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On November 26,2019, an earthquake of magnitude 6.4 hit Durres city, Albania.
After the earthquake, the inspection carried out by the authors in the region has
provided relevant findings regarding the methods of construction, quality of the
materials and the performance of structures. The dominant building types in the
Albanian building stock comprise unreinforced masonry (URM) structures with
load-bearing masonry walls. These units suffered the worst damage. Dynamic

Keywords: response of masonry is highly nonlinear, and generally shows high vulnerability

to seismic loading. Moreover, many buildings of these type have undergone
URM buildings; structural interventions like adding floors, or wall openings, especially in the
Pushover analysis; first floors of the buildings, which are parallel to the main roads, because of great
2019 Albania demand for shops and stores. This paper aims at making seismic performance
Earthquake; assessment of the intervened buildings based on macro-element modeling
Template projects. approach. Due to its efficiency, this approach is becoming popular among the

practitioners and field experts in this area and allows simulating the non-linear
behavior of masonry buildings. This method is applied to two old masonry
buildings from the Albanian construction practice that are representatives of
mid-size residential buildings with and without interventions. It must be said
that in Albania, masonry buildings have been built using templates all over the
country, so both models with and without intervention are common. Capacity
curves of the investigated buildings are derived to assess the most probable
seismic response of the investigated housing construction in the region as well
as to evaluate the seismic performance of the tested structures.

© 2021 MIM Research Group. All rights reserved.

1. Introduction

The recent seismic activities that affected many areas of Albania in 2019 clearly showed
how much attention should be taken of existing masonry building stock and its
preservation. Evaluating the earthquake damage potential of a masonry building may be a
challenging task to achieve, considering how peculiar these structures are, necessitating
advanced and computationally rigorous numerical models to have an accurate estimation
of their dynamical behavior to seismic actions. Recent Albanian earthquakes (Durres 2019
Seismic sequences) caused irreparable damages to many masonry structures all over the
country [1-2].

Understanding the historical earthquake activity of any place is essential to recognize the
possibility that an earthquake can affect the territory again and to consider the extent of
possible damage. While the second is a function of the vulnerability, the first warns us of
the main hazard.
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Throughout the history, earthquakes in Albania, like in many earthquake-prone countries
in the region, have seriously affected built environment causing numerous human
casualties and economic loses [3-9]. In this regard, buildings’ vulnerability is a key concept
to focus on to mitigate the consequences of seismic events. Generally, URM buildings
present a poorer seismic performance as compared to reinforced concrete buildings due
to the low ductility, strength, and rigidity of their inherent components. Consequently,
modern seismic guidelines include recommendations and commentaries aimed at
reducing their seismic vulnerability. However, a significant part of existing masonry
building stock has been built per pre-modern codes, thus considering unrestrictive
conditions [10-11].

The dominant building types in the Albanian territory consist of URM structures with load-
bearing masonry walls and buildings with RC framing system and infill baked clay and/or
concrete walls. Most of them have been designed according to the KTPs-Albanian
Technical Codes, which were firstissued and implemented as a legal provision in 1963 and
last amended in 1989 and still in force. Majority of the existing masonry buildings in the
country, like in many other European countries were designed considering earlier seismic
codes [12-14]. Nevertheless, its compliance requirements were not as explicit as those
established by recent modern seismic codes like Eurocode 6 [15] and Eurocode 8 [16] from
European practice. This led to a lack of seismic considerations in building’s design process.

The URM structures with the load-bearing masonry walls suffered the most by the
November 26, 2019 Durrés Earthquake sequences due to reasons including poor quality
of construction, aging, climatological effects, poor workmanship, interventions made by
people, the design code of the time, lack of preservation and insufficient repair after former
damaging seismic events. URM buildings suffered not only non-structural but also
structural damage including partial or total collapse of the load-bearing masonry walls.

The seismic response of masonry buildings is affected by the presence of openings on the
load bearing walls. Even though most of the existing masonry buildings satisfy the
regularity criteria according to seismic regulations, they may have structural systems
composed of irregular walls with openings. Such irregularities can arise from the lack of
conceptual seismic design or even due to the creation / closure of openings influenced by
architectural or structural reasons. These geometric irregularities can significantly affect
the earthquake response of masonry walls by causing not only a nonuniform distribution
of gravity loads on masonry panels but also a concentration of displacement demands in
some parts of the walls. In Albania, many URM buildings have undergone structural
interventions like adding floors, or wall openings, especially in the first floors of the
buildings, which are parallel to the main roads, because of great demand for shops and
stores. The seismic response of such masonry buildings can only be effectively modeled
with a good knowledge of the inelastic response of individual walls with openings.

