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N G W N e

Abstract: Huge losses of life and property occurred as a result of two independent catastrophic
earthquakes on 6 February 2023 in the Eastern Anatolian Fault Zone, where no significant earthquake
has occurred in approximately 500 years. The earthquakes, whose epicenters were in the Pazarcik
and Elbistan districts of Kahramanmaras province at 9 h intervals, had magnitudes of My, = 7.7 and
My =7.6 and caused different levels of structural damage, especially in masonry-style structures in
rural areas. In this study, the damage that occurred in masonry village schools, especially in rural
areas, during these two earthquakes was evaluated in terms of the characteristics of the earthquake
and within the scope of civil engineering, and the causes of the damage were discussed. The damage
levels of the masonry schools examined were classified using the European Macroseismic Scale
(EMS-98). Information about the Kahramanmaras earthquakes was given and structural analyses
were carried out for a widely used reference school building. The school building block was analyt-
ically modeled, and its seismic load-bearing capacities were predicted through pushover analysis
in TREMURI software. The study also includes repair and strengthening recommendations for
such structures.

Keywords: Kahramanmaras; earthquake; masonry; school; damage; EMS-98; strengthening

1. Introduction

Natural disasters, which cause the destruction of the complete environment and
cause loss of life and property, have been one of the biggest problems faced by humanity
throughout history. Earthquakes are much more destructive than other natural disasters
with the damage they cause and the large-scale loss of life resulting from the damage.
Finally, two major earthquakes occurred consecutively on 6 February 2023 in the Eastern
Anatolian Fault Zone (EAFZ), which is the one of main tectonic elements of Tiirkiye. The
pair of earthquakes that hit on the same day caused huge losses of life and property in
11 different provinces, such as Kahramanmaras, Hatay, Adiyaman, Adana, Osmaniye, Kilis,
Sanliurfa, Gaziantep, Diyarbakir, and Malatya. These earthquakes were felt strongly in a
very large region, leaving local resources inadequate and requiring urgent assistance at a
global level. In addition to causing great destruction to different structural systems, the
earthquakes also caused ground damage, especially in the Golbas: district of Adiyaman
province and the Iskenderun district of Hatay province. In terms of structural damage, loss
of life, and property caused by earthquakes, these earthquakes have gone down in history
as the largest earthquake event in the instrumental period for Tiirkiye. The fact that the
earthquakes occurred on the same day and that aftershocks continued after the earthquakes
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negatively affected both the losses and the post-earthquake emergency response process.
Structures that showed adequate earthquake performance after the first earthquake, which
occurred at 04:17 local time in Pazarcik (Kahramanmaras), caused different levels of damage
after the second earthquake happened at 13:24 local time in Elbistan (Kahramanmaras) on
the same day. The two earthquakes, the first of which was M,, = 7.7 and the second was
M,, =7.6, occurred very close to the surface.

As in different parts of the world, post-earthquake site investigations in Ttirkiye,
the precautions that can be taken because of these investigations, and the reasons why
the earthquake performance of the buildings was not sufficient have come to the fore.
Studies carried out after the earthquake are an important part of post-disaster management.
The post-disaster operations in terms of structural and earthquake engineering are briefly
summarized in Figure 1.

: IMPACT ANALYSI S_: — *Field inspections and observation-based damage assessnent procedures
l *Determining the buildings to be demolished urgently and carrying out their
demolitions
If o e riaral *Classification and regionalization of damages
| INTERVENTIONS! ———pm OSSO0 g yjgens
—————————— S *Construction of temporary shelters
I *Removal of debris of demolished buildings
e ——— *Deciding on the structures to be repaired and strengthened
| IMPROVEMENTS | ———»— 8 P 3

*Rebuilding of settlements

Figure 1. Post-disaster processing in terms of structural and earthquake engineering.

The most important step of post-earthquake field work is damage assessment. In
damage assessments, first of all, buildings that need to be demolished urgently are identi-
fied. By using the obtained damage assessment data, the damages are classified along with
which type of damage occurred in which type of structural system. These data also serve as
a source for developing earthquake-resistant building design guidelines and determining
the earthquake hazard of the region more realistically. In this context, performing post-
earthquake damage assessment procedures quickly and practically on a scientific basis is
also important in terms of spatial management. In addition, these findings are an important
support tool for decision-makers in determining the strategies for new buildings to be
built [1-7].

There are many studies on the evaluation of structural damage in different structural
systems after earthquakes in various locations of the world. While some of these studies
take into account all structures in the region affected by earthquakes, in some studies,
specially selected building systems or groups can be taken into account. Abbati et al. [8] in-
troduced a new numerical procedure for assessing the seismic behavior of historic masonry
structures, which was demonstrated by its application to a medieval fortress that was signif-
icantly damaged by the 2012 Emilia earthquake. Valente and Milani [9] evaluated seismic
response and damage models for seven different churches after the 2012 Emilia-Romagna
(Italy) earthquake. Miranda et al. [10] evaluated structural damage as a result of field inves-
tigations following the 2020 Croatia (Petrinja) earthquake. Preciado et al. [11] schematically
examined the damage assessment and crack propagation for churches and old masonry
structures after the 2017 Mexico (Puebla and Morelos) earthquake. Idris et al. [12] examined
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the structural damage following the 2016 Indonesia (Pidie Jaya) earthquake within the
framework of cause and effect. Caglar et al. [13] and Isik et al. [14] evaluated the dam-
age caused by earthquakes in different types of structural systems after the 2020 Tiirkiye
(Elaz1g) earthquake within the scope of earthquake and civil engineering. Gusella et al. [15]
and Tabrizikahou et al. [16] evaluated the damage using different methods after the 2003
Iran (Bam) earthquake and made recommendations for strengthening. Shakya et al. [17]
evaluated the structural damage in traditional masonry structures in the region following
the 2015 Nepal (Gorkha) earthquake. Bilgin et al. [18] examined the damage in masonry
buildings constructed after 1970 following the 2019 Albania earthquakes. Sezen and Whit-
taker [19] examined the structural damage in industrial buildings after the 1999 Tiirkiye
(Izmit) earthquake. Yamazaki and Liu [20] tried to determine the damage after the 2016
Japan (Kumamoto) earthquake using remote sensing techniques. Villalobos et al. [21]
evaluated the results of damaged field observations during the 2016 Ecuador earthquake.
Smyrou et al. [22] examined the 2011 New Zealand (Christchurch) earthquake in detail in
terms of both geotechnical and structural damage.

