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G e W

Abstract: Many reinforced-concrete structures collapsed or were seriously damaged in the 7.7 and
7.6 magnitude earthquakes that occurred in southern Tiirkiye on 6 February 2023. The recorded peak
ground accelerations were quite high (2.2 g) and the recorded motions’ elastic acceleration response
spectra were significantly greater than the elastic design spectra given by the most recent Turkish
seismic design code. A total of 518,000 houses were heavily damaged or collapsed in the eleven
cities affected by the earthquake. More than 53,000 people lost their lives and over 100,000 people
were injured, the majority of these injurits caused by the collapse of reinforced concrete structures.
Post-earthquake damage assessments are important in the context of applying sustainability prin-
ciples to building design and construction. In this study, post-earthquake damage assesments and
evaluations were made for the reinforced-concrete structures that were exposed to destruction or
various structural damage in Hatay, Kahramanmaras and Adiyaman, which where most affected
after the Kahramanmaras earthquakes. The RC building damage and failure mechanisms resulting
from field observations were evaluated in detail from a broad performance-based structural and
earthquake engineering perspective. Information about Kahramanmaras earthquakes is given briefly.
Design spectra and spectral accelerations were compared for the earthquake stations in these three
provinces. Soft/weak story, short column, insufficiently reinforced-concrete, and poor workmanship
are the primary causes of structural damage, which cause earthquake weaknesses in these buildings.

Keywords: Kahramanmaras; earthquake; reinforced concrete; failure mechanism

1. Introduction

Damage assessment after any natural disaster is important in order to minimize the
impact of the disaster and increase resilience to possible disasters. In this context, evalu-
ation of post-earthquake damages within the framework of cause—effect plays a critical
role in making both new and existing buildings more resistant to earthquakes. Damage
data enable urban planning and infrastructure design to be used within the scope of
sustainability to reduce earthquake risk. All kinds of damage data can be used towards
sustainability principles for the reconstruction process in the destroyed environment after
the earthquake and the development of earthquake-resistant building design principles.
These data can enable the production of economically sustainable solutions in the long
term. Education and awareness campaigns using structural damage data enable peo-
ple to understand earthquake risks and take precautions. It is necessary to know the
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effects of earthquakes on structures in detail in order to increase earthquake resistance and
sustainable earthquake management.

Earthquakes can affect a wide range of areas and cause varying levels of damage to
different types of structures. The effects of earthquakes on structures may vary depending
on the characteristics of the earthquakes, local ground conditions and structural features.
Research on these features and their interaction after earthquakes in different parts of the
world has a significant importance in terms of earthquake and civil engineering. Earth-
quakes can cause much greater damage to the overall environment, especially in high
seismic risk regions. In this study, the impact of the very destructive earthquakes that
recently occurred in Tiirkiye, which is located in the Alpine-Himalayan earthquake zone
with high seismic risk, was taken into account.

Tiirkiye, as a country, is located in one of the highest seismically active zones of the
world. The 2011 Van (M, = 7.2), 2020 Elaz1§ (M,, = 6.8), 2020 izmir (M, = 6.6), and 2022
Diizce (M = 6.0) earthquakes that occurred in the last 20 years reveal the continuity
of seismic activity. Finally, on the Eastern Anatolian Fault (EAF), where no significant
earthquake activity has been experienced for a long time, two different and independent
earthquakes, their epicenters in Pazarcik and Elbistan (M, = 7.7 and My, = 7.6, respectively)
districts of Kahramanmaras city, occurred on the same day and caused great destruction.
Earthquakes caused the death of many people and great economic loss in a very large
region covering the provinces of Sanliurfa, Osmaniye, Malatya, Kilis, Kahramanmaras,
Diyarbakir, Gaziantep, Hatay, Elazig, Adana, and Adiyaman. Among these provinces, the
three most affected were Hatay, Kahramanmarag, and Adiyaman. As a consequence of
the disasters, more than 50,000 people lost their lives and approximately 38,000 buildings
were destroyed. Besides this damage to buildings, other engineering structures, such as
airports, highways, railways, bridges, industrial facilities, power lines, drinking water and
wastewater, infrastructure facilities, etc. were also damaged. During these earthquakes,
events such as landslides, lateral spreading, rock falls, and liquefaction were also commonly
observed in the region.

