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G e W

Abstract: On 6 February 2023, two very large destructive earthquakes occurred in the East Anatolian
Fault Zone (EAFZ), one of Tiirkiye’s primary tectonic members. The fact that these earthquakes
occurred on the same day and in the same region increased the extent of the destruction. Within
the scope of this study, twenty different settlements affected by earthquakes and located directly on
the EAFZ were taken into consideration. Significant destruction and structural failure at different
levels were induced in reinforced concrete (RC) structures, the dominant urban building stock in
these regions. To determine whether the earthquake hazard is adequately represented, the PGA
values predicted in the last two earthquake hazard maps used in Tiirkiye for these settlements
were compared with the measured PGAs from actual earthquakes. Subsequently, the damage to
reinforced concrete structures in these settlements was evaluated within the scope of construction
and earthquake engineering. In the final part of the study, static pushover analyses were performed
on a selected example of a reinforced concrete building model, and target displacement values for
different performance levels were determined separately for each earthquake. For the 20 different
settlements considered, the displacements were also derived based on the values predicted in the
last two earthquake hazard maps, and comparisons were made. While the target displacements
were exceeded in some settlements, there was no exceedance in the other settlements. The realistic
presentation of earthquake hazards will enable the mentioned displacements predicted for different
performance levels of structures to be determined in a much more realistic manner. As a result, the
performance grades predicted for the structures will be estimated more accurately.

Keywords: Kahramanmaras; earthquake couple; reinforced concrete; PGA; target displacements

1. Introduction

Total collapse, heavy damage, and different structural damage levels occurred in many
different structural systems following the 6 February 2023 Kahramanmaras earthquake,
where the greatest loss of life and property occurred due to the instrumental period earth-
quake activity in Tiirkiye. The succession of the earthquakes and the large size of the
region make these earthquakes unique to other earthquakes. Apart from the significant
loss of life and property resulting from the earthquakes, the secondary economic losses
have also been enormous. Both earthquakes occurred in the East Anatolian Fault Zone
(EAFZ), one of the main tectonic elements of Tiirkiye. Investigations and evaluations of the
structural damage following the earthquakes, which have caused major destruction to the
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surrounding environment, provide a more realistic picture of the earthquake hazard and
are a resource for developing earthquake-resistant building design principles.

It seems highly unlikely to be able to predict the magnitude, location, and timing of
earthquakes with current technology. However, by using data obtained after an earthquake,
the measures that can be taken before and during an earthquake can be based on a much
more scientific and realistic foundation. In this context, the work carried out immediately
after earthquakes is crucial both for realistically determining earthquake hazards and for iden-
tifying the shortcomings of earthquake-resistant building design standards [1-7]. Each study
examining the earthquake hazard and structural damage after an earthquake is evaluated as a
case study. These studies could be a source of support for both academia and decision-makers.
In addition to studies examining the failure induced by earthquakes in various structural
systems, both observationally and numerically, investigations into the risk of earthquakes

have found their place in the literature. Some of these works are shown in Table 1.

Table 1. Some works about the characteristics of earthquakes and their effects on structures.

Country/Region Year Topic of the Study Reference
Ttaly 2016 Dar.nage causes anq nurr}erlcal‘ ar}aly51s of typical Central Acito et al. [8]
Italian masonry residential buildings
Ttaly 2012 Evaluation of the earthquake damage in seven different Milani and Valente [9]
masonry churches
Chile 2010 Damage assessment of RC structures Jiinemann et al. [10]
Ttirkiye 2003 Assessment of the earthquake performance of RC buildings Dogangiin [11]
Italy 2012 Damage assessment of RC structures Manfredi et al. [12]
Tiirkiye 2020 Impacts of the Sivrice earthquake on different Nemutlu et al. [13]
structural systems
Italy 2002 Effect of the Molise earthquake on RC buildings Decanini et al. [14]
Croatia 2020 P'ost-e.arthqu'ak.e evaluation and retrofitting of a Ademovié et al. [15]
historical building
. Examination of the structural damage caused by the
Taiwan 1999 Chi-Chi earthquake in RC structures Sufle]
Evaluation of the damage caused by the Christchurch
New Zealand 2011 (Lyttleton) earthquake to RC structures Kam etal. [17]
. Evaluation of the structural failures in RC structures after
India 2001 the Bhuj earthquake Agarwal et al. [18]
Italy 2009 Investigation of damage to churches after an earthquake Lagomarsino [19]
. Investigation of the damage in non-bearing elements of RC .
Malaysia 2015 structures after the Ranau earthquake Adiyanto et al. [20]
Ambient vibration experiments were performed for the
USA 1994 7-storey RC building damaged in the Ivanovic et al. [21]
Northridge earthquake
RC structures damaged by the Hyogo-ken Nanbu
Japan 1995 earthquake were taken into account Nagato and Kawase [22]
Ttaly 2012 Investigation of the damage and failure mechanism of Valente and Milani [23]
a castle
Nepal 2015 Investigation of the heritage structures after an earthquake Kumar et al. [24]
Greece 2021 Damage obser\{ed in masonry structures in an Sarhosis et al. [25]
earthquake region
China 2022 Rapid reporting of seismic damage after an earthquake Qu et al. [26]
Philippines 2012 Evaluation of earthquake intensity and ShakeMap Naik et al. [27]
Albania 2019 Seismic performance of modern RC buildings Leti and Bilgin [28]
China 2022 Seismic behavior of multi-storey structures Dong et al. [29]
New Zeland 2011 Investigation of structural and geotechnical damage Tasiopoulou et al. [30]
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In addition to these, some studies that have revealed the effects of the 6 February 2023
Kahramanmarag earthquakes in the earthquake region, which is the subject of this study,

are shown in Table 2.

Table 2. Some studies about the effects of the 6th of February Kahramanmaras earthquakes.

Topic of the Study

Reference

Investigates the distribution of ground motion and its correlation with observed damage in
southeastern Tiirkiye, highlighting how local soil conditions, valley effects, and the region’s tectonic
structure contributed to significant amplification of seismic waves, particularly in areas like Antakya,
Hassa, Kahramanmaras, and Goksun.

Karray et al. [31]

Developed and tested an equation based on the MMI-PGA relationship to calculate earthquake
intensity, refining intensity distribution maps for the 6 February 2023 earthquakes in southern
Ttirkiye, and demonstrating that selected equations provided more sensitive, reliable, and objective
results for assessing seismic impact.

Biiytiksarag et al. [32]

Examines the geotechnical and structural damage caused by the 6 February 2023 earthquakes in the
Pazarcik and Elbistan districts of Kahramanmaras, highlighting the critical role of soil-structure
interactions and the lack of engineering in rural masonry buildings.

Akar et al. [33]

Damage in RC structures in the city center of Adiyaman was examined and structural analyses were
carried out for a sample RC structural model.

Isik et al. [34]

Evaluate the effectiveness of one-dimensional nonlinear and equivalent linear site response analyses
for assessing site effects during the 6 February 2023 Tiirkiye earthquakes.

lhan et al. [35]

Damage in RC structures in the earthquake zone was evaluated based on deficiencies in
earthquake regulations.

Oztiirk et al. [36]

Analyzes the damage to reinforced concrete and steel buildings in Hatay following the 6 February
2023 earthquakes, identifying key issues such as construction defects, design errors, and structural
failures, while offering recommendations based on seismic behavior studies and Turkish Building
Earthquake Code guidelines.

Altunsu et al. [37]

Examines the 6 February 2023 earthquakes in Tiirkiye, highlighting the complex fault interactions,
transtensional stress regime, and significant surface ruptures caused by the events, which resulted in
over 100,000 building collapses and more than 50,000 fatalities.

Over et al. [38]

Analyzes the interconnection of the 6 February 2023 earthquakes in Tiirkiye using Coulomb stress
analysis, showing how stress transfer between mainshocks and aftershocks contributed to
widespread seismic activity and significant damage across multiple regions.