In addition to these studies, many studies containing suggestions for the repair and
strengthening of buildings after earthquakes have found their place in the literature. As a
first example, an assessment of functionality and seismic vulnerability, along with subse-
quent repairs, was conducted on a masonry building of cultural and artistic significance
situated in the Municipality of Cento (Ferrara, Italy) following the 2012 Emilia-Romagna
earthquakes [23]. Valente and Milani [24] examined advanced numerical modeling and
reinforcement techniques in monumental masonry churches after an earthquake. Preciado
etal. [25] presented damage assessment and reinforcement recommendations in unenclosed
masonry buildings following the 2017 Mexico earthquakes. Ademovi¢ et al. [26] made
post-earthquake damage assessments in cultural heritage buildings built in the masonry
style after the 2020 Zagreb earthquake, as well as recommendations for strengthening
such structures. Luli¢ et al. [27] examined the behavior of educational buildings under
the influence of an earthquake, specifically in an educational building located in Zagreb,
the capital of Croatia, which was affected by the earthquake. In their study, Bothara
et al. [28] made suggestions for designers and builders to protect educational buildings
against earthquakes. Paudyal et al. [29] not only assessed the damage to educational
buildings in the region after the 2015 Nepal earthquake but also made suggestions for the
reconstruction of such structures. Ferreira et al. [30] evaluated the earthquake resistance
of school-type buildings after the 1998 Azores earthquake. Alcocer et al. [31] provided
detailed information about the damage observed in school buildings after the 2017 earth-
quakes. Shaheen [32] examined the earthquake’s effects on both educational buildings and
libraries in the Azad-Kashmir region.

In addition, after the 6 February 2023 Kahramanmarag earthquakes, studies on the eval-
uation of the damage in different types of structural systems as a result of field observations
have also found their place in the literature. Ince [33] and Ivanow and Chow [34] investi-
gated the damage to reinforced concrete buildings in Adiyaman province. Isik et al. [35,36]
examined the damage to mosques, minarets, and masonry structures in Adiyaman province.
Isik [37] studied the damage to adobe buildings in the earthquake zone, and Avcil [38] ex-
amined the damage to prefabricated buildings in the region. In addition, Avcil et al. [39] in-
vestigated the damage in different types of buildings in Kahramanmarag province. Zengin
and Aydin [40] studied the effect of material strength on earthquake damage in buildings
in the Elbistan district. Karasin [41] and Karatas and Bayhan [42] investigated the effects
of earthquakes in Diyarbakir city. Erkek and Yetkin [43] evaluated a historical minaret in
the earthquake zone, and Altunsu et al. [44] investigated the effects of earthquakes on the
structures in Hatay province. Isik et al. [45] classified the damage to reinforced concrete
structures in the earthquake zone using EMS-98. Kahya et al. [46] evaluated the effects of
earthquakes on masonry structures in the case of the Hatay Government Building, and
Onat et al. [47] examined the history of earthquakes in the case of Yusuf Ziya Pasha mosque.
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Detection and assessment of structural damage after any earthquake is important to
prevent increased losses of life and property that may occur in the future, to reveal the earth-
quake danger of the region more realistically, and to develop earthquake regulations. This
research aims to disclose the impact of the February 6 Kahramanmarags earthquake, which
was Tiirkiye’s worst disaster of the century, on masonry-style school buildings. Structural
damage resulting from field observations and investigations was examined within the
framework of cause and effect within the scope of earthquake and structural engineering.
School buildings located in the rural areas of cities and districts in Kahramanmaras and
Adryaman, which are among the three provinces where there was the most destruction
and loss of life, were taken into consideration. In the study, initially, information about the
Kahramanmaras earthquakes was given. A comparison of spectrum curves for the two
provinces subject to the study was made for a 2% damping ratio. Damage situations in the
school buildings subject to the study were classified, making use of the damage levels given
for 124 masonry buildings in the European Macro-seismic Scale (EMS-98). In the study,
repair and strengthening methods were suggested for such school buildings. Additionally,
structural analyses were performed for the masonry school building chosen as an example.

The most significant part that distinguishes this paper from other studies is that this
paper focuses only on damage to masonry school buildings after the Kahramanmaras
earthquakes. This study is the first study conducted in this context. Only the masonry
educational buildings in the region affected by these major earthquakes were examined
in detail for the first time. No study has been found in the literature specifically for such
buildings after the February 6 earthquakes. Such school buildings constitute the main goal
of this paper due to the risks of loss of life that may occur due to the number of students in
such buildings, especially in the event of an earthquake during an hour when education is
continuing. The work and processes performed within the scope of this work, i.e., the flow
chart of this article, are given in Figure 2.

Examination of damages caused by different earthquakes

Literature Studies on repair and reinforcement after the earthquakes

Works carried out in educational buildings after the earthquake

Tuformation regarding earthquakes

6 February 2023 Kahramanmaras Earthquakes

Field Investigations (Kahramanmaras and Adiyaman Cities)

Conclusions and Recommendations

Comparison of spectrum curves

Examination of damages within the scope of earthquake and civil engineering
Classification of damages according to EMS98

Numerical modeling and structural analysis for a sample school building

Recommendations for existing school buildings
Repair and strengthening recommendations

Recommendations strategic regulations for new school buildings

Figure 2. Flow chart diagram of this study.

2. 6 February 2023 Kahramanmaras Destructive Earthquakes

Turkiye, located in the Alpine-Himalayan seismic zone, has been affected by very
large and destructive earthquakes from time to time, and after the last earthquakes, it
was once again revealed that it will continue to do so. The major tectonic elements of the
country can be listed as the North Anatolian Fault Zone (NAFZ), the Eastern Anatolian
Fault Zone (EAFZ), and the Aegean Graben System. As the African/Arabian plates move
towards the Eurasian plate, Tiirkiye is compressed and deformed on the Eastern Anatolian
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side. The Anatolian plate is also moving towards the West along the KAFZ and EAFZ
faults due to compression.

