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Kapazitatsdegradation und Rissbildung eines mehrstockigen unbewehrten
Mauerwerksgebaudes

In dieser Arbeit wird die seismische Beurteilung eines typischen mehrstockigen
unbewehrten Mauerwerksgebaudes ohne Ringanker dargestellt. Numerische Analysen
wurden mittels der FEM durchgefiihrt und beruhten auf experimentellen Daten zu den
Materialeigenschaften der Bestandteile von Mauerwerk und Stahlbeton. Zur Berechnung
wurde sowohl die nichtlineare statische Pushover-Methode, als auch die nichtlineare
dynamische Zeitverlaufsmethode angewandt. Fir beide Berechnungsmethoden wurden
der Verlauf der Rissbildung und die Hysteresekurven verglichen.
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1. Introduction

The existing buildings in Bosnia and Herzegovina are mostly
built as masonry buildings. The traditional art of construction
involved masonry buildings, built as unreinforced masonry
(URM) with wooden floors [1, 2]. Half-prefabricated
reinforced concrete floors were first used during the mid-
1930s and this practice resumed once again after World
War Il. Most of these buildings had up to five storeys, but
were built without vertical reinforced concrete (RC) confining
elements. The seismic resistance was provided by structural
walls laid in two main orthogonal directions, whereas
functional demands were met by a smaller number of walls
in longitudinal direction.

Several strong earthquakes that occurred over the past few
decades underscore the importance of seismic vulnerability
assessment, including evaluation of possible strengthening
and retrofitting measures.

One of the most devastating earthquakes that struck the
Balkan region was the 1963 Skopje (Macedonia) earthquake.
The magnitude of the earthquake was 6.1 on the Richter’s
scale, and the MSC intensity was IX. The destroyed residential
masonry building shown in Figure 1 is representative of
typical structures built between 1950 and 1960. Although
similar-type structures were exposed to earthquake actions in
Slovenia, the largest and the most significant damage to this
type of structures was observed during the Skopje earthquake
in 1963.

It is only after the Skopje earthquake that the first seismic
codes were published, and vertical confining RC elements
were introduced into the masonry building practice.
Presently, confining masonry is a common feature of
masonry structures. The structure chosen for the analysis
is similar, by structural type, to the one destroyed during
the Skopje earthquake (Figure 1). This was a way of building
that was traditionally applied throughout the entire Western
Balkans region.

Figure 1. Destroyed residential masonry building (five storeys) [3]

According to EMS-98, structures are classified with regard to their
seismic vulnerability [4]. Vulnerability classes range from A to F
and this has enabled the use of one scheme with different kinds of
buildings, and the variety of their ranges of vulnerability. This scale
indicates how differences in the way buildings respond to earthquake
actions are expressed. Buildings are classified according to their
structural type, seismic intensity, and expected grade of damage [2].
Damage grades from 1 to 5, defined in the EMS-98, ideally represent
alinear increase in the strength of shaking, If the structure is defined
as belonging to damage grade 1, this means that it has negligible
to slight damage of non-structural elements, and that it exhibits no
structural damage. At the other extreme, the grade 5 illustrates a
very heavy structural damage described as destruction.

This building with concrete floors belongs to the unconfined
masonry, and is less than 60 years old. For the 7th degree of
seismic intensity (corresponding to the Sarajevo region where the
building is located), a moderate to heavy damage (grades 3 to 4)
can be expected [2].

2. Modelling of masonry structures

The modelling of the existing masonry structures with regard
to seismic action is a very complex task because of constitutive
characteristics of the structural material, and its non-linear
behaviour when subjected to strong ground motion. The
numerical representation of masonry generally involves two
approaches: the focus can be placed on the micro-modelling
of individual components, brick unit, mortar, and the unit to
mortar interface, or the macro-modelling of masonry, where
units, mortar, and unit-mortar interface, are smeared out in a
homogeneous continuum [5]. The micro-modelling approach
is required when better understanding of local behaviour of
masonry structures is needed. Consequently, this procedure is
applicable for structural details and small elements (masonry
prisms, wallets, etc). As an entire structure was to be
modelled, the macro-modelling and homogenization study was
considered to be more adequate. Material properties necessary
for numerical modelling are explained in the following sections.

