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Abstract: Recently, Zagreb was struck by a strong earthquake. Damage throughout the city was
tremendous due to numerous aged and vulnerable masonry buildings. Many damaged buildings
are under a certain level of cultural heritage protection. Hence, reliable assessment and effective
rehabilitation are important to preserve cultural significance and mitigate risk for human life. With
that in mind, the procedure of a detailed condition assessment of the building under heritage
protection is presented. A detailed historical background of the case study building is shown, and
observed damage and conducted in situ tests are discussed. The nonlinear static seismic analysis
performed in the 3Muri software is extensively elaborated. Four different levels of reconstruction
according to new Croatian law are briefly presented. Additionally, several strengthening scenarios
are proposed with various strengthening techniques.

Keywords: earthquake; cultural heritage; nonlinear analysis; existing structures; masonry; flat-
jack; strengthening

1. Introduction

In March 2020, in the early morning hours, a strong earthquake occurred in Zagreb
with a magnitude of ML = 5.5 and an intensity of VII on the Mercalli scale. The earthquake’s
epicenter was located 10 km from Zagreb, with a hypocenter at a depth of about 10 km.
The quake was felt throughout Croatia and in neighboring countries. In addition to great
material damage, the earthquake took one young human life. Shortly after the main
quake, a series of aftershocks followed. The quake was unexpected for the population, and
the disaster response system was unprepared. Based on citizens’ reports, civil engineers
inspected the facilities according to a pre-established methodology (EMS-98) and issued
recommendations to citizens on the usability of about 26,000 facilities. The World Bank
estimates the total financial damage from the Zagreb earthquake as EUR 11.3 billion [1].
Moderate to severe structural damage was sustained by 118 buildings, and heavy structural
damage was reported in 41 buildings under heritage protection. The total damage to
cultural heritage buildings is about EUR 1.38 billion, most of which was incurred in the
city of Zagreb.

Most of the buildings in the center of Zagreb are traditional masonry buildings that are
not designed for seismic actions. Such buildings were mostly constructed as interconnected
load-bearing masonry walls with wooden floor structures [2]. Damage to such buildings
occurs due to uneven stiffness distribution, inappropriate or nonexistent connections
between the walls and poor connection to the roof and floor structure. An additional
disadvantage is the absence of vertical and horizontal confining elements (e.g., reinforced
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concrete columns and beams on all corners and wall intersections as it is required today
for this type of building and for such high seismic demand according to European seismic
regulations), poor load-bearing capacity in its plane and insufficient load-bearing capacity
of roof and floor structures [3]. Furthermore, most of the buildings in Zagreb are very old,
so the degradation of mechanical properties should be considered. Commonly observed
damage was: collapse and damage of chimneys, collapse and damage of attic gable walls,
separation of gable walls, damage to the roof, damage to the cantilever elements, damage
of the walls (out of and in the plane), damage to lintels and vaults, damage to partition
walls, cracks in ceilings and damage to stairs [4]. More information about the earthquake
itself, the level of preparedness and immediate actions and, finally, the consequences of the
Zagreb earthquake can be found in [5–8].

After a strong earthquake, buildings should go through a well-established assessment
process. A key part of this assessment should be the high-precision evaluation of the
mechanical properties of masonry. This will reduce the number of unknowns related to the
structure’s resistance [4]. Technology development facilitates improvements in the field of
assessment methods, which then allow a more adequate, economic and safer assessment of
existing buildings. A lot of research on this topic has been conducted in different parts of
the world. Procedures, methods and norms related to the assessment of existing structures
are constantly being improved [9–14]. Special attention is also paid to cultural heritage
buildings that represent the identity of historic urban cores [15–21].

New methods such as drone imaging and laser scanning could ease and complement
the regular assessment process. Unmanned aerial vehicles (UAVs) can be used for crisis
management, crack identification, seismic damage, architectural assessment of cultural her-
itage and structural assessment of buildings. Laser scanning of structures (light detection
and ranging (LiDAR)) is used to scan structures damaged by earthquakes to identify cracks
and ways of failure of the element and the entire structure [22]. Additionally, the benefit
of these two techniques is particularly visible when inspecting heritage buildings. Digital
twins can be produced to preserve the state of the building and for its reconstruction (if
needed). Many scientific articles and studies have been published regarding the modeling
of the behavior of existing structures and their reconstruction. The reader is referred to the
following articles related to the reconstruction of cultural heritage buildings. Case studies
like the one described in this manuscript can be found in [2,18,23–27].

