (29 × 14 × 6.5cm). Load-bearing walls (longitudinal and transverse) have different 

thicknesses and range from 30 to 75 cm. The largest thickness is in the basement and the 

smallest is in the attic. 

 
 

(a) (b) 

Figure 6. (a) 3D point cloud; (b) 3D vector digital model of the existing building. Reproduced with 

permission from GO2BIM d.o.o. Zagreb, 2022. 

The ceilings of the basement are made of brick vaults, supported on load-bearing 

walls and brick arches, while the ceilings of the ground floor and first floor are made of 

wooden beams. One concrete beam with dimensions 45/50 cm was identified on the first 

floor above the newly constructed lodge. 

3.2. Description of the Current State of the Building 

Based on the preliminary (quick) assessment of the damage to the building, an as-

sessment of the carrying capacity and stability was conducted along with the first risk 

assessments and the need to evacuate the building in the event of an emergency repeated 

earthquake. Inspection and assessment of damage to the building after the earthquake 

was carried out according to the EMS-98 classification for brick buildings. It was marked 

with a yellow label and PN1 (temporarily unusable) meaning that a detailed inspection is 

required. PN1 means that the building has moderate damage with no danger of collapse. 

The bearing capacity of the building is partially violated. It is not recommended to stay in 

the building, that is, citizens stay at their own risk in such a building. A shorter stay in the 

building is possible, with the advice of the structural experts related to the necessary 

measures and the restriction of stay (depending on the danger). A structural expert makes 

recommendations to eliminate hazards. 
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3.3. Visual Inspection of the Buildings and Crack Pattern Survey 

A detailed visual inspection of the building was performed on 28 June 2021. During 

the inspection, minor to moderate damage was noted. There was no damage observed in 

the basement. The most pronounced damage to the structure was observed at a gable wall, 

as it partially collapsed (Figure 7a). On the roof, the rotation of the purlins towards the 

outer part of the wall was observed. This is visible in several purlins where the rotation of 

the purlin located at the corner is minimal, whereas the maximum rotation is observed on 

the seventh purlin (Figure 7b). The chimney collapsed and immediately after the earth-

quake the roofing has been rehabilitated. 

   

(a) (b) (c) 

 

 

 

(d) (e) (f) 

Figure 7. (a) Partial collapse of a gable wall; (b) oration of purlin’s; (c) damage in the spandrels; (d) 

cracks at the contact of the ceiling; (e) vertical crack at the contact of two walls; (f) vertical crack 

along the wall [32]. Reproduced with permission from Projekt na kvadrat d.o.o., 2022. 

The interpretation of the crack pattern can be of substantial assistance in understand-

ing the structure’s state of damage, its possible causes, and the type of survey to be per-

formed [33]. Cracks were observed on the largest number of lintels, both vertical and di-

agonal in one direction and cross (diagonal) cracks (Figure 7c). Moreover, minor diagonal 

and X-pattern cracks are visible in the walls at the lintels (above the doors) and parapets 

between the windows on the façade. These are minor cracks that indicate that there has 

been an exceedance of the shear strength, but since the width of the cracks is small, it 
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enables the transfer of forces through friction. Additionally, vertical cracks were observed 

on the lintels near the openings. These are mostly minor cracks that are located at the top 

and bottom of the walls. The appearance of these smaller cracks in most cases is caused 

by arch action and indicates that the tensile strength has been exceeded. This represents 

characteristic damage to such structures. Some of the cracks were repaired after the earth-

quake. In any case, it is necessary to determine the exact width of the cracks and, depend-

ing on the degree of damage, the decision will be made regarding an appropriate rehabil-

itation method (injection of crack or installation of spiral reinforcement bars). The ob-

served horizontal cracks, which were recorded at the bottom and top of the walls between 

the openings, occur mainly due to stress concentration along the corners of the opening. 

These are mostly minor cracks that can be rehabilitated with the injection process. 