2.1. Material properties
2.1.1. Compressive strength of masonry

According to Eurocode 6 [6], the characteristic compressive
strength of unreinforced masonry made using general purpose
mortar, with longitudinal mortar joints considered as filled,
taking into account the &-coefficient (shape coefficient), is
obtained by the equation (1):

fk _ K . fb0.70 . fm0.30 (1)

where:

f, - the characteristic compressive strength of the masonry in
N/mm?
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K - the constant depending on the type of masonry unit and
mortar

fb - the normalized mean compressive strength of the units, in
the direction of the applied force in N/mm?

f_ - the compressive strength of the mortar in N/mm?,

2.1.2. Modulus of elasticity

If there are no experimental data, Eurocode 6 [6] recommends
taking the modulus of elasticity equal to (2):

E = 1000 - f_[MPa] ()
or as indicated in equation (3), Pauley [7] recommends a value of
E =750 - f, [MPa] (3)
2.1.3. Compressive and tensile fracture energy

According to Lourenco [8], and based upon the Model Code 90
[9] for concrete, the tensile fracture energy can be calculated
using the expression (4):

G, =0,025 (2 -f)°" [N/mm] (4)

where:
f.- the tensile strength of the masonry in N/mm?

assuming that the tensile strength to compressive strength
ratio is 5 %. The ductility index is defined by the ratio (5):

G
d="2
f

(5)

and, for brick, it has a recommended value of 0.029 mm [10].
The determination of the compressive fracture energy is also
based on the Model Code 90 [9] for the peak strain of 0.2 %, as
shown in Figure 2.

30.00 5
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E 5 — Best fit
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G, =15+043f, - 0,0036f
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Figure 2. Compressive fracture energy according to Model Code 90[9]

The applicability of this curve varies from 12 to 80 N/mm?, and
it is calculated from the equation (6):

G, =15+0,43 f,-0,036 - 2 [N/mm] (6)

whereas the values of d = 1.6 mm and d = 0.33 mm are
recommended for f, < 12 N/mm?andf, >80 N/mm?, respectively
[10]. Additional data can be found in[11-13].

2.1.4. Non-linear behaviour

A parabolic stress-strain relation for compression, based on
the Hill-type yield criterion, was chosen for nonlinear behaviour
of masonry, with no lateral confinement and no lateral crack
reduction. The tension path, based on the Rankine-type yield
criterion, was described by an exponential tension-softening
diagram. The post-cracked shear behaviour was defined by
taking into account the retention factor of its linear behaviour,
the shear retention factor, § = 0.01. More details are provided
in [11-13]. This material nonlinearity is presented in Figure 3.
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Figure 3. Nonlinear behaviour of masonry [14]

3. Case study

3.1. Description of structure

The typical residential masonry building analysed in the paper is

located in Sarajevo, in the part of the city called Grbavica (Figure
L),

Figure 4. Analysed building built in 1957
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Figure 5. a) Floor plan of the studied building; b) plan view of the basement; c) "Herbst" elements

The plan view given in Figure 5 shows the layout of the structure
with the load bearing walls mainly in Y direction. The structure
was designed and built in 1957. It is interesting to note that,
at that time, no seismic codes were applied in this region. It
is only after the severe 1963 Skopje earthquake that seismic
regulations were introduced and enforced in the region.

3.2. Geometry and materials

In plan, the structure measures 38.0 m by 13.0 m, and is made
of 7 levels (basement + ground floor + 5 storeys). The structure
is composed of load bearing walls mainly in transverse
direction (Y direction) as shown in Figure 5.3, with slabs made
of semi-prefabricated elements. The longitudinal facade walls
(X direction) are weakened with a large number of openings
(Figure 4), while in transverse direction the outer walls have
just one opening on each floor. Transverse (inner) walls have
door openings, in the area from 2.3 m? to 6.9 m2. The total area
of the outer-wall openings on the ground floor in X direction
amounts to 19.8 %, while in Y direction it equals to 8.6 % only. A
significant percentage of openings can be noted in longitudinal
walls, where the openings amount to 46 % of the wall area. So,
the lateral resistance in longitudinal direction is largely inferior
compared to the lateral resistance in perpendicular (transverse)
direction.