This paper presents the procedure of a detailed inspection of a building under cultural
heritage protection. The case study building was damaged in the earthquake and needs to
be renovated according to new laws in Croatia to ensure the safe and functional future use
of the building.

2. Case Study of Rudolf’s Barracks
2.1. Historical Background

The case study building is located within the historic complex of buildings in the
western part of Zagreb ‘Lower Town’ called the infantry barracks of Prince Rudolf. The
entire complex of Rudolf’s barracks is protected as an immovable individual cultural
property and is entered in the Register of Cultural Heritage of the Republic of Croatia.
The protection of the complex refers to the main building and the entire area of the
former pedestrian barracks complex with the existing quality greenery, unbuilt areas and
peripheral buildings of high ambient values. The Rudolf’s barracks complex is located
within the A protection zone of the Historical and Urban Entity of the city of Zagreb,
protected as a cultural asset and entered in the Register of Cultural Heritage of the Republic
of Croatia—List of Protected Cultural Heritage.

The infantry barracks complex was constructed in the period from 1887 to 1889 ac-
cording to the project of the Viennese architects Franz Gruber and Carl Völckner. The
complex consisted of 13 buildings (Figures 1 and 2), most of which were two-story build-
ings, and was named after the son of Emperor Francis Joseph I and Empress Sisi, Prince
Rudolf [28,29]. The entire complex was built within 15 months of Prince Rudolf laying the
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foundation stone, and the construction of the complex was triggered by tensions over the
Austro-Hungarian occupation of Bosnia and Herzegovina and the need to house the army.
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with case study building visible on the right [30]; (c) Demolition of part of the Rudolf’s barracks complex in the late 1970s.

In the late 1970s, a decision was made to demolish Rudolf’s barracks (Figure 2c)
to make the area a secondary city center, but it was converted into a park without new
constructions. Part of the complex was demolished in 1978, and what is left are four
buildings, the main representative and three more modest buildings, all built in the neo-
romantic style. One of these buildings is the case study of this paper located at Republic
Austria Street No. 18 (Figure 3).
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Figure 4 shows the original drawings of the building in question, obtained from the
State Archives in Zagreb.
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2.2. Today’s Building

The case study building (Figure 5) is a public-purpose building with a rectangular
floor plan of 25.18 m × 11.42 m and a height of approximately 15.50 m. The floor area is
approximately 290.00 m2, and the total gross area is approximately 1450 m2. The building
consists of five floors, all floors of the building are used as office space. The building has
undergone minor changes in the original geometry and space over time and has been
properly maintained.
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Figure 5. (a) View of the east façade; (b) View of the north façade; (c) View of the roof (photo credit: Mislav Stepinac).

The load-bearing walls are made of solid bricks of the old Austro-Hungarian format
14 × 6.5 × 29 cm. The thicknesses of the load-bearing walls in the basement are 78 cm,
65 cm and 50 cm, at the ground floor 63 cm and 50 cm, and in the other aboveground floors,
the thickness is 50 cm. The partition walls are made of solid brick, and the thickness is
between 14 cm and 20 cm.

The ceiling structure in the basement is a brick vault supported by brick arches. The
structure of the other floors consists of wooden beams and steel beams. The width of
the wooden beams is 14 cm, and the height is 20 cm. The steel beam is an “I” profile,
200 mm high.

In the central part of the building, there is a new reinforced concrete cantilever three-
legged staircase system.

As the building is under the protection of the Ministry of Culture, a detailed survey
of the external dimensions and façade was made to preserve its architectural value. Laser
scanning was performed with the Leica BLK360 device and processed in the Cyclone
Register 360 software. With the help of laser scanning, a point cloud with a precision of
3 mm was obtained, and the façade with external geometric contours was preserved for
the future. In addition, a digital “twin” of the building has been created, which will be
used for further restoration works if needed (Figure 6).
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After a detailed survey of the external geometry, the interior was recorded and mea-
sured. Finally, 2D and 3D models of the building were made (Figure 7).
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section.

