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Abstract. In this study, the failure modes of masonry structures after the earthquake occured in Kahramanmaras
on February 6, 2023 were investigated by fieldwork. In this study, information was given about the building
stock in the Turkey and the Middle East countries, and a literature including studies examining the general
failure modes in masonry structures was presented. After presenting the ground acceleration data and earthquake
parameters measured during the earthquake, damage distributions in historical masonry structures and masonry
structures used as residences were examined. Failures were examined as out-of-plane, in-plane, and corner
damages. In the examinations, it has been determined that the failure mechanisms are trigerred by unqualified
wall-slab and wall-floor connections, insufficient axial load and material-strength, poor workmanship and lack
of engineering service. In addition, how an earthquake resistant masonry structure could be build also discussed.
Keywords: masonry structure, out-of-plane, in-plane, corner failure, earthquake

Introduction. In Turkey, which hosts the second most active group of fault lines in the world, masonry
building type is widely preferred especially in rural areas. Masonry structures, among other types of structures
(reinforced concrete and steel), are the most difficult type of structure to determine their behavior under dynamic
effects. Although there has been a decrease in the construction of new masonry structures in recent years, with
the increase in migration from rural areas to cities in our country, it is predicted that the masonry building
preference will continue in our country, at least considering the regional conditions and economic conditions in
rural areas [1]. As a matter of fact, in order to make these new structures earthquake resistant, a new heading
was opened for masonry building carrier systems under the influence of earthquakes in the 2019-Turkey
Building Earthquake Code (2019 TBDY- Chapter-11) and very important steps were recorded for earthquake
resistant masonry structure design. In addition, in order to increase the preferability of masonry buildings to a
higher level, rather than being an alternative only for rural areas, considering new technological developments,
masonry buildings with siege, reinforced and reinforced panel systems have been included in this new
earthquake regulation, as well as traditional unreinforced masonry structures. All these important developments
herald that masonry structures can be an alternative to other building types in our country, with new design
criteria and technological developments, even under the influence of earthquakes. However, as expected, it
cannot be said that special rules are applied for many masonry structures currently used, especially during the
design and construction process, taking into account the earthquake effect. Another important issue is that many
of our historical buildings are masonry structures. For this purpose, it is of great importance to determine the
performance levels of existing masonry structures against earthquakes and to strengthen them quickly and
economically, if necessary, either before the earthquake or in case of slight damage due to the earthquake. In the
literature, it can be easily seen that most of the studies on earthquake resistant building design are on reinforced
concrete and steel structure systems. This makes sense for many western countries because the usual building
type in these countries is usually reinforced concrete and steel [2]. However, brick, adobe and stone masonry
walls constitute the traditional building type in Turkey as well as in the Middle East and Eastern countries.
Earthquakes cause collapse and loss of life in masonry buildings as well as reinforced concrete and steel
structures. From this point of view, it is extremely important to understand the earthquake behavior of masonry
buildings and to make such structures safe against earthquakes. During an earthquake, masonry structures can
have different failure modes. A masonry wall that can carry and transfer vertical and horizontal forces without
collapsing should have geometric and physical properties that allow a monolithic behavior [3]. It is thought that
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such a masonry wall could theoretically have two classes of failure modes, in-plane and out-of-plane, without
any deterioration between brick and mortar [4-5]. Out-of-plane behavior includes tilting mechanisms, as shown
in Figure 1, as well as belt-based mechanisms classified as horizontal and vertical bending mechanisms. In-
plane mechanisms, on the other hand, are the mechanisms in which each wall works individually and consists
of various crack patterns such as crushing, tensile, bending, diagonal shear and shear cracks, as seen in Fig. 2.

Many experimental studies modeling the in-plane and out-of-plane behavior of masonry structures under
the influence of earthquakes are available in the literature [6-10]. Apart from these failure mechanisms, the
corner failure mechanism is the most important failure mechanism that will occur when a masonry structure is
not constrained by other adjacent structures. Although this failure mechanism is frequently observed under the
influence of earthquakes, there are only a few studies [11-13] in the literature. Casapulla et al. (2018) [14]
conducted an analytical study and updated the macro model approach to include frictional resistances. The most
basic experimental study in the literature was conducted by Casapulla and Maione in 2020 [15].
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Figure 1. Common failure mechanism for masonry structures [6]

When the studies presented so far are examined, and as a result of on-site observations due to frequent
earthquakes in our country, it is understood that masonry structures are frequently exposed to corner failure
mechanisms under the influence of earthquakes.

