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" Faculty of Civil Engineering and Architecture Osijek, Josip Juraj Strossmayer University of Osijek, Osijek, Croatia, ? Faculty of
Technical Sciences, University of Novi Sad, Novi Sad, Serbia

Estimating of buildings vulnerability is based on a well-organized and detailed database
of buildings and their characteristics. Creation of the buildings database of the city
Osijek is in progress. This database contains, for each building, information regarding
its location, geometric and structural characteristics, materials which were used for
structural elements, and other relevant data. This paper presents numerical and statistic
values of some characteristics of the buildings from the database. Different methods
can be applied for the prediction of damage probability in the field of earthquake
risk assessment. With the empirical Macroseismic method and the analytical Capacity
Spectrum Method, the vulnerability of the few blocks of buildings, typical for the
city Osijek, is estimated. For unreinforced masonry structures with flexible floors, the
probability of reaching a certain degree of damage is estimated by the two selected
methods, and the obtained results are compared.

Keywords: building topology, building database, macroseismic method, capacity spectrum method, seismic
vulnerability assessment

INTRODUCTION

Croatia is located in the area of high seismicity, as confirmed by the earlier catastrophic earthquakes
in Zagreb (1880) and in Dubrovnik (1667). Only buildings constructed in the last 10 years have
been designed according to HRN EN 1998-1:2011 (Eurocode 8), but most, low and medium high
buildings built in the last century, made of stone or brick elements, have not been constructed in
accordance with earthquake-resistant design concepts. The seismic resistance of these buildings
must be evaluated and the level of risk defined in order to avoid adverse effects in the case of a
catastrophic earthquake.

Most of the current approaches for assessing potential losses for a wide group of exposed
elements rely on the availability of relevant fragility curves. Over the past decades, the area of the
earthquake risk assessment has achieved great development. In addition to being one of the major
factors in earthquake risk analysis, the concept of earthquake vulnerability is also used as one of
the major factors in the development of earthquake scenarios, as a basis for setting up a strategy
to reduce earthquake risk for a group of buildings or other elements at risk and as a basis for
development scale of earthquake intensity, such as EMS-98, which explicitly and repeatedly refers
to earthquake vulnerability (Sandi et al., 2007). Different methods can be implemented to develop
damage probability functions/fragility curves in the field of earthquake risk assessment. Generally,
they are categorized into three generic groups: empirical, based on observation of actual damage
and post-earthquake surveys; analytical, obtained from the results of static or dynamic analyses of
structural models; hybrid, which can combine any of the methods mentioned above to overcome
the lack of: observed parameters, structural models, and of subjectivity of an expert opinion.

Frontiers in Built Environment | www.frontiersin.org 1

May 2019 | Volume 5 | Article 66


https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org/journals/built-environment#editorial-board
https://www.frontiersin.org/journals/built-environment#editorial-board
https://www.frontiersin.org/journals/built-environment#editorial-board
https://www.frontiersin.org/journals/built-environment#editorial-board
https://doi.org/10.3389/fbuil.2019.00066
http://crossmark.crossref.org/dialog/?doi=10.3389/fbuil.2019.00066&domain=pdf&date_stamp=2019-05-24
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org
https://www.frontiersin.org/journals/built-environment#articles
https://creativecommons.org/licenses/by/4.0/
mailto:mhadzima@gfos.hr
https://doi.org/10.3389/fbuil.2019.00066
https://www.frontiersin.org/articles/10.3389/fbuil.2019.00066/full
http://loop.frontiersin.org/people/667925/overview
http://loop.frontiersin.org/people/664269/overview
http://loop.frontiersin.org/people/296471/overview

Pavi¢ et al.

Vulnerability of Buildings in Osijek

Empirical methods include: damage probability matrices
(DPM), macroseismic method, vulnerability index method
(VIM), fragility curves, visual-based methods. The analytical
methods include: derived fragility curves and DPM, collapse
mechanism based method, capacity spectrum based method
(CSM), and a displacement based method.

Analytical methods are formed on the basis of the statistical
classifications of damage distribution that are simulated by a
series of calculations of damage states in numerical models
due to the increase of the earthquake intensity. The method
may be relatively restrictive in terms of high computer loads
and complexity. In order to implement more detailed analyzes,
such as taking into account geometrical, material and other
uncertainties, numerical models are simplified and thus reduce
the oversized and long-lasting computer operations. It is of
extreme importance to consider each detail of the structure and
the difference between the structural and non-structural elements
in order to allow a more realistic modeling of the real structure,
because a large number of parameters affect the final result. It is
also possible to classify numerical models into the models that
use a nonlinear static calculation and models that use a nonlinear
dynamic calculation (SYNER-G, 2011).

Empirical methods are based on actual data, taking into
account various effects such as soil and structure interaction,
topographical and lithographic impacts of construction site and
variability of structural capacity of group of buildings. However,
this can also be a disadvantage because empirically derived
fragility curves are specific depending of: the area, particular
condition of the construction site, earthquake parameters
(intensity, depth, etc.) and bearing capacity of the building. The
available data are often based on low earthquake intensity, which
results in a fragility curve that may be unreliable for earthquake
events with a higher magnitude.