The oldest recorded earthquake in Tiirkiye occurred in 411 BC. Since instrumental
records began in 1900, there have been 20 earthquakes of magnitude 7 or higher. In other
words, earthquakes with magnitude 7 and above occur every 6-7 years in Tiirkiye. How-
ever, there have been 269 earthquakes since 1900 that have caused damage and loss of
life. Among these, the 6 February 2023 earthquakes rank first in terms of economic loss
and loss of life. The intricate process of plate tectonics between the African, Arabian, and
Eurasian plates is intimately linked to seismic activity in and around Tiirkiye. Subduction,
continental collision, extension, and escape tectonics are all parts of this complex tecton-
ism. The 6 February 2023 Kahramanmarags disaster sequence corresponds to the current
movement of the fault, which formed approximately 15 million years ago and moves in the
northeast direction along the Eastern Anatolian fault system. The Eastern Anatolian Fault
System caused many large earthquakes until the early 1900s and showed more seismic
activity, especially in the 19th century. The EAF system has produced nearly ten destructive
earthquakes, starting with the 1789 Palu earthquake and ending with the 1905 Malatya
earthquake. Although the system appeared relatively dormant in the 20th century, it
caused several medium-sized earthquakes, including the Bing6l earthquake of 22 May 1971
(M = 6.8) and the 1986 Dogansehir (M = 5.8 and 5.6) earthquakes. The EAFZ system, which
became more active in the 2000s, continued until the earthquakes of 6 February 2023, a
devastating earthquake (M,, = 6.3) in Bingdl on 1 May 2003, followed by Karliova (Bingol)
(Mw = 5.8) on 14 March 2005, (Malatya) (M = 5.7) on 21 February 2007, Kovancilar (Elaz1g)
(M, = 6.1) on 8 March 2010, Sivrice (Elazig) (M, = 6.8) on 24 January 2020, and Karliova
(Bingol) (My, = 5.7) on 14 June 2020.

EAFZ, which has had moderate (M < 7) activity since 1905, entered a new activity
period that started with the Sivrice (Elazig) (M, = 6.8) earthquake on 20 January 2020
and was broken in a large part of the southwestern part of the Eastern Anatolian fault
with the February 6 earthquakes. Although the plate movements in this region, which
represent complex faulting related to the interactions between the African, Arabian, and
Anatolian plates, are low (~10 mm/year), it has been observed that even regions where
plate movements are slow can cause extremely damaging earthquakes. The earthquake
sequence started in the northernmost part of the Dead Sea fault and caused damage in a
wide area by breaking a significant part of the Eastern Anatolian fault. The stress changes
that occurred in the crust of the region with the occurrence of the earthquake sequence
probably triggered or facilitated additional ruptures in neighboring faults such as the
Stirgii fault, which hosted the M 7.5 earthquake and significant aftershocks [48]. The main
tectonics of Tiirkiye are shown in Figure 3.

The 6 February 2023 earthquakes happened in the Pazarcik and Elbistan districts of
Kahramanmaras city, an area where the EAFZ has been silent for approximately 500 years.
While the earthquakes caused great loss of life and property in eleven different cities in
Tiirkiye, they were also felt at a significant level in neighboring provinces. The earthquakes
also caused loss of life and property in Syria, and more than 5000 people lost their lives. The
maximum acceleration values measured in the Kahramanmaras and Adiyaman provinces
for both earthquakes are shown in Table 1.

For the first earthquake, as shown in Figures 4 and 5, the highest value was measured
as 2.2 g in the N-S direction in the Kahramanmaras/Pazarcik (4614) station, which is the
epicenter of the earthquake in Kahramanmaras province, and 0.9 g in the E-W direction
in the Adiyaman/Center (0201) station. For the second earthquake, the peak value was
measured as 0.65 g in the N-5 direction at the Kahramanmaras/Gokstin (4612) station, and
as 0.13 g in the E-W direction at the earthquake station in the Tut district of Adiyaman (0213)
province. The very high PGA values measured in both earthquakes and the fact that the
earthquakes occurred consecutively on the same day greatly increased the destructiveness
of the earthquakes. In addition, poor local ground conditions and structural weaknesses
had a substantial impact on the destructiveness of the earthquakes.
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Figure 3. View of Tiirkiye’s main tectonic elements and the epicenters of the Kahramanmaras
earthquakes on the current earthquake hazard map. DSF: Dead Sea Fault, EAFZ: East Anatolian Fault
Zone, NAFZ: North Anatolian Fault Zone, NEAFZ: Northeast Anatolian Fault Zone, AGS: Aegean
Graben System.

Table 1. The highest measured acceleration values for Kahramanmaras and Adiyaman [49,50].

Station NS (o) BW (ammis) UD (omis?) Repi (km)
6 February 2023 04:17 My, = 7.7 (Pazarcik- Kahmaranmaras) (Depth = 8.6 km)
4614 Pazarcik/Kahramanmaras 2165.62 2178.72 1951.68 31.42
0201 Center/Adiyaman 474.12 879.95 318.97 120.12
6 February 2023 13:24 My, = 7.6 (Elbistan-Kahramanmaras) (Depth = 7 km)
4612 Kahramanmarag/Goksun 635.45 523.21 494.91 66.68
0213 Tut/ Adiyaman 121.30 126.62 71.35 68.73

The response spectrum curves obtained by taking a 2% damping ratio for the 0201
and 0213 stations with the highest acceleration values in Adiyaman province of the two
earthquakes with Pazarcik and Elbistan epicenters are given in Figure 6. As seen from
the curves, the Spectral acceleration values measured in the earthquake, whose epicenter
was Pazarcik, exceeded the DD-1 and DD-2 design ground motion levels, and in the
vertical direction, only the DD-2 design ground motion level was exceeded. DD-1 indicates
the ground motion level with a repetition period of 2475 years and a 2% probability of
exceedance in 50 years. DD-2 indicates the standard ground motion level with a repetition
period of 475 years.
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The response spectrum curves obtained by taking a 2% damping ratio for stations
4614 and 4612, which have the highest acceleration values of two separate earthquakes in
Kahramanmarag province, are given in Figure 7. As seen from the curves, in the Pazarcik-
centered earthquake, both horizontal and vertical values exceeded the DD-1 and DD-2
design ground motion levels.
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Figure 7. Response spectrum graph of Stations 4614 and 4612.