Photographs of a study carried out after the Sivrice (Elazig) earthquake on February 9, 2007 are shown in
Figure 2. As can be easily seen from the photographs, corner failure mechanisms are present in the masonry
structures in the region.
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Figure 2. Corner failure mechanisms in masonry structures in the town of Sivrice [6]

On February 6, 2023, many masonry structures were damaged and destroyed in the Kahramanmaras-
centered earthquakes. Malatya is among the provinces affected by this earthquake and heavy damages were
detected in the masonry structures. Within this study, the failure modes of the masonry structures in Malatya
were investigated by fieldwork. During the examinations, the buildings were divided into two as historical and
residential. Damages in the subject structures are considered as out-of-plane, in-plane and corner failure. Before
these, Malatya-based acceleration records and parameters of the earthquake were evaluated.

6 FEBRUARY 2023 KAHRAMANMARAS EARTQUAKES. All of the information given in this section
has been obtained from the website of the Republic of Turkey Ministry of Internal Affairs, Disaster and
Emergency Management Presidency (AFAD).

The Eastern Anatolian Fault System (EAFS) forms a NE-SW left lateral strike-slip transform boundary
with an average width of 30 km and a length of 580 km between the northward moving Arabian Plate and the
westward moving Anatolian Block. [17-24]. It meets the westward movement of the Anatolian block together
with the EAFS and the North Anatolian Fault System (NAFS), which is one of the most active and active fault
systems in Turkey and forms the border between the Anatolian and Arabian Plates. EAFS starts from Karliova
junction point (Kargapazari) in the northeast and extends as a single zone to the west of Celikhan. The southern
branch of the fault, which splits into two branches here, continues from the north of Gélbasi Basin and Pazarcik
to the Tiirkoglu junction in the southwest. The fault jumping to the right in the south of Tiirkoglu continues by
limiting the Saglik, Kocag6l and Amik plains from the west and ends by scattering in the south of Kirikhan. In
this part of the EAFS, the Sak¢ag6z and Narli parts of the Dead Sea Fault Zone delimit the dent basin, which
includes the Saglik and Narli plains, from the east. The Narli part extends from the North of Pazarcik to the
EAFS for 30-40 km in the NNE direction. The northern branch, which separates to the west of Celikhan,
conforms to the morphology of the Southeast Taurus Mountain Belt and forms a convex bend to the north. This
branch consists of the Siirgii Fault, Cardak Fault and the Savrun, Cokak and Toprakkale faults turning SW from
Goksun (Fig.3).
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Figure 3. Map showing the fault parts of the Eastern Anatolian Fault System [6]

The Eastern Anatolian Fault System, which was the source of many major earthquakes in the historical
period until the early 1900s, had a seismically active period especially in the 19th century. It created a series of
earthquakes that started with the 1789 Palu earthquake, continued with the 1822, 1866, 1872, 1874, 1875, and
1893 earthquakes, and finally ended with the 1905 Malatya earthquake at the beginning of the last century.
Although it seems to have entered a relatively quiet period after this earthquake, the 22 May 1971 Bingol
(Ms=6.8) 5 May 1986 (Ms=5.8) and 6 May 1986 (Ms=5.6) Dogansehir earthquakes are earthquakes by EAFS.
These earthquakes are the average earthquakes produced by this fault in the last century.

A total of 13 earthquakes (Ms > 5.0) occurred that damaged the EAFS even in this period, when EAFS,
which did not produce more than 7 earthquakes in the 20th century and almost forgot itself, was calmer in terms
of producing large earthquakes compared to the 19th century. However, none of these were greater than Ms=6.8.
The epicentral distributions of these earthquakes tend to concentrate at the boundaries of the segments.

On EAFS, which entered a more active period in the 2000s, respectively; 01.05.2003 Bingol (Mw 6.3),
14.03.2005 Karliova Bing6l (Mw 5.8), 21.02.2007 Doganyol Malatya (Mw 5.7), 08.03.2010 Kovancilar Elazig
Mw 6.1), 24.01.2020 Sivrice Elazig (Mw 6.8), 14.06 .2020 Karliova Bing6l (Mw 5.7) damaging earthquakes
have occurred.