It is estimated that the total cost of earthquakes for the Turkish economy is approxi-
mately 104 billion dollars. It is also estimated that this size corresponds to approximately
9% of the national income for 2023 [1]. It has been stated that 55% of this is due to housing
damage, 13% to the destruction in public infrastructure and service buildings, and 13%
to private sector damage excluding housing [1]. Among the earthquakes that occurred
in Tirkiye this century, these were the largest in terms of human and economic losses.
Determining building damage after an earthquake is significant in terms of continuing
social life, determining the earthquake hazard for specific settlements, and developing
codes regarding structures. The data to be collected are very valuable for the development
of civil and earthquake engineering after earthquakes. Damage evaluations to be made
during this process should be completed as quickly and practically as possible. There are
many studies evaluating post-earthquake structural damage in this way [2-7]. In this study,
observational damage assessments and evaluations were made for reinforced concrete (RC)
buildings by the authors in the earthquake region. These and related post-earthquake stud-
ies are all regarded as case studies that have the potential to significantly impact academia
and practice. Many studies have been conducted after each earthquake in various parts
of the world regarding the effects of earthquakes on structures. Arslan and Korkmaz [8]
studied the effects of disasters in Ttirkiye on reinforced concrete structures within the scope
of the earthquake regulations used in the country. Furtado et al. [9] examined the seismic
behavior of reinforced concrete structures with infill walls in light of current earthquakes.
Maeda et al. (2012) [10] investigated the structural failures that occurred in reinforced con-
crete structures after the 2011 Eastern Japan earthquakes. Kaplan et al. [11] evaluated the
damage in reinforced concrete and masonry structures as a result of their field observations
following the 2009 L’ Aquila (Italy) earthquakes. Isik et al. [12] evaluated the damage to rein-
forced concrete structures after the 2011 Van earthquake and made an example web-based
application for determination of damage. Kaplan et al. [13] examined the post-earthquake
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of the 2003 Bingol (Ttirkiye) damages to reinforced concrete buildings. Arslan [14] tried to
determine the main design parameters affecting the earthquake performance of reinforced
concrete buildings with artificial neural networks. Ruiz-Pinilla et al. [15] revealed the
lessons to be learned from the damage to reinforced concrete structures after the 2011 Spain
earthquake. Braga et al. [16] evaluated the damage to non-structural elements in reinforced
concrete structures after the 2009 Italian earthquake. Valente and Milani [17] made rein-
forcement recommendations to increase the earthquake performance of reinforced concrete
buildings. Masi et al. [18] evaluated the damage occurring to structural and non-structural
members in reinforced concrete structures after the 2016 Italy earthquake. Damci et al. [19]
evaluated the structural damage in buildings with different structural systems after the
2011 Van earthquake. Caglar et al. [20] evaluated the damage assessments resulting from
the 2020 Elaz1g earthquake as a result of field observations.

There are also some studies proposing various methods for rapid seismic performance
evaluation, such as the use of machine learning, the use of equivalent single-degree-of-
freedom models with capacity curves, and the probability matrix method. Won and
Shin [21] studied the framework for creating an artificial neural network-based model
that can quickly forecast seismic reactions with the effects of soil-structure interaction and
identify the seismic performance levels. Xu et al. [22] studied a methodology for assess-
ing seismic damage to reinforced concrete buildings using computer vision and machine
learning. Xiong et al. [23] carried out parameter determination and damage evaluation for
THA-based damage estimation of multi-story structures in China during the 2014 Ludian
earthquake. Tian et al. [24] recommend a framework for cost-benefit assessments that
consider seismic risk, seismic damage, retrofit costs, economic losses, and cost-benefit
analyses for city-scale seismic retrofitting of structures. Leggieri et al. [25] studied the
geographic information system (GIS) to propose a technique for the extraction, integration,
and elaboration of data from various sources to create a georeferenced building database
(GBD) that is helpful in the large-scale seismic vulnerability assessment of existing build-
ings. Erduran [26] examined the hysteretic energy demands in multi-degree-of-freedom
systems subjected to earthquakes. Gentile and Galasso [27] proposed metamodels that
map engineering demand parameters using ground motion intensity measures. Fajfar [28]
presented a simplified analysis of the seismic performance of structures by combining the
pushover analysis of a multi-degree-of-freedom model with the response spectrum analysis
of an equivalent single-degree-of-freedom system. Harirchian et al. [29] used five different
machine learning approaches to classify earthquake damage for four different earthquakes.

Many studies have found their place in the literature on the evaluation of the damage
to structures with various structural systems after the 6 February 2023 Kahramanmaras
earthquakes, which caused severe damage in 11 different provinces and directly affected
more than 14 million people. Isik et al. [30] evaluated the failure of the mosques and
minarets in Adiyaman province. Ivanov and Chow [31] made damage assessments in RC
buildings in Adiyaman City after the Pazarcik and Elbistan earthquakes and stated that
material properties are an important factor. Kahya et al. [32] examined the post-earthquake
damage to masonry structures in Hatay province within the framework of cause and effect.
Auvcil [33] and Arslan et al. [34] evaluated prefabricated structures damaged in the earth-
quake region within the framework of field observations and structural analyses. Isik [35]
examined in detail mud-brick structures damaged at different levels in the earthquake
zone. Karasin [36] investigated the impacts of the two Kahramanmaras earthquakes in
Diyarbakir city. Zengin and Aydin [37] studied the impact of material quality on damage
in moderately and heavily damaged reinforced concrete structures. Ince [38] studied the
impacts of both earthquakes on RC structures in Adiyaman city. Ozturk et al. [39] examined
the influences of earthquakes on school buildings. Ozturk et al. [40] worked in detail on the
failures in reinforced concrete buildings within the scope of earthquake regulations. Akar
et al. [41] evaluated the damage incurred to different structural systems in Golbasi, one of
the districts where local ground conditions have the greatest impact on buildings. Binici
et al. [42] studied the damage to reinforced concrete, in Gaziantep, Hatay, Kahramanmaras,
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Adana and Adyiman provinces, based on observation. Isik et al. [43] comparatively ex-
amined target displacement values as well as damage assessments for reinforced concrete
buildings in Adiyaman province. Cetin et al. [44] especially examined soil liquefaction and
its consequences in the provinces affected by these earthquakes. Kocaman et al. [45] tried
to reveal the effects of earthquakes in the case of Malatya Yeni Mosque with the help of
numerical models. Kocaman [46] examined the damage to historical masonry mosques and
minarets and numerically demonstrated the earthquake behavior of the Adiyaman Grand
Mosque. Mercimek [47] examined in detail the failure damage to masonry buildings in the
earthquake region. Tung et al. [48] investigated the effects of the recent Sivrice-Izmir and
Kahramanmaras earthquakes in Tiirkiye on buildings. Ersoz et al. [49] conducted a study
on rapid damage assessment in these earthquakes with the help of digital technologies.
Kazaz et al. [50] examined the seismic behavior of the structures that were especially heav-
ily damaged after theses earthquakes. Nemutlu et al. [51] compared the losses occurring
in earthquakes with estimated values. Each of these can be considered as a case study
allowing a more realistic understanding of the earthquake-structure interaction. Within
the scope of this study, R/C structures in Kahramanmarag, Hatay and Adiyaman, the three
provinces most affected by earthquakes, were taken into consideration.