Empirical and analytical methods were applied in the area of
Osijek. In order to be able to apply any of the methods, the fourth
component of risk exposure should be taken into account because
without this component, even if there is a high earthquake hazard
in some area, if the area is uninhabited, the earthquake risk
is small.

STUDY AREA

The city of Osijek occupies an area of ~171 km?, and according
to the population census from 2011 it has 108,048 inhabitants.
The geographic position of the city center has the following
coordinates: the north latitude 45° and 32', and the east longitude
of 18° and 44". The area on which the town is located is
lowland, shaped by the river Drava and its tributaries. The
geomorphologic form, the lowland relief of the city, is the river
terrace. Osijek mostly extends along the right bank of the River
Drava, at an altitude of 90 m. The city is made up of 7 districts:
Tvrda (old town, built mostly in the eighteenth century), Upper
Town, Lower Town, New Town (including Sjenjak), Industrial
Quarter, Retfala and South II.

According to the geological-lithological map of the Osijek-
Baranja County, old rock blocks at higher depths are covered

by young sediments, particularly from Pleistocene. During the
freezing and defrosting process, the surface soil was worn,
creating small Aeolian deposits (sediments) and powder dusts,
which form the dominate soil type in the area of urbanization. In
the hydrogeological sense, the area of the city lies on the alluvial
terraces of the Drava and Danube, with a thickness generally over
150 m, covered with a dusty and clay layer, 10-50 m thick, in
which the dominant layers are formed of medium to fine grained
sand and layers of clay and powder.

The earthquake and tectonic activity in the area of the city
is not significant. According to the map of earthquake hazards
for Croatia, according to the National Annex EN 1998-1 (HRN
EN 1998-1: 2011/NA), the horizontal peak accelerations of the
ground type A (rock) for the city of Osijek is 0.11 g for the 475
year return period. The closest zones of intensified earthquake
activity are located north of the city, ~30km toward Beli
Manastir in the Bansko brdo area and ~70 km southwest of the
city in the area of Dilj gora where there were earthquakes of VIII
degrees intensity in the epicentral area (according to MCS scale)
or with magnitude of 5.0-5.7.

In the case of earthquakes of this size and with the relatively
poor soil conditions present, the impact of earthquake forces on
the soil and structures can be considerable and should be taken
into account in urban planning, design of new and reinforcement
and renovation of the existing buildings.

DATABASE OF BUILDINGS FOR THE CITY
OF OSIJEK

Creating a database of buildings is an initial step in assessing
the vulnerability of all types of buildings potentially exposed
to earthquakes. Based on such a database, it is possible to
analyze buildings, their elements as well as people who, as
users of these buildings, are potentially exposed to injury and
death in them, during an earthquake. The database may only
include buildings and elements whose position is accurate or
at least approximate. The process of preparing a database
requires assignment of certain characteristics. Due to the
common problem of inaccessibility or absence of official data and
statistics for assigning relevant characteristics and parameters,
approximate procedures are used. The production of a high-
quality building database for a specific area of research implies
primarily the availability of complete and detailed information on
the geographic position of the buildings, their total surface area
and their structural characteristics. The entire process of making
a database requires the cooperation of numerous participants
from different fields of science and practice. Namely, it is
necessary to collect a variety of data, starting from geographic,
cadastral or data from municipal archives. In order to collect all
the necessary data on the structure and characteristics of bearing
system of the building, it is also necessary to go out and do a
field work of visual data collection or the measurements that are
needed for a particular analysis and calculation.

Building database provides also an economic estimate for each
element with the aim of quantifying damage in monetary units
(Barbat et al., 1996).
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The aim of the Osijek city building database is to estimate the
city’s earthquake vulnerability on the basis of the vulnerability
types of buildings in the city, which are defined through
direct field examinations and by studying existing plans
and documentation.

Classification of Structural Systems

For the building database of the city of Osijek, the structural
systems of the existing Osijek city buildings are classified,
according to Giovinazzi (2005), as follows:

M5 - unreinforced masonry structures with flexible floors
(old bricks)

M6 - unreinforced masonry structures with rigid floors

M7 - masonry structures with horizontal and vertical ties
(confined masonry)

RC1 - reinforced concrete frames

RC4 - shear walls (without E.R.D.)

This classification was adopted taking into account the years
when buildings were built and the basic structural and
performance requirements in building regulations at the time.

According to the data from the database of buildings of the city
Osijek, in which up to now 1,075 buildings have been processed,
the number and percentage of certain structural system classes
are presented in Figure 1.

From the presented data, it can be seen that 99 % of the
buildings so far included in Osijek’s building database, are
masonry structures. Given the complex and extremely non-linear
behavior of masonry structures during earthquakes, and such
a significant percentage of masonry structures in the city, the
creation and existence of this database is more than necessary
and justified despite the relatively small number of recorded
earthquakes and low tectonic activity in the vicinity of the city
of Osijek. It represents the basis for reliable assessment of the
earthquake vulnerability for all types of buildings in the city, and
hence for the reliable assessment of seismic risk.