This study aims at investigating the influence of wall openings on the first floor of the
selected URM buildings. In order to make a comparative assessment, two URM buildings
with and without interventions, having the same initial architectural and structural design
were selected and modelled by using the TREMURI [17]. Structural features such as
member dimensions, material types and loading conditions of the buildings were
determined from their architectural and structural designs projects and field
investigations on investigated buildings. Mechanical features were determined
experimentally and adopted for mathematical modeling. Pushover analyses have been
deployed to obtain the seismic capacities, the performance points and the damage level
states according to Eurocode 8 by using 3Muri software package [17].
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2. Seismicity of Albanian Territory

Balkan neighborhood is in a complicated seismotectonic region and prone to earthquakes.
Ahigh frequency of earthquakes has been experienced, resulting in loss of life and property
destruction in the region [18-19]. Faulting zones in Eastern part of the Albania are typically
defined by the influence of normal faults [20]. The western fault regions are characterized
by reverse faulting- at the range of 40-50% extending along the coastal shore, while the
appearance of strike-slip faults is in range of 15% of whole tectonic activity. The influence
of normal faulting style ranges from 30-40% in this case very close to the major directivity
of trust-fault type.

LEGEND:

bbb TRUST FAULTS

Abddtbddidds. NORMAL FAULTS

————a—an— STRIKE-SUIP FAULTS

. UNKNOW TYPE FAULTS
ADRIA COST 625 FAULTS

sesssssssssasess: SEISMOTECTONIC ZONES
COUNTRY

Fig. 1 Types of faults affecting the region [20]

Two transverse and three longitudinal active fault zones are evidenced into the Albanian
orogen (Fig. 1). It has been concluded that the major seismic activity is located along the
following seismic belts [21]:

The NW up to nearly NNW trending Ionian-Adriatic thrust fault zone,
The NW trending Shkodra-Mati-Librazhd graben fault zone,

The N-S trending Peshkopi-Kor¢a graben fault zone,

The NE trending Shkodra-Tropoja normal fault zone,

The NE trending Elbasan-Dibra normal fault zone.
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Fig. 2 Active fault zones and faults of the November 26, 2019 affected area

The 2019 earthquake affected area is dominated by NW-SE striking reverse active faults.
Blue lines correspond to faults triggered during Middle Pleistocene-Holocene, the green
lines to faults triggered during Pliocene-Lower Pleistocene and the red lines to faults
activated during Pre-Pliocene period (Fig. 2). The star corresponds to the epicenter of the
Mw 6.4 Durrés earthquake occurred on November 26, 2019.

2.1 November 26, 2019 Earthquake and Seismic Hazard Maps of Albania

An earthquake hit the central western part of Albanian territory on November 26, 2019. It
was evaluated as Mw 6.4 (Fig. 3). Its focal depth was about 10 km [USGS, 2019]. According
to the several seismological institutes and observations, the main shock was caused by the

activation of a NW-SE striking reverse fault. The main shock was felt in the neighboring
countries.
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Fig. 3 The epicenter and location of aftershocks in the first month of the 26 November
2019 earthquake

The main shock and the aftershocks caused damage to buildings of Durrés, Tirana and
several settlements of the wider area. Building damage was distributed along an elliptical
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region (Fig. 4). This area coincides with the strike of the seismogenic fault as it is derived
from the fault plane solutions provided by several seismological institutes and
observatories [INGV, 2019 and USGS, 2019]. This area could be characterized as
macroseismic epicenters as the result of the interaction between the seismotectonic
setting and the local soil conditions and as the result of several reflections, refractions,

directivity phenomena of seismic waves and resonance resulting in destruction in the
earthquake-affected regions.

Building damage was
Ml concentrated along

these two ellipses!

Fig. 4 Earthquake-affected region of 2019 Durres (Albania) earthquake

Based on the seismic map of Albania, published by Ministry of Construction (1989), it can
be observed that the resulted intensities from this earthquake, are within the boundaries
suggested in the Seismic Zonation Map (Fig. 5)
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Fig. 5 Seismic intensity zonation map of Albania [22]

3. Description of the Case Study Buildings

Masonry building stock in Albania are mostly composed of template designs of low to mid-
rise buildings. The structure is principally comprised of stiff walls with several openings
and the diaphragms constructed by RC slabs. For the scope of this study, a typified URM
mid-rise building is selected as a representative in the region. The masonry building, which
has been analyzed, has five stories in its original design. However, by time due to the
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demand in line with the increment in population and needs for several purposes, this
template has been modified by opening some new spaces on the ground floor keeping the
architectural features same above this floor.