Aerial views before the earthquake and aerial views of the destruction caused by the earth-
quakes in the Kahramanmarag and Adiyaman provinces, where more than 350,000 buildings
were affected by the earthquake, are shown in Figures 8 and 9, respectively.

After these two earthquakes, the current population, employment, number of affected
buildings, and number of damaged buildings of the Kahramanmaras and Adiyaman
provinces and their ratio in the earthquake zone are shown in Table 2.



GeoHazards 2024, 5

708

Figure 9. Earthquake destruction in Adiyaman province [52].

Due to the earthquakes, which affected 11 provinces at different levels, the build-
ings in the Kahramanmaras and Adiyaman provinces that collapsed needed to be ur-
gently demolished, and heavily damaged buildings constituted a total of 30% of the
earthquake zone. This ratio clearly indicates that these two provinces were very affected by

the earthquake.
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Table 2. Population, employment, and number of damaged buildings in the Kahramanmaras and

Adiyaman provinces.

Numbe.r of Number of Number of
Number of Heavily Moderatel Slightl
City Population Employment Affected Damaged + y gty
11 ; Damaged Damaged
Buildings Demolished . .
. Residences Residences
Residences
Kahramanmaras 1,177,436 338,000 243,153 99,326 17,887 161,137
Adiyaman 812,580 122,000 120,496 56,256 18,715 72,729
Earth?ﬁ;e) Zone 14,013,196 3,841,000 2,618,697 518,009 131,577 1,279,727
Total percentage of two
cities within the 14 12 13.8 30 28 18

earthquake zone (%)

3. Educational Buildings in Rural Areas and Observed Damage

Single-story masonry school buildings with various numbers of classrooms were
commonly built in the rural regions of Kahramanmaras and Adiyaman, which were among
the provinces most affected by the disaster. Examples of commonly constructed school
buildings are shown in Figure 10.

Figure 10. Examples of traditional school buildings with various numbers of classrooms.

When constructing masonry school buildings, the sub-basement section is constructed
after the excavation of a shallow foundation. In this part, a lower beam is created using
concrete, reinforced concrete, or stone to fit under the load-bearing wall. The main purpose
of these elements is to transfer the loads on the load-bearing walls to the ground more
easily. Additionally, there is a reinforced concrete bond beam on all building facades, just
above the sub-basement. Bearing walls are built on the bond beam by combining different
wall materials with cement mortar. Beams made of reinforced concrete are used on these
masonry walls. The structure is completed by using reinforced concrete slabs on the beams.
Depending on the climatic conditions, a roof can be used over the flooring. As a result
of the observations made in the region, some school buildings use parapets on the four
sides of the building on reinforced concrete floors, and there is no roof in such buildings.
There are no reinforced concrete columns or enclosure systems in these buildings, and only
the walls serve as vertical components. An example view of these schools is shown in
Figure 11.

School buildings of different typologies are shown in Figure 12. Variations in the
number of classrooms, the wall material used, and the roof shape can be considered as
variables seen in such buildings.
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Figure 11. View of the building under investigation.

Figure 12. School buildings in different typologies.

In these masonry school buildings, the load-bearing wall materials have high compres-
sive strength and very low tensile strength identical to other types of masonry structures.
While these walls can show sufficient strength under the influence of large pressure forces,
they cannot show sulfficient resistance against bending and shear forces. These components
are susceptible to bending and shear stresses in this situation since they may be subjected to
high-pressure forces [53-58] Damage levels in masonry structures may vary due to the large
pressure forces that occur based on the magnitude of the earthquake. Examples of single-
story schools that were built in rural areas affected by the Kahramanmaras earthquakes
and were not damaged at all are shown in Figure 13.
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Figure 13. Examples of school buildings without any damage.

Near the epicenter of the earthquake, most of the masonry buildings had either
completely collapsed or suffered significant damage. The poor load-bearing walls were
the main cause of this. In general, neither the unsupported wall length nor the necessary
window openings, the length between corners and the closest doors or windows, or the
apertures between windows and doors were met by the load-bearing walls of the masonry
structures. Examples of school buildings that collapsed completely and became rubble due
to the effect of the earthquakes are shown in Figure 14.

Figure 14. Examples of masonry school buildings that completely collapsed.

Examples of school buildings that did not collapse as a result of the first earthquake,
but a large part of the building was exposed to collapse after the second major earthquake
and the subsequent aftershocks, are shown in Figure 15.

Figure 15. Examples of masonry school buildings that largely collapsed during earthquakes.

In the formation of the corners of masonry structures, the lack of connection between
load-bearing walls in this region causes them to show weak behavior under earthquake
loads. This mechanism is usually caused by the absence of a diaphragm provided by
the cornerstones that provide adequate connection, preventing wall separation and out-
of-plane failure [59]. Examples of such damage occurring at the corners are shown in
Figure 16.
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Figure 16. Examples of corner failure according to different weaknesses.

Since masonry structures are not homogeneous and monolithic and have negligi-
ble tensile strength and high weight, early local damage mechanisms often occur during
earthquakes. Due to the low load-bearing wall material strength, wall thicknesses are
much greater than reinforced concrete structures. By combining different layers to en-
sure thickness, more load is provided by increasing the cross-sectional areas of the walls.
However, failure to ensure adequate interlocking between layers prevents these layers
from working together, especially under earthquake loads. Examples of damage result-
ing from insufficient interlocking between layers are shown in Figure 17. In order to
achieve greater thickness, structural walls consist of different layers. While the layers are
created from the same material, they can sometimes be constructed from different types
of materials. In general, while better materials are used on the outside, relatively worse
materials are used on the inside. In particular, not creating sufficient connections between
layers causes separation between layers. In addition, in walls built using materials with
different properties, the different strength properties of the materials directly affect their
earthquake performance.