Moreover, a series of recent seismic microzonation studies in
the north-western Balkans (Lee et al., 2015, 2017a,b,c; Bulaji¢
et al,, 2018) and a recent study of strong earthquake ground
motion in the same region (Bulaji¢ et al., 2013) showed that deep
geological sediments strongly affect the severity of both longer
period waves, even in the case of distant earthquakes (Lee et al.,
2016a,b). This is especially important for regions like the area of
the city of Osijek and its vicinity where deep sediments, which
are dominantly present, can experience significant shaking from
more distant earthquakes.

Data Collection Form
The initial step in the process of creating a building database
involves selection of relevant parameters of interest to the
database. Bearing in mind the Global Earthquake Model (GEM)
recommendations on building types (Brzev et al., 2013), a site-
building data collection form was developed by considering the
data that will best describe the structure and other building
characteristics required for further research.

The created building data collection form contains
the following:

- building location information: address, cadastral number

- the position of the building in relation to the particular
city block

- general information: the purpose of the building, the year of
construction and/or reconstruction (if any) and the number
of persons living in the household

- information on the geometric characteristics of the building:
floor plan dimensions, net and gross floor planes, floor plan
blueprints, floor level, floor space and total height

- regularity in floor plan and height

- information on the main structural system of the building

- information on building materials used

- information on the roof structure and cover.

Buildings by Year of Construction

Building age is a parameter that can be used to define the design
rules used and the type of bearing structure, which are factors that
accurately determine the potential damage to buildings (Salgado-
Galvez et al,, 2015). Accordingly, given the availability of the
required data for risk analysis, the division of buildings was used
with respect to the construction year in six groups.

For every municipality and city in Croatia, data regarding
the age of dwellings are available. Based on the housing and
population census (Croatian Bureau of Statistics, 2011), the age
distribution of the dwellings for Croatia was determined and
shown in Table 1.

By analyzing the collected data on the year of construction
of buildings in the database, the following results were obtained:
there are 176 buildings built before the 1940’ or 16% of the total
number of buildings in this database, there are 339 buildings built
in the period between 1940 and 1970 or 32%, 359 buildings in the
period from 1970 to 1978 or 33%, 201 buildings built between
1987 and 2006, or 19% of the buildings in current database. This
is presented in the Figure 2.

The Regularity of the Ground Floor of the

Buildings in Database

To calculate the resistance of the structure to the earthquake, it is
necessary to know the regularity or irregularity of the structures
in the layout and along the height.

According to the EC8 (EN 1998-1:2004, 2004), the structure
of a building must be approximately symmetrical in plan with
respect to the two orthogonal axes to ensure sufficient lateral
stiffness and proper distribution of the masses. The building must
have a compact configuration plan and re-entrant corners or edge
recesses, if exist, cannot exceed 5% of the floor area.

The plans of the buildings covered by the database are mostly
rectangular (with respect to the regularity of the ground plan):
75% of buildings have the regular floor plan and 25% have the
irregular floor plan, as shown in Figure 3.

Average Values of Building’s Height

One of the most important parameters for the general and
structural characteristics of each building when it comes to
calculating the dynamics of structure is the height (the elastic
period of the building depends on its height). In addition to
determining the probability of earthquake hazard, the height is
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1%

Structural system of buildings from the Osijek database

mM7 mM6 =~ M5 mRC1 mRC4

1%

FIGURE 1 | The proportion of structural systems in the so far built Osijek city building database.

TABLE 1 | Classification of buildings by construction age, with appurtenant type of construction and seismic regulations for Croatia

(Kalman Sipo$ and Hadzima-Nyarko, 2018).

Building’s factors Fuild,1?

Fuild,2

Fpuild,3 Fpuild,a Fhyuild,5 Fhuild,6

Common type of construction Stone masonry
buildings with wooden  slabs

slabs
Seismic regulation - -

Brick masonry with RC Masonry with RC slabs, RC buildings, confined masonry buildings

pre-code RC frames

1st earthquake design Regulation ~ Prestandards Eurocode 8

(design standards) regulationb 1981 (ENV)
Age distribution Before 1945 1946-1970 1971-1980 1981-1990 1991-2005  After 2006
Number of dwelings ¥ = 1,470,110 197,180 427,421 325,203 247,084 200,150 73,072

ajmpact factors for dwellings vulnerability by their age.
bafter 1963 Skopje earthquake.

Year of constructions

= before 1940
= 1940 -1970
1970 -1987
= 1987-2006

FIGURE 2 | Year of construction for buildings in Osijek database.

particularly important in assessing building damage before and
after the earthquake (Trifunac et al., 2010). For each building
being mentioned in the database, total height measurements were
carried out from ground to roof structure to obtain the total
height of the building, and by calculating and / or measuring
(where possible), the average height is obtained. Data on the

number of floors of the building are obtained by visualization and
counting in the field.