The main dimensions of the load bearing system of the building blocks were determined
with in-situ site investigations. Analyses was carried out according to the prepared load
bearing system dimensions. Since the buildings under investigation are old ones, limited
number of architectural drawings or details of the initial conditions of the building were
reached. Therefore, a detailed inspection of the existing structures was extracted. In these
plans, the location and dimensions of the walls, windows and doors were determined.
Based on the measurements obtained, structural floor plans of the existing structures were
prepared, and structural models were developed accordingly for seismic analysis.

This template is of year 1972, referred as 72/1 in the manual of Albanian Construction
Institute. This building has plan dimensions of (18.32x12.43) m. It has 5 story high with
285cm height for each story. The load bearing walls are built with clay bricks M75
(strength 7.5 MPa). The mortar is M25 of strength 2.5MPa. The wall thickness is 38cm in
the first and second floor, then 25cm on the remaining. The partition walls are with hollow
clay bricks. The concrete corner columns and slabs are constructed with M150 concrete.
There are two buildings of this template, 5 floors each but in one intervention is done on
the first floor (Fig. 6-7). In one side of the first story, walls are replaced with reinforced
concrete frames, with 5 openings as shown (Fig. 7). Columns are of reinforced concrete
C20/25 with dimensions of (40x40) cm2 and steel reinforcement B400 with A; = A} =
12.56 cm? and stirrups @8 every 15 cm. Beams are also of reinforced concrete C20/25 with
dimensions of (30x50) cm2 and steel reinforcement B400 with A; = A, = 3.14cm? and
stirrups @8 every 20cm.

In order to characterize the strength and structural integrity of the structure, mechanical
characteristics of the masonry material are assessed from the experimental tests. It
consists of strength tests on brick units and mortar samples, as well as tests on small
masonry assemblages, such as compression and shear tests on triplets. The clay bricks
were tested in compression according to EN 772-1 (2000) [23]. The flexural and
compressive strength of the mortar were defined according to the prescriptions of EN
1015-11 [24]. These tests allowed the determination of the compressive strength of
masonry (fm). Specimens of masonry were also subjected to the shear test for the
determination of the initial shear strength (fvo) and the friction coefficient (), according to
the guidelines given by EN 1052-3 [25]. According to the test results, clay bricks and the
mortar inherent characteristics are given as follows:

Brick tests: f, = 7.3MPa fy; = 1.9MPa p, = 1705kg/m3

Mortar tests: f,, = 2.4MPa f,; = 0.62MPa
Masonry tests: f, = 1.97 MPa f, = 0.35 f,;, = 0.18
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Fig. 6 Typical plan view of the selected masonry building before intervention
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Fig. 7 Typical plan view of the selected masonry building after intervention in the 1st
story

3. Mathematical Modeling

Masonry bricks units and the mortar are the two main units of the masonry structures.
Mechanical properties of this heterogeneous materials depend on the inherent
characteristics of its constituents. Its behavior can be quite complex under simple static
loadings. To simulate the response of URM structures, numerous theories are developed,
and numerical models are proposed in the literature [26]. The adopted model in this paper
is macro-modelling approach. In this approach, each wall is characterized by discretized
components that have the same properties. TREMURI [17] is used to perform the
numerical analysis. The nonlinear macro-element method, suggested by Gambarotta and
Lagomarsino [27], allows with a partial number of degrees of freedom, to characterize the
two main in-plane failure modes, shear-sliding and bending-rocking mechanisms.

The conventional macro-element used for nonlinear static analyses is sketched with
the kinematic model depicted in Fig. 8a. The 3D model of the examined masonry
buildings, where it is apparent that masonry walls are modelled through a mesh of
masonry piers and spandrels, is depicted in Fig. 8b.
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Fig. 8 a) The macro-element kinematic model; b) the 3D building model with (right) and
without (left) interventions setup through the TREMURI software.

Seismic capacity of both buildings is obtained by nonlinear static analyses.