The floors of the ground and first floor of this URM building are made of light and 

flexible timber so the appearance of cracks in the ceiling structure was expected, as most 

probably there is no good connection between the floors and the wall and between the 

walls (Figure 7d,e). This is an additional parameter that makes these structures vulnerable 

to earthquakes. More severe damage was noted in wooden ceilings, load-bearing walls, 

and connection between the load-bearing walls and the ceiling. The cracks extend 

throughout the entire height of the wall at the connection of the two walls Figure 7e and 

along the height of the wall Figure 7f. 

In this case, as the floor is flexible, the loads on the walls are transferred in relation 

to their surface, and not as per their stiffness as in the case of the structures with rigid 

floors which exhibit a “box” behavior [21]. The appearance of horizontal cracks located at 

the level of the floors and the gable wall was also observed. Generally, when it comes to 

very small movements (which is not the case here) sliding occurs on the surfaces between 

the wall and the floor structures, and in this case, it is a damage of a minor degree. In case 

the cracks are followed by dislocations in the value of several mm, it is a serious slip be-

tween the floor structure and the wall. In this case, it is necessary to carry out appropriate 

rehabilitation strengthening of the floor structure, and appropriate connection of the floor 

and the walls. 

During the preparation for the flat-jack testing, the type of masonry and its units were 

determined, as well as the quality of mortar. As is usually the case in these types of struc-

tures, bricks are found to be in a good shape and of good quality, while the mortar is of 

very bad quality. 

Damage was observed to the steel columns located on the western façade (courtyard 

side). One of the columns was displaced from its original position, and under the second 

column damage to the concrete part was observed. All the damages were photographed 

and described in detail which became a part of the report on the assessment of the existing 

state of the building structure which was conducted by this team [32]. 

3.4. Onsite Testing 

Accurate diagnosis results from comprehensive on-site and laboratory experimental 

tests. In cultural-heritage buildings, the on-site tests should be non-destructive as much 

as possible, or at least minor destructive [31,33]. Identification of geometry, details, and 

materials of the structural elements (type of masonry units, types of floors, geometry, con-

nections between elements, joints, etc.) was carried out in accordance with the provisions 

defined in points C.1 and C.2 of the standard EN 1998-3 [34]. 

To define the in-situ compressive stress level as well as deformability characteristics 

of masonry (modulus of elasticity), the flat-jack technique [35–37] was employed. Tests 

were carried out in the basement walls, with one wall in the longitudinal and the other in 

the transversal direction. A test layout is presented in Figure 8a and the measurement of 

the stress-strain relationship is shown in Figure 8b. It is seen that the load-bearing walls 

are built with “old format” solid bricks (29 × 14 × 6.5 cm), assembled with lime mortar 

which was a common material used in the late 19th and at the beginning of the 20th cen-

tury. 
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(a) (b) 

Figure 8. (a) 3D Sensors’ layout; (b) Stress-strain relationship measured at different sensors. 

The tests were made in accordance with the ASTM C1197-14a [38]. The maximum 

attained stress values were in the range of 2.4 to 2.7 N/mm2. Maximum values were lim-

ited also for the great deformability encountered in masonry. The modulus of elasticity at 

the first and second sampling positions were in fact 554 and 470 N/mm2 at the beginning 

of the loading paths (between 0.00 and 0.30 N/mm2), and tests were carried out almost 

until material plasticization or strong Young’s modulus reduction of masonry. The ob-

tained values are rather low compared to the suggested values found in the literature, and 

this may be explained by the relatively thick joints and by a very deformable mortar. It 

has also to be stressed that maximum tests values do not correspond to the material 

strength, since the tests induced “compaction” in the material (seen in the hardening effect 

at the end of the second test) and that almost no cracks—indicating masonry crushing—

were noticed throughout the tests. This once again emphasizes the importance of on-site 

testing and the fact that each building represents a case study of its own and has to be 

separately examined. The values that were selected as input in the numerical modeling 

were cautiously defined as fm = 2.2 N/mm2 for the compressive strength of masonry and 

the modulus of elasticity E = 500 N/mm2. 

As the floors are made of wooden beams, it was necessary to determine their dimen-

sions and direction. The direction of the beams was from east to west. Dimensions of the 

wooden beams on the first floor and the attic were 14 × 24 cm placed 0.80 m and 0.85 apart, 

respectively, with a 2.4 cm thick wooden plank over them. The built-in timber is of good 

quality. The load is carried in one direction by these types of floors. Several steel beams 

were noted at the ceiling of the first floor where the removal of the walls took place during 

the 2015 reconstruction. The dimensions of all openings (doors and windows) were accu-

rately determined by the laser scanner technique. 