According to the data collected, the average gross area, for
buildings listed up to now is 769 m?* and the average floor area
is 226 m?. The total height of the buildings is in the range of
4.48-37.3 m and the average height is 8.46 m. The tallest building
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25%

Regularity in plan-building database of Osijek

M Regular plan

Irregular plan

FIGURE 3 | Regularity in plan for buildings from Osijek database.

of 37.3m is the one-eighteenth-century building located at 48—
50, Vijenac Ivana Mestrovi¢a Street. The floor height ranges
from 2.2 to 4.95m and the average floor height is 2.86 m. The
average values of the individual geometric properties of the
buildings, for the up-to-date list of buildings in the database are
shown in Figure 4.

Floor System of Osijek Buildings
Floor system has a significant role in the action of seismic forces
because they must prevent the separation of walls and ensure
that during the earthquake the building behaves as a complete
spatial structure with mutually well-connected elements. For a
good earthquake force transmission, the floor system should be
rigid in its plane. The transfer of earthquake forces is considerably
more difficult for soft floors (wooden floors), because due to
the deterioration and / or poor performance, the wooden floor
systems often cannot be considered as absolutely rigid in their
plane. For the presented database and later calculations, floors
systems were classified as either rigid or wooden floors systems.
Figure 5 shows the total volume and statistics of rigid
and wooden floors for buildings in the database of Osijek.
For the up-to-now processed buildings in the database, 765
of them have rigid floor structures, which makes 72% of all
processed buildings, while the soft (wooden) structures have
296 masonry buildings or 28% of all masonry building included
in the database.

Building Material of the Walls

The parameter, which has a strong influence on the behavior
of the elements and the entire construction during earthquakes,
is the construction material or the type of building material
from which the building was made. Buildings that are completely
identical in terms of floor planes, floor counts, structural
design, etc., but made of different types of materials, will have
significantly different behavior even for the same intensity of
earthquake ground shaking. For database purposes, these data
are collected on site, from project documentation, based on

knowledge of the building users or by evaluation based on
knowledge of building age and researcher’s experience.

The walls of the base building are made of brick and concrete.
Using a brick block is the most common: 922 buildings, or 86%,
were built by brick blocks. The ordinary (most commonly used)
brick was used in 128 buildings, which is 12% of the total number
of buildings. Concrete walls were made in 15 buildings or 1%,
and concrete blocks in 5 buildings or 0.5% of the total number
of buildings. In the database there were also 5 masonry buildings
which were constructed of raw brick (in Tvrda and Upper Town),
and that is 0.5% of all buildings (Figure 6).

The parts of the city for the so-far processed database are
Tvrda, larger parts of the Upper Town, New Town (most Sjenjak),
some parts of the Industrial District, Retfala and South II, and
at least the database currently covers the Lower Town area. In
Figure 9, red painted sections of the city show locations of the
buildings that were placed in the database.

MACROSEISMIC METHOD

The macroseismic method was originally developed by
Giovinazzi and Lagomarsino (2004) from the definitions
which are given in the (European Macroseismic Scale(EMS),
1998) using classical theory of probability and the theory of
a fuzzy set. The method is based on a perceived vulnerability
model, which allows damage estimation after an earthquake, and
on application of EMS-98 scale. In this way, the macroseismic
intensity (I) is connected with mean damage grade (up).

According to the macroseismic method, the estimation of
earthquake vulnerability is expressed as a mean damage grade
up. The mean damage grade pup is defined as Lagomarsino and
Giovinazzi (2006):

MD:Z,S[I—}-tanh( (1)

I+6,25-V1—13,1>:|
Q
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769

846

Floor area (m?)
Gross area of
the building Total height of
(m?) the building
(cm)

Average value of Osijek building database

Height of floor
(cm)

FIGURE 4 | Average values of Osijek building database.

Floor system- building database of Osijek

W Rigid
B Wooden

FIGURE 5 | Floor systems of Osijek’s buildings.

1% 0,5%

Wall materials

M block
bricks

M bricks

' concrete
wall

M concrete
block

o row
brick

FIGURE 6 | Wall materials of buildings in the database.
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where I is the earthquake hazard defined in terms of
macroseismic intensity, V7 is the vulnerability index, and Q is the
ductility index that describes the ductility of a given structural
type. The recommended value for Q in the amount of 2.3, as
given by Giovinazzi and Lagomarsino (2004), was also adopted
in this paper.

The model defines the vulnerability index V, which
is for 6 types of buildings according to EMS-98 ranges
between 0 and 1, and the ductility index Q. The ductility
index determines the rate of increase in vulnerability with
an increase in intensity or the slope of the vulnerability
function, and the vulnerability index determines the
position of the curve. The increase in index V for
0.16, means a single degree increase in the intensity of
the earthquake.

In this method, the value of the vulnerability index
can change depending on the structural systems and
the quality of the structure, by introducing behavior
modifiers and regional vulnerability factors based on
expert judgment.