In this study, as a result of the field observations carried out by the authors, the struc-
tural damage to the R/C structures in Hatay, Adiyaman, and Kahramanmaras, the three
cities most affected by the disaster, were evaluated. Structural damage examples resulting
from field investigations were evaluated comparatively, taking into account the conditions
given in the earthquake regulations. For each example of damage, structures located in
different settlements were taken into account. Information regarding the earthquakes on
6 February 2023, was also provided by the study. The impacts of the two earthquakes,
which caused great destruction, on the R/C buildings in the earthquake zone were investi-
gated within the scope of earthquake and civil engineering. Recommendations were made
taking into account all the results obtained. The primary characteristic that sets this study
apart from others is the examination of structural damage in the three provinces most
affected by the earthquake. Each damage condition is also shown schematically. This study
can be a source for similar studies, and contribute to the measures that can be taken in the
development and implementation of earthquake regulations.

2. 6 February 2023 Kahramanmaras (Tiirkiye) Earthquakes

Examining Tiirkiye’s tectonic system reveals that Eastern Anatolia is compressed, as
the Arabian Plate, which is a portion of the African Plate, pushes northward to meet the
Eurasian Plate. The Anatolian Plate is seen to be moving westward due to this compression,
by the effect of the North Anatolian Fault Zone (NAFZ), and the East Anatolian Fault
(EAF) (Figure 1). EAF has a length of approximately 580 km, and several earthquakes
have occurred along its length, making it one of Tiirkiye’s highest seismically active
regions. Major earthquakes of the instrumental period that occurred in fault zones are
illustrated in Figure 2 on the current earthquake hazard map used in Tiirkiye. The Anatolian
plate’s southeast boundary is formed by the left-lateral strike—slip EAF and destructive
earthquakes happen along these faults, which intersect the NAFZ in Karliova [52,53].
Similarly, the Dead Sea Fault Zone (DSFZ) and the EAF combine at Antakya. Conversely, it
essentially stretches in seven distinct portions southwestward from Karliova to Iskenderun
Bay [54,55]. This region has experienced catastrophic earthquakes for almost two millennia,
according to historical and instrumental data [56—-61]. Major earthquakes that occurred in
the historical period in EAF were the 1114 (M > 7.8) and 1513 (M > 7.4) Maras Earthquakes,
the 1822 Halep Earthquake (Mg = 7.5), the 1866 Bingol Earthquake (Mg = 7.2), 1872 Amik
Lake earthquake (Mg =7.2), 1874 (Mg = 7.1) and 1875 (Mg = 6.7) Hazar Lake earthquakes
and 1893 Malatya Earthquake (Mg = 7.1) [62]. In the instrumental period, the 1905 Malatya
earthquake (Mg = 6.8), the 1966 Varto earthquake (Mg = 6.2), the 1971 Bingol earthquake
(Ms = 6.8), the 2003 Tunceli earthquake (M4 = 6.1), 2010 (My, = 5.8) and the 2020 (M,, = 6.8)
Elazig earthquakes occurred, but these earthquakes were not as devastating as the historical
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earthquakes. According to Cetin et al. [63], the fault locked during this period caused
the seismic quiescence along the whole EAF. The NE end of the EAF is where historical
earthquakes begin and continue toward the SW. The center and southwest regions of
the EAF are primarily responsible for the distribution of past earthquakes. For the past
500 years, there has not been a catastrophic earthquake that might induce a surface rupture
on the Golbasi-Tiirkoglu stretch, where the fault folds into the SW.
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Figure 1. Tectonic map of Tiirkiye and surroundings [64].
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Figure 2. Major earthquakes occurring in Tiirkiye (adopted from [65]).

Tiirkiye, which is located in a very high-risk geographical area in terms of seismicity,
has been affected by major earthquakes that have caused great destruction throughout the
historical process. Earthquakes with a magnitude greater than 7 in the country are shown
in Figure 2.