Operational modal analysis (OMA) was used to define the dynamic features of the 

investigated structure (natural frequencies, mode shapes, and damping) as a means of 

verification of the structural behavior and integrity of a building. The obtained infor-

mation was used for the calibration of the numerical model. OMA determines the modal 

properties of a structure based on vibration data collected when the structure is under its 

operating conditions. It is as well-known as output-only modal analysis, ambient modal 

identification, and in-operation modal analysis [39]. Data are elaborated with ARTEMIS 

MODAL 7.2.0.0/2022 licensed software, using enhanced frequency domain decomposition 

(EFDD) method. This method enables the determination of the damping ratios which is 

not the case with the frequency domain decomposition (FDD). Additionally, the accuracy 

of dynamic identification is higher compared to FDD. It is able to estimate closely spaced 

modes with good accuracy [39]. The vibrations were measured on two different setups 

(1–2). Sensors are placed to identify global modes acquiring the vibrations mainly at the 
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attic level, at the building corners, and on the long side. Reference sensors no.1 and 2 (in 

blue) are in the S–W corner of the building—ch. 1 dir. N-S (Y), ch. 2 dir. E–W (X) sensors 

no.3–6 moved from the South to the North side (Figure 9a). Sensor no.7 was used only in 

setup 2, at a lower level (Figure 9b). The singular value decomposition of the acquired 

data is shown in (Figure 9c). 

   

(a) (b) (c) 

Figure 9. (a) Set up no. 1; (b) Set up no. 2; (c) Singular value decomposition of the acquired data. 

The obtained measured data for the first two modes is given in Table 1. 

Table 1. Identifies measured dynamic properties. 

Mode Frequency [Hz] Damping [%] 

1 4.09 3.23 

2 4.99 2.52 

The first two modes were out-of-plane modes, the first one in bending and the second 

one translational (Figure 10a,b) both in the Y direction. 

  

(a) (b) 

Figure 10. (a) 1st mode; (b) 2nd mode. 
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4. Numerical 3D Model of the Existing Buildings 

It was decided to construct a 3D model in 3Muri software [40] based on a macro-

element approach. This software has been used by numerous researchers [17,21,41–51] 

and many others. The benefits of this approach are its simplicity, adequate precision, low 

computational complexity, and computational unpretentiousness [17,52,53]. The non-lin-

ear response is determined in masonry macro-elements, composed of piers and spandrels 

and rigid elements that connect the piers and the spandrels; for more details, see [40]. The 

3D model of the building is presented in Figure 11a,b. It was decided to model the build-

ing as a single building because there was no information regarding the characteristics of 

the adjacent buildings and the location of their load-bearing walls. It is clear that this is a 

conservative approach, and if the structure was to be looked at as being a part of the ag-

gregate there would be stiffness and resistance increase [54]. 

 
 

(a) (b) 

Figure 11. (a) The 3D model; (b) 3D equivalent frame of the elaborated building. 

The non-linear static pushover analysis became a popular tool for the seismic assess-

ment of existing and new structures. It provides adequate information on seismic de-

mands imposed by the design ground motion on the structural system and its compo-

nents. It is a performance-based methodology, which is based on constant gravity loads 

and an incremental increase of the horizontal force distribution on a structure. An enve-

lope of all the responses derived from the non-linear dynamic analysis is obtained as a 

result that represents the structural behavior [21]. Both load distributions which are avail-

able in 3MURI (uniform pattern and modal pattern) were elaborated. It was seen that the 

modal pattern distribution (horizontal loads proportional to the first vibration mode 

shape) prevails. For the existing structures and the type of cracks, it was appropriate to 

choose the Turnsek–Cacovic law. 