2.3. Damage Detection after Earthquake

The building was inspected after the earthquake on 22 March, 2020. It was assigned
the usability mark PN2. The mark PN2 refers to buildings with moderate damage without
risk of collapse, but the usability is questionable due to the potential risk of collapse of
some elements. The following damage was found:

• Several minor cracks were observed on the façades of the building. Due to their
slenderness and low vertical load chimneys failed predominantly by shear sliding and
overturning. Additionally, roof displacement and collision with chimneys increased
failure occurrences.

• On the ground floor, small cracks were noticed at the places of the lintel and at the
connections of the walls and ceiling. Lintels are weakened parts of the masonry walls
and are therefore vulnerable since the damage is usually concentrated in them.

• On the first floor, major damage was noticed at the connection of partition and load-
bearing walls and at the connection of walls and ceilings. Observed damage is
not surprising because at the partition and load-bearing wall connections and wall
and ceiling connections, there is a discontinuity of material and contact of different
materials that have different behavior, and thus, there are different displacements that
cause cracking. Often, such cracks do not pose a significant hazard.

• The original staircase has not been preserved, and the existing staircase has minor
damage that does not indicate a threat to mechanical resistance and stability.

Some of the damaged elements are shown in Figure 8.
This inspection established conservation guidelines for the repair of load-bearing

and partition walls, staircases and floor structures. The façade and roof design should
be preserved along, with the reparation of existing damage after conducting detailed
conservation and restoration research. In addition, this paper analyzed retrofitting strategy
as one of the methods to preserve the “outer look” of the building.
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3. Condition Assessment and Moderately Destructive Testing

The flat-jack method determined the vertical stress, the modulus of elasticity and the
masonry’s shear strength. The test was conducted on the ground and first floors on the
same wall (Figure 9).
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Figure 9. Ground floor plan with a marked test site.

The procedure for testing the vertical stress of the masonry was as follows:

• Removal of mortar from the horizontal joint of the masonry to partially release the
masonry from compressive stress.

• Inserting a flat jack into the hole.
• Establishing the initial state of stress and strain by increasing the pressure in flat jacks.

It should be noted that the results obtained by this test are the average value of
the masonry stress in the vicinity of the opening. Therefore, the obtained results can be
assumed as representative stress for the whole tested wall when the wall is completely
homogeneous, and the load is not eccentric.
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The test procedure for masonry elasticity modulus was as follows:

• The test is performed in the same place as the vertical stress test.
• A second hole is made above the existing opening into which a flat jack is inserted.
• Both openings are horizontal, and they are vertically spaced by 5–7 rows of bricks.
• Inserted flat jacks are connected to one hydraulic pump.
• Displacement and relative deformation measuring devices are placed between flat

jacks.
• Simultaneous application of vertical pressure to flat jacks and measurement of relative

deformation using the device allows determining the modulus of elasticity.

The shear strength test procedure for masonry was as follows:

• The test is performed in the same place as the test of the modulus of elasticity of the
masonry.

• One horizontal brick is removed to install the hydraulic press.
• Mortar was removed from the vertical joint of the horizontal test brick.
• A device for measuring displacements and relative deformations is installed over the

test brick and the adjacent horizontal brick.
• Using a hydraulic press, horizontal pressure was applied to the test brick to move.
• Flat jacks enable the control of vertical stress to obtain the values of the coefficient of

friction and the initial shear strength from the values of the ratio of shear strength and
vertical stress.

The vertical stress of the masonry is determined by the following expression (ASTM
C1196-14a):

σ0 = Km·Ka·p (1)

where Km is a dimensionless coefficient depending on the geometry and stiffness of the
flat jack. The calibration of the flat jack determines it. Ka is a dimensionless coefficient
determined from the ratio of the area of the flat jack and the area of the opening, and p is
the pressure in the flat jack required to return the wall to its initial state of stress and strain.

According to the tests (Figure 10), the following values were obtained: compressive
stress state in masonry at test location σ0 = 0.46 N/mm2 (used for model calibration
regarding weight distribution), modulus of elasticity E = 1469.5 N/mm2 (used for wall
stiffness definition), initial shear strength fv0 = 0.323 N/mm2 (used for wall shear resistance
definition) and coefficient of friction µ = 0.447.

Buildings 2021, 11, x FOR PEER REVIEW 8 of 23 
 

It should be noted that the results obtained by this test are the average value of the 
masonry stress in the vicinity of the opening. Therefore, the obtained results can be as-
sumed as representative stress for the whole tested wall when the wall is completely ho-
mogeneous, and the load is not eccentric. 