According to GPS research, the EAF is sliding 9-10 mm annually [66-68]. Following
bifurcation, the northern shore shares around one-third of this activity [54,69-71]. Accord-
ing to Over et al. [72], the last significant earthquake to strike this area happened in 1872
and had an acceleration of about 0.4 g. Numerous academics concur that an earthquake
was predicted by pointing out a seismic gap in this area following the prior earthquakes
along the EAF and the Sivrice (Elaz1g) earthquake (M,, = 6.8) in 2020 [73,74].
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On 6 February 2023, at 04:17 and 13:24 Tiirkiye time, two independent and very
devastating seismic events of magnitude My, = 7.7 and M, = 7.6 occurred, with epicenters
in the Pazarcik and Elbistan district of Kahramanmaras. While the depth of the initial
earthquake was 8.6 km, the depth of the subsequent earthquake was 7 km and both
earthquakes were very close to the surface. While the aftershock activity of these two
independent earthquake pairs continued, another “triggered” earthquake with a magnitude
of My, = 6.4 occurred in Yayladag: (Hatay) on 20 February 2023. Unlike other earthquakes
that occurred in the country, both earthquakes had significant effects on a very wide
region. The earthquakes were felt very strongly and caused loss of life and heavy damage
in 11 different cities, especially Kahramanmaras, Adiyaman, and Hatay cities, as well as
Elaz1g, Sanliurfa, Osmaniye, Adana, Diyarbakir, Kilis, Gaziantep, and Malatya. These
11 different settlements affected by the earthquake are shown on the map in Figure 3.

&

ADANA

DIYARBAKIR

v SANLIURFA
OSMANIYE 4
GAZIANTEP ~
Kil;is
[ Cities Affected by The
i

(@) Epicentre of Earthquake
&=

HATAY (Antakya)

Figure 3. The epicenter of two earthquake couples and the borders of the affected area.

The moment magnitude, depth, and moment tensor solution of these earthquakes are
summarized in Table 1 as reported by the Minister of Interior, Disaster and Emergency
Management Presidency (AFAD) [75]. Following the characteristics of the EAF, the fault
mechanism of the first earthquake was a left-lateral strike-slip. The second earthquake, the
M,, = 7.6 Elbistan earthquake, which occurred approximately 9 h later, created a surface
rupture along the Cardak-Siirgii fault section. It was identified south of Elbistan and
near Ekinozii. Similar to the first earthquake, the moment tensor solution of this disaster
indicates a right-lateral strike—slip motion. In the earthquake that occurred further south on
February 20, normal faulting was observed. Focal mechanism solutions of 149 aftershocks
were made by Biiytiksarag et al. [76] and it was revealed that the fault plane solutions of
the aftershocks showed predominantly strike—slip mechanisms in response to the nearly
N-S and E-W oriented left lateral strike—slip mechanisms of the DSFZ and EAF.
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Table 1. Moment tensor solutions of earthquakes [75].
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Acceleration-time graphs of the stations with peak ground acceleration (PGA) values
for the provinces of Adiyaman (0201 station), Hatay (3129 station), and Kahramanmaras
(4614) in the first earthquake, whose epicenter was at Pazarcik, are shown in Figure 4.
E-W, N-5, and U-D acceleration spectra and the representation according to different
probabilities of exceedance are shown in Figure 5. Comparisons were made taking into
account four different earthquake ground motion levels currently specified in the seismic
design code in Tiirkiye. While the largest earthquake with a recurrence period of 2475 is
expressed as DD-1, the standard design ground motion level with a recurrence period
of 475 is expressed as DD-2. The remaining two earthquakes are called frequent and
service earthquakes with ground motion levels and are shown as DD-3 and DD-4. In
this study, the design spectrum obtained for DD-1 and DD-2 was used in comparisons.
Among the horizontal acceleration values of the station, the E-W component exceeded the
DD-1 and DD-2 design acceleration spectrum values, and N-S exceeded the DD-2 design
acceleration spectrum value. Likewise, vertical acceleration spectrum values exceeded
DD-2 design acceleration values. Spectrum acceleration values of both horizontal and
vertical acceleration records at stations 4614 and 3129 exceeded the DD-1 and DD-2 design
acceleration and the spectrum values.
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Figure 4. Components of recorded ground accelerations of the Pazarcik earthquake.
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Figure 5. Design spectrums and spectral accelerations of three acceleration stations installed in
Kahramanmaras, Hatay, and Adiyaman.

3. Damages in R/C Structures during the Destructive Earthquakes

Local soil conditions directly affected the earthquake performance and structural dam-
age levels of buildings in the Kahramanmarag earthquakes, like in other major earthquakes.
As aresult of field assessments, ground-related structural damage was frequently observed,
especially in settlements such as the Golbasi district of Adiyaman province, Kahraman-
marag (Kuyumcular and Cigli Village), Antakya and Iskenderun. In addition, earthquake
effects have been clearly observed on the ground surface in different ways. One of these
has been lateral spreads that occurred in the ground surface. As a consequence of lateral
spreading, cracks, steepness, and depressions occur. Some samples of lateral spreading
are shown in Figure 6. Lateral spread towards a free face is seen in Figure 6a,c, whereas in
Figure 6b,d lateral spread down gentle slopes is shown, where a free face is absent.