4.1. Geometry and Materials 

The exact geometrical data was obtained through laser scanning and this was imple-

mented in the model. Regarding the material characteristic, the input data used was the 

one obtained from the flat-jack tests, while the other data required for the input was cal-

culated according to the suggested formulas provided in the literature and based on en-

gineering judgment. Masonry mechanical properties that were taken in the analysis are 
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given in Table 2. The damage conditions were treated as existing taking into account stiff-

ness reduction. 

Table 2. Masonry mechanical properties  

Mechanical Property Abbreviation Value 

Compressive strength of masonry fm 2.2 N/mm2 

Specific weight of masonry γm 18 kN/m3 

Modulus of elasticity E 500 N/mm2 

Shear modulus G 200 N/mm2 

Concrete class C20/25 was chosen for the concrete element with the mean values as 

proposed in Eurocode 2 [55]. Reinforcement for the tie beams was taken to be equal to 

B420 with a characteristic yield strength of 420 N/mm2. During the visual inspection, it 

was noted that the timber was of good quality and the strength class was determined 

based on engineering judgment. The one-way timber floor with a single wood plank of 

2.4 cm was selected for the floor structure having a strength class of C24 according to EN 

338:2016 [56] meaning that the type of timber is softwood having a bending strength of 24 

N/mm2 in the major axis. This material is considered new. The newly constructed lodge is 

supported by steel columns made of structural steel S235 with a modulus of elasticity of 

E = 210,000 N/mm2 and yield strength of 235 N/mm2. 

4.2. Conducted Analysis and Their Results 

A new Law on Reconstruction of Earthquake-Damaged Buildings in the city of Za-

greb, Krapina-Zagorje County, and Zagreb County [57] was enforced after the 2020 Za-

greb earthquake. The law clearly stated which return periods have to be taken into account 

for certain locations and levels of strengthening. In this specific case, in order to check the 

state of the structure, the return period of 475 years representing the limit state of signifi-

cant damage (SD) and the 95 years return period representing the limit state of damage 

limitation (DL) was examined. Regarding the strengthening procedure, Level 3 which en-

visaged strengthening the building to the return period of 225 years which corresponds 

to a probability of exceedance of 20% in 50 years was selected. So, in Table 3, PGA values 

for different limit states are presented. 

Table 3. Peak ground accelerations for various return periods for the selected location. 

Return Period [Years] PGA 

95 0.128 g 

225 0.183 g 

475 0.255 g 

According to the latest geological research of the city of Zagreb, the soil is classified 

as soil type C. The seismic analysis was conducted in line with EN 1998-1 [58] and EN 

1998-3 [34]. The building belongs to the importance class III (buildings whose seismic re-

sistance is of importance in view of the consequences associated with a collapse) [58] and 

the recommended value of the importance factor is 1.2. According to the available data 

from the original drawings, conducted laser scanning, and on-site experimental tests, 

Knowledge Level 2 was assumed with the confidence factors (CF) equal to 1.2. 

As in any calculations, first of all, static analyses are conducted. Due to very low ma-

sonry characteristics, many of the elements had already bending damage and did not pos-

sess adequate capacity to take over the gravity loads as indicated in Figure 12. According 

to the calculation, 32 out of 75 elements did not possess adequate vertical load resistance. 

This had a direct effect on the seismic capacity of the walls. 
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Figure 12. Damage stated due to static loads. 

The second calculation which was conducted was the modal analysis which provides 

information regarding the eigenfrequencies and eigenmodes of the structure. Here, only the 

dominant global modes in the Y (mode 1) and X (mode 2) directions are given in Table 4. 

Table 4. Modal analysis information. 

Mode Frequency [Hz] Period [s] Mx [%] My [%] Mz [%] 

1 3.41 0.29317 0.08 74.58 0 

2 2.49 0.40236 24.83 0 0 

A rather good consistency is obtained between the measured and modeled eigenfre-

quency in the Y direction by which the valuation of the model was performed.  