5. Results
5.1 Dynamic Characteristics

The modal analysis was performed for both building models and the results were
presented for first three modes of vibrations. The results of the linear modal dynamic
analyses were synthesized in Table 1.
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Table 1. Modal Analyses results for the first 3 modes of vibration

Building Type Mode Period (sec) Mx (%) My (%) M. (%)
1 0.244 0.01 72.74 0.03
Original Building 2 0.230 75.60 0.01 0.00
3 0.190 0.41 0.05 0.00
o . 1 0.235 76.92 1.62 0.00
}?rllltltli‘i?egn ‘t"l’(‘)ti‘ 2 0.223 1.83 70.57 0.07
3 0.190 0.71 0.06 0.00

5.1 Seismic Capacity Assessment

There are several useful structural analysis parameters to determine earthquake risk [28-
29]. Pushover analyses are useful tools for the assessment of URM wall capacities. The
seismic response has been analyzed by using pushover analysis; under the constant gravity
load and a monotonically increasing horizontal loads. Based on this methodology, the
influence of the earthquake loads has been assessed by applying two systems of lateral
forces orthogonal to each other. The behavior of the building is characterized by capacity
curve which usually describes the relation between the base-shear force and roof
displacement. It could be also plotted in acceleration displacement response spectrum
format together with the response spectrum curve and estimate the top story
displacement under the design earthquake to obtain the performance point of the building.

In the TREMURI, two load patterns are deployed: proportional with the 1st mode shape,
based on the fundamental mode shape of the building, and a uniform load distribution to
all stories. The two are performed in two orthogonal directions x- and y- and with positive
and negative values. So, in total eight analysis: +x MF1, +x uniform, -x MF1, -x uniform, +y
MF1, +y uniform, -y MF1, -y uniform (Fig. 9). These analyses are repeated for each
combination. Without eccentricity of gravity load and with eccentricity of two different
levels. For both simulations representing the original and intervened building are
computed 24 analyses, for all load combinations, earthquake direction, with and without
eccentricity. The numbers shown in the legend of capacity curves (Fig. 10-11) represents
the eccentricity of the load application point.
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Fig. 9 Load patterns used of pushover analyses

Upon finishing the modeling, the capacity curves of both buildings were estimated by
carrying out nonlinear static analysis in TREMURI (Fig. 10-11). Gravity load of the
buildings were evaluated by considering the combination of Dead and Live loads.
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Fig. 10 Capacity curves of the URM building without intervention
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Fig. 11 Capacity curves of the URM building with intervention
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The worst cases were taken as the representative pushover curves for both x- and y-
directions of the buildings. Normalized values of bilinear capacity curves are shown below
(Fig. 12).

Normalised bilinear capacity curves

[

=—g=PBilinear Capacity
curve X

Q
o

=== Bilinear Capacity

Base Shear Force f\Weight
=1
(=]

curve Y
0.4 v
0.2
]
o 0.0005 0.001 0.0015 0.002 0.0025 0.003

Displacement/Height

a)

Normalised bilinear capacity curves

[y

= B llinear Capacity
curve X

Q
[

i B ilinear Capacity
curve Y

=
s
E

Base Shear Force/Weight
=} =]
[ ] [=)]

o 0.0005 0.001 0.0015 0.002 0.0025 0.003
Displacement/Height

b)

Fig. 12 Normalized bilinear capacity curves; a) Original building, b) Building with
intervention

Then, damage limit states of both buildings were evaluated using the criteria in Eurocode
8-3, and seismic capacities were estimated. The capacity assessment of the investigated
buildings was performed using Eurocode 8, Part 3 [30]. Three limit states levels, i.e,
“Damage Limitation (DL)”, “Significant Damage (SD)” and “Near Collapse (NC)” are defined
for performance evaluation.

In this study, performance evaluation of the buildings is done considering the soil Type-C
with a moderate seismicity (0.20g) according to Eurocode 8 [30] and its corresponding
spectra considering Soil category Il and medium seismicity in KTP-N2-89 [14]. For both
buildings, these limit states were estimated, and maximum “ag” values were compared for
each limit states.
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Table 2. Global drift capacities and seismic spectral acceleration capacities of studied
buildings

. . . Global Drift (mm) Spectral acceleration “ag” (m/s2)
Building Direction DL D NC DL D NC
Original Building X 8.1 26.9 35.9 1.098 2.239 2.901
y 6.2 15.2 20.3 1.160 1.699 2.134
Building with X 8.6 29.4 39.2 1.039 2.250 2.933
intervention y 5.7 13.6 18.1 1.179 1.656 2.063

The two structures in this study show different levels of seismic response. As can be seen
from Table 2-3, the PGA (ag) that can be sustained for the NC state for the original building
is near 0.22g meanwhile for building with intervention is near 0.2g.