One of the commonly observed damages on load-bearing walls, which are used in
masonry structures to both protect the structure from external forces and to divide the
spaces, is the damage that occurs as a result of these walls being subjected to out-of-plan
failure mechanisms. Examples of out-of-plane failure mechanism damage are shown in
Figure 18.

The use of low-strength mortar in the creation of load-bearing walls, poor masonry
work, and random use of wall materials have caused different levels of damage to the load-
bearing walls. Examples of failure resulting from these situations are shown in Figure 19.

Some structures had no damage during the earthquake or survived with slight damage,
but non-bearing structural elements such as chimneys suffered different levels of damage.
Examples of collapsed chimneys are shown in Figure 20.
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Figure 18. Examples of out-of-plane failure of the structures.

Figure 21 shows a masonry school building with an improper roof connection. It can
be seen that the roof, which was disconnected from the structure due to the effect of the
earthquake loads, had a horizontal displacement of more than 1 m and the structure was
severely damaged.

Although it is not widely used in the region, the use of tiles on roofs has been observed
in settlements where climatic conditions are suitable. The roof tiles of some masonry school
buildings, which were slightly damaged during the earthquake, were separated and the
roof was damaged. An example of damage to this type of roof is shown in Figure 22.

Cracks that do not cause a decrease in the bearing capacity of the load-bearing walls
are one of the other types of failure noticed in such structures in the earthquake zone.
Examples of cracks that do not affect the earthquake performance of the buildings are
shown in Figure 23.

In some buildings, damage was also observed in the reinforced concrete bond beams
used in the sub-basement section and just above the sub-basement section. Examples of the
damage to these structures, most of which have minor damage, are shown in Figure 24.

The use of wall materials with various strength characteristics in the construction of
load-bearing walls also caused damage due to the different behavior of each material under
earthquake loads. Examples of damage caused by using different wall materials together
are shown in Figure 25.
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Figure 21. Roof damage.
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Figure 23. Examples of crack damage on exterior walls.

Figure 25. Examples of damage caused by using wall materials with different properties.
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The lack of a connection between the reinforced concrete beam used to form the roof
and the load-bearing wall, i.e., insufficient interlocking, also caused separation damage
between the RC beam and the wall. Examples of such damage are shown in Figure 26.

Figure 26. Insufficient connection between the RC beam and structural walls.

The damage observed in masonry school buildings as a result of field observations
made by the authors in the disaster region is clarified in detail. The schematic representation
of the structural damage as a consequence of the field investigations is given in Figure 27.
The red colors show the damage and cracks of the buildings.

Insufficient connection between
Subbasement and RC beam damage Usage of different types of materials RC beamstructural walls and cracks

Figure 27. Schematic representation of structural damage.



GeoHazards 2024, 5

717

4. Classification of the Damage in Educational Buildings in the Earthquake Region

The destruction of the completed environment is one of the biggest effects of the
earthquake. These effects can be classified as loss of life and property, structural damage,
and economic losses resulting from these. The effect of the earthquake on structures is
called structural damage, and different levels of grading damage can be predicted. By using
structural damage data, information about the effects and severity of the earthquake can be
obtained. Within the scope of this study, the effects of the Kahramanmaras earthquakes,
which caused significant structural damage in eleven different provinces, on masonry
structures were examined observationally. As a result of on-site observational examinations
for each building, an attempt was made to establish the cause-and-effect relationship of
damage. In general, the damage that occurred is similar to the damage that occurred in
previous earthquakes.

Furthermore, in earthquake-prone areas, building damage information is crucial
for search and rescue, humanitarian relief, and restoration efforts. Damage scales can
be used in the field to assess building damage [60]. The masonry constructions under
investigation in this study were subjected to damage grading using EMS-98. The European
Commission of Seismology (ESC) designed the European Macro-Seismic Scale (EMS-98)
with extensive damage levels in mind [61-63]. Figure 28 displays the damage grading of
masonry structures in EMS-98. The studied structures were all classified as vulnerability
class A since they are all made of adobe.

assification of damage to masonry buildings

Grade Damage Level Description
1 Skight Non-structural damage, slight
non-structural damage
2 Moderate Slight structural damage,
moderate non-structural
damage

3 Heawy Substantial to heavy damage,
moderate structural damage,
heavy non-structural damage
4 Very heavy Heavy structural damage, very
heavy non-structural damage
5 Destruction Very heavy structural damage,

totalor near total collapse

Figure 28. Damage grading used for masonry structures according to EMS-98.

The classification of damage levels for the 124 masonry school buildings is shown
in Table 3.
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Table 3. Distribution of the investigated masonry structures according to their damage levels.

Damage Grade Number of Buildings
No damage 59
Grade 1 27
Grade 2 5
Grade 3 12
Grade 4 14
Grade 5 7

5. Structural Analysis for the Reference School Building

The selected school was constructed and situated within the city of Kahramanmaras.
Figure 29 provides an overview of the selected school building. The reference building has
a rectangular plan of 7.40 and 23.32 m in width and length and is 3 m high. The outer wall
thickness is 0.5 m and the inner wall thickness is 0.3-0.5 m.
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Figure 29. Plan and view of the reference building.

The primary dimensions of the school building’s load-bearing system were determined
through on-site investigations and then compared with the architectural blueprints. The
analysis was conducted in accordance with the identified load-bearing system dimensions.
Due to the age of the buildings under examination, there were very few architectural draw-
ings or information about the original state of the structures. As a result, a comprehensive
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examination of the current buildings was conducted. In these projects, the positions and
sizes of doors, windows, and walls were established. The measurements were used to
create structural floor plans for the current building, and TREMURI Software was used to
create the matching structural models for seismic analysis [64].

5.1. Estimation of the Seismic Capacity of the Building

When modeling the selected building, two key considerations must be taken into
account: making certain that the mathematical model is accurately represented and taking
into account the inelastic properties of materials. Unreinforced Masonry (URM) serves as a
composite building material, consisting of mortar and masonry units. Typically, masonry
units involve bricks and stones, with mortar serving to connect these units. The load-
bearing capacity of masonry, viewed as the assembly of mortar and masonry units under
both horizontal and vertical forces, is affected by factors such as compressive, shear, and
flexural strengths, as well as thermal expansion, water absorption, and considerations
of durability.