According to the EMS-98 scale, the earthquake behavior
also depends on other factors, and therefore an equation for
vulnerability index (Giovinazzi, 2005) is proposed:

V=Vo+ AVr+ AVy )

where:

Vo-the most probable value of the vulnerability index of
certain type of building

AVpg-regional vulnerability factor

AV -behavior modifier.

According to Milutinovic and Trendafiloski (2003), the value of
the typology index of vulnerability, or the most probable value of
the vulnerability index of certain type of building, V, depends
on the basic structural system resistant to horizontal earthquake
action. The values of the typological index of vulnerability, the
boundary (V~, V) of the possible range (x = 1) and the upper
and lower bounds of possible values (Vimin, Vmax) are given for
masonry, reinforced concrete, steel and wooden buildings.

Building modifier AV, is the sum of the behavior modifiers
Vm for certain building characteristics (e.g., condition of the
building, regularity in plan and height regularity, building
position, ground morphology, etc.). Since there were no
available data of buildings vulnerability caused by earthquakes
in Croatia, behavior modifiers are proposed based on the
values suggested in previous works and on judgments based
on available project documentation of the buildings considered
(Hadzima-Nyarko et al., 2018).

A regional type factor AVpR takes into account the
characteristics of buildings belonging to a particular typology
at the regional level. Greater or lower vulnerability can be
established on the basis of traditional construction techniques
in the observed area (Hadzima-Nyarko et al., 2018). Thus, for
example, the calculated values according to Feriche et al. (2008),
based on the analysis of damage to buildings after the earthquake
in Lorca 2011, range between 0.08 and 0.16 (A VR = 0.08-0.16).

RESULTS OF APPLIED
MACROSEISMIC METHOD

Most buildings listed so far in the buildings database of
the city of Osijek are masonry buildings. Therefore, the
estimation of the earthquake vulnerability is carried out by
the Macroseismic method on the masonry buildings. Three
typical blocks of masonry buildings are selected in the Upper
City district.

The Upper City was built at the end of the Seventeenth

and early eighteenth centuries and since the middle
of the nineteenth century. The buildings were built
on the basis of experience, satisfying construction

static, and they were constructed as full brick masonry
structures. The thickness of the walls is 30, 45, 60cm,
for masonry in the old brick format (29/14/6.5-7.5cm),
and 25, 38, or 50cm for
format (25/12/6.5 cm).

From the data collected for the selected three blocks of
buildings, the following observations can be deduced:

masonry with new brick

- 3.6% of buildings are masonry structures with r.c. floors
(M6), 7.1% are reinforced concrete frame systems (without
E.R.D) (RC1), and the rest of 89.3% are unreinforced masonry
structures (M5)

- 35.7% of the building are for public use; 14.3% for residential
use; 32.1% for residential business use and 17.9% for
business use

- 89.0% of the building was built between 1900 and 1940; 4.0%
of buildings were built in the period from 1940 to 1960, and
7.0%by the end of the Twentieth century

- flexible floors, such as floor of wooden beams, have as much as
89.0% of buildings, while rigid floor have 11.0% of buildings

- the number of detached buildings is equal to the number of
buildings in the series (39.0%), the dual buildings amount
to 14.0% of the total number of buildings, while 9.0% of the
buildings are on the corner (end of the series)

- 89.3% of buildings have a regular plan and 10.7% are irregular

- according to the number of floors, most of the
buildings have basement, ground floor and one floor
(71.4%, basement written as PO + P + 1), while
numbers of buildings with basement, two, three
and four floors are equal (each group with 3.6%
of buildings)

- ground floor and one-story buildings are represented in the
same number or in percentage 7.1%

- total building height varies from 3.5 to 30.0 m

- the most common building height is 9.75 m (71.3%) followed
by a height of 7 m (10.7%)

- the total height of the buildings in the amounts of 3.5, 9.0, 14.4,
16.4, and 30.0 m is represented in the same percentage (3.6%).

The Geographic Information System (GIS) is a system that
manages spatial data and the associated characteristics. QGIS
(“Quantum GIS”) is a computer application that allows users to
create maps with multiple layers. Additional suitability for users
is the fact that the code is open. Applying apps greatly facilitates
the management, editing, visualization and analysis of the data
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FIGURE 7 | Visualization of (A) Structural System, (B) Usage, (C) Floor Type, and (D) Floor Number, using QGIS Application.

collected. Using QGIS, some of the analyzed characteristics of
buildings are shown in Figures 7A-D.

Since buildings from database can be divided into three
types: unreinforced masonry with wooden (flexible) floors (M5),
unreinforced masonry with reinforced concrete floors (i.e., rigid
floors) (M6) and reinforced concrete frames (RC1), the most
probable value of the vulnerability index of these types of
buildings is taken over from Giovinazzi and Lagomarsino (2004)
and shown in Table 2. According to EMS-98, the most probable
level of vulnerability for unreinforced with wooden beams is B,
and for unreinforced masonry with reinforced concrete floor and
reinforced-concrete frame structures is C.