Alkan et al. [39]

Details a 10-day field reconnaissance by the International Consortium on Geo-disaster Reduction,
focusing on seismic damage and ground failures caused by the 6 February 2023 earthquakes in
southern Tiirkiye and northern Syria, with an emphasis on fault ruptures, liquefaction,

and landslides.

Yan et al. [40]

Damage assessment of masonry and RC minarets in the earthquake zone and structural analyses for
two minarets were selected as examples.

Atmaca et al. [41]

Evaluates the vulnerability of precast industrial buildings in Tiirkiye following the 6 February 2023
earthquakes, highlighting structural weaknesses, manufacturing defects, and the importance of code
compliance, while recommending improvements to enhance seismic performance and prevent
future damage.

Arslan et al. [42]

Examines seismically induced soil liquefaction during the 2023 Kahramanmaras earthquakes in
Ttirkiye, documenting surface manifestations, analyzing soil samples, and highlighting the
unexpected liquefaction of clayey soils, suggesting a cautious approach to assessing the susceptibility
of silty—clayey mixtures.

Cetin et al. [43]

Using the well-known ground motion prediction equations that are the foundation of Tiirkiye’s
earthquake hazard map, the seismic properties of the recorded earthquake data are compared.

Oser et al. [44]

Presents findings from a field investigation of reinforced concrete structures damaged in the 6
February 2023 Kahramanmaras earthquakes, analyzing structural and non-structural failures and
offering recommendations for mitigating future earthquake-induced damage.

Sezgin et al. [45]
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Table 2. Cont.

Topic of the Study

Reference

Analyzes the devastating effects of the 6 February 2023 earthquakes in Tiirkiye, highlighting the
performance of buildings in relation to construction year, seismic code compliance, and the
surprising vulnerability of newer structures, and calls for a reassessment of seismic design criteria to
enhance resilience in high-risk areas.

Binici et al. [46]

The 6 February 2023 earthquake sequence in Tiirkiye caused significant seismic impacts on 140 dams,
with earthfill and rockfill dams near the fault rupture experiencing greater damage, including
permanent deformations, particularly as their height increased.

Cetin et al. [47]

Presents findings from on-site geotechnical and structural investigations following the 6 February
2023 Kahramanmarag earthquakes, highlighting severe damage to reinforced concrete, precast, and
masonry structures, and identifying common deficiencies such as poor materials, inadequate
construction techniques, and lack of engineering services.

Demir et al. [48]

Based on studies on post-earthquake damage assessment, the use of machine learning in decision
support systems is explored.

Ozman et al. [49]

Analyzes the factors contributing to structural damage during the February 2023 earthquakes in
southeastern Tiirkiye, focusing on seismic characteristics, field observations, and key
structural deficiencies.

Yon et al. [50]

Evaluates the impacts of the 6 February 2023 earthquakes on various structural systems in
Kahramanmaras, highlighting issues with soil-structure interaction, building materials, and the need
for updates to earthquake code provisions.

Avcil et al. [51]

Proposes and validates a Rapid Damage Assessment (RDA) methodology using open data to
estimate earthquake losses, applied to the 2023 Tiirkiye earthquakes, with the results closely aligning
with official damage reports.

Apostolaki et al. [52]

Evaluates the damage to masonry village schools during the 2023 Kahramanmaras earthquakes,
analyzes their seismic performance, and proposes repair and strengthening recommendations.

Isik et al. [53]

Analyzes the seismic characteristics and structural damage caused by the February 2023 earthquakes
in Kahramanmaras, identifying key factors such as weak building design, poor construction quality,
and unfavorable ground conditions.

Avgin et al. [54]

Examines the impact of the February 2023 earthquakes in Tiirkiye on various structures and
infrastructure, providing insights for future seismic damage prevention and mitigation.

Yiizbasi [55]

Analyzes the damage to industrial buildings from the February 2023 earthquakes in Tiirkiye,
combining field observations and numerical analyses to assess structural integrity and highlight the
importance of quality control in construction to improve seismic resilience.

Kirtel et al. [56]

Examines earthquake-related damage to reinforced concrete buildings in Malatya following the
February 2023 Kahramanmaras earthquakes, focusing on construction defects and their compliance
with Turkish Earthquake Regulations.

Atar vd. [57]

Analyzes the seismic impact of the February 2023 earthquakes on Elazig, Tiirkiye, examining tectonic,
geological, and structural factors, and offering recommendations to prevent future damage and
improve building practices.

Yetkin et al. [58]

Examines the liquefaction hazards in Hatay, Tiirkiye, following the February 2023 Kahramanmaras
earthquakes, highlighting the role of geological and geomorphological factors in liquefaction and
lateral spreading in affected areas.

Bol et al. [59]

Evaluate the seismic performance and residual displacements of a base-isolated hospital under
construction during the February 2023 Kahramanmaras earthquakes, highlighting the impact of
construction stages on structural vulnerability and damage probabilities.

Sen et al. [60]

Analyzes seismic characteristics and precursor patterns within the East Anatolian Fault System from
1983 to 2022, identifying trends that may have indicated the February 2023 earthquakes in Tiirkiye.

Trifonova et al. [61]

Develops a regression model to predict the seismic input energies of reinforced concrete buildings
based on data from the February 2023 Kahramanmaras earthquake, highlighting the effectiveness of
acceleration-based parameters for low-period buildings.

Balun [62]
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These studies attempt to reveal the characteristic features of earthquakes as well as
their effects on the ground and different structural systems. While some of these studies
take into account the entire earthquake region, others include smaller-scale evaluations
within the scope of earthquake and civil engineering. In addition to studies based on
observation, there are also studies in which structural analysis is carried out. This study is
one of the first studies to carry out both seismic hazard and structural analyses by taking
into account all settlements located on the EAFZ.

Ground motion parameters are essential to determine and evaluate the effects of earth-
quakes [63,64]. These parameters are important in revealing earthquake characteristics and
analyzing the behavior of structures under the influence of earthquakes [65-67]. In deter-
mining ground motion parameters by taking into account local ground conditions, fault
geometry, seismic waves, and earthquake characteristics should be known. Ground speed,
acceleration, and displacement values are known as amplitude parameters [68-70]. Earth-
quake ground motion measurements are of critical importance for earthquake-resistant
structural design, engineering applications, and scientific studies. Ground acceleration
records obtained from strong ground motion measurements can be used both to deter-
mine seismic risk and to monitor the performance of the structures during earthquakes.
Acceleration records are also used for the design of earthquake-resistant structures and
the development of attenuation relationships. In addition, the expected damage estimate
and density distribution in settlements at different distances from the station can be de-
termined using attenuation relationships [71,72]. Therefore, PGA values obtained from
any earthquake can be used to determine seismic and structural risks. In performance-
based design, different types of analyses are used to decide on the performance levels of
structures [73-76]. The main purpose of performance-based design is to determine the
structural demand in structures affected by ground motion. The accurate determination
of structural demand requires an accurate definition of ground motion characteristics and
the relationship between them and structural demand [77,78]. The performance-based
design methodology consists of four different stages, namely, determining the earthquake
hazard and related seismic parameters, determining the structural analysis phase and
related engineering parameters, measuring the predicted damage level, and making the
necessary engineering decisions according to the damage levels [79]. The application of
target displacement design in the context of performance-based earthquake engineering
aims to estimate the performance of structures in earthquakes more accurately and safely.
The amount of displacement (deformation) that will occur in the structural elements of
the structures during an earthquake is one of the main factors affecting the structure’s
performance. It is attempted to keep these displacement values within a certain limit.
One of the most important parameters in determining the performance levels is the tar-
get displacement. This is the maximum displacement of a control node that is likely to
occur during the design earthquake. Different performance levels have different target
displacements representing different seismic intensities [80-82].