Table 3. Performance levels and their corresponding PGAs for the studied buildings

Building 0.12g 0.14g 0.16g 0.18g 0.2g 0.22g
Original Building DL SD NC
Building with intervention DL SD NC

5.2 Discussion of the Results

From the comparison of the pushover curves of both buildings, in the x- direction is viewed
a decrease in stiffness and max base shear force, but a slight increase in displacement and
ductility (Table 4). It must be said that this value is close, and the difference is at levels of
8.35% for stiffness, 5.1% for max force, and 6% in ductility. Since the demolished walls
were in this direction, the load bearing capacity has slightly decreased. Meanwhile, in y-
direction happens the opposite. Since the walls in this direction are the same, but also
columns had been added in first floor, the stiffness and maximum force, slightly increases,
while ductility levels remain almost the same, with some little decrease. The values of
initial stiffness change at a ratio of 6.6%, the values of max force change at a ratio of 2.1%
and the value of ductility at a ratio of 5.9%.

Table 4. Comparison of the parameters before and after intervention of the selected URM
building

Yield Force Yield shear Yield Disp. ~ Max Disp. Ductility
(kN) Force/Weight (cm) (cm)
URM-x 1617 0.433 1.17 3.59 3.07
UR.M_X 1520 0.411 1.20 3.92 3.27
+int
URM-y 1670 0.447 0.90 2.03 2.26
UR.M-y 1689 0.456 0.85 1.81 2.13
+int

6. Conclusion

Recent earthquakes have revealed that URM structures built of masonry walls including
openings have been shown to have poor seismic capacity. This paper presents the seismic
capacity comparison of two typical mid-rise existing masonry buildings with and without
interventions. In order to make a comparative assessment, two URM buildings having the
same initial architectural and structural design were selected and modelled by using the
TREMURI. The first building was constructed by using a template design and the second
one was intervened by removing the first story walls and replaced them with RC frames in
that direction. Member dimensions, material types and loading conditions of both
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buildings were determined from their architectural and structural designs projects and
field investigations on considered buildings. Three dimensional structural models were
simulated, and general properties of the members and material characteristics were
determined based on experimental tests. The seismic capacities of the buildings were
estimated by using a structural model which uses macro modelling approach for the load
bearing masonry walls using TREMURI software package.

In this study, the influence of the removal of first floor load bearing walls on a typical URM
building response has been investigated. The models are investigated using pushover
analyses. The findings, expressed in terms of shear distributions and displacements, are
compared with each other. The seismic demand has been defined by the response
spectrum suggested by the EC 8 and the corresponding Albanian seismic codes. Based on
the test results, the URM building was made of solid bricks with 7.3 MPa compressive
strength and mortar with 2.4 MPa.

Damage levels were estimated according to Eurocode 8. The performance points were
obtained and comparatively evaluated. The in-plane seismic capacity was found to be
affected by the wall openings. Based on the analysis results, capacity curves obtained by
pushover analyses reveal that URM building with intervention showed a slightly poor
performance where the load bearing walls were removed and replaced by RC columns. On
the other side, performance of the buildings was slightly increased due to the favorable
effect of added columns on other direction. It does also show a higher shear capacity and
lower ductile response.

Openings can decrease the stiffness of masonry walls and even alter the failure
mechanisms of the masonry walls. Such irregular layout of openings may induce not only
a non-uniform distribution of gravity loads between masonry panels but also may cause a
concentration of seismic strength and drift demands in some parts of the wall. Accordingly,
these interventions can lead to unfavorable damage concentrations increasing the seismic
vulnerability of the entire wall, as shown by past earthquake inspections, i.e 2002 Molise,
[taly earthquake [31].

This study shows that openings in load bearing walls can have a notable effect on the in-
plane seismic capacity of the URM structures. Based on the findings of this study, the
authors suggest including geometrical irregularities within capacity models of URM walls
with openings. Further research is needed to evaluate the influence of various number of
openings on seismic capacity assessment of URM buildings. Moreover, one can investigate
the effects of complex irregularity patterns on seismic capacity.
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