The test procedure for masonry elasticity modulus was as follows: 
• The test is performed in the same place as the vertical stress test. 
• A second hole is made above the existing opening into which a flat jack is inserted. 
• Both openings are horizontal, and they are vertically spaced by 5–7 rows of bricks. 
• Inserted flat jacks are connected to one hydraulic pump. 
• Displacement and relative deformation measuring devices are placed between flat 

jacks 
• Simultaneous application of vertical pressure to flat jacks and measurement of rela-

tive deformation using the device allows determining the modulus of elasticity. 
The shear strength test procedure for masonry was as follows: 

• The test is performed in the same place as the test of the modulus of elasticity of the 
masonry. 

• One horizontal brick is removed to install the hydraulic press. 
• Mortar was removed from the vertical joint of the horizontal test brick. 
• A device for measuring displacements and relative deformations is installed over the 

test brick and the adjacent horizontal brick. 
• Using a hydraulic press, horizontal pressure was applied to the test brick to move. 
• Flat jacks enable the control of vertical stress to obtain the values of the coefficient of 

friction and the initial shear strength from the values of the ratio of shear strength 
and vertical stress. 
The vertical stress of the masonry is determined by the following expression (ASTM 

C1196-14a): 𝜎 = 𝐾 ∙ 𝐾 ∙ 𝑝 (1) 

where 𝐾  is a dimensionless coefficient depending on the geometry and stiffness of the 
flat jack. The calibration of the flat jack determines it. 𝐾  is a dimensionless coefficient 
determined from the ratio of the area of the flat jack and the area of the opening, and 𝑝 is 
the pressure in the flat jack required to return the wall to its initial state of stress and strain. 

According to the tests (Figure 10), the following values were obtained: compressive 
stress state in masonry at test location 𝜎 = 0.46 N/mm2 (used for model calibration re-
garding weight distribution), modulus of elasticity E = 1469.5 N/mm2 (used for wall stiff-
ness definition), initial shear strength fv0 = 0.323 N/mm2 (used for wall shear resistance 
definition) and coefficient of friction μ = 0.447. 

   
(a) (b) (c) 

Figure 10. (a) Connected hydraulic system and flat jack; (b) Determination of stress and deformation dependence of ma-
sonry; (c) Testing of shear strength of masonry with control of vertical stress by flat jacks. (photo credit: Luka Lulić) 
Figure 10. (a) Connected hydraulic system and flat jack; (b) Determination of stress and deformation dependence of
masonry; (c) Testing of shear strength of masonry with control of vertical stress by flat jacks. (photo credit: Luka Lulić).

Additionally, the so-called Masonry Quality Index (MQI) [31] was calculated. The
MQI method is a simple and systematic qualitative approach appropriate for numerical
estimation of the mechanical parameters of masonry. This method can be useful when in
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situ tests are not viable or for results validation when in situ tests are performed. More
details on the mentioned method can be found in [31]. Table 1 shows the mechanical
properties of masonry according to the method of MQI.

Table 1. Mechanical properties of masonry according to the Masonry Quality Index method (values in N/mm2).

Emin Emax fm,min fm,max τ0,min τ0,max Gmin Gmax fv0,min fv0,max

1786 2520 4.07 6.44 0.06 0.10 440 648 0.14 0.27

For all timber elements, the class of C22 is assumed, where the “C” letter implies
softwood, e.g., spruce or pine, and the number “22” represents the major axis bending
strength of timber. From the archives, it was concluded that softwood was used. The
building was regularly maintained, and a value lower than the assumed (C24 or C27) was
taken to be conservative. Seismic load analysis was performed according to EN 1998-1 [32]
and the national annex [33]. The soil class is C, according to the latest geological research
of the city of Zagreb.

4. Numerical Modeling of the Case Study Building

The building’s choice of modeling and design method affects the accuracy and reliabil-
ity of the results themselves. For example, simpler calculation methods give conservative
results that can deviate greatly from the actual damage. On the other hand, more complex
calculation methods give more accurate and reliable results even though they require
more time. For this paper, for comparison, a seismic calculation was performed using two
methods: the equivalent static load method and the pushover method. The modeling was
performed using the 3Muri software.