One of the goals of earthquake-resistant structural design is to resist a possible earth-
quake effect without excessive damage. Determining target displacements for damage
estimation when specific performance limitations of structural elements are met is crucial in
performance-based earthquake engineering. When the displacement demand in the building
is reached for a specific earthquake effect, it can be checked whether the expected performance
target of the structure is achieved. The definition of acceptable damage limits aligns with the
performance goals projected at different seismic levels [83-85]. Performance-based design’s
main goal is to ascertain the structural requirement in constructions susceptible to ground
motion. The accurate description of ground motion features and their link to structural
demand are necessary for the realistic determination of structural demand [86-88]. There
are also various studies in the literature on target displacements in structures. Isik et al. [89]
obtained the expected target displacement values from structures using five different
earthquake datasets from six different countries. Isik [90] compared the displacements
for instrumental period earthquake epicenters in Tiirkiye in his study. Bilgin et al. [91]
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obtained the target displacement values by taking into account the minimum structural
conditions for different countries.

In this study, firstly, information is given about the Kahramanmaras earthquakes,
which caused great destruction, and the EAFZ, which is the subject of the study. After
providing information about the major earthquakes occurring in this fault zone, the PGAs
used in Tirkiye for the last two earthquake hazards for 20 different settlements located
directly on this fault zone are compared. The main goal of this study is to first reveal
whether the earthquake hazard is adequately represented for twenty different settlements
located directly on the EAFZ, where the 2023 Tiirkiye earthquakes the disaster of the century
for this country, occurred. For this purpose, the predicted values for the last two earthquake
hazards used in Tiirkiye and the measured values from the earthquakes are compared for
these settlements taken into consideration. Then, the impacts of the earthquake couple on
RC structures are investigated within the scope of earthquake civil engineering. In the last
part of the paper, pushover analyses are carried out for twenty different settlements located
on the EAFZ for a sample RC structural model. For this purpose, separate structural
analyses are performed for the measured Peak Ground Acceleration (PGA) for these
settlements in both earthquakes and the predicted PGA in the last two earthquake hazard
maps used in Tiirkiye. By comparing all the target displacement values obtained, it
was attempted to reveal whether the displacements used in determining the earthquake
performances of the structures were adequately represented. The most important aspect
that distinguishes this study from other studies is this is a detailed study carried out for the
first time for twenty different settlements located on the EAFZ. It is thought that this study,
which is quite comprehensive in terms of both earthquake hazard and target displacements,
will be a source for the development of seismic design regulations and earthquake maps.
With the realistic and sufficient presentation of the earthquake hazard, the displacements
to be used in determining the earthquake performance of the structures will be obtained
much more accurately. With this study, both seismic and structural parameters were
compared for all the settlements located directly on the EAFZ, which is one of the main
tectonic elements of Tiirkiye, and it was attempted to reveal whether the earthquake hazard
was adequately represented. Studies conducted after the Kahramanmaras earthquakes
generally reveal the effects of the earthquake on observation-based damage assessments
and specifically selected structures. The difference of this study from other studies is that
it reveals the predicted seismic hazard for all settlements on the EAFZ and whether it
adequately represents the target displacements of the structures. In addition, this study
compared the predicted seismic hazard values for the settlements on the EAFZ with the
last two earthquake hazards used in Tiirkiye. The study also provides detailed information
about many studies conducted on these earthquakes.

2. The EAFZ and 6th of February Kahramanmaras Earthquakes

Tiirkiye is located in the Alpine-Himalayan earthquake zone, which is a high-seismic-
risk region. The movement of the African Plate due to its counterclockwise rotation pushes
the Arabian Block northward and the southeastern part of the Anatolian Block northward.
In addition, the Anatolian Block is being pushed southward by the clockwise movement
of the Eurasian Plate. For this reason, the Anatolian Block is under the impact of these
two vital compressions and is shifting in the W-SW direction. The plate tectonic model
of Anatolia and its surroundings are shown in Figure 1. As the main tectonic elements of
Tiirkiye, the Northern Anatolian Fault Zone (NAFZ), the EAFZ, and the Aegean Graben
System come to the fore due to the earthquakes that occur on them.



Infrastructures 2024, 9, 219

7 of 33

N \\ Black Sea sl _L__ \ Black Sea /v’/t_/
// & N

Istanbul

u
8
4
Aegean Sea

36°N

Mediterranean Sea NQYPreanArc|
~—t

26°E 28°E 30°E 32°E 34°E 36°E 38°E 40°E 42°E 44°E

5. State Boundary q Lake (Natural or Dam) o City / Fault /V/ Thrust

Figure 1. Simplified neotectonic and relief maps of Tiirkiye [92].

Finally, the 6 February 2023 Kahramanmaras and the 2020 Elazig earthquakes have
drawn attention to the EAFZ. The EAFZ is Tiirkiye’s second major fault zone, which
has produced earthquakes that have given rise to substantial loss of life and property
throughout history. The East Anatolian Fault Zone, which has been the origin of many
major earthquakes throughout history, had a very active period in the 1800s. It caused a
sequence of earthquakes that began with the Antakya earthquake in 1822, proceeded to the
earthquakes in 1866, 1872, 1874, 1875, and 1893, and ended with the Malatya earthquake in
1905. It went through a comparatively quieter phase following this earthquake and failed
to produce an earthquake big enough to cause a surface break. It has been said that there
has been a build-up of major pressures and that this stillness is just transitory [93-96].

The EAFZ is an NE-SE-oriented left-lateral slip fault that separates the Anatolian plate
from the Arabian plate and is the left-lateral equivalent of the NAFZ. It merges with the
Dead Sea Fault Zone near Tiirkoglu and with the NAFZ near Karliova. The zone consists of
many complementary left-lateral strike-slip faults with various features between Karliova
and Antakya and is called the EAFZ [97,98]. The EAFZ is nearly 30 km wide and 700 km
long with a ~10.5 mm/year slip rate value [99-102]. Table 3 displays significant historical
and instrumental earthquakes on the EAFZ.

Table 3. Earthquakes on the EAFZ [103-108].

Historical Period Instrumental Period

Date Region Intensity Date Region Magnitude
M.O. 148 Antakya VIII 1905 Piitiirge Mg =6.8
M.O. 69 Antakya IX 1945 Ceyhan M; = 6.0
M.O. 37 Antakya VIII 1952 Misis Mg =5.6
M.S. 53 Antakya VIII 1964 Sincik M; =6.0
220 Antakya VI 1971 Bingol M; =6.8
396 Antakya VI 1975 Lice M=6.6
526 Antakya X 1979 Adana-Kozan Mg =5.1
529 Antakya IX 1986 Stirgii M,, =6.0
1544 Elbistan VIII 1991 Kadirli M; =52
1738 Amik Lake VIII 1994 Ceyhan Mg =5.0
1789 Elazig VIII 1997 Samandag M,, =57
1822 Antakya IX 1998 Yiiregir M,, =6.2
1872 Hatay VII-IX 2003 Bingol w =63
1874 Elazig IX 2004 Sivrice M,, =5.6
1875 Elaz1g VI 2007 Sivrice M,, =55
1875 Palu 2007 Sivrice M,, =5.7

1893 Malatya X 2010 Kovancilar My =6.1




Infrastructures 2024, 9, 219

8 of 33

Since the beginning of 2020, destructive earthquakes have occurred in the EAFZ. On
24 January 2020, at 20:55:11 (17:55 GMT) local time, a damaging and shallow (12 & 2 km)
earthquake (M,, = 6.8) hit the Sivrice (Elaz1g) province, with its epicenter on the Hazar-
Sincik fault segment. The rupture area of this destructive earthquake was ~37 km long
and the duration of the earthquake was found to be 20.4 s [109,110]. This earthquake
caused 41 casualties with hundreds of injured people (~1607). The earthquake, with a
recorded PGA value of 0.292 g, damaged ~10,000 buildings moderately or heavily or
collapsed them [102,110-112]. These buildings can be generally classified as masonry
dwellings, RC structures, and non-residential structures. The focal mechanism solution of
the main shock is the pure left-lateral strike-slip fault (Figure 2). According to the AFAD
earthquake catalog, ~2300 aftershocks with a magnitude bigger than M,y > 2.0 occurred
in the region between 2020 and 2021 and the strongest aftershock had a magnitude of
5.0 Mw. Aftershocks occurred along Celikhan-Golbasi, Golbasi-Tiirkoglu and Palu-Hazar
LakeHaza segments of the EAFZ in an SW-NE direction and it was consistent with the
movement along with the EAFZ. The distribution of aftershocks consistently confirms the
spread of seismicity along the ruptured fault [113]. After the Elazig—Sivrice main shock,
the Coulomb stress values were highly positive to the northeast and southwest of the 2020
rupture zone, especially at the increasing depth levels along the Golbasi-Ttirkoglu and
Tiirkoglu-Antakya segments [102,114].