For the calculation of the final vulnerability index V, the
behavior modifier of the building AV, is introduced, which can
increase or decrease the vulnerability index V¢ from Table 2. The
behavior modifier of the building AV, is determined according
to the equation (Giovinazzi, 2005):

AVig =" AV 3)
k

where: AV, is behavior modifier of the building and V,y is

behavior modifier for individual building characteristics.
Behavioral modifiers for individual building characteristics

were obtained experimentally or by observing typical

vulnerability caused, taking into account the suggestions of
the experts, and these values can be found in the aforementioned
work by Milutinovic and Trendafiloski (2003).

Based on formulas (1), (2), and (3), and applying
behavior modifiers based on the visual inspection of
each building, the index of vulnerability and the mean
degree of wvulnerability for each building is calculated.
The average values of the vulnerability index are shown in
Table 2.

The average damage degree values for each type of building
are shown in Figures 8A,B. The effect of the behavior modifier is
reflected in the change of the value of the index of vulnerability.
This also means that some classes of vulnerability have also
changed (for example, the building with vulnerability class B has
undergone to a class vulnerability A). For the observed database,
20 buildings have passed from class vulnerability B to class A
(common features of these 20 buildings are: age >100 years,
irregularity in the ground floor, located at the ends of a series of
buildings or corner, having a heavy roof structures). One building
moves from class C to class B due to modifier changes: the
building is not older than 100 years, and it is a detached house
(with 3 floors). A total of 7 buildings remain in the same class
of damage.

In accordance with Table 2, in Figures 9A-C, for the selected
three blocks of buildings, the calculated values of the mean
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TABLE 2 | Average Values of the Vulnerability Index.

Building type Vulnerability index for a certain type of The average value of the modifier The average value of the vulnerability
building Vg > AV index V,
M5 0.740 0.125 0.865
M7 0.616 0.100 0.716
RC1 0.644 0.020 0.664
A . a B 25
B 35 '§ 5
:ﬂ -
o 3 o=
a0 &
g 25 — g 1,5
©
k-] 2 — 3
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FIGURE 8 | Average value for mean damage grade (A) masonry structures with flexible floors (M5), (B) reinforced concrete frames (RC1).

I

J |

FIGURE 9 | Values of the mean damage grades for three levels of earthquake intensity: (A) VII, (B) VIII, and (C) IX.

damage grades are displayed in the program package QGIS, for
intensity VII, VIII, and IX.

For the selected blocks of buildings the assessment of the
probability of reaching damage levels for earthquake intensity
VII, VIII, and IX, was conducted with the Macroseismic
method. In Table 3, the damage probability matrix is presented
for the most common type of buildings in the selected
blocks—unreinforced masonry structures with flexible floors

(M5). The damage probability matrix was obtained using
binomial distribution.

For the VII degree of intensity, as much as 55% of
buildings will suffer damage of the 3rd damage grade, and for
the IX degree of intensity, an additional 25% buildings will
experience the 4th degree of damage, so for these buildings
it is questionable if they should be restored after such level
of damage.
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TABLE 3 | Damage probability matrix for M5.

Damage probability matrix M5

Intensity Damage grade 0 1 2 3 4 5 TOTAL
VI Probability 0.3104 0.4091 0.2157 0.0569 0.0075 0.0004 1
Vil Probability 0.0887 0.2764 0.3447 0.2149 0.0670 0.0083 1

IX Probability 0.0108 0.0797 0.2347 0.3455 0.2544 0.0749 1

Capacity Spectrum Method

The capacity spectrum method (CSM) is an analytical method
of assessing the earthquake vulnerability which connects the
calculation methods with the material characteristics of the
structure, thus providing a more detailed investigation of the
damage (Calvi and Pinho, 2006).

It can be used at various levels of accuracy, from the one that
can quickly assess the risks of large groups of existing buildings,
over what can be approximated for the level of behavior when
designing a new structure, to the one that is needed for a detailed
vulnerability assessment of the existing structures for a certain
earthquake intensity (Freeman, 1998).

In the first step, a building model is chosen from the selected
building classification. Model must adequately represent the
characteristics of the building/group of buildings for which
earthquake vulnerability is estimated with regard to the structural
system, the floor number, the performance materials and the like.

In the second step, for the selected model the bearing
capacity is defined and transformed into a capacity spectrum.
The behavior of the structure in the nonlinear region is modeled
by the Pushover Analysis. As a relevant view of the behavior of
the structural system, the changes of the top floor displacement
are observed. They depend on the total applied horizontal
(transverse) force and we can show it like the Capacity Curves of
the structural system. The requirement curve is compared with
the Capacity Curve, and in the intersection of these two curves is
the Performance point that approximates the structure response
to the given load.

In the third step, the parameters of the Fragility function are
estimated and used to estimate the probability of damage. The
Fragility curves for each defined marginal condition, for different
intensity of earthquake, describe the probability of a collapse
or a degree of damage. Marginal conditions represent a state
of damage or limitation of use under the same conditions as
a structural response (Erduran et al.,, 2012). The Vulnerability
Curves convert material damage to a cash loss, considering
Intensity Measurement (IM).