Liquefaction of the soil is the loss of its strength, hardness and solidity as a result of
earthquake shaking or similar rapid and heavy loading. When the layers under the level of
groundwater quickly become weaker and behave more like a viscous liquid than a solid,
this is known as ground liquefaction. Liquefaction damage is shown in Figure 7.
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Figure 6. Ground-related damage after the earthquakes; (a,c) lateral spread towards a free face;
(b,d) lateral spread down gentle slopes.

lmw y
i V\
:

Figure 7. Damage caused by liquefaction.

Foundation settlements and rotations may occur due to the bearing capacity of the soil,
whose shear strength decreases due to liquefaction. As a result of these, structural damage
may occur when structures on such soils rotate away from the foundation and overturn.

In Figure 8, such damage is displayed. Additionally, insufficient foundation depth and
weak design of structure—soil interaction are other factors that contribute to such damages.
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Figure 8. Examples of the lack of sufficient foundation depth.

Local soil conditions must be determined realistically by in situ geotechnical tests.
In addition, soil-structure interaction must be taken into consideration realistically in
building design. Foundation type, foundation width, length, and depth selections should
be made accordingly. In addition, if the soil properties are very poor, ground reinforcement
methods should also be considered. Necessary precautions should be taken, especially on
the ground, where there is a risk of liquefaction. In addition, basement floors, which have a
positive effect on the earthquake performance of the building, should be considered and
implemented in building construction. In this context, the currently used Turkish Building
Earthquake Regulation (TBEC-2018) [77] has paid special attention to this situation with
very detailed and different sections regarding both local ground and foundations.

As a result of the difference in stiffness/strength between stories in a reinforced
concrete building, a weak/soft story is formed. Soft story formation has been observed
for many different reasons, such as changing the load-bearing system between stories or
using different flooring systems between stories. Soft story irregularity is among the most
important causes of building damage during earthquakes. This irregularity is included in
almost every post-earthquake examination report. Although some stories of the buildings
had completely collapsed, it can be seen that even the windows of the upper stories had not
broken. Soft stories may occur due to the building load-bearing systems having different
characteristics between floors (such as high story heights) or due to the change in the
number of partition walls, which are not considered to belong to the load-bearing system.
The collapses that occurred on the intermediate floors are shown in Figure 9.
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Figure 9. Samples of weak story damage.

The cause of failure observed in most of the structures that were subjected to complete
collapse in the earthquake zone was the soft story. In these buildings, especially those
located on main streets, the ground floor is generally used as a commercial enterprise,
while the upper floors are used for residential purposes. The amount of infill wall varies
due to the change in purpose of use. In this case, complete collapse occurred as the upper
floors of the building collapsed onto the soft story. Sample buildings that partially or
totally collapsed and became unusable as a consequence of the soft ground story are shown
in Figure 10.

Figure 10. Examples of buildings with partially or completely collapsed ground story due to
soft stories.
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In the last three earthquake codes used in Tiirkiye (1998, 2007, 2018), the strength and
stiffness irregularity between adjacent floors has found its place under “Vertical Irregular-
ity”. There are no criteria regarding this situation in the 1975 Earthquake Regulations. The
strength irregularity between adjacent stories (weak story) has not undergone any changes
in the last three regulations. While the stiffness irregularity between adjacent floors (soft
story) uses the same criteria in the last two earthquake codes and the limit value of the
stiffness irregularity coefficient is specified as 2, this value is limited to 1.5 in the 1998
earthquake code. There are no criteria in the 1975 earthquake regulations.

Irregularities that create a weak or soft story mechanism in any story should be
avoided. In this context, necessary precautions should be taken in the building load-
bearing system to eliminate the negative effects of sudden stiffness and strength decreases
caused by the removal of infill walls, which are not taken into account in the load-bearing
system calculation but may have significant stiffness in their planes, on some floors and
especially on the ground floors of buildings. Care should be taken not to change the
purpose of use and height within the building.

The pancake-type collapse was the type of damage observed during the Kahraman-
marasg earthquakes, which caused the total collapse of the structure and made search and
rescue efforts under the rubble the most difficult. This situation causes the upper floors
of the buildings to collapse on the lower floors in an earthquake. When buildings could
not absorb the energy caused by the earthquake, they were subjected to complete collapse.
Insufficiently reinforced concrete, not using reinforced concrete shear walls, not ensuring
continuity between load-bearing elements, and creating strong beams and weak columns
can be counted among the causes of such damage. Sample images for pancake collapse are
shown in Figure 11.

Figure 11. Examples of pancake-type collapse.
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To prevent such collapses, a sufficient amount of reinforced concrete shear walls
should be used in both directions to increase the rigidity of the structure, the criteria given
in the earthquake regulations should be complied with for the columns to be stronger than
the beams, and the ductility and continuity of the structural system members that form the
reinforced concrete frames should be ensured to be sufficient.