The inner load bearing walls (Y-direction) are made of brick
elements 0.25 m in total thickness, while the facade walls have
additional hollow brick elements 0.125 m in thickness. Bricks
are of standard size, 25x12x6.5 cm, and are joined together
with cement mortar.

Basement walls are made of concrete. Walls in Y direction are
0.38 m in thickness, while the outer walls in X (longitudinal)
direction are 0.30 m in thickness. Two inner walls are 0.25 min
thickness (Figure 5.b). The slabs are made of semi-prefabricated
"Herbst" concrete hollow elements (Figure 5.c).

3.3. Visual inspection and experimental investigations

Visual inspection revealed that there were no changes regarding
its layout and usage, and no damage was reported. Geometric
data were checked. Laboratory tests were conducted in order
to obtain the data about mechanical and physical properties of

materials. Specifically, the brick unit compressive strength, and
the compressive strength of concrete walls, were determined.

The compressive strength of bricks and concrete was obtained
based on experimental tests made at the Institute for Structures
and Materials of the Civil Engineering Faculty in Sarajevo, Bosnia
and Herzegovina. This was the starting point for determining
input data for numerical modelling. It was established that the
compressive strength of bricks corresponds to the class M150
(new M15) and that it fulfils requirements for load-bearing walls.
As it was impossible to take mortar samples from the structure,
the decision was made to approximate the compressive strength
of mortar, and the value of 2.5 N/mm? was adopted based on
numerous previous investigations conducted by the Institute
for Structures and Materials in Sarajevo. Tests conducted on
cylindrical concrete specimens (diameter 100 mm) revealed
that the concrete grade is MB25, which is roughly equivalent to
C20/25 in Eurocode 2, and that the reinforcement is 14 mm in
diameter. The steel grade is GA240/360 (with the yield strength
of 240 N/mm?). The location of the specimens is labelled in Figure
5.a and Figure 5.b for the masonry and concrete, respectively.

3.3.1. Material properties

As per equation (1), and with K = 0.45, the compressive strength
is f, = 4.07 N/mm? The structure was analyzed with both
modulus of elasticity values. According to equation (2), the value
amounts to E = 4070 N/mm? and, according to equation (3), the
modulus of elasticity amounts to E = 3052,5 N/mm? However,
only the value recommended in Eurocode 6 will be presented in
the paper.

The density of this type of masonry amounts to 1900 kg/m?.
However, the value was proportionally increased to take into
account the non-bearing fagade walls with respect to the
mass, while keeping the thickness of d = 25 cm, which enables
stiffness to remain intact (shown in Table 1 with *).

The tensile fracture energy can be calculated using the
expression (4) G, = 0.10 N/mm. The compressive fracture
energy, as defined in equation (6), is equal to G, = 6.51 N/mm.
The input data are shown in Table 1.

The values show a good correspondence when compared to
mechanical properties of existing buildings, provided in [15] and
[16]and indicated in parenthesis.
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Table 1. Masonry data used as input data for modelling