Following the 2020 Sivrice-Elazig earthquake, two great earthquake doublets, de-
scribed as the disasters of the century for Tiirkiye, occurred in the Pazarcik and Elbistan
with a magnitude of My, = 7.7 and 7.6, respectively, in the districts of Kahramanmaras
city on 6 February 2023. The first earthquake (My = 7.7) occurred in Pazarcik province at
local time 04:17:32 (01:17 GMT) (Figure 2). This event ruptured ~310 km of the primary
fault segments in harmony with a slightly left-lateral strike-slip fault mechanism along
the northeast-southwest direction, namely, in Amanos, Pazarcik, and Erkenek, which
caused a maximum fault slip of ~8 m and a hypocenter depth of 8.9 km. After 9 h, at
a distance of 95 km from the My, = 7.7 event, the second earthquake (My, = 7.6) struck
in Elbistan province at local time 10:51:28 (13:51 GMT), rupturing a ~150 km long fault
trending left-lateral segments called the Goksun fault, Stirgii fault, Cardak fault, and Marasg
fault on a roughly east-west orientation. The hypocenter depth of the second earthquake
was 7.7 km [115-118]. These powerful earthquake pairs triggered a series of aftershocks in
the region. On 20 February, a third earthquake (M, = 6.4) struck the region of the Defne
province (Hatay) graben near the Amanos segment. The Kahramanmarags earthquakes and
their aftershocks caused great structural damage in the Kahramanmarag, Hatay, Gaziantep,
Malatya, Diyarbakir, Kilis, Sanliurfa, Adiyaman, Osmaniye, Adana, and Elazig provinces.
More than 40,000 buildings collapsed and over 200,000 buildings were affected or heavily
damaged in the region. These devastating earthquakes caused over 60,000 deaths and
115,000 injuries in south-central Tiirkiye and northwestern Syria. More than 10 million
people suffered from these deadly earthquakes [52,115,119,120]. A total of approximately
75,000 aftershocks occurred between February 2023 and August 2024 and aftershock distri-
butions associated with these destructive doublet earthquakes have continued, especially
along the DSFZ and NE of the EAFZ, as shown in Figure 2. The aftershock magnitudes
were mostly between 1.0 and 4.9. Also, there were 61 large aftershocks (M, > 5.0) in this
period (AFAD, 2023) [119]. The hypocentre depths of the aftershocks varied between 5 km
and 20 km depth, in general [118]. Considering the aftershock distributions, the positive
stress fields are observed in the direction of the northern DSFZ in the southwest, as well as
the Palu segment and Piitiirge segment in the northwest [39,121].
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Figure 2. Epicenter locations of approximately 88,900 earthquakes with 1.0 < Mw < 7.9 from
1 January 2020 to 1 August 2024. The seismicity catalog is obtained from the AFAD website [122].
Magnitude grades of the events are plotted with various circular symbols. Purple beach balls
represent fault mechanism solutions of the 2020 Sivrice, 2023 Pazarcik, and Elbistan earthquakes.
Black lines represent the locations of active faults taken from Emre et al. [123].
The distribution of damage by province from the damage assessment studies car-
ried out by the relevant Ministry until 6 March 2023 following the 2023 Kahramanmaras
earthquakes is given in Table 4.
Table 4. Damage assessment report by province (6 March 2023) [124].
Total Demolished Immediately +
Province Heavily Damaged + Collapsed Moderate Damaged Slightly Damaged
Residential Buildings
Adana 2952 11,768 71,072
Adiyaman 56,256 18,715 72,729
Diyarbakir 8602 11,209 113,223
Elazig 10,156 1522 31,151
Gaziantep 29,155 20,251 236,497
Kahramanmarag 99,326 17,887 161,137
Malatya 71,519 12,801 107,765
Hatay 215,255 25,957 189,317
Kilis 2514 1303 27,969
Osmaniye 16,111 4122 69,466
Sanliurfa 6163 6041 199,401
Total of the region 518,009 131,576 1,279,727
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The instrumental period earthquake activity continued with the 2020 Elazig (Sivrice)
and 2023 Kahramanmaras earthquakes. All of these statistical data clearly show that
quite large and destructive earthquakes occurred in this fault zone. Hatay, Bing6l, Elazig,
Malatya, Kahramanmaras, Osmaniye, Adiyaman, and their associated centers are the
settlements nearest to this fault zone. The settlement centers located directly on the EAFZ
are shown in Figure 3.
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Figure 3. Settlements on the EAFZ within the scope of this study.

The Earthquake Zones Map, which has been used in Tiirkiye since 1996, has been
replaced by the Tiirkiye Earthquake Hazard Map, which came into force with the Tiirkiye
Building Earthquake Regulation (TBEC-2018) [125], as of 1 January 2019. In this paper,
seismic parameters were compared using these two maps. In the current map, seismic
parameters for any geographical location could be attained with the help of the Tiirkiye
Earthquake Hazard Maps Interactive Web Application (https:/ /tdth.afad.gov.tr accessed on
15 June 2024) [126]. While the previous map included only the standard design earthquake
ground motion (recurrence period of 475 years) for the earthquake ground motion level, the
current earthquake code expresses four different earthquake ground motion levels. Table 5
lists the earthquake ground motion levels that were used in the investigation.

Table 5. Earthquake ground motion levels [125].

Earthquake Ground - . Probability of Exceedance .
Motion Level Repetition Period (Year) (50 Years) Definition

DD-1 2475 0.02 Largest earthquake

DD-2 475 0.10 Standard des.lgn
ground motion

DD-3 72 0.50 Frequent ear.thquake ground

motion level
DD-4 43 0.68 Service earthquake ground

motion level
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While obtaining seismic parameters for settlements directly located on the EAFZ and
significantly affected by the February 6 Kahramanmarag earthquakes, the average local soil
ZC class in the current seismic design code was taken into consideration. In order to make
comparisons, the same local soil class was not selected as a variable in all the settlements.
The PGA, peak ground velocity (PGV), and design spectral acceleration coefficients (Sps)
were obtained for each randomly selected geographical location in the settlements. The
PGA and PGV obtained for different earthquake ground motion levels for the locations are
given in Table 6. The data start from the Yayladag district of Hatay province and end in
Karliova, where the EAFZ ends.

Table 6. The predicted PGA and PGV for selected locations in the current earthquake hazard map.