Another type of damage encountered in reinforced concrete structures after an earth-
quake is damage caused by short columns. Short column behavior is the brittle behavior of
the reinforcing bars in the building element under the earthquake effect due to the shear
force before reaching the yield level, causing collapse damage. Band windows, which are
generally used in buildings, may produce short columns due to the change in column
heights within the structure [78]. If the column net length (1) taken into account in the
building design is smaller than the calculated value, the V, shear force value increases, and.
with the earthquake effect, more load is loaded than the V, shear force value calculated
for the column. In this case, short column damage is encountered. In cases where the
formation of short columns cannot be prevented, the shear force is to be taken as the basis
in the calculation of transverse reinforcement;

Ve = (Mru+ Mrl)/ln (1)

In this equation, M;; denotes the column lower-end moment and M, denotes the
column upper-end moment. Bending moments will be calculated as M; ~ M;;1.4 and
M, =~ 1.4 My, at the lower and upper ends of the short column, In will be taken as the
free length of the short column and the calculated shear force must meet the conditions
given below;

Ve <V, V. <0.85Ay. foi 2)

In short column design, minimum transverse reinforcement and placement conditions
defined for confined boundary regions must be applied throughout the entire column. If
the infill walls are completely adjacent to the columns, transverse reinforcement will be
continued throughout the entire floor height for the columns that work as short columns
(Figure 12).
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Figure 12. Transverse reinforcement in short column [77].

There are no rules or recommendations regarding the formation of short columns
in the earthquake regulations of 1975. The same rules apply in the last three earthquake
regulations, 1998, 2007, and 2018. The damages that occurred in the short columns created
without complying with the above-mentioned conditions in the 6 February 2023 earthquake
couple are shown in Figure 13.
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Figure 13. Examples of short column damage.

Various levels of damage have also occurred in the infill walls used to delimit and
separate spaces in reinforced concrete structures. In general, the low mechanical properties
of wall materials, which are given an aesthetic appearance by using gypsum plaster without
the use of lime—cement plaster, as well as poor masonry work, have negatively affected the
structural damage occurring in these elements. Some examples of damage encountered in
infill walls are shown in Figure 14. This damage was generally observed as shear cracks
and out-of-plane failure.

Figure 14. Examples of infill wall damage because of the Kahramanmaras earthquakes.

To prevent infill wall damage, rough plaster must be used and appropriate wall
material and masonry must be provided. In addition, the mortar used on the walls must
be applied in a way that provides sufficient interlocking. Failure to adequately clamp the
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slabs used in reinforced concrete structures to the beam and column members to which
they are connected, and failure to ensure full continuity between the elements, causes the
slabs to separate from these structural members and be damaged. Samples of such failure
are shown in Figure 15.

Figure 15. Damage caused by inadequate slab-beam—column connection.

The construction of shear walls in reinforced concrete structures without complying
with earthquake-resistant structure design principles caused the load bearing capacity to
be exceeded in these members and led to structural damage at different levels. In particular,
failure to form shear wall boundary zones, excessive transverse reinforcement spacing, and
use of low-strength concrete increased the extent of damage to wall elements. Examples of
shear wall damage are shown in Figure 16.

Figure 16. RC shear wall damages.

The shear walls section and reinforcement detail in the currently used earthquake
regulations are given in Figure 17.
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Figure 17. RC shear walls section and reinforcement detail [77].

During an earthquake, plastic hinges are desired to form in beams, not columns. In
some buildings, beams have larger cross-sections, higher strength, and are more rigid
than columns. This case causes the columns to be exposed to large shear forces, causing
brittle failures, and then complete collapse may occur. Examples of plastic hinge damage
occurring at the lower and upper-end points of the column are shown in Figures 18 and 19,
respectively. Plastic hinge damages occurring at the upper ends of the column due to the
cantilever beam effect are also illustrated in Figure 20.

In adjacent reinforced concrete structures without sufficient gap, additional shear
forces occur in the neighboring structures due to the pounding effect. In this case, as a
result of exceeding the shear force capacity of the RC columns, significant damage occurs
at different levels in adjacent buildings. Structural damage caused by the pounding effect
is illustrated in Figure 21.

Concrete cover, which is a part of the reinforced concrete structural element, is used to
protect the reinforcement used in reinforced concrete bearing members from external effects.
This section, not made of sufficient thickness, corrodes over time, causing both the bearing
capacity to decrease and the cross-sectional area to decrease, causing crushing damage
to the concrete in this area. Rusting and resulting structural damage due to insufficient
concrete cover thickness are shown in Figure 22.
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Figure 20. Examples of the plastic hinge damage due to the cantilever beam effect.
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Figure 22. Examples of buildings with insufficient concrete cover.

One of the roles expected from transverse reinforcement is to reduce the brittle feature
of the core concrete. Transverse reinforcements fulfill this function by confining the core
concrete. Insufficient adherence between concrete with reinforcement and low-strength
concrete caused the core concrete to be completely crushed. Examples of such structural
damage are illustrated in Figure 23.
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Figure 23. Structural failures caused by the crushing of core concrete in columns.

For the stirrups or cross-ties to be used in the columns to interlock for the longitudinal
reinforcement, the connection must be made at an angle of 135°. This stipulation is
necessary for adequate interlocking between transverse and longitudinal reinforcement.
Otherwise, the transverse reinforcement will separate from the longitudinal reinforcement
and have problems in performing its roles. This also negatively affects the adherence
between transverse reinforcement and concrete. Damage caused by such misuse is shown
in Figure 24.