Describing the properties of masonry walls in existing structures is a complicated task.
In this paper, mechanical properties were determined through the analysis of building
regulations, blueprints, and structures constructed during corresponding periods. In
situations where experimental data are insufficient, various equations provided by different
codes and guidelines are employed to estimate the compressive strength of the masonry
walls. The guidelines found in Eurocode [65] were employed for this investigation.

Modeling masonry structures is challenging because of the nonlinear behavior of
masonry and the limited availability of experimental studies on the inherent properties
of masonry structural members. In order to obtain the essential geometry and structural
information, on-site studies were carried out. On-site studies were performed to obtain the
necessary geometry and structural details.

Masonry, a heterogeneous material made up of mortar, masonry bricks, and stones, dis-
plays mechanical qualities based on the characteristics of its constituent parts. Its behavior
under various loadings can be highly complex. Many presumptions and analytical models
that have been put out in the literature, such as [66], are employed to model the response
of masonry. Each technique necessitates the adoption of different constitutive models.

A macro-modeling technique was used in this work because of the sophistication
of the case study building, different material property assumptions, and the need for
high-performance computers to run nonlinear analysis. Pushover analysis was conducted
using TREMURI software, a versatile finite element program dedicated to the linear and
nonlinear analysis of masonry structures. Pushover analysis using TREMURI software was
used to evaluate the seismic load-bearing capacity of the school building block, which was
analytically modeled (Figure 30).

Using a convenient damage indicator that may express seismic performance with
suitable damage limits, damage limit states function as mathematical definitions of perfor-
mance levels. Quantitative measures of structural behavior, including displacements and
deformation quantities, should be used to describe these states. Damage limit states were
defined in this study based on the suggestions made in Eurocode 8 [67].

Eurocode 8 [67] is used in the assessment of the researched buildings” capacities. The
research takes into account three degrees of damage limit states: “Limited Damage” (LD),
“Significant Damage” (SD), and “Near Collapse” (NC).
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Figure 30. 3MURI software’s 3D depiction of the school’s mathematical models.

5.2. Seismic Analysis for the Existing Case

In the TREMURI software package, two types of load patterns are utilized: one that
is proportional to the distribution of the structure’s first mode shape (static), which is
based on the fundamental mode shape of the structure, and another involving a uniform
load distribution across all stories. These load patterns are applied separately in both the
X and Y directions, with both positive and negative values, resulting in a total of eight
analyses: +x MF1, +x uniform, —x MF1, —x uniform, +y MF1, +y uniform, —y MF1, and
—y uniform. Each of these analyses is conducted for every combination, with and without
the eccentricity of gravity loads at two different levels. Thus, a total of 24 analyses are
performed for both red clay and silicate brick buildings, considering all load combinations,
earthquake directions, and eccentricity scenarios. The most critical scenarios from these
analyses are selected to represent the pushover curves for both the X and Y directions of
the buildings, as shown in Figures 31a and 32a.

Figures 31b and 32b display a detailed distribution of damage along the height of the
walls within the analyzed building. The building experiences failure when the perimeter
walls reach their load-bearing capacity in both orthogonal directions. Specifically, failure
occurs when the right portion of the perimeter wall fails due to bending stress, along with
the wall at the rear portion on upper levels.

The legend for Figures 31 and 32 is shown in Figure 33.

The drift ratio is the primary parameter used to define performance points. The limit
states are calculated and compared with the EC spectrum using the equivalent displacement
method to determine if the limit state is exceeded by the given ag value. This process is
repeated for different ag levels for all three limit states: DL, SD, and NC. Throughout this
procedure, all spectrum parameters, except ag, remain constant (including soil conditions
and periods). Capacity versus demand analysis (determination of the performance point) is
repeated until the limit state is reached and exceeded. The resulting value is the maximum
ag that the limit state can endure. This analysis was conducted using the 3muri software.
The simplified procedure is given in Figure 34.
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Figure 31. (a) Capacity curves for the x-direction (results for all 12 analysis cases), (b) a comprehensive
distribution of the damage along the wall heights (c) Capacity curve for the x-direction (worst case).
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distribution of the damage along the wall heights (c) Capacity curve for y-direction (worst case).
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Figure 34. Simplified procedure.

Table 4 outlines the peak ground acceleration (PGA) limits that buildings can withstand
for various damage limit states, as per the guidelines of Eurocode 8 [67].

Table 4. PGA limit states for the existing building.

Limit States

Peak Ground Acceleration (PGA (g))

Damage Limitation (DL) 0.127
Significant Damage (SD) 0.201
Near Collapse (NC) 0.299

The material properties of the chosen building were determined from the reference
values of the mechanical parameters and the average specific weight of the different
masonry typologies to be adopted for seismic risk assessment [68].

In the absence of experimental data, various codes and guidelines offer multiple
equations to estimate the compressive strength of masonry walls. This study follows the
guidelines presented in Eurocode 6 [69], as outlined below:

fie= Kx fy270 x £ (MPa) M
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where f}, is the normalized mean compressive strength of masonry units; f, is the mean com-
pressive strength of mortar; and K is an empirical coefficient depending on the classification
of masonry units.

According to Lourenco et al. [70], the tensile strength is generally considered to be
5% of the compressive strength. To determine the normalized compressive strength of
masonry units, the mean compressive strength of the tested units is multiplied by the &
factor, as outlined in Eurocode 6 [69]. When experimental data are not available, Eurocode
6 [69] suggests using a Young’s Modulus value of E = 1000 f, (MPa). The fracture energy is
calculated using Equation (2), as described by Lourenco et al. [70].

Gp=0.025 x (2 x f1)*7 (MPa) 2)

where Gy is the tensile fracture energy and f; represents the tensile strength.

In accordance with the directives provided by Eurocode 6 [69], the relevant material
properties were used to compute the necessary input parameters for the analytical modeling
of the examined building. These values were then adopted for the subsequent analyses.