. PGA (g) PGV (cm/s)

No Location =1, 4 DD-2 DD-3 DD-4 DD-1 DD-2 DD-3 DD-4
1 Yayladag ~ 0.685 0.372 0.135 0.092 43425 22.368 7.444 5.051
2 Samandag 0915 0.471 0.146 0.096 56.570 28.449 8.032 5.295
3 Defne 0.927 0.466 0.148 0.099 59.613 28.905 8.325 5.558
4 Hatay 0.877 0.448 0.148 0.100 56.243 27.757 8.339 5.592
5 Kirkhan  1.003 0.515 0.155 0.103 66.041 32617 8.893 5.812
6 Hassa 1.137 0.602 0.175 0.110 76.387 39.603 10.026 6.112
7 Islahiye 1.048 0.554 0.164 0.107 67.984 34.890 9.444 5.990
8 Nurdagr  0.959 0.491 0.156 0.105 63.330 31.247 9.019 5.921
9 Tirkoglu  0.898 0.469 0.156 0.105 60.401 30.177 9.021 5.933
10 Pazarak  0.939 0.516 0.170 0.106 71517 37.627 9.803 5.957
11 Golbast 0.954 0.510 0.170 0.111 63.496 32.741 9.762 6.069
12 Dogansehir ~ 0.892 0.478 0.159 0.102 56.451 29.559 9.276 5.620
13 Celikhan  1.062 0.592 0.209 0.126 78.014 42.002 11316 6.379
14 Sincik 1.160 0.643 0.217 0.135 75.494 40.871 11.559 6.592
15 Piitiirge 1.189 0.676 0.241 0.145 85.717 47.700 12.994 7.063
16 Doganyol  1.158 0.663 0.250 0.151 88.852 49.597 13.670 7.456
17 Sivrice 1.139 0.645 0.232 0.146 81.334 43.944 12.880 7.466
18 Kovanclar  1.110 0.640 0.244 0.151 81.254 45.672 14.177 8.043
19 Bingol 1.134 0.653 0.273 0.179 76.531 42,943 15.559 9.595

20 Karlova 1335 0.794 0.351 0.201 100.279 60.379 20.988 10.521

Considering these values, the lower and upper PGA and PGV for the located settle-
ments directly on the EAFZ are shown in Table 7.

Table 7. Lower and upper PGA-PGV values of the settlement.

Earthquake Ground Motion Level PGA (g) PGV (cm/s)
DD-1 0.68-1.40 43-101
DD-2 0.37-0.80 22-61
DD-3 0.13-0.36 7-21
DD-4 0.09-0.21 5-11

In addition, the comparison of the PGA and design spectral acceleration coefficients
(Sps) for the last two earthquake hazards used in Tiirkiye is given in Table 8. To make
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comparisons, the DD-2 ground motion level in both seismic design codes was taken
into account.

Table 8. Comparison of PGA and Spg for settlements on the last two earthquake hazard maps.

No Location Ealr{t hquake 19% 2018 2018/1996 Sps2007 Sps201s  Sps2018/Sps2007
egion PGA (g) PGA (g)
1 Yayladag: I 0.4 0.372 0.93 1 1.061 1.061
2 Samandag I 0.4 0.471 1.18 1 1.322 1.322
3 Defne I 0.4 0.466 1.17 1 1.315 1.315
4 Hatay I 0.4 0.448 1.12 1 1.266 1.266
5 Kirikhan I 0.4 0.515 1.29 1 1.447 1.447
6 Hassa I 0.4 0.602 1.51 1 1.715 1.715
7 Islahiye I 0.4 0.554 1.39 1 1.56 1.56
8 Nurdag: I 0.4 0.491 1.23 1 1.396 1.396
9 Tiirkoglu I 0.4 0.469 1.17 1 1.345 1.345
10 Pazarcik I 0.4 0.516 1.29 1 1.484 1.484
11 Golbasi I 0.4 0.51 1.28 1 1.46 1.46
12 Dogansehir I 0.4 0.478 1.20 1 1.363 1.363
13 Celikhan I 0.4 0.592 1.48 1 1.702 1.702
14 Sincik I 0.4 0.643 1.61 1 1.866 1.866
15 Piitirge I 0.4 0.676 1.69 1 1.97 1.97
16 Doganyol I 0.4 0.663 1.66 1 1.927 1.927
17 Sivrice I 0.4 0.645 1.61 1 1.877 1.877
18 Kovancilar I 0.4 0.64 1.60 1 1.867 1.867
19 Bingol I 0.4 0.653 1.63 1 1.926 1.926
20 Karliova I 04 0.794 1.99 1 2.35 2.35

All settlements considered in the previous earthquake zone map are located in the 1°
earthquake zone and the same PGA (0.400 g) is predicted. However, since geographical
location-specific seismic parameters are predicted in the current earthquake hazard map,
different PGAs are obtained for each settlement. With the current earthquake hazard map,
the predicted PGAs for the same earthquake motion level have increased in all settlements
except Yayladagi. The highest increase was in Karliova district, while the lowest increase
was in Hatay. Also, while the horizontal design elastic spectrum coefficient (Spg) had the
same value (1.00) in the previous earthquake zone map for the same local soil conditions
and the same ground motion level, it had different values in the current earthquake hazard
map. There was an increase in this coefficient in all the settlements. The highest increase
was in Karliova, while the lowest increase was in Yayladagi. The increase in both the PGA
and Spg values clearly reveals the reality of earthquakes in the EAFZ and the extent of
the hazard.

Within the scope of this study, the obtained PGAs in both the earthquakes in the
settlements were compared with the predicted PGAs in the last two earthquake hazard
maps. It was attempted to reveal whether the earthquake hazard was adequately repre-
sented. The comparison of the measured (TADAS, 2023) [127] and predicted PGAs in the
settlements in the first earthquake, the Pazarcik earthquake, is given in Table 9. Table 9 also
compares the predicted PGAs for the standard design ground motion level DD-2 in the
current earthquake hazard map with the values predicted for the maximum earthquake
ground motion level (DD-1) for the settlements where the measured PGAs exceed.
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Table 9. Comparison of measured PGAs of Pazarcik (M,, = 7.7) with the last two earthquake
hazard maps.

P 5 TSDC-2007 Provid TBEC-2018 Provid TBEC-2018 Provid
Noolewton ke POA® oo FGA®  Net o ppg Mot
1 Yayladag: 0.048 0.400 v 0.372 N 0.685 v
2 Samandag 0.223 0.400 Y 0.471 V. 0.915 J
3 Defne 1.378 0.400 X 0.466 X 0.927 X
4 Hatay 1.201 0.400 X 0.448 X 0.877 X
5 Kirikhan 0.754 0.400 X 0.515 X 1.003 vV
6 Hassa 1.322 0.400 X 0.602 X 1.137 X
7 Islahiye 0.667 0.400 X 0.554 X 1.048 v
8 Nurdag: 0.604 0.400 X 0.491 X 0.959 4
9 Tiirkoglu 0.367 0.400 v 0.469 v 0.898 v
10 Pazarcik 2222 0.400 X 0.516 X 0.939 X
11 Golbast 0.031 0.400 Y 0.510 V. 0.954 V
12 Dogansehir 0.140 0.400 v 0.478 v 0.892 v
13 Celikhan 0.071 0.400 v 0.592 v 1.062 v
14 Sincik 0.129 0.400 v 0.643 Vv 1.160 vV
15 Piitiirge 0.018 0.400 4 0.676 Vv 1.189 4
16 Doganyol 0.018 0.400 v 0.663 v 1.158 v
17 Sivrice 0.050 0.400 v 0.645 v 1.139 v
18 Kovancilar 0.050 0.400 v 0.640 4 1.110 v
19 Bingol 0.004 0.400 v 0.653 v 1.134 v
20 Karliova 0.016 0.400 v 0.794 V 1.335 N

The predicted PGAs for DD-2 in the last two earthquake hazard maps used in Tiirkiye
exceeded the values measured in Defne, Hatay, Kirikhan, Hassa, Islahiye, Nurdagi, and
Pazarcik in the Pazarcik earthquake. The predicted values in the other settlements remained
below the recommended values. On the other hand, the predicted PGAs for the largest
earthquake (DD-1) in the current earthquake hazard map was exceeded in the Defne, Hatay,
Hassa, and Pazarcik districts. The reason for this is that the EAFZ has been silent for a very
long time and has not produced a large earthquake. At the same time, these earthquakes
are the largest earthquakes that have occurred on the EAFZ in the instrumental period.
Therefore, updating the seismic hazard analyses for the settlements located on the EAFZ
by taking these earthquakes into account will allow the earthquake hazard of the region to
be presented more realistically.