Figure 4. Map showing aftershocks activity of 06.02.2023 earthquakes [7]
On EAFS, on 06.02.2023, at 04:17 Turkey time, Pazarcik (Kahramanmaras) Mw 7.7 and Elbistan

(Kahramanmaras) Mw 7.6 earthquakes occurred. Oludeniz Fault with a line that includes parts of the Eastern
Anatolian Fault System between Celikhan Potiirge in the northeast of the epicenter earthquake (65 km between
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Celikhan-Go6lbasi), Golbasi (90 km between Golbasi-Tiirkoglu), Amanos (110 km between Tiirkoglu-Kirikhan).
He broke the Pomegranate Piece at the North end of the System; The second Elbistan eccentric earthquake was
thought to be related to the Cardak Fault and the Dogansehir Fault Zone (Figure 4).

INVESTIGATION OF RECORDS FROM EARTHQUAKE STATIONS IN MALATYA WITHIN THE
SCOPE OF TURKEY BUILDING EARTHQUAKE REGULATIONS. As of January 2019, a total of 1056
earthquake observation stations, 299 of which are velocity and 757 accelerometers, are operated within the body
of AFAD Earthquake Deparment.

Although some stations did not work after the Mw 7.7 earthquake, which is one of the 6 February 2023
earthquakes, data were recorded in many stations in our country during the Mw 7.7 and 7.6 earthquakes. Pictures
of the nearest accelerometers recording both earthquakes are given in Figure-5 and Figure-6.
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Figure 5. Distribution of nearest accelerometer stations recording the Mw 7.7 earthquake [7]
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Figure 6. Distribution of nearest accelerometer stations recording the Mw 7.6 earthquake [8]

In Malatya, which is one of the provinces most affected by the Mw 7.7 and 7.6 earthquakes, data were
recorded at many stations during these earthquakes. The stations closest to Malatya Center are given in Fig.7.

82



Elmi asarlor, Insaat Scientific works, Construction 2023, N2

6203
Arapgir %
[baso] 4410 gy 2 ‘
A 05 4407 2309‘@1!:,"'.‘;';:“1,
5807 A A A
4409 4412 230 Elazig
oadnd vadhan i
o 4 9 2308
4406 KarakayaBaraji A
Kale
A  Malatya °
2ty 4404
& 4408 A

A hir

Figure 7. Distribution of accelerometer stations closest to Malatya Center [9]

The reaction spectra created according to the acceleration values received from the stations closest to the
center of Malatya, the coordinates of the stations and the graphs created according to the ground are given in
Fig.8. As can be seen from these graphs, the reaction spectrum of the earthquake is more than DD2 at most
moments and has reached DD1 level at some moments. This is one of the reasons why the destruction of
earthquakes is so great.
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Figure 8. Comparison of the response spectrum and design spectra based on the acceleration values obtained
from a) 4406, b) 4408 and c) 4409 stations [10]
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INVESTIGATION OF FAILURE MODES IN HISTORICAL AND PUBLIC BUILDINGS. In this
section, damage modes in Taghoran Culture and Art Center, Ulu Mosque, Siitli Minare Mosque, Malatya
Governor's Office, Yeni Mosque are examined.

Tashhoran Culture and Art Center. Damages in this structure are shown in Figure 9. A rather large arch-
shaped frontal window on the entrance door has fallen to the ground. Although this is not the damage to the
carrier system, considering the weight of the glass and the floor it falls on, it is seen that the connection quality
of such elements is very important. In addition to this, some diagonal shear damages occurred, the largest of
which was at the junction of the stone blocks forming the wall on the right front. These shear damages occurred
at the mortar interface. There was no crushing or out-of-use in the carrier units.

Figure 9. Damage distrubition of Tashoran Culture and Art Center [10]

Ulu Cami. Damages detected in the historical Ulu Mosque are shown in Figure 10. No damage that could
cause collapse has been detected in the minaret, which was previously reinforced with carbon fiber textile. Local
capillary mortar cracks were observed in some areas. A nearby historical minaret, which was built at the same
time, was heavily damaged because no reinforcement was applied. Deep vertical cracks formed in the middle
part of the minaret were detected. At the ends of these deep cracks, failure of the joint mortars due to rotation
and peeling of the bricks were observed.