In the fourth step, the Fragility Curve is transformed into the
Damage Probability Matrices. The Damage Probability Matrices
are obtained by discretizing continuous distributions through the
Fragility Functions of damage. They display the probability of
reaching a certain level of damage.

Since the unreinforced masonry with wooden floors are most
vulnerable class in the study of three city blocks, the CMS method
will be applied on this class of buildings in order to provide the
comparison between two methods. Apart from basement and
ground floor, these buildings have 1-2 floors. The average floor

height is 4.2 m and the total height of the building ranges from
6 to 17 m. The use of these buildings is mixed: residential, public
and business.

In accordance with the mentioned building characteristics,
the building class M5.v_L (unreinforced masonry-old bricks)
was selected according to Building Taxonomy-RISK-UE
(ELER, 2010).

Vulnerability is calculated and compared for earthquake
intensities VII, VIII and IX and related accelerations (ag)
according to MKS-64.

Eurocode 8 type 1 spectrum, intended for earthquakes with
M> 5.5, was adopted. According to EN 1998-1: 2004, the elastic
response spectrum was calculated for the ground type B.

When calculating the elastic response spectrum, periods of
0-2s, with intervals of 0.5 s, are taken into account.

The reduced elastic response spectrum is calculated by
reducing the elastic response spectrum by using the relation:

(n—1; L 1
“”’(i)*’

"

T<T.: R,

T>Tc: Ry (4)
where: T is the oscillation period of SDOE Tc is the period
from which the constant spectral acceleration ends, Ry is the
reduction factor due to ductility, and . is the ductility factor (the
ratio between the maximum displacement and the displacement
during yielding).

RESULTS OF APPLIED CAPACITY
SPECTRUM METHOD

For M5.v_L, the values are: u© = 5.17 and T(s) = 0.192s. The
calculation of Capacity Curves in a nonlinear static analysis
involved the control points for M5.v_L: Ay = 0.208g; Dy =
0.0019 m; Du = 0.0098 m (ELER, 2010).

Calculation results: Elastic response spectra, Reduced Elastic
response spectra, Capacity Curves and the value of Performance
points for certain earthquake intensities are shown in Figure 10.

Probability of buildings vulnerability or collapse is calculated
using Fragility Functions. The amount of spectral displacement
(Sq) for different damage values (Slight, Moderate, Extensive,
Complete or No Damage), which were obtained for Performance
point of certain building class, denote the abscissa in the
coordinate system, while the ordinate is displayed by the
conditional values denoting the damage condition either being
reached P( [Ds = ds]) or exceeded P([Ds > d ]).
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FIGURE 10 | Curve and Performance Point for intensities VII, VI, IX.
The Fragility curves were made according to the Risk-UE
Project WP4 (Milutinovic and Trendafiloski, 2003), according to 1,5
which the construction of the curve is also based on Capacity M5.v L IX
curves. Levels of damage according to this methodology can be 1
described by the damage index, which is determined through the = ——— slight
cost of repair and the cost of the entire replacement of buildings, L o5 Moderate
and by the Fragility curves, or as a function of interstory = Extensive
drift. According to the Risk-UE Project WP4 (Milutinovic and 0 Complete
T.ren.damoskl, 2003), the .Fragﬂlty curves are the log—gor.mal 0 0,05 01 0,15 0,2 0,25
distribution of the median (S;4) and standard deviations [m]
calculated for each limited state. The Fragility curves obtained in
this way take into account the variability of the structural damage FIGURE 11 | Fragility Curve for the earthquake intensity IX.

levels, Capacity curves and the requirements spectrum.

The marginal conditions, i.e., the levels of damage were
adopted by D’Ayala et al. (2013). Median spectral displacement,
for level of damage Slight, Moderate, Extensive, Complete, were
determined using the following expressions:

Sa1 = 0,7:Dy: Sgp=1,0-Dy: Sy3 =
40,25 (Dy — Dy); Sgq =1,0-D,

Dy

)

Where: D), is the displacement in the yield point, and Dy is the
displacement in the ultimate point.

Fragility Curves for the earthquake intensity IX are
shown in Figure 11.

To estimate the earthquake vulnerability, Fragility curve
for some earthquake intensity using the expression (6), were
transformed into a matrix of probability of damage. The matrix
results are shown in Table 4.

1—P(Ds > dlim)i=0
(Ds = ds lim) — P (Ds = dy(is1) lim) 0 < i < n (6)
P(Ds > dslim) =n

P (ds |im) =

For earthquake intensity VII, the probability of damage decreases
with the increase of the degree of damage, while for IX degree of
intensity the probability of damage increases with the increase
of the damage degree. VIII degree of intensity is most probable
(27%) in the case of a moderate level of damage, and the
percentage of damage decreases linearly to the “No damage” level
on one side, while and jumpy decreases to the “Extensive” on the
other side.

Observed structures have relatively small natural vibration
periods due to their thickness, however, the size of the earthquake
response indicators is affected by their ground plan irregularity
and unfavorable ground conditions. The interaction of these
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TABLE 4 | Damage probability matrix for M5.v_L.