Damage limit states are defined by mathematical expressions of performance levels,
utilizing a practical damage indicator to effectively represent seismic performance through
appropriate damage thresholds. Various damage limit states have been proposed in the
literature, including works by Tomazevic et al. [71] and Costa et al. [72]. For this study, the
definition of damage limit states followed the specifications outlined in Eurocode 8.

The assessment of seismic capacity is conducted in accordance with Eurocode 8. This
involves examining three distinct levels of damage limit states: “Damage Limitation”
(DL), “Significant Damage” (SD), and “Near Collapse” (NC). Notably, Eurocode 8, Part 3
specifically addresses the seismic assessment of existing buildings, in contrast to Eurocode
8, Part 1, which is focused on newly designed structures. Additionally, Part 3 provides
estimates for the drift capacities of unreinforced masonry (URM) piers.

Regarding the “Limited Damage” state, it is crucial that the strength and stiffness of the
unreinforced masonry (URM) structure remain substantially intact, with any permanent
drifts being negligible, as outlined by Eurocode 8, Part 3. The “yield” drift, denoted
as Oy, marks the intersection of the elastic range with the pier’s strength, defining the
rotational limit state referred to as “Limited Damage” (81p). The second limit state, termed
“Significant Damage”, is critically important in seismic structure assessment, especially for
a seismic action return period of 475 years. Eurocode 8 provides guidelines for the drift
capacities of masonry piers, taking into account factors such as the failure mode (shear
or flexure) and the shear aspect ratio Hy/L. Here, Hy represents the height at which the
moment is zero, while L denotes the length of the pier wall.

Pier Shear failure: dgp = 0.4% 3)

Pier Flexural failure: dgp = 0.80% (Hy/L) 4)

Equations (3) and (4) provide the drift capacities for the “Significant Damage” (SD)
limit state. To calculate the drift capacity for the “Near Collapse” (NC) limit state, the values
given in Equations (1) and (2) are adjusted by a factor of 4/3, as specified in EN 1998-1 [73].
This approach is also utilized in other design codes, as illustrated by Krzan et al. [68].

In the context of an entire structure, Eurocode 8 defines the “Near Collapse” (NC)
limit state in terms of “roof displacement”, where the total base shear drops below 80%
of the structure’s peak resistance. This decrease is due to the progressive damage and
failure of lateral load-resisting components. For individual structural elements such as
piers or spandrels, Eurocode 8 does not provide a quantitative measure of the strength
reduction at the “NC” limit state. Instead, it qualitatively indicates that while piers may
have significantly lost their lateral strength and stiffness, they should still be able to transfer
vertical loads to the foundation.

The seismic capacity of the school structure is relatively limited in both directions due
to the low quality of materials and, consequently, insufficient stiffness, especially when
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compared to similar structures of this type. Damage to the school building sustained by
the 6 February 2023 earthquake is confirmed by pushover analysis results and damage
inspection findings.

5.3. Seismic Retrofitting Methodology

Buildings damaged by earthquakes undergo a protracted retrofitting and renovation
process after their initial evaluation. Improving the seismic resilience of current buildings
is crucial to enhance their performance in the event of future earthquakes. Structure
strength can be increased by using traditional strengthening methods such as grouting
or reinforced concrete jacketing [74-76]. Furthermore, research on the application of FRP
for strengthening a wide range of different material-based structures has been carried out
throughout the years [77-81]. The authors of ref. [82] performed two tests on unreinforced
and retrofitted masonry walls. In the first test, one side of the wall received shotcrete and
reinforcement, while in the second, the panel’s two sides received an equal distribution
of reinforcing mesh. The lateral force was given in increasing steps throughout testing
until the wall failed. The walls’ ultimate lateral load resistance was raised in both retrofit
tests by a factor of roughly 3.6. The surface treatment resulted in a three-fold increase in
stiffness at peak loading, whereas the starting stiffness remained unchanged. Moreover, it
can be said that the final load-carrying capacity of the modified models is much increased
by the use of shotcrete. Using finite element modeling combined with static analysis in
SAP2000 and nonlinear pushover analysis in TREMURI, ref. [83] conducted a seismic
analysis of a building. For the construction, reinforced concrete splints and bandages
were used on the inner and exterior walls. It was discovered that compared to TREMURI-
based nonlinear pushover analysis, SAP2000-based linear retrofitting design yields a more
conservative outcome. In ref. [84], the authors assessed the performance and fragility
of an unreinforced masonry school structure before and after strengthening in order to
study the efficacy of Ferro cement in creating an unreinforced masonry Ferro cement
composite. Analytical methods based on the equivalent frame technique were developed
and applied to nonlinear static analysis in order to estimate the increase in capacity. To
illustrate the capacity increase resulting from retrofitting, the maximum PGA sustained and
damage probability at the predicted level of earthquake threat was employed. Pier Analysis
and the finite element method were employed by [85] to assess a typical unreinforced
masonry construction. In contrast to the FEM method, the Pier Analysis method was
shown to be more conservative. The unreinforced masonry’s stresses were determined
using linear dynamic analysis performed in FEM. The unstable unreinforced masonry piers
were retrofitted using cement splints and bandages made of welded wire mesh. It was
discovered that the wall piers’ lateral capacity increased by 3.67 times. Both in-plane and
out-of-plane seismic loads were confirmed to be safe for the piers.

Seismic strengthening solutions aim to effectively improve the performance of existing
buildings, aligning with predetermined performance targets. These targets are typically
established either by design codes or project-specific criteria. In certain countries including
Ttirkiye, technical regulations and standards for existing buildings may allow for more
lenient seismic performance objectives during the evaluation and retrofitting process
compared to the design requirements for new structures.

In a seismic retrofitting project, a crucial design aspect involves identifying retrofitting
goals. Following the seismic assessment of a structure and the identification of deficiencies,
it is essential for the designer to determine specific retrofitting objectives. These goals may
include enhancing the lateral load-resisting capacity, stiffness, ductility, or a combination of
these structural characteristics in the existing structure. Once these retrofitting goals are
established, an appropriate seismic strengthening solution can be selected to address the
identified needs.