In order to correctly implement the nonlinear static pushover analysis, several pa-

rameters have to be correctly chosen. First of all, the correct choice of the seismic load 

pattern is required; secondly, the selection of the correct control node is required for the 

optimization of the numerical convergence. Finally, representative displacement is to be 

considered in the pushover curve [59]. This is of great importance when the structures are 

irregular and with flexible diaphragms, which is the case in this building. In this case, both 

uniform and modal load distribution were elaborated together with various levels of ec-

centricities leading to 12 pushover analyses in the X and 12 pushover analyses in the Y 

direction. The correct choice of the control node in-plane was a very sensitive task as the 

results are a function of different stiffnesses and strengths of masonry walls. The control 

node was selected in the wall that had the largest displacement, which would first collapse 

[59]. An average displacement of all nodes at the same level, weighted by the seismic 

nodal mass, was chosen instead of the displacement of the control node as proposed by 

[59]. This provides a generalized explanation of the structure behavior, independent from 

the different stiffnesses and strengths of the walls, identifying a single failure point. 

As a result, capacity curves are obtained for all the cases as presented in Figure 13. 

The structure has rather inferior resistance in the X direction, the appearance of the first 

crack was observed already at 95.70 kN, while the maximum reached load was 204.17 kN. 

The structure has rather superior resistance in the Y direction, with the first crack occur-

ring at the force 13.30 times larger, and the maximum load reached was equal to 1468.35 

kN, being 7.19 times larger than in the X direction. This can be connected to a large number 

of openings and a much lower percentage of load-bearing walls in the X direction. 
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Figure 13. Capacity curves in X and Y directions. 

The type of damage at the maximum displacement capacity for X and Y directions is 

presented in Figures 14 and 15a. The predominant damage in the walls is caused by bend-

ing (pink). A rather similar situation is observed in the Y direction; however, additionally, 

one of the walls experienced shear failures (orange color) and bending failure (red color) 

(Figure 15b). The bending damage above the windows in the lintels is clearly observed on 

the façade wall (Figure 15c) and the visible cracks on the walls due to bending have been 

presented in Figure 7f. 

 

Figure 14. Damage at maximum displacement capacity for pushover in the X direction. 

 

 

(a) (b) 
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(c) 

Figure 15. Damage at maximum displacement capacity for pushover in the Y direction; (a) shear 

failure of the wall: (b) bending failure of the wall; (c) bending damage above the windows in the 

lintels 

According to the obtained results, not even one of the twenty-four conducted anal-

yses fulfilled the requirements. The parameter (α) is used for the seismic vulnerability 

evaluation. It is defined by Equation (1). 

αPGA = PGA/agR  (1)

where: PGA represents the peak ground acceleration and agR limit capacity acceleration of 

the given building, which represents the ratio between the limit capacity acceleration of 

the given building and the reference PGA. For the representative analysis in the X and Y 

directions, these values were α(SD) = 0.373, α(DL) = 0.311 and α(SD) = 0.521, α(DL) = 0.771, 

respectively. This means that the limit state of significant damage (SD) for the return pe-

riod of 475 years and the limit state of limited damage (DL) for the return of 95 years was 

exceeded requiring the strengthening of the existing structure. 

Besides checking the global in-plane behavior of masonry structures, it is as well nec-

essary to check the out-of-plane behavior which is basically the first mode of failure in 

traditional URM structures, especially the ones with flexible diaphragms. The timber 

floors are usually not well connected to the walls and the connection of the walls is not 

constructed in a proper way, not providing a “box” behavior of the structure and leading 

to out-of-plane failures. As expected, the façade wall looking at the courtyard did not pass 

the out-of-plane verification (Figure 16). The failure mode is consistent with the 1st eigen-

frequency mode. 

  



Buildings 2022, 12, 2024 19 of 29 
 

 

 

Figure 16. Local mechanism out-of-plane failure of the façade wall. 

5. Numerical 3D Model of the Strengthened Buildings 

As already mentioned in Section 4.2, Level 3 as defined in [57] was chosen as the 

adequate level for strengthening this masonry building. Modeling was conducted in 