Within the scope of this study, the comparison of the predicted and measured PGAs
for the second earthquake, which occurred 9 h after the first earthquake on the EAFZ
and whose epicenter was the Elbistan district of Kahramanmaras province, is given in
Table 10. For settlements where no measurement values could be reached, the highest
values measured in the settlements closest to these settlements were taken into account.

The measured values in the second earthquake, that in Elbistan (Kahramanmaras),
exceeded only the predicted value for Dogansehir in the previous earthquake zone map.
In the current earthquake hazard map, the values predicted for the ground motion level
generally used in the design of structures in all the settlements were not exceeded in any
settlement. This shows that the current earthquake hazard map is sufficiently represented
for this earthquake. Since there was no measurement value in the Sincik, Piitiirge, and
Sivrice districts for this earthquake, the value measured in Celikhan, another district closest
to this area, was taken into account for Sincik. For the Piitiirge, Doganyol, and Sivrice
districts, the highest value measured in the Kovanailar district was taken into account.
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Since there was no measurement value in the Golbasi, Celikhan, and Sincik districts of
the Adiyaman province due to the second earthquake, the highest value measured in
the Tut district of Adiyaman province, which was 0.129 g, was taken into account for this
earthquake. For the Nurdag: district, the highest value measured in the Gaziantep province,
to which the district is affiliated, was taken into account. The highest measured value in
the Akcadag district, which is the closest district to the Dogansehir district, was taken into
account, which was 0.476 g. The value measured in the Sivrice district of Kovancilar, which
is another district where no measurement was made, was taken into account.

Table 10. Comparison of the measured PGAs of Elbistan (M, = 7.6) earthquake.

) Elbistan TSDC-2007 . TBEC-2018 .
No Location Farthquake PGA (g) DD-2 Provide or Not PGA (g) DD-2 Provide or Not
1 Yayladagt 0.005 0.400 Vv 0.372 Vv
2 Samandag 0.031 0.400 v 0.471 v
3 Defne 0.027 0.400 v 0.466 Vv
4 Hatay 0.033 0.400 v 0.448 Vv
5 Kirikhan 0.059 0.400 v 0.515 Vv
6 Hassa 0.070 0.400 v 0.602 Vv
7 Islahiye 0.052 0.400 Vv 0.554 Vv
8 Nurdag: 0.096 0.400 v 0.491 v
9 Tiirkoglu 0.059 0.400 v 0.469 Vv
10 Pazarcik 0.210 0.400 Vv 0.516 Vv
11 Golbast 0.129 0.400 Vv 0.510 Vv
12 Dogansehir 0.476 0.400 X 0.478 Vv
13 Celikhan 0.129 0.400 Vv 0.592 Vv
14 Sincik 0.129 0.400 v 0.643 Vv
15 Pittrge 0.049 0.400 Vv 0.676 Vv
16 Doganyol 0.052 0.400 V4 0.663 Vv
17 Sivrice 0.071 0.400 v 0.645 Vv
18 Kovancilar 0.071 0.400 Vv 0.640 Vv
19 Bingol 0.010 0.400 v 0.653 Vv
20 Karliova 0.006 0.400 Vv 0.794 Vv

3. Damage Observed in RC Structures

The disaster of the century for Tiirkiye, the earthquakes centered in Kahramanmaras
on 6 February 2023, caused great destruction in a very large region. In addition to the large-
scale loss of life and property resulting from the destruction, there were economic losses that
the country could not handle. In addition, the damage to transportation structures caused
a loss of time in necessary aid and interventions. However, the interventions made in these
structures in a very short time and the rapid establishment of alternative routes solved
this problem in a short time. The earthquake caused destruction and structural damage at
different levels in different structural systems. In the region, very great destruction also
occurred in reinforced concrete buildings, which are the main urban building stock. In this
study, RC structures located in the settlements considered and exposed to various levels
of structural failure were evaluated observationally by taking into account the damage.
Examples of RC buildings that have received various levels of structural damage in different
settlements as a consequence of field examinations are shown in Figure 4.
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Figure 4. RC structures exposed to various levels of structural damage.

Pre-earthquake and post-earthquake images and schematic representations of this
damage for two sample RC buildings are shown in Figure 5. Pre-earthquake images were
taken with the help of Google Street View.
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Figure 5. Pre-earthquake and post-earthquake images of two sample RC structures.

Examples of RC buildings in the earthquake region where life safety was ensured
despite damage to nearby structures are shown in Figure 6.

Figure 6. Examples of RC buildings with life safety ensured. (a) RC building standing despite the
collapse of neighboring buildings, (b) example of RC building for pre-collapse performance level,
and (c) example of a completed but not yet occupied building without damage.
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The damage to the RC buildings in the settlements and their schematic damage
representations are given in Figure 7.

h ;
No Damage 5 ematlc' Damage Reason
Representation
1 Heavy overhang
’ The plastic hinge of the corner
column upper region
3 Lateral collapse (accordion) damage
4 Total collapse due to soft storey on
the ground storey
Improper aggregate granulometry
5 ;
and usage of flat reinforcement
Inadequate RC frame; lack of
6 interlocking between slab-beam-—
column

Figure 7. Cont.
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7 Soft storey
8 Insufficient transverse reinforcement
in the beam—column joint
9 Usage of excessive reinforcement
10 Shear damage in RC shear wall
11 Rupture in transverse reinforcement
12 Pounding effect
13 Short column damage due to band-
type window
Buckling damage in longitudinal
14 steel rebar due to insufficient
transverse reinforcement

Figure 7. Cont.
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Corrosion of the reinforcement/lack

15
of concrete cover

Short column damage because of

16 band-type window

17 Insufficient transverse reinforcement

18 Shear damage in infill walls

Pancake collapse example because of]
inadequate RC frame; strong beam-—
weak column

19

Torsion damage in a structure with

20 irregularity in the plan

21 90° hooks instead of 135°

Figure 7. Cont.
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Out-of-plane failure damage of infill
walls

Partial collapse damage due to soft
storey

Lack of concrete cover

Improper aggregate granulometry

Insufficient transverse
reinforcement; plastic hinges in
structural elements

Band-type short column

Figure 7. Observed damage and its schematic representations.

When the damage observed in the RC structures is examined, one or more factors such
as soft/weak storeys, short columns, strong beam-weak column application, insufficient
interlocking between RC frame elements, low-strength concrete, poor workmanship, in-
sufficient reinforcement, torsion effect in structures with irregularity in plan, closed heavy
overhangs in structures, insufficient concrete cover thickness, usage of low-strength infill
wall material, poor infill wall workmanship, inappropriate aggregate granulometry, and
a pounding effect in neighboring structures are the main reasons for the damage. Irregu-
larities in structures and the incomplete or incorrect application of earthquake-resistant
structural design principles have caused an increase in damage. In this context, it should
not be forgotten that structures where earthquake-resistant structural design principles
are applied both in the construction and project stages provide a life safety performance
level and prevent an increase in casualties. When evaluated from this perspective, the
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design of RC structures that is as simple as possible, transferring the loads that will affect
the structure to the ground easily and containing as little irregularity as possible will play
a critical role in increasing the earthquake performance of such structures. In addition
to the damage causes considered in this study, it is also important to adequately repre-
sent the earthquake magnitude taken into account in the design of the structure. Design
spectra obtained without adequate representation do not allow one to realistically obtain
the damage and performance of structures under the effect of earthquakes. Within the
scope of this study, it was attempted to reveal whether the effect of earthquake hazards on
structures was adequately represented for all the settlements located on the EAFZ where
the 2023 Kahramanmaras earthquakes occurred. For this purpose, target displacements
were compared over the created structural model.