4
£
j.8

Figure 24. Structural failures caused by application fault of stirrups.

The stirrups end commonly have 90° hooks and do not overlap in damaged columns
in the earthquake region. It is specified that closed stirrups with 135° hooks are used, and
the stirrups interlock into the core concrete in Turkish Standards. Correct and incorrect
applications of the stirrup according to the Turkish standard are illustrated in Figure 25.

- 0
u .

Code Based Observed

Figure 25. Correct and incorrect application of the stirrup.

Another cause of damage is crushing damage to the concrete as a result of not using
sufficient reinforcement in the column-beam connection. Failure to pay due attention to
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the embedment and addition of reinforcement, which was not used in sufficient quantities,
caused damage in these areas, and examples of such failure are shown in Figure 26.

Figure 26. RC building damage caused by insufficient reinforcement in the column-beam joint.

A comparative representation of the transverse reinforcement conditions in columns
and beams in the last two earthquake codes is shown in Figure 27.
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Figure 27. Comparison of the last two earthquake regulations in Tiirkiye [77,79].

Wooden roofs used in reinforced concrete structures and gable walls on the roofs
are other parts that are damaged during earthquakes. Such observed failures are shown
in Figure 28.

Inappropriate aggregate granulometry and usage of the stream aggregate directly
affect the concrete strength in RC structures. The different levels of damage that occur in
the structural elements due to improper aggregate grain distribution, placement of concrete,
compaction, and lack of care during maintenance stages are shown in Figure 29. Failure to

use appropriately sized aggregate negatively affects both the adherence of the aggregate
within itself and the adherence to the reinforcement.
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Figure 29. Examples of structural damage resulting from improper aggregate granulometry.

The reinforcements used in many structures that were heavily damaged in the earth-
quake zone are plain reinforcements. Both the bearing capacity and the adherence between
plain reinforcement and concrete are much lower than in ribbed reinforcement. Examples
of damage resulting from this are shown in Figure 30.

Passing electrical and machinery-like installations through the load-bearing system
members in buildings reduces the effective cross-sectional areas of these elements, causing
significant losses in bearing capacity. Examples of installations passing through structural
elements are shown in Figure 31.

The main function of stirrups or cross-ties used in reinforced concrete columns and
beams is to resist the shear forces that occur. Reinforcement strength, diameter, spacing,
and concrete strength directly affect the shear force capacity. In addition, there must be
dimensional harmony between the longitudinal reinforcement diameter and the transverse
reinforcement diameter. Otherwise, the transverse reinforcement may be separated from
the longitudinal reinforcement and stripped. Examples of damage caused by inadequate
transverse reinforcement are illustrated in Figure 32.



Sustainability 2024, 16, 6473 22 of 31

Figure 32. Structural failures caused by insufficient transverse reinforcement.
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In some R/C structures, heavy overhangs are built on the floors above the ground floor
to increase the usage area. There have been parts of the commonly used heavy overhangs,
that extend beyond the R/C frame, which were damaged during the earthquake. Samples
of structural failure at different levels in heavy overhangs are illustrated in Figure 33.

Although many structures around them collapsed during the earthquake, many struc-
tures resist the earthquake and provide life safety performance levels. Some such buildings
are shown in Figure 34.

Schematic representations of reinforced concrete structure failures are shown in
Figure 35. Schematic representations of the types of damage encountered in the obser-
vations made in the earthquake area are also shown in Figure 36.

Figure 34. Some buildings that provide life safety.
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Figure 36. Schematic representation of damage. (1) RC shear wall. (2) Plastic hinge damages due to
the cantilever beam effect. (3) Insufficient concrete cover and corrosion of reinforcement. (4) Plastic
hinge damage occurring at the upper-end points of the column. (5) Plastic hinge damage occurring
at the lower-end points of the column. (6) Insufficient transverse reinforcement. (7) Inadequate
reinforcement details at the column-beam connection zones. (8) Low-strength of the concrete.
(9) Improper aggregate granulometry. (10) Installations passing through structural system.
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4. Results and Conclusions

The structural damage that occurred in reinforced concrete structures during the
My, =7.7 and My, = 7.6 magnitude earthquakes that occurred in Kahramanmaras/Pazarcik
and Kahramanmaras/Elbistan on 6 February 2023 were examined in detail in the earth-
quake region immediately after the earthquake by the authors. In this study, damaged
reinforced concrete structures in Hatay, Kahramanmaras, and Adiyaman provinces, where
earthquakes caused the most damage, the most deaths, and the greatest economic loss,
were taken into consideration. The causes of damage to RC structures as a result of field
observations are stated below;

Using plain (non-ribbed) reinforcements

Construction of heavy overhangs

Effect of short columns

Using low-strength concrete

Improper aggregate granulometry

Insufficient bond between concrete and reinforcement

Insufficient transverse reinforcement

Strength and rigidity differences between floors (Weak/soft story)

RC structures built adjacent to each other (pounding effect)

Inadequate concrete cover thickness

Corrosion of reinforcement

Embedment problem in transverse reinforcement

Not using cross-ties

RC shear walls not being constructed by earthquake-resistant building design principles
Opening of stirrups causes buckling of the longitudinal bars under axial load and
crushing and disintegration of core concrete.