3Muri with the inclusion of the strengthening elements. Due to the very low mechanical 

characteristics of the masonry, several strengthening measures had to be taken in order to 

improve the seismic resistance of the existing building. First of all, it was necessary to add 

a new steel moment frame structure inside the existing masonry building with the goal to 

increase the horizontal resistance, as presented in Figure 17a. This has been identified as 

one of the most popular methods due to its several advantages such as its reversibility, 

which is one of the requirements provided in the Charter of Venice [60], fast and easy 

construction, strength and stiffness increase, and minimal spatial disruption. Addition-

ally, with this kind of strengthening there is no significant increase in the building self-

weight [61]. In their work, Karantoni and Sarantitis [62] investigated the influence of con-

structing steel and concrete frames every 2 m at the floor level on masonry walls. It was 

noted that this kind of strengthening procedure increases the shear strength and decreases 

the bending deflection. Steel frames can be connected or not connected to the existing ma-

sonry load-bearing structure. Papalou [63] investigated how the masonry structure be-

haves once the steel frames are connected to the masonry walls. Special care in the mod-

eling procedure was devoted to the connections as they have been considered as hinges 

not permitting the transfer of the bending moment. Improvement of the seismic behavior 

is obtained once a close space connection of the steel frame with the masonry wall is cre-

ated opposed to the situation if a gap is left between the steel structure and the load-bear-

ing wall. Besides the bare frames in several locations, braced frames were envisaged as 

more rigid elements. In this way, the load-bearing of the whole structure has been in-

creased as well as its ductility. This is foreseen in the location of full masonry walls with-

out openings not affecting the physical and visual access Figure 17b. 
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(a) (b) 

 

 

(c) (d) 

 

 

(e) (f) 

Figure 17. 3Muri 3D strengthened model (a) steel structure; (b) braced frame; (c) steel ring-frame 

around the doors; (d) Strengthening of the walls with FRCM; (e) Strengthening of the walls with 

OSB; (f) Connection of the timber beams with load-bearing walls. 



Buildings 2022, 12, 2024 21 of 29 
 

During renovations, very often new perforations are created for new windows or 

doors, affecting the strength and stiffness of the wall and the seismic behavior of the whole 

structure. Recently, only several researchers conducted studies in this domain. Proença et 

al. [64] and Billi et al. [65] focused on experimental and numerical modeling of steel ring-

frame around the openings. The inclusion of the steel frame affects the mode of failure. 

Once a steel ring-frame has been installed, the mechanism of solid masonry changes from 

a shear mechanism to a mixed shear-rocking mechanism with a spread cracking pattern 

[64]. In order to reestablish the wall’s stiffness, it is necessary to use a steel profile with a 

very large moment of inertia. In-plane strength and ductility will be considerably in-

creased only if a perfect connection between the wall and the steel frame is established 

[65]. A very comprehensive and in-depth experimental and numerical analysis in line with 

the work conducted by [64,65] was conducted by Oña Vera et al. [66]. It was shown that 

it is quite acceptable to select a steel profile with a smaller moment of inertia and their 

choice was (HEA140) which was capable of re-establishing the in-plane lateral load and 

the displacement capacity of the elaborated solid wall. Maximal wall stiffness that could 

be restored amounts to 50% of the original wall regardless of the steel profile size [66]. 

This was taken into account in the steel profile selection for strengthening the openings 

(Figure 17c). 

The second measure consists of strengthening the walls with FRCM, a material that 

has been introduced recently for strengthening masonry and concrete structures. This ma-

terial has pushed aside FRP as the usage of polymeric resins showed to be mechanically, 

physically, and heritage preservation incompatible with the existing masonry structures 

[67]. Contrary to FRP, the FRCM uses a thick layer of inorganic plaster as opposed to pol-

ymer resins which are used in FRP. The chemical and physical properties of FRCM com-

posites are very similar to masonry, especially in the case of Basalt and AR-glass fibers. 

This material in the literature is known by other names such as fibre reinforced mortar 

(FRM) and textile reinforced mortar (TRM). The experimental investigation and numerical 

modeling of FRCM are still ongoing [68–74] with several applications in practice [75,76]. 

In our case, some walls were strengthened on both sides and some only on one side. The 

number of strengthened layers varied depending on the level of damage and capacity of 

the walls Figure 17d. 

One of the main flaws of traditional timber floors is their low in-plane stiffness and 

lack of effective connections to the load-bearing masonry walls leading to out-of-plane 

local failures [77]. The decision on which kind of strengthening technique will be selected 

was guided by the fact that many researchers indicated the important decisive role of the 

in-plane stiffness of timber diaphragms, and emphasized that disproportionate stiffening 

of the floors could even have a negative effect on the seismic behavior of the existing 

building [78–81]. 