Modeling the building in the 3Muri software is performed by inserting walls, columns
and beams, which are then discretized into macroelements. There are two types of macroele-
ments. These are the piers and spandrels in which all the damage is concentrated. Parts of
the wall that are often undamaged are defined as rigid nodes, and they connect the former
two [34]. The mathematical concept behind the use of macroelements makes it possible
to find the mechanism of collapse, i.e., the mechanism of damage. Damage can be due
to shear in the central part of the macroelements or due to combined compression and
bending at the peripheral parts of the macroelements [34,35].

Horizontal diaphragms are modeled using floor elements connected by three-dimensional
nodes. The loads on the horizontal diaphragms (used only for mass calculation and dis-
tribution) are perpendicular to the floor level, and the seismic action is in the direction
of the floor level. For this reason, the horizontal diaphragms can be modeled as axially
rigid or flexible but without bending stiffness. Such shaping of horizontal diaphragms
is allowed because their main task is the acceptance of horizontal action due to seismic
action and their further distribution to vertical load-bearing elements. 3Muri assumes good
wall-to-wall and wall-to-floor connections, i.e., box behavior that is desirable but often
unrealistic in the existing structures. Hence, during the modeling itself, it is assumed that
the damaged masonry was restored to its original undamaged state by methods such as
grouting and that the necessary measures were taken to ensure the box behavior of the
observed structure. Good connection of walls and floors can be achieved by adding ties and
anchors, as well as stiffening the floor structure. Additionally, 3Muri allows out-of-plane
failure analysis of local mechanisms in a separate module. This is extremely useful since
box behavior can accommodate only in-plane failure of the masonry. More on the analysis
of local mechanisms in 3Muri can be found in [2].

Figure 11 shows the ground floor plan, and Figure 12 shows a 3D model of the building.
Again, the floor plans of the floors roughly coincide, except that sometimes the layout of
the partition walls is different.

Table 2 shows the legend of the material used to model the building.
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Table 2. Materials used in 3Muri model.

Material Color Norm
Masonry According to the experimental results

Reinforced concrete EN 1992-1-1:2005
Structural steel EN1993-1-1:2005

Timber EN 338:2002



Buildings 2021, 11, 508 11 of 23

Seismic action is determined by the equivalent static load method. To be able to apply
the method of equivalent static load, the basic period of the first mode shape must be less
than or equal to 4·TC (TC = 0.6 s for soil type C) and 2 s so that it satisfies the criterion of
regularity in the vertical section. Therefore, the basic period of the first mode shape is 0.29,
and the building satisfies the regularity criterion in the vertical section. The first mode
shape was calculated by the following expression:

T1 = Ct·H
3
4 (2)

where Ct is a coefficient dependent on the structural system, and H is the building’s height.
For the building in question, the importance class of II has been determined according

to EN 1998. Importance class II corresponds to regular buildings.
Figure 13 shows the values of peak ground acceleration for the location of the building.
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For old unconfined masonry, the value of the behavior factor is set as q = 1.00.
Seismic base shear force for each horizontal direction can be determined by the following
expression:

Fb = Sd(T1)·m·λ (3)

where Sd(T1) is spectral acceleration for the first period of the building for the observed
direction, m is the building’s mass and λ is a correction factor dependent on the building’s
height. The values of the design spectrum and base shear force are given in Table 3.

Table 3. Design spectrum and base shear forces for different return periods.

Return Period [Years] Se(T) Fb [kN]

95 0.373 3012
225 0.518 4183
475 0.748 6040

According to the EN 1998-1, depending on the local seismic hazard and the number
of stories of the observed building, the minimum percentages of the cross-sectional area of
the load-bearing walls in relation to the total floor area are given for the x- and y-directions
(3% in our case). This check is the first step to establish the state of the existing building in
terms of meeting the basic requirement used in the new building design process and to see
if new walls should be added. Therefore, load-bearing walls in both directions meet the
requirement of a minimum total area of load-bearing walls for simple masonry buildings
(x = 7.79%, y = 4.20%).
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For the design purposes, the following mechanical characteristics and coefficients are
taken based on in situ tests, code recommendations and literature review:

• Partial safety factor, γM = 1.50.
• Modulus of elasticity E = 1470 N/mm2

• Initial shear strength of masonry obtained from in situ testing, fv0 = 0.323 N/mm2.
• Confidence factor value, FP = 1.20 according to knowledge level 2.
• Diagonal tensile strength of masonry, ft = 0.114 N/mm2.
• Local coefficient of friction of the joint, µj = 0.60.
• Clamping coefficient, φ = 1.00.
• Mean compressive strength of the units, fb = 12.00 N/mm2.
• Value for clay unit from group 1 and general-purpose mortar, K = 0.55.
• Mortar compressive strength, fmortar = 1.50 N/mm2.