Damage probability matrix M5._L
Intensity Damage grade 0 1 2 3 4 TOTAL
VI Probability 0.5 0.284246 0.14887 0.044146 0.022738 1
Vil Probability 0.14649 0.249018 0.277344 0.155739 0.171409 1
IX Probability 0.023829 0.09245 0.198978 0.192644 0.492099 1
TABLE 5 | Comparison of estimated damage probabilities.
Comparison damage probability Unreinforced masonry structures
Damage degree 0 1 2 3 4 5 445
Damage No Slight Moderate Extensive Complete
Intensity Method % % % % % % %
VI Macroseismic 31,04 40,91 21,57 5,69 0,75 0,04 0,79
CSM 50,02 28,42 14,88 4,41 2,27
Vil Macroseismic 8,87 27,64 34,47 21,49 6,70 0,83 7,53
CSM 14,65 24,90 27,73 15,58 17,14
IX Macroseismic 1,08 7,97 23,47 34,55 25,44 7,49 32,93
CSM 2,38 9,25 19,90 19,26 49,21

parameters with the traditional unreinforced masonry buildings
of the city Osijek gives a probability of collapse of 3% in the
case of earthquake intensity VII, 25% in the case of earthquake
intensity VIII and 72% in the case of earthquake intensity IX.

COMPARISON OF PROBABILISTIC AND
ANALYTICALLY OBTAINED
DAMAGE PROBABILITIES

Concepts and procedures of the methods used to evaluate the
earthquake vulnerability for the buildings in Osijek database are
different but they still provide an opportunity for quantitative
comparison of the calculated damage probabilities.

In order to make a comparison of the results shown in Table 5,
the difference in damage degree scales from the two approaches
has been overcome with the assumption of an equivalent degree
of damage “4 4 5”7 (Giovinazzi et al., 2006).

The comparison was carried out for the most common type of
buildings in the database-unreinforced masonry structures.

For all three analyzed intensities of an earthquake, the
probability of reaching damage degree 0 is higher if it is estimated
using the CSM, while the probabilities for reaching other damage
degrees are greater using the Macroseismic method.

According to the CSM method, even in the case of an
earthquake of VIII intensity, it is only 17% probability that the
resulting stresses will cause cracks that could lead to the collapse
of the buildings, or to the “complete” damage. The probability
obtained by the Macroseismic method for the same damage grade
is more than 50% less from the probability obtained by the CSM
method. For VII and IX intensity, the probability of reaching a
certain degree of damage, obtained by the used methods, do not
show such deviations.

The results of the earthquake vulnerability calculations by the
Macroseismic method show that slight damage could occur in
most of the analyzed buildings in the case of intensity VII (the
most likely damage level), while according to the calculations
by the CSM the most likely damage level is “No damage.” For
intensity VIII, the calculations by both methods show that the
slight to moderate damage can be expected. For the intensity
IX, the most likely damage level is 3 (“Extensive damage”), and
there is also a significant probability (32%) for the occurrence of
buildings collapse. Most likely damage level, obtained by CSM for
intensity IX is 4, which presupposes a probability of 49% for the
collapse of the buildings.

The differences between the results of the used methods can be
explained by the use of different distributions, i.e., the binomial
distribution in the Macrosismic method and the log-normal
distribution in the CSM.

CONCLUSION

Vulnerability is multi-dimensional, determined by physical,
economic, institutional and human factors. It is dynamic,
dependent on time and spatial scale, and specific building ground
floor conditions.

The estimation of vulnerability is based on buildings database.

In this paper, the buildings database of the city Osijek
is presented. So far this database contains the collected
and processed data on locations, structural and geometric
characteristics and other data, for the total of 1,075 buildings.
The purpose of the database is to enable an assessment of the
earthquake vulnerability for the existing city buildings.

The buildings vulnerability was conducted and estimated
for the several blocks of the city Osijek by two methods:
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analytical—Capacity spectrum method (CSM) and empirical—
macroseismic method.

Buildings for which this calculation was intended have
not been designed and built in accordance with earthquake
resistant requirements, and have been revised, upgraded or
modified for use, largely without thinking about the remaining
sufficient stability and bearing capacity. Although due to age
and use, there has been a loss of the load resistance properties
and increase in fatigue of the material embedded in them, a
major restoration or earthquake reinforcements has not been
carried out.

The probability of reaching three different damage
grades: Slight, Moderate and Extensive, obtained using the
applied methods for the observed earthquake intensities, is
approximately the same.

With Macroseismic method, for VII intensity a 20% less
chance is obtained for reaching damage degree 0, than with CSM.

The Capacity spectrum method predicts a lower probability
of the damage degree that represents the buildings collapse, than
the Macroseismic method. It is assumed that these deviations
have caused the behavior modifiers used in the Macroseismic
method, which, depending on their values, may affect the
increase/decrease of the estimated earthquake resistance of the
buildings, especially for the marginal damage grades.

Despite the aforementioned, due to the low heights and
massive masonry walls the estimated buildings show relatively
high earthquake resistance and small earthquake risk.
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