S Material . . . Tensile Shear . . .
N . Compressive Compressive Tensile Modulus of | Poisson’s | Density
~__properties fracture strength as L. .
L Strength fracture energy, | strength f elasticity, E ratio p
S f [N/mm?] G, [N/mm] [N/mmz]t energy, G, per EC6 [N/mm?] v [kg/m?]
Element . k fk [N/mm] [N/mm?]
Facade masonry
4,07 0.20 4070 .
walls (ztii+c1(25 cm) (1.5-10) 6.51 (0.10-0.70] 0.10 1.02 (1500-3800) | ©2° 2700
Inner masonry walls 4.07 0,20 4070
25 cm thick (1.5-10) 651 (0.10-0.70) 0.10 102 (1500-3800) 0.20 1900
Table 2. Concrete data used as input data for modelling
. . Mean . .
Material properties . Mean tensile Modulus of . . . Density
compressive .. Poisson'’s ratio
strength, f strength, f_ elasticity, E v p
T Tem 2 2 3
Element IN/mme] [N/mm?] [N/mm?] [kg/m?]
Floors 26.5 cm thick 24 2.2 27000 0.20 2190
Roof 43.5 cm thick 24 2.2 27000 0.20 2050
Concrete walls 38, 30 and 25 cm thick 24 2.2 30000 0.20 2400
As per experimental testing, it was determined that the ;
equivalent class for MB25 is roughly C20/25, and so mean a1
values from Eurocode2 [17] are adopted in calculation and
presented in Table 2.
3.3.2. Non-linear behaviour
The physical non-linear behaviour of the masonry walls is
defined by adopting the total strain fixed crack model, as
Al ERAT T

detailed in DIANA [18]. A parabolic stress-strain relation for
compression, based on the Hill-type vield criterion, was chosen
for nonlinear behaviour of masonry, with no lateral confinement
and no lateral crack reduction, having the compressive strength
of f = 4.07 N/mm?, and the corresponding compressive fracture
energy of G,= 6.51 N/mm. The tension path, based on the
Rankine-type yield criterion, was described via the exponential
tension-softening diagram with the tensile strength of f, =
0.2 N/mm? and the tensile fracture energy of G,= 0.1 N/mm.
The post-cracking shear behaviour was defined by taking into
account the retention factor of its linear behaviour, i.e. the shear
retention factor, = 0.01 [18]. Additional details are provided in
[18, 11-13]. This material nonlinearity is presented in Figure 3.
The Rayleigh damping was chosen as the building has a similar
structural system and structural material throughout its height.
The same iteration method (Newton-Raphson) was used
for the Pushover and Time History Analysis (THA), while an
implicit Hilbert-Hughes-Taylor method [18] had to be used for
time integration. The reasoning behind this lies in the fact that
masonry has a very low tensile strength and, thus, there is a
rapid transition from the elastic range to the fully cracked stage,
with development of a large number of distributed cracks,
leading to almost no stiffness.

A St )

Materials

Figure 6. a) final 3D numerical model; b) various material properties;
c) various physical properties

3.3.3 Structural Model
The structure was modelled by means of the Finite Element Method

(FEM), using curved shell elements corresponding to the quadrilateral
element. This kind of element is characterized by 8 nodes and 5

GRADEVINAR 67 (2015) 4, 351-361
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degrees of freedom for each node (40 DOF per element). After
meshing, the final 3D numerical model consists of 84523 nodes
and 28522 elements, cf. Figure 6.a. Various material and physical
properties are presented in Figure 6.b and Figure 6.c, respectively.
The in-plane Gauss integration scheme with 3x3 integration
points on the sides, which is a minimum according to Zienkiewicz
[19], was selected for the chosen quadrilateral elements.
In order to capture the non-linear behaviour, 5 points were
selected throughout the thickness, as defined by the Simpson
rule. The Regular Newton-Raphson method was chosen as the
iteration method.

The Linear Static Analysis and Modal Analysis were conducted
for the entire structure. The real stiffness of elements was
taken into account. The calculation showed that the floors are
rigid, thus enabling distribution of lateral loads to the walls, due
to their stiffness. The mesh was kept the same for the Static
Non-Linear Analysis (Pushover), and Dynamic Time History
Analysis. However, as the structure is symmetric, only a half
of the structure was analyzed and appropriate constrains were
applied. Thus, one half of the structure was modelled with
45443 nodes and 15759 elements. Regarding the THA, the
structure was exposed to Petrovac earthquake as scaled to
different accelerations, namely 0.1 g, 0.2 gand 0.43 g.