The confidence factor is used to determine the seismic design method and depends on
the level of knowledge. To determine the level of knowledge, it is necessary to know the
geometric relationships of the structural and nonstructural elements, details (masonry, the
connection of floor structure and masonry, etc.) and mechanical properties of the material
from which the structure is built.

Suppose the level of knowledge is determined to be 1. In that case, the typical values of
the mechanical characteristics of the material are assumed following the construction time
of the building, and the structural tests are limited. If the level of knowledge is 2, then the
values of mechanical characteristics of the material are assumed according to the original
design specification or according to the values obtained from extensive research. The level
of knowledge 2 was taken for the case study. Calculated base shear force is distributed
on each floor, increasing linearly, along the height of the building. Next, floor forces are
further distributed to walls according to their stiffnesses. To derive capacity utilization,
i.e., the ratio of capacity and demand of individual walls, the resistance of the walls is
compared with distributed wall forces. For global verification, the sum of the resistances
of all the ground floor walls in the same direction was compared with total base shear
force. According to the manual calculation (lateral force method), the capacity/demand
ratio in the x-direction was 0.92, and in the y-direction 0.44. Masonry can fail in several
different modes. Hence, the resistance to bending, shear sliding and diagonal tension
failure (straight and stepped) are calculated. Expressions for resistance calculation can
be found in [7]. According to the calculation of the masonry resistance, the load-bearing
capacity of the walls in the x- and y-directions is not sufficient to absorb the earthquake
force of the return period of 95 years. Therefore, adding walls (or an equivalent system for
absorbing horizontal forces) in both directions is necessary.

The 3Muri software has a module for conducting modal analysis. This module offers
the calculation of all possible mode shapes. In this paper, 10 mode shapes are considered,
and 3 are shown in Figure 14 and in Table 4. The first and third modes are predominantly
translational, while in the second mode, slight torsion occurs.
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The pushover method in the 3Muri software is carried out depending on the distribu-
tion of lateral load on the structure. The lateral load distribution can be linearly increasing
or uniform along the height of the building or in the form of the translational mode shape.
Figure 15 shows a 3D model of the equivalent frames of the building developed in the
3Muri software. Four analyses were performed for the modal lateral load distribution, two
in the x-direction (+X and −X) and two in the y-direction (+Y and −Y). Figures 16 and 17
show the capacity curves in the x- and y-directions (black) and their bilinear idealization
(orange). Value “dm” on the graph represents the near-collapse limit state. It is reached
when the maximum value of the shear force drops by 20%. Figure 18 shows a 3D model
with damage to the near-collapse limit state for critical analysis in the x- and y-directions.

Table 4. Modal analysis details.

Mode T (s) mx (kg) Mx (%) my (kg) My (%) mz (kg) Mz (%)

1 0.2934 85 0.01 973,618 81.78 13 0.00
2 0.2293 209,897 17.63 150 0.01 0 0.00
3 0.2214 835,847 70.21 334 0.03 34 0.00
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The pushover analysis was performed for all three distributions of lateral load with-
out random eccentricity. Finally, the capacity/demand ratio obtained according to the
simplified calculations and the values of the safety indices for critical analyses obtained
using the 3Muri software were compared, as shown in Table 5. According to the regulation,
the safety index is the ratio of peak ground acceleration for which the structure reaches a
certain limit state, i.e., capacity and peak ground acceleration (PGA), i.e., demand. PGA
for a return period of 95 years was used, and it has a value of 0.13 g. The limit state of
significant damage (SD) was observed.
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Table 5. Capacity/demand ratios obtained by different methods of analysis.