Figure 10. Damage distrubition of Ulu Cami [10]

In addition to these, collapses occurred in the regular masonry system buttresses, which were built in order
to prevent possible out-of-plane collapses on the walls. There was no serious damage to all buttresses. However,
while some of them had adherence losses at the junction with the main wall and local failures in the masonry
overflows (left), some of them were completely destroyed. The absence of any curvature in the plane of the
anchor rods driven into the main wall indicates that these rods did not hold the buttress wall sufficiently during
the earthquake.
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Sutlu Minare Cami. In the structure shown in Figure 11, the shear cracks starting from the minaret floor
on the left progressed diagonally, causing deterioration in the wall of the arch in the middle. In addition, as
examples of vertical and horizontal discontinuities, it has been severely damaged due to the irregularity of the
blocks in the building and the position of the arch in the middle. In addition, the corner failure mechanism, which
occurs as a result of out-of-plane behaviors, was observed.

Figure 11. Damage distribution of Siitlii Minare Cami [10]

Malatya Governor’s Office. In Figure 12, the damage distribution of Malatya Governorship Building
after the earthquake is given. The first image shows the typical shear damage of masonry structures, especially
on the ground floors. In the wall spaces between the windows, X-shaped diagonal shear cracks formed as a result
of the impulse-tensile effect. Thanks to the vertical and horizontal alignment of the gaps on the frontal and the
siege beams, the cracks formed here proceeded in a controlled manner and did not result in any collapse on this
frontal.

Figure 12. Damage distribution of Malatya Governor’s Office [10]
As can be seen from the second image in Figure 12, diagonal shear cracks were formed in the wall part

between the windows on the left and middle part of the building. In addition, linear connection cracks have
formed between the masonry wall and the vertical and horizontal beams. On the right side of the building, the
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horizontal bending effect disrupted the vertical stability of the wall, while the vertical bending effect caused out-
of-plane rotation damage in the middle part of the wall. The cracks produced by this rotational damage were
combined along the wall cross-section with X-shaped diagonal shear cracks formed as a result of in-plane
behavior. As a result, collapse occurred as a result of the articulation in the middle region of the wall.

From the third image in Figure 12, it was determined that typical shear cracks were formed in the wall part
between the windows on the left and right of the building. The horizontal and vertical distribution of the windows
and the presence of horizontal and vertical beams prevented the progression of these cracks throughout the
building.

As shown in the fourth image in Figure 12, it has been determined that there are serious cracks and failures
on the walls in the interior of the building. First of all, serious cracks were seen extending from the door openings
to the upper floor. Quite wide and deep shear cracks developed on the left. Corner failure mechanism of the two
walls and out-of-plane collapse of the right wall drew attention in the middle region. The main reason for these
collapses can be i) the lack of horizontal beam application despite the rather large wall height, ii) the irregularity
of the partitions such as rooms, corridors or doorways in the plan, iii) the discontinuity of the masonry walls in
the interior of the building.

In the fifth image, plaster cracks, which can be considered as slightly damaged, are shown. Very thin
capillary, non-progressed cracks were observed in the masonry wall opposite. In the last image, the heavy shear
damage at the junction of the vertical and horizontal beams is shown. Stirrups were opened, longitudinal
reinforcements yielded.

Damage distribution of masonry structures. In this section, firstly, images related to in-plane, ou-of-plane
and corner failure were shared. While the in-plane damage distributions are shown in Figure 13, the images
related to the out-of-plane and corner mechanisms are shown in Fig.14. In addition, examples of tie beam
application preventing the failure of the entire building are shown in Fig. 15.
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Figure 15. Examples of limiting damage in buildings using tie beams [10]

Conclusion. In the Kahramanmarag-centered earthquake of February 6, 2023, the structures in Malatya
were affected and some of them were severely damaged. One week after the earthquake, a field study was carried
out in Malatya and the masonry structures were examined in detail. After the field study, the causes of damage
distribution in masonry structures in Malatya can be listed as follows;

—Heavy buildings attracting large seismic forces,

—Very low tensile strength, especially in weak mortars,

—Low shear strength, especially in weak mortars,

—Brittle behavior in compression as well as in tension,

—Poor connection between walls,

—Stress concentration in window and door corners,

—General asymmetry in the plan and facade of the building,

—Asymmetry caused by the imbalance in the size and location of the openings in the walls,

—Defects in construction (substandard use of materials, unfilled joints between bricks, improper connection
between walls)
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