4, Results
4.1. Linear static analysis

The linear static analysis was conducted to check the reactions,
stresses, strains, displacements due to self weight of the
structure, and the structure’s overall behaviour. As indicated in
Section 3, the floors were modelled as linear elastic elements,
and the analysis was made to check whether principal stresses
in the floors are lower than the tensile strength. As can be seen
in Figure 7, the major part of the slab has the tensile stress of
less than 2.2 MPa, with few peaks at the locations of the walls,
which is due to the compatibility conditions.

4.2, Pushover analysis

The non-linear static analysis (pushover analysis), a
performance-based methodology relying on an incremental

:uu

A
1
1

Figure 7. Tensile stresses in slabs of 1t and 2™ floors, at the final stage

increase of a pre-defined horizontal force distribution, was
applied on the structure having constant gravity loads. The
structure was exposed only to the horizontal forces in the "+
Y" direction, and the displacement of the point at the top of the
building was observed and labelled as 44014 (Figure 8). The
horizontal load was applied in a stepwise fashion, proportional
to its mass. The capacity curves were obtained by connecting
the load factor (coefficient) and the horizontal displacement
using the following formulation (7):

a_ZF 100 [%] (7)

v

where:

2F, - is the total sum of reactions at the base of the structure
(base shear), and

2F, - is the total sum of reactions at the base of the structure
due to vertical loads (gravity load).

The control node 44014 was chosen in the line of symmetry at
the roof level, as shown in Figure 8, and two additional nodes
(nodes 44035 and 43935) were selected in the same line in
order to examine the slab behaviour.

acis of svmmetr\:\f
W-X3
Node 38979 ™= = J T 1 ﬁ Node 39057
L l
Node 4393 Node amzs‘ | @ Node 44014
- ~ m ~d wn w
% x ks 5 Y x
= = = = = =
I
Node 35999 ’
w-X1

%Nc—de 36077
+Y (mass)

Figure 8. Location of nodes, wall labelling, and direction of horizontal force

Node movements at the top of the
structure along the same horizontal line
(43935, 44035 and 44014), as shown
in Figure 9, were investigated in order
to prove the rigid-floors assumption. As
illustrated in Figure 11, the movements
of these nodes were the same, which
shows that the slab behaviour is rigid.
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Figure 9. Capacity curves for nodes 44014, 44035, and 43935
4.2.1. Pushover - development of the cracks

In order to comprehend the non-linear behaviour of the
structure, three points characteristic for nonlinear behaviour,
corresponding to load coefficients o = (24.3; 39.7; 51.8 %), were
selected on the capacity curve, see Figure 9. Then, the principal
tensile strains at these stages were analyzed for the transverse
load bearing walls and facade bearing walls.

The first stage corresponds to the load coefficient of o = 24.3
% (starting of the visible non-linear behaviour), the second to
o = 39.7 %, and the third stage (being the final one) to & = 51.8
%. The stages are almost at the same distances, and so the
damage pattern can properly be followed.

As can be seen in Figure 10, the formation of the cracks
starts at the load bearing walls (parallel to the action of
the force-Y direction). The first cracks form around the
openings, which is due to concentration of stresses and
"weak" points in the structure. The first cracks at the facade
walls (X direction) appear at the upper floors, and then the
cracks appear on the ground level at the wall W-X1. The
cracks are then observed at the load bearing wall W-Y1, and
then continue to the load-bearing walls W-Y3 and W-Y4.
The behaviour of the structure is governed by the walls in
Y direction.

]

A1

P

1

bt

SERERE

Ris

i

W-Y1 W-Y4

Figure 10. Principal tensile strains of load bearing walls W-Y1, W-Y4 and facade wall W-X1

(o0 =24,3%)

However, at the 2nd stage, with the load coefficient of o = 39.7
% a large number of new cracks appear and their propagation is
seen on the wall W-Y6. From this moment onward, the cracking
becomes more visible in the walls W-Y5, W-Y4, continuing with
walls W-Y1, whereas the five times smaller amount of cracks
appears in the walls W-Y2 and W-Y3. This is evidently related
to the individual stiffness of the walls, and there is an obvious
redistribution of the stresses. The redistribution of seismic
loads is possible due to the available ductility of the walls, which
enables redistribution of seismic loads from the most damaged
walls to the less damaged ones, and even to the undamaged
wall. In this way, the energy is being dissipated during the seismic
response of the building.