Type of Analyses x-Direction y-Direction

Simplified hand calculation 92% 44%
Seismic load distribution according to equivalent static forces method 66% 71%
Modal distribution of seismic load 69% 78%
Uniform distribution of seismic load 81% 83%

According to the above, the simplified calculation visibly deviates from the calculation
using the 3Muri software for calculating the capacity/demand ratio in the y-direction. The
visible deviation occurred because the simplified calculation method has more geometric
limitations due to the choice of the walls, such as the minimum wall thickness and the



Buildings 2021, 11, 508 16 of 23

minimum wall length to height ratio. Thus, not all walls were considered when choosing
load-bearing walls. Additionally, in the 3Muri software, in addition to partition walls,
concrete and steel beams are modeled, contributing to the rigidity of the entire building,
but mostly in the y-direction as can be seen in Figure 15 (steel beams in blue). Therefore,
it can be concluded that the simplified design is more conservative for the y-direction
compared to the design in the 3Muri software, which was expected. In the other direction,
results are more similar, but the more conservative design is now reversed in favor of the
3Muri software.

To compare the actual damage and the damage obtained using the 3Muri software,
a uniform lateral load distribution was selected. It is assumed that the peak ground
acceleration of the earthquake in Zagreb in 2020 was about 0.18 g. The results of damage
are shown in Figure 19, with locations of real damage shown in Figure 20a,b.

Figure 20a shows the actual damage to the right part of the load-bearing wall on the
ground floor corresponding to the shear damage. Figure 20b shows the actual damage to
the middle part of the load-bearing wall on the first floor, which corresponds to the damage
due to bending. Similar damage is detected in height in the building itself, and damage
corresponds to the model.
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5. Renovation Measures for Existing Masonry Buildings after the Earthquake(s)
in Croatia

For the successful renovation of buildings damaged in the earthquake, it is necessary
to apply appropriate measures for repair and strengthening of the building without com-
promising the mechanical characteristics of the material and the properties of the structure
that contribute to the durability of the building [37].

After the earthquakes in Croatia, to create a legal framework for the faster, economical
and easier reconstruction of earthquake-damaged areas, the Law on Reconstruction of
Earthquake-Damaged Buildings in the city of Zagreb, Krapina-Zagorje County and Zagreb
County [38] was passed. The Law defines the methods of reconstruction that depend on
the degree of damage and purpose of the building. Additionally, an addendum to the
technical regulations was issued [39], which defines the levels of renovation, which are:

• Level 1: repair of nonstructural elements.
• Level 2: structural repair to the return period of 95 years.
• Level 3: strengthening to the return period of 225 years.
• Level 4: Complete retrofitting to the return period of 475 years.

The Technical Regulation [39] defines the requirements, documentation, interventions
and works, and the category of buildings that the renovated structure must meet for each
level above. A proposal of measures for repair and reinforcement of buildings is given
following the obtained results. Measures should follow the seismic design and be in line
with the conservation and restoration rules. The minimum restoration level is level 2
for all structures with greater damage. However, in addition to the proposed minimum
level of renovation, the building owner may request renovation to a higher level than
the prescribed level of renovation at his own expense. For the building in question, the
proposed level of renovation is level 2, but at the request of the owner of the building,
renovation level 3 is selected.

As a measure of repair and reinforcement of the walls of the building, it is rec-
ommended to reinforce load-bearing walls by, e.g., FRCM system or concrete jacketing.
Figure 21 shows a proposal for reinforcing load-bearing walls. To obtain good resistance in
the transverse direction (y-direction), it is proposed to add new load-bearing walls with
a minimum thickness of 38 cm. In addition, it is proposed to remove the brick partition
walls and replace them with a drywall system. Figures 22 and 23 show a proposal for the
position of the new load-bearing walls and a proposal for the removal and replacement of
partition walls.

In addition to mentioned methods, it is necessary to strengthen the ceiling structure.
Therefore, as a measure of repair and reinforcement of the wooden ceiling structure, a thin
reinforced concrete compression slab is proposed to increase the load-bearing capacity and
stiffen the structure (rigid diaphragm). All arched elements, vaults in the basement are
planned to be kept in the original design with the possibility of strengthening with carbon
fibers, maintaining the original proportion of the vaults in order to preserve the original
construction and design characteristics of the building.
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Additionally, this paper analyzed the possibility to perform an equivalent system for
an alternative retrofitting strategy to take over horizontal forces. An example of an idea for
an equivalent system for taking over horizontal forces can be found in Figure 24. The idea
of an equivalent system for taking over horizontal forces consists of using existing steel
beams (crossbeams) in the floor structure. New steel beams would be added to the existing
steel beams, which would end outside the structure itself. The new steel beams would be
externally connected to the steel rope, as shown in Figure 24. Bracing elements could be
placed to ensure the common behavior of the whole system and the building and ensure
sufficient transverse stiffness.