Poor infill masonry and not using rendering in these wall

Heavy cantilever beams cause plastic hinges at the upper ends of the column

Plastic hinges formed in columns before beams

The intensity characteristics observed at certain distances from faults caused by earth-
quakes vary significantly. These differences are thought to be related to the soil properties
of structures and various construction issues, as well as to proximity to the fault and the
characteristics of settlements in the basin area. Although the peak ground acceleration
(PGA) and velocities (PGV) recorded by accelerometers in the region show less variability
with respect to intensity values, they exhibit high values at distant locations. The goodness-
of-fit coefficient for the best-fit curve of PGA and PGV values remains low due to the wide
range of values. PGA acceleration values ranging from 400 cm/s? to 1000 cm/s? have been
recorded up to 40 km from the fault, corresponding to intensity levels of VIII-IX. Many
PGYV values have been recorded up to 40 km from the fault, reaching a velocity of 200 cm/s.
At distances up to 120 km from the fault, intensity values are concentrated between V
and VII, and this area corresponds to PGA values ranging from 20 cm/s? to 400 cm/s?.
Additionally, PGV values corresponding to intensity IX, ranging from 90 cm/s to 200 cm/s,
have been observed up to 20 km from the fault.

Following the devastating earthquakes of 6 February 2023 in Kahramanmaras, Ttirkiye,
extensive geotechnical and structural evaluations were conducted across affected regions,
particularly in Hatay, Kahramanmaras, and Adiyaman. This study investigated the damage
to reinforced concrete structures, considering factors such as structural failure mechanisms,
local site conditions, and strong ground motion characteristics. Key findings are summa-
rized below:

The vulnerability of structures in Antakya, Tiirkoglu, and Golbas: was exacerbated by
their location on former riverbeds and lakebeds, characterized by soft soil deposits. These
conditions led to significant seismic amplification, magnifying ground motion, and increas-
ing structural damage. The lack of geotechnical investigations for residential construction
in these areas and inadequate earthquake-resistant foundation designs contributed sig-



Sustainability 2024, 16, 6473

27 of 31

nificantly to building collapses and associated losses. Inadequate design and detailing of
structural systems were widespread. This included: insufficient or absent load-carrying
frames, leading to inadequate lateral load resistance; insufficient beam design in frame-
column systems, resulting in excessive beam deflections and potential failure; eccentric
beam connections create unbalanced forces and stress concentrations; stiffness discrepan-
cies between floors (weak/soft floor effect) lead to uneven load distribution and potential
collapse; strong beam-weak column behavior, where columns were weaker than the beams,
resulting in column buckling and failure; oversized and heavy overhangs increase the
seismic loads on the structure; inadequate beam-column combinations lead to insufficient
load transfer; short column behavior, characterized by insufficient confinement, leads to
premature failure.

The use of substandard materials and poor workmanship significantly contributed to
the observed damage: low-strength concrete, reducing the structural strength and ductility;
inappropriate aggregate gradation leads to poor concrete quality and reduced durability;
insufficient adhesion and transverse reinforcement reduce the capacity to resist shear
forces; inadequate concrete cover, leading to corrosion of reinforcing steel and reduced
structural integrity; reinforcement corrosion weakens the steel and reduces its strength; use
of non-ribbed (flat) reinforcement in older structures, resulting in reduced bond strength;
inadequate design and construction of reinforced concrete elements, leading to stirrup
opening, buckling of longitudinal bars, and core concrete disintegration; the pounding
effect between adjacent structures was observed, resulting in amplified damage; out-of-
plane movements in unenclosed infill and gable walls, as well as cracks and separations in
partition walls, were attributed to poor workmanship and the use of weak materials.

Cities like Islahiye and Kirikhan, despite being relatively far from the epicenter, ex-
perienced significant damage due to their proximity to fault lines. The intense ground
motions generated near fault zones, including the high vertical acceleration component,
exacerbated the soft story problem in cantilever beam floors, leading to structural collapse.

This research provides a technical overview of the critical factors contributing to the
extensive damage observed in the 2023 Kahramanmaras earthquakes. Understanding these
factors is crucial for improving future construction practices and ensuring the resilience of
buildings against seismic events.

Tiirkiye, situated in a highly active seismic zone, faces a constant threat from earth-
quakes of significant magnitude. Strengthening existing buildings to meet current earth-
quake codes is an urgent priority, alongside the rigorous implementation of these codes
in all new construction. This study provides valuable insights for managing earthquake
risk in Tiirkiye. Future research should prioritize the following areas: conduct an in-depth
analysis of the impact of soft soil conditions and develop appropriate structural design
and construction techniques tailored to these conditions; invest in research and develop-
ment to enhance the seismic performance of structural systems; implement stricter control
mechanisms to ensure the quality of structural materials and minimize construction er-
rors; increase public awareness of earthquake risk through comprehensive education and
outreach programs, promoting preparedness strategies.
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