ERET TR T

LH

i

RARIRRERAZRARAAE

a3

W-Y6 W-X1

Figure 11. Principal tensile strains of load bearing walls W-Y6 and
facade wall W-X1 (o = 39,73 %)
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Figure 12. Principal tensile strains of load bearing walls W-Y5 and
W-Y6 (0. = 51,8 %)

The crack concentration can be observed
in the facade wall (W-X1) at the ground
floor level. The formation of cracks at
the corner of longitudinal and transverse
walls, and at the location of the openings,
is more than evident (Figure 11).

Major cracks occur at the level between
the basement walls and the ground
floor. It can be seen that the basement is
actually rigid while the upper part of the
structure is behaving like an "another"
body having its own movements. This

W-X1
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Control Node 44014

structure, as well as in the areas around
the openings. Cracks clearly reveal a
diagonal formation pattern, which is
typical for this type of structures due to
horizontal forces. Vertical cracks appear

Displacement [mm]

Time [s]

Figure 13. Horizontal displacement of control node 44014 as related to time

kind of behaviour can be explained by a large difference in
stiffness between the basement walls made of concrete, and
the upper walls made of masonry. Finally, at the 3rd stage a
= 51.83 %, the largest amount of cracks is located at the walls
W-Y6 and W-Y5, and is caused by shear (Figure 12).

4.2.2. Time history analysis - development of cracks

a)a,=0.1g

In order to view the development of damage to the structure
during an earthquake, it was necessary to investigate the
damage pattern (principal tensile strain distribution) in different
time steps. The displacement vs. time of the Control Node
44014 (as in the pushover analysis) was chosen and plotted as
shown in Figure 13. The maximum displacement amounts to
-11.38 mm at the time of 7.65 s.

It is interesting to consider plastic or permanent deformations.
First plastic deformations appeared at the time t = 3.29
s (permanent damage), and were observed at the facade
longitudinal walls (W-X1 and W-X3) on the upper levels around
the openings. At the same time, smaller damage was seen on
the transverse wall (W-Y 1) under the window located on the top
floor, as shown in Figure 14.

= a3k
 TMES

W-X1 W-Y1

Figure 14. Permanent damage observed at time t=3.29s

The development of shear cracks (elastic and plastic) after 7.79
s is shown in Figure 15 (left-hand side), while only permanent
cracks are shown at the right-hand side of the same figure. It is
clear that the damage is concentrated at the lower floors of the

in the areas around the openings, which
is due to bending. Horizontal cracks are
seen in the upper levels, mainly locally,
and this can be attributed to the local
pure shear due to low vertical load.

An irreversible crack propagation on a
half of the structure is shown in Figure 16
where the largest concentration of cracks
can be seen in the walls W-Y6 and W-Y4, while the widest cracks
are observed at the ground level of the longitudinal facade wall
W-X1, as well as at the wall W-X3. Local and wider cracks are
also located at the transverse walls near the openings where
the concentration of stresses is seen from the beginning of the
earthquake action. The redistribution of stresses is observed,
i.e. the transfer from the locations suffering greatest damage
to the less damaged elements. The final plastic damage after
termination of the earthquake action is shown in Figure 17.

20 25

|

(e S

W-Y6 W-X1

Figure 15. Damage of walls W-Y6 and W-X1 (7.79 s)

Figure 16. Propagation of permanent cracks on the entire structure at
7.79 s of the earthquake
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Figure 17. Crack propagation on the entire structure at the end of the
earthquake (0.10 g)

Regarding the global behaviour of the structure examined in
this case study, it can generally be correlated with experimental
investigations conducted by Tomazevic in 1991 [15], where the
study of a similar building revealed that there is a concentration
of damage in the first floor, as illustrated in Figure 18.