This approach allows a clear differentiation of the old structure and the new-seismic
one. The old structure becomes easier to read and more visible, due to the fact that the
new seismic elements are mostly connected to the existing one and thus in some way
additionally mark it. They also damage it less since no drastic interventions are needed for
their installation or execution.

The proposed solution gives freedom in a case where interventions cannot be obtained
from the interior. The existing horizontal frames steel beams can efficiently be connected
to the exterior bracing system and throughout those beams transfer horizontal forces. In
that way, the interior design can be saved, and the layout can be pretty much intact. The
exterior vertical bracing system with a tension diagonal in general has a good dynamic
response with the unreinforced masonry building, as those lateral systems are not too stiff
as for example shear walls from omitted masonry or RC. This example can be also used
for educational purposes to provide different solutions and different aspects in seismic
retrofitting.

Another possible renovation method, i.e., seismic isolation, is used for the rehabili-
tation of buildings of special cultural and historical importance. The building should be
separated from the ground, thus constructing new foundations on which insulating units
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are placed, and on them a new construction that will transfer loads from the existing build-
ing to the insulators. In addition, the biggest advantage of seismic insulation as a remedial
measure is that the building does not require additional interventions and elements that
could damage the façade or interior. This method is, on the other hand, considerably more
expensive than others.
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6. Conclusions

The Republic of Croatia is one of the most seismically endangered countries in Europe,
especially the Mediterranean area and northwestern Croatia. However, the city of Zagreb
is a seismically active area due to the Žumberak-Medvednica fault and the Zagreb fault,
which consists of a series of smaller faults. After the two earthquakes in Croatia, about
70,000 buildings were damaged, 25,000 in the Zagreb earthquake and about 45,000 in an
earthquake whose epicenter was 70 km from Zagreb.
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Most of the damaged buildings are of an older date of construction, mostly built in the
period before the existence of the first earthquake regulations, and are built of brick with
wooden floor structures. Such structures are characterized by uneven stiffness distribution,
inappropriate or nonexistent connections between the walls and poor connection to the
roof and floor structure. Many of these buildings are under cultural heritage protection,
and such an example is the building presented in this paper.

The building was fully inspected after the earthquake by engineers in accordance with
a pre-established methodology (EMS-98). Subsequently, for further potential restoration
work, a digital “twin” of the building has been created with the Leica BLK360 device.
Laser scanning resulted in a point cloud with a precision of 3 mm, which was processed in
the Cyclone Register 360 software. This way, the original façade with external geometric
contours and details was preserved for the future. Additionally, on-site investigative and
moderately destructive tests were carried out using the flat-jack system. The tests provided
an important insight into the material characteristics such as modulus of elasticity, compres-
sive stress state, coefficient of friction and initial shear strength without the contribution of
vertical stress, which are required for modeling. Since the standards recommend nonlinear
methods of analysis for existing masonry structures, the pushover method integrated into
the 3Muri program was used. Several different vertical distributions of seismic loads
were considered. In addition, simplified manual calculations were performed. Finally, all
methods were compared, where a significant deviation of the results of the manual method
was observed.

The results obtained using the 3Muri software and the simplified method show that
the case study building does not meet the states of limited damage, significant damage
and near collapse, with return periods of 95 years, 225 years and 475 years. Therefore,
in addition to the condition assessment and seismic design of the structure, a proposal
of measures for repairs and strengthening of the structure was given in accordance with
applicable laws and new regulations.

When designing a technical solution for the renovation and reinforcement of seismic
resistance of the protected heritage building, it is necessary to envisage strengthening
methods that are minimally invasive for historic structures and space utilization, using
appropriate materials and methods, to enable preservation and presentation of original
exterior and interior building characteristics.

In the process of strengthening, it is necessary to integrate and enhance the energy
efficiency of the structure, as well as to preserve the architectural and historical values of
the protected heritage while ensuring the safe and functional use of the building. Aseismic
measures, elements whether exposed, visible or not, should respect the character and
integrity of the cultural heritage and be visually in harmony with it. The seismic system
should be reversible as much as possible so that it can be replaced by more advanced
seismic measures in the future.
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