4. Comparison of Target Displacements in Performance-Based Earthquake Engineering

The threat that earthquakes pose to human activities in many parts of the world is
reason enough to carefully consider earthquakes in the design of structures and facilities.
The goal of earthquake-resistant design is to construct structures and facilities that can
withstand a certain level of shaking without excessive damage. Structural analyses were
performed to compare the target displacement values of the earthquakes considered. Struc-
tural analyses were performed separately with Seismostruct [128] for all the obtained PGAs
in this study. Pushover analyses were carried out for a sample RC structural model, taking
into account the PGAs. The sample RC numerical model is seven-storey, and the storey
heights are equal, all being 3 m. The structure is symmetrical and has equal openings in
the X and Y directions, and each opening is selected as 4.50 m. The 2D and 3D models and
applied loads created in the software for the selected sample RC structure are shown in
Figure 8.

Figure 8. Two-dimensional and three-dimensional models of the RC structure.

For every structural model, 0.42 m was chosen as the target displacement value. ZC,
the typical soil class in Eurocode-8, was selected as the local soil class. The properties of
this type of soil class are given in Table 11.
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Table 11. Properties of local soil classes [129].
Ground Tvpe Description of Parameters
P Stratigraphic Profile Vs, 30 (m/s) NSPT (Blows/30 cm) Cy (kPa)
Deep deposits of dense or
medium-dense sand, gravel, or
zC stiff clay with thickness from 180-360 15-50 70-250

several tens to many hundreds

of meters.

All the building models were formed using the infrastructure FBPH (force-based
plastic hinge frame elements) for structural parts like beams and columns. These compo-
nents restrict plasticity to a finite length and simulate force-based extensional flexibility.
To accurately represent the stress—strain distribution in the section, the optimal number of
fibers in the section should be sufficient [130]. Consideration of the nonlinear behavior of
the material is made possible by the definition of the plastic hinge. For the chosen sections,
a total of one hundred fiber elements have been defined. For certain kinds of divisions, this
value suffices. The selected plastic hinge length (L, /L) was 16.67%. Damage estimation
is successful to the extent that the plastic hinge parameters and deformation limit states
reflect the actual structure behavior. In order to determine the earthquake performance of
the structure, plastic hinge definitions must be made for structural elements and the extent
of damage that will occur in structural elements under which cross-sectional effects must
be predicted. Plastic hinge parameters and deformation limit values have been determined
with various standards in structural design and existing structure evaluation [131-133].

Setting the column’s boundary conditions in accordance with the cantilever boundary
requirements resulted in a fully fixed column footing and a free top end. The footings’
border condition was set in place. Figure 9 displays the sample storey formwork plan for
the model of the RC building. Table 12 displays the RC structural model features that were
considered throughout the structural analysis.
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Figure 9. The storey formwork plan for the sample RC building.
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0.12
Displacement

Table 12. RC structural model’s characteristics.
Parameters Values Parameters Values
Concrete C25 Stirrup (columns) $8/100
Reinforcement 5420 Stirrup (beam) $8/150
Beam (mm) 250 x 600 Steel material model Menegotto-Pinto
Height of slab (mm) 120 Constraint type Rigid diaphragm
Height of each storey (m) 3 Concrete material model = Nonlinear (Mander et al.)
Cover thickness (mm) 25 Local ground type zC
Columns (mm) 400 x 500 Incremental load 5kN
Longitudinal Corners 4920 Dead load 5kN/m
re](lgf)cl)flﬁr:se)nt Top bottom side 4016 Damping 5%
Left right side 4916 Importance class 11
In performance-based earthquake engineering, identifying the objective displacements
for damage estimation is essential when specific structural member performance limits are
reached. The limit states provided in Eurocode-8/Part 3 [129,134] were taken into account
in the structural analysis for damage estimation that is utilized globally. Figure 10 displays
all of these displacements. The software lists three distinct scenarios for the damage cases.
These are regarded as damage limitation (DL), significant damage (SD), and near collapse
(NC). Every structural model has these values computed. Table 13 provides comprehensive
descriptions of various limit states.
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Figure 10. Standard pushover, idealized curves, and target displacements.
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Table 13. Limit states in Eurocode 8/Part 3 [129,134].

Limit State

Return Period Probability of Exceedance

Description (Year) (in 50 Years)

Damage limitation (DL)

Only lightly damaged; damage to
non-structural components is 225 0.20
economically repairable

Significant damage (SD)

Significantly damaged; some
residual strength and stiffness;
non-structural components
damaged; uneconomic to repair

475 0.10

Near-collapse (NC)

Heavily damaged; very low
residual strength and stiffness; large 2475 0.02
permanent drift but still standing

Under the previous seismic design code, structural assessments were first carried
out for the ground motion level with a probability of exceedance for the standard design
earthquake of 10% (repetition period 475 years) in 50 years. All the structural analysis
results are displayed in Table 14 and include limit states for the measured PGAs, the present
code, and the preceding code, which were all obtained individually.

Table 14. Comparison of measured with predicted limit states for the Pazarcik earthquake.

Limit States (m)

No Location Measured PGA TSDC-2007 TBEC-2018
DL SD NC DL SD NC DL SD NC
1 Yayladag: 0.019 0.024 0.042 0.158 0.202 0.351 0.147 0.188 0.326
2 Samandag 0.088 0.113 0.196 0.158 0.202 0.351 0.186 0.238 0.413
3 Defne 0.543 0.697 1.208 0.158 0.202 0.351 0.184 0.236 0.409
4 Hatay 0.474 0.608 1.053 0.158 0.202 0.351 0.177 0.227 0.393
5 Kirikhan 0.297 0.381 0.661 0.158 0.202 0.351 0.203 0.261 0.452
6 Hassa 0.521 0.669 1.159 0.158 0.202 0.351 0.237 0.305 0.528
7 Islahiye 0.263 0.337 0.585 0.158 0.202 0.351 0.218 0.280 0.486
8 Nurdag: 0.238 0.306 0.530 0.158 0.202 0.351 0.194 0.248 0.431
9 Tiirkoglu 0.145 0.186 0.322 0.158 0.202 0.351 0.185 0.237 0.411
10 Pazarcik 0.876 1.124 1.949 0.158 0.202 0.351 0.203 0.261 0.452
11 Golbast 0.012 0.016 0.027 0.158 0.202 0.351 0.201 0.258 0.447
12 Dogansehir 0.055 0.071 0.123 0.158 0.202 0.351 0.188 0.242 0.419
13 Celikhan 0.028 0.036 0.062 0.158 0.202 0.351 0.233 0.299 0.519
14 Sincik 0.051 0.065 0.113 0.158 0.202 0.351 0.254 0.325 0.564
15 Piitiirge 0.007 0.009 0.016 0.158 0.202 0.351 0.267 0.342 0.593
16 Doganyol 0.007 0.009 0.016 0.158 0.202 0.351 0.261 0.335 0.581
17 Sivrice 0.020 0.025 0.044 0.158 0.202 0.351 0.254 0.326 0.566
18 Kovancilar 0.020 0.025 0.044 0.158 0.202 0.351 0.252 0.324 0.561
19 Bingol 0.004 0.005 0.009 0.158 0.202 0.351 0.257 0.330 0.573
20 Karliova 0.006 0.008 0.014 0.158 0.202 0.351 0.313 0.402 0.696

The comparison of the target displacements for Defne/Hatay, where the highest PGA
was measured in the first earthquake, and for the Karliova/Bingol provinces, where the
lowest PGA was measured, is shown in Figure 11.
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Figure 11. Comparison of the target displacements for Defne and Karlova for first earthquake.