Figure 18. Experiments for a 4-storey masonry building [15]

In this case, the ground floor can be regarded as the first floor due
to high stiffness of the basement made of reinforced concrete. This
indicates that this type of masonry structures can be modelled as a
storey mechanism mode - shear wall with pier action [15, 20]. The
basic assumptions of this model are: good connection between
the walls, with floors that can be considered as axially stiff in their
plane. This means that seismic forces are transferred to the walls
due to their stiffness, and this hypothesis was also used in the
modelling procedure. Accordingly, a good correlation between this
experimental testing and the structural model was established.

bla =0.2g
Additionally, the analysis of the structure was conducted for the
same earthquake action equivalent to the ground acceleration

of a = 0.2 g. Time-related displacement of the control node
44014 is shown in Figure 19.

Node 44014 - Petrovac scalled "0,2 g" earthquake
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Figure 19. Horizontal displacement of control node 44014

The structure was highly damaged after t = 4.19 s, and the
calculation was stopped. The evolution of permanent cracks
at t = 3.71 s is illustrated in Figure 20. Here, the maximum
displacement at the top of the structure (control node 44014)
amounts to approximately 30 mm. The damage concentration
is also evident at lower levels of the structure, with a gradual
propagation towards the upper floors.

W-Y4

sare-3 - . 36

W-X1 W-X3

- awer " 008-3
e =t L LY

Figure 20. Permanent cracks at t=3.71s

c)a,=0.43g

When the structure is exposed to the real Petrovac earthquake,
which occurred in 1979, with the maximum ground acceleration
of a = 0.43 g, the damage to the structure is evident already at
t=3.65s, and the structure collapsed as shown in Figure 21.

In that respect, Figure 22 shows damage to the structure and
its collapse at the level between the basement and the ground
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Figure 21. Horizontal displacement of control node 44014
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Figure 22, Failure of structure

floor due to a remarkable change in stiffness. The observed
damage and collapse can be related to the building illustrated in
Figure 1 after the Skopje earthquake. It is evident that this type
of structures, typical for the entire region, is unable to withstand
an earthquake of such a high ground acceleration.

Parts of hysteresis curves for all three cases, and the capacity
curve for the pushover analysis, are shown in Figure 23. As can

06

—Earthquake 0,1g
—Pushover
5
9 —Earthquake 0.2 g
—Earthquake 0,4 g
5 oa
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Figure 23, Parts of hysteresis curves and capacity curve

be seen, relatively small displacements can be observed for the
structure subjected to the earthquake action of a = 0.10 g. Itis
evident that the significant damage and energy dissipation can
be observed when the ground acceleration equals a = 0.20 g,
while the entire capacity of the structure is exhausted for the
real Petrovac earthquake. It is important to mention that an
unacceptableinter-story driftamounting to 5.77 % was observed
during the earthquake action with the ground acceleration of a,
=0.20 g, and so the building can not be considered safe for this
earthquake action [11, 12].

5. Conclusion

The results obtained show that the structure is characterized
by typical shear behaviour. The walls parallel to the load
exhibit diagonal cracking caused by horizontal forces, as well
as the diagonal "X" type cracking due to cyclic loading. The
concentration of damage at the location of the openings is
due to the concentration of stresses. The earthquake action
causes major damage to the load-bearing walls that are
governing the behaviour of the structure. This can be seen
at lower levels of transversal walls (Y direction). The damage
is concentrated between the basement and the ground
floor, which can be explained by the discontinuity and large
difference in stiffness. Major damage was registered at
lower floors where the largest inter-story drift, with severe
deformation and ductility in lower floor zones, was observed.
This kind of behaviour was identified in previous earthquakes
onasimilar structure in Skopje, and by experiments conducted
by Tomazevic in Slovenia. The damage slowly propagates to
the upper floors on the fagade walls. The earthquake action
causes degradation of stiffness in the multi-storey masonry
structure.
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