Strengthening and replacement of timber slabs with reinforced concrete slabs have 

been proven to be unproductive and even worsen the behavior of buildings made of low 

masonry quality as reported by on-site aftermath earthquake investigations in Italy [82–

84]. Using a thin concrete layer would increase the in-plane stiffness if properly connected; 

however, additional weight would be added consequently increasing the seismic loads on 

the existing structure.  

Gubana and Melotto [82] conducted comprehensive experimental testing of oriented 

strand board (OSB) panels and it was noted that there was an increase of the initial secant 

stiffness associated with the top displacement of about six times regardless of the panel 

orientation in relation to the joists. The initial stiffness of the floor increased seven times 

with the application of screws for fastening the OSB panels. The increase of strength was 

from six to nine times with the application of OSB panels which were connected with 

nails, while with the application of screws, the strength increased 15 times [82], both con-

nection types being reversible and minimally invasive as requested per [60]. This all gives 

a good basis for the proposal of this kind of strengthening of the URM buildings in seis-

mic-prone areas. In that respect, to improve the in-plane stiffness of the slabs, but still 
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keep the same behavior of the structure, was the purpose to strengthen the timber slabs 

with OSB having a thickness of 18 mm and laid in two layers (Figure 17e). In order not to 

open the slab from the upper side as the apartments are all occupied and in usage, it was 

proposed to construct the strengthening from the lower side of the slab. This strengthen-

ing procedure has several benefits, from its low mass and thin thickness to irreversibility 

and minimum invasiveness, which is in agreement with the requirements for cultural-

heritage buildings [60]. 

Connection of the existing timber slab with the walls will be conducted with the ap-

plication of the L steel profiles as presented in Figure 17f. It is well known that increasing 

the in-plane stiffness of the floor has the largest impact on the improvement of the seismic 

behavior of the existing traditional masonry building. This enables the “box” behavior of 

the structure (to some degree) and the transfer of the loads to the walls according to their 

stiffness. 

If the crack width is relatively small (e.g., less than 10 mm) and the wall thickness is 

relatively small, cracks that occur may be sealed with injection material. This was selected 

as a strengthening measure for walls with small cracks. Around the crack, it is necessary 

to remove the plaster (preferably traditional, not using electric tools, in order to avoid 

vibrations and their negative impact on the walls), the area around the crack and inside 

the cracks has to be cleaned, the cracks will be sealed with grouting material, and a new 

layer of plaster will be applied. 

After several iterations, the final strengthening procedures were adopted. 

Examples of the proposed strengthening measures are shown in Figures 18–20. 

 

Figure 18. Strengthening measures of the floor at the ground floor level. 
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Figure 19. Strengthening measures of the walls at the ground floor level. 

 

Figure 20. Cross-sections 1-1 and 2-2, Strengthening measures. 

The capacity curves in the X and Y directions of the strengthened existing URM struc-

ture are presented in Figure 21. The first crack is noted at the value of 1152 kN in the X 

direction while the ultimate load reached 1345 kN. In the Y direction, the structure has a 

much larger capacity, and the occurrence of the first crack is noted at 2423 kN and the 

ultimate load reached 2549 kN. 
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Figure 21. Capacity curves in the X and Y directions of the strengthened structure. 

The modal parameters of the strengthened structure are presented in Table 5. 

Table 5. Modal analysis information—strengthened structure. 

Mode Frequency [Hz] Period [s] Mx [%] My [%] Mz [%] 

1 4.06 0.24648 0 82.47 0 

2 2.87 0.34845 92.06 0 0 

For the representative analysis in the X and Y directions, these values were α(SD) = 

1.188, and α(SD) = 1.068, respectively. This means that the limit state of significant damage 

(SD) for the return period of 225 years was satisfied and that the strengthening method-

ologies are effective. 