Figure 35 provides an illustration of various seismic retrofitting goals [86,87]. In many
instances, the primary objective of retrofitting is to improve the ductility of an existing struc-
ture, particularly in the retrofitting of older reinforced concrete (RC) structures (Figure 35a).
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Alternatively, retrofitting goals may include stiffness and capacity enhancement (Figure 35b)
for existing non-ductile structures. Common retrofitting techniques, such as the addition
of new RC shear walls or steel bracings, are employed to enhance both the stiffness and
capacity of existing structures.
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Figure 35. Seismic strengthening objectives for existing buildings; (a) Increment of ductility,
(b) Increment of strength and stiffness, and (c) Increment of strength, stiffness, and ductility [83].

In certain cases, retrofitting aims to enhance stiffness, capacity, and ductility simulta-
neously (Figure 35¢), which is suitable for existing buildings facing high seismic demands,
necessitating an increased lateral load-resisting capacity. Some strengthening approaches,
such as adding new shear walls or bracing, have inherent qualities that can result in
higher stiffness. However, ductility can be increased by adequate confinement or special
strengthening methods (e.g., steel- or wood-based solutions). Because masonry is brittle,
it is doubtful that ductility will be significantly increased in the context of Unreinforced
Masonry (URM) structures. Consequently, it is anticipated that the primary goal of a typical
global retrofitting solution for a URM structure will be to increase its lateral load-resisting
capability. Many academics have compared the efficacy of different seismic retrofitting
methods for RC and masonry buildings [88,89].

The primary objective of seismic retrofitting was to improve the overall structural
integrity. This was proposed by installing vertical reinforced concrete columns along the
building’s plan, as highlighted in navy blue in Figure 36. The decision to focus on exterior
retrofitting was driven by the aim to minimize disturbances to the occupants of the building.
The 30 x 30 cm RC columns (C12/15) were attached to the existing walls as confining
elements. The smallest possible values were chosen in order to show the effect of the
reinforcement more clearly.
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Figure 36. Suggested retrofitting for the existing building.

Considering the above performance objective for URM, the following retrofitting
scheme (Figure 34) has been employed and the PGA limit states were calculated (Table 5).
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Table 5. PGA limit states after retrofitting.

Limit States Peak Ground Acceleration (PGA (g))
DL 0.189
SD 0.323
NC 0.411

This study considers the impact of non-linear seismic responses in cracked URM walls
for the specific building under examination. This consideration aligns with the provisions
outlined in EC8-3 for masonry buildings, involving the reduction of wall stiffness.

As shown in Table 5, significant improvements in lateral load-bearing and ductility
capacities have been achieved following the retrofitting proposal for the existing school
building. Comparing Tables 4 and 5 reveals that the proposed retrofitting methodology
resulted in performance increases of approximately 50%, 60%, and 40%, respectively. It
is believed that the approach used in this study could substantially improve the seismic
capacity of such typologies. Similar studies are known in the current literature [90-94].

6. Conclusions and Discussion

This paper assessed structural failures caused by the 2023 Kahramanmaras earth-
quakes, which was Tiirkiye’s disaster of the century, in educational structures that were
built in the masonry style and are still commonly used in rural areas in the context of struc-
tural and earthquake engineering. School buildings situated in rural parts of the Adiyaman
and Kahramanmaras provinces, which are among the most devastated by the earthquakes,
were included in this study’s scope. Field observation-related damage was evaluated
using the cause-and-effect paradigm. Along with comprehensive information regarding
earthquakes, structural losses in these two provinces that were considered for this study
are provided. The study reaffirmed the significance of earthquake-resistant building design
guidelines. In addition to detailed damage assessments in the school buildings taken into
account as a result of field observations, damage ratings for all these buildings were created
according to EMS-98, which is widely used around the world. Separate structural analyses
were carried out by adding reinforced concrete columns in order to reveal how much
the earthquake performance changes when vertical elements are used in these structures,
which were built without any vertical load-bearing elements. It can be clearly seen from the
structural analysis that the use of vertical load-bearing elements in these types of structures
significantly improves the earthquake performance of the structure.

Although the number of floors of the educational buildings under investigation is low
and their heights are short, the complete collapse and explosion of the load-bearing walls
reveal the great destruction of the earthquake. As can be seen in Table 1, the PGA values
resulting from the earthquakes are very high.

The Kahramanmarag earthquakes caused much greater destruction, especially on the
urban building stock. In addition, significant structural damage has occurred on a regional
basis in buildings located in rural areas. School buildings were also greatly affected by
earthquakes and suffered different levels of damage. The damage observed in school-type
buildings built in the masonry style is similar to the damage in masonry buildings in the
region. However, the damage level was lower than other masonry buildings. The primary
reason for this is that such structures are built with engineering services. In addition, most
school buildings are built from a single floor, and reinforced concrete slabs are used instead
of heavy earthen roofs that cause damage in masonry structures. In addition, the RC beams
used between the wall and the roof, the sub-basement section, and the use of bond beams
in this section were effective factors in reducing the damage levels. Despite all this, the
main factors behind the damage were the fact that the earthquakes were very large and
occurred consecutively and the fact that these school buildings were old. Considering the
damage observed in the field, the following recommendations can be made:
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e  Corner connections on walls should be well-made and carefully made. It is important
to observe the appropriate constructive rules and take care not to deviate from the
plan’s symmetrical wall layout. One of the damage reduction measures resulting from
the recent earthquakes will be the demolition of old masonry buildings, regardless of
their level of damage, along with renovation using projects that provide optimum de-
sign principles specific to each rural location. Furthermore, inadequate oversight and
subpar construction are other elements that may contribute to the extent of damage.

e In newly built masonry buildings, earthquake-resistant building design principles
should be applied with sensitivity.

e In such structures, the rigidity of the structure should be increased by using bond
beams in both horizontal and vertical directions.

Load-bearing walls should be designed to be symmetrical and in sufficient quantity.
Interlocking should be maximized by using the necessary connection members at the
corner points.

e High-strength mortars should be used as binding mortars.

No structural damage was observed in some of the masonry educational buildings
examined in the study. Some had negligible damage. Damage varied depending on the
earthquake, local soil condition, and structural characteristics. Compliance with earthquake-
resistant building design principles, good ground properties, distance to the epicenter of
the earthquake, and similar factors directly affected the damage level.
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