6. Comparison of Results 

In order to see the effectiveness of the proposed strengthening methods, it is feasible 

to compare the capacity curves of the unstrengthened and strengthened existing URM 

structure under consideration. With the application of all given strengthening procedures, 

it was possible to increase the seismic capacity of the building in both directions. The in-

ferior X direction was now upgraded so that the occurrence of the first crack happened at 

a load that is 12.04 times larger than for the unstrengthened structure. The increase in 

initial stiffness in the X direction was 6.4 times, while in the Y direction it was 1.4 times. 

Additionally, the ultimate reached load in the X direction is more than 6.5 times larger 

compared to the unstrengthened structure. The ultimate load reached in the Y direction 

increased by 75% in relation to the unstrengthened structure. It is important to state that 

the global eigenmodes did not change significantly and this is beneficial, as there should 

not be a major difference in this aspect. It was observed that now the mode shape in the X 

direction is translational, while in the unstrengthened structure there were unequal move-

ments of the nodes. In this way, better structural behavior was obtained. The strengthened 

structure passed all the seismic verification. The value of α was greater than 1 for all the 

conducted analyses and limit states. The effect of the strengthening is shown in Figure 22 

for the two load distribution patterns. 
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(a) (b) 

Figure 22. Comparison of α values for the original building and strengthened building for (a) uni-

form load distribution; (b) modal load distribution. 

7. Conclusions 

Earthquakes are one of the most devastating natural forces that cause damage to 

structures, human fatalities, and economic loss. Several variables affect the level of dam-

age on different buildings, such as structural type, type of soil, maintenance, buildings’ 

age, and many others. The aftermath of the 2020 Zagreb earthquake was more than 25,000 

damaged buildings mainly located in the historic part of the city of Zagreb. An example 

of the strengthening procedures which follow the principles of ICOMOS and the Venice 

Charter have been suggested for the damaged building in Ribnjak 44 street, in order not 

to jeopardize the cultural character of the building, which would be done if invasive 

strengthening techniques were proposed. In this study, the aim was to strengthen the 

building to Level 3 (225 years return period) as per the Law on Reconstruction by Earth-

quake-Damaged Buildings in the city of Zagreb, Krapina-Zagorje County, and Zagreb 

County. The recommended strengthening procedures were the inclusion of a new steel 

frame, steel ring-frames, strengthening with FRCM, and injection of the cracks. The be-

havior of the buildings being located in a building row (clustered construction method) 

or as aggregates is affected by numerous parameters which leads to rather complex be-

havior. Due to the lack of information regarding the adjacent buildings, it was decided to 

model the building as a single building. In that respect, a perfect match between modeling 

and experimental data was not obtained; however, the obtained results were more than 

adequate and acceptable. 

The study intended to show the behavior of a cultural-historical building exposed to 

the 2020 Zagreb earthquake. After a detailed visual inspection, a crack pattern was cre-

ated, identification of damage was performed, and material characteristics and global be-

havior of the structure were determined by Ambiental investigations, leading to numeri-

cal modeling and proposed strengthening methods respecting the principles of ICOMOS 

and the Venice Charter. 

During the modeling of the building, it was necessary to overcome several issues. 

First of all, it was necessary to select an adequate modeling strategy, which in this case 

was the equivalent frame model, substantially the one used by engineers in practice. The 

benefits are seen in its modeling simplicity, ease of application, and limited computational 

effort. The next challenge was how should the Ribnjak 44 building be modeled, as a single 

building or with the entire cluster taken into account. Due to a lack of information about 

the adjacent buildings, it was decided to model the structure as a single building, taking 

special care regarding the interpretation of the results and their comparison with the in-

situ investigations. In order to overcome this issue, it would be feasible to conduct a sim-

plified procedure for seismic vulnerability assessment of masonry building aggregates as 
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proposed by [56] and model the entire cluster if time and cost permit such activity to be 

conducted. 

Masonry construction is one of the most common construction typologies not only in 

Europe but in the world and even in zones of significant seismic hazard. Brickwork ma-

sonry structures with timber floors are widely geographically distributed throughout 

most urban and rural settlements in Europe with some specific features for each region. 

The paper provides a comprehensive example of the selected strengthening methods of a 

cultural-historic URM building in a seismically active area, avoiding overly invasive in-

terventions that do not jeopardize the historical value of the architecture, which can find 

its application in different European countries. 
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