Within the scope of this study, structural analyses were also performed for the second
earthquake, the Elbistan earthquake, and target displacements were obtained. The com-
parison of these values attained by considering the earthquake hazard measured for this
earthquake and the last two maps is shown in Table 15.

Table 15. Comparison of measured with predicted limit states for Elbistan earthquake.

Limit States (m)

No Location Measured PGA TSDC-2007 TBEC-2018
DL SD NC DL SD NC DL SD NC
1 Yayladag: 0.004 0.005 0.009 0.158 0.202 0.351 0.147 0.188 0.326
2 Samandag 0.012 0.016 0.027 0.158 0.202 0.351 0.186 0.238 0.413
3 Defne 0.011 0.014 0.024 0.158 0.202 0.351 0.184 0.236 0.409
4 Hatay 0.013 0.017 0.029 0.158 0.202 0.351 0.177 0.227 0.393
5 Kirikhan 0.023 0.030 0.052 0.158 0.202 0.351 0.203 0.261 0.452
6 Hassa 0.028 0.035 0.061 0.158 0.202 0.351 0.237 0.305 0.528
7 Islahiye 0.021 0.026 0.046 0.158 0.202 0.351 0.218 0.280 0.486
8 Nurdag: 0.038 0.049 0.084 0.158 0.202 0.351 0.194 0.248 0.431
9 Tiirkoglu 0.023 0.030 0.052 0.158 0.202 0.351 0.185 0.237 0411
10 Pazarcik 0.082 0.106 0.184 0.158 0.202 0.351 0.203 0.261 0.452
11 Golbast 0.051 0.065 0.113 0.158 0.202 0.351 0.201 0.258 0.447
12 Dogansehir 0.188 0.241 0.417 0.158 0.202 0.351 0.188 0.242 0.419
13 Celikhan 0.051 0.065 0.113 0.158 0.202 0.351 0.233 0.299 0.519
14 Sincik 0.051 0.065 0.113 0.158 0.202 0.351 0.254 0.325 0.564
15 Piitiirge 0.019 0.025 0.043 0.158 0.202 0.351 0.267 0.342 0.593
16 Doganyol 0.021 0.026 0.046 0.158 0.202 0.351 0.261 0.335 0.581
17 Sivrice 0.028 0.036 0.062 0.158 0.202 0.351 0.254 0.326 0.566
18 Kovancilar 0.028 0.036 0.062 0.158 0.202 0.351 0.252 0.324 0.561
19 Bingol 0.004 0.005 0.009 0.158 0.202 0.351 0.257 0.330 0.573
20 Karliova 0.004 0.005 0.009 0.158 0.202 0.351 0.313 0.402 0.696
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The comparison of the target displacements for Dogansehir/Malatya, where the

highest PGA was measured in the second earthquake, and for Karliova/Bingol, where the
lowest PGA was measured, is shown in Figure 12.
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Figure 12. Comparison of the target displacements for Dogansehir and Karliova for 2nd earthquake.

The target displacements obtained by considering the measured PGAs in the first
earthquake exceeded the displacements obtained for the predicted PGAs in the previous
earthquake hazard map for Defne, Hatay, Kirikhan, Hassa, Islahiye, Nurdagi, and Pazarcik.
The largest value was determined in the epicenter of the earthquake, in the Pazarcik
(Kahramanmaras) district. The predicted target displacements in the other settlements
other than these settlements provide the displacements obtained for the measured values.
In the settlements where the target displacements for the previous earthquake map were
exceeded, the displacements predicted in the current earthquake hazard map were also
exceeded. There was no exceedance in the remaining settlements. The target displacements
obtained by taking into account the measured PGAs for the second earthquake did not
exceed the displacements obtained for the predicted PGAs in both earthquake hazard maps.
This is an indication that the earthquake hazard is adequately represented in the structural
analyses. For the first earthquake, structural analyses were also carried out for the target
displacements that exceeded the standard design earthquake ground motion level. The
structural analysis was performed again for the ground motion level with a probability
of exceedance of 2% in 50 years (recurrence period 2475 years). The comparison of the
attained limit state values is shown in Table 16.

Considering the predicted larger earthquake, the limit problem is eliminated for
Kirikhan, Islahiye, and Nurdagi. However, for other settlements, Defne, Hatay, Hassa,
and Pazarcik, the target displacements obtained for the measured values for the largest
earthquake exceeded the predicted displacements. Examples of exceedances and non-
exceeding of these values for the largest earthquake ground motion (DD-1) are shown in
Figure 13.
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Table 16. Target displacements for DD-1 for earthquakes with larger limit states (m).
Measured PGA TBEC-2018/DD-1
Province
DL SD NC DL SD NC
Defne 0.543 0.697 1.208 0.366 0.469 0.813
Hatay 0.474 0.608 1.053 0.346 0.443 0.769
Kirikhan 0.297 0.381 0.661 0.395 0.507 0.880
Hassa 0.521 0.669 1.159 0.158 0.575 0.997
Islahiye 0.263 0.337 0.585 0.413 0.530 0.919
Nurdag: 0.238 0.306 0.530 0.378 0.485 0.841
Pazarcik 0.876 1.124 1.949 0.370 0.475 0.823
DD-1 DL DD-1 DL
mTBEC-2018/DD-1 m Measured-PGA WM TBEC-2018/DD-1 m Measured-PGA
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Figure 13. Comparison of target displacement for DD-1.

5. Conclusions

The 6 February 2023 Kahramanmaras earthquakes, which were the disaster of the cen-
tury for Tiirkiye and caused thousands of casualties, clearly revealed Tiirkiye’s earthquake
reality. The fact that the earthquakes happened in succession at two different epicenters
on the EAFZ, one of Tiirkiye’s main tectonic members, further increased the extent of the
structural damage. The earthquake pair that occurred on the EAFZ within the instrumental
period of earthquake activity caused great destruction in eleven different provinces. The
losses caused by the earthquakes have made the EAFZ worth examining. Within the scope
of this study, twenty different settlements directly located on this fault zone were taken into
consideration. First of all, information about the EAFZ was given. Secondly, the measured
and predicted earthquake hazards were compared for the settlements taken into consider-
ation. While the earthquake hazard was sufficiently represented for most settlements, it
was not sufficiently represented for the first earthquake in Defne, Hatay, Kirikhan, Hassa,
Islahiye, Nurdagy, or Pazarcik. The values anticipated in the current earthquake hazard
map for the second earthquake were not exceeded. At this point, it is necessary to update
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the seismic hazard analyses by taking into account these two major earthquakes in order to
present the earthquake hazard for these settlements more realistically. Acceleration values
give the results that best reflect the ground behavior within the earthquake parameters.
Therefore, PGA values also change depending on the differentiation of ground conditions.
In the current hazard maps, this situation has been handled more accurately compared to
the previous versions and has become changeable depending on the update of the PGA
values. Thus, if a new and larger record is obtained at the PGA station, that value is
now accepted as the current value. Meanwhile, in places where there are no new records,
the values naturally remain lower than the updated values. The predicted PGA, spectral
acceleration coefficients, and idealized curve of target displacements in TBEC-2018 should
be improved.

The study also investigated the effects of site-specific design spectra used in the
design of structures on the target displacements obtained for different settlements on the
EAFZ. It is important to note that the site-specific design spectrum curve has a direct and
significant impact on displacement requirements. A full correlation was observed between
the displacements for damage estimation and the PGA value. As the PGA increases, the
expected displacement demands on the structure also rise, indicating that larger ground
motions result in greater structural displacements.

As a result of field investigations conducted by the authors in the settlements consid-
ered, information was provided about the damage to RC structures. Incomplete, incorrect,
or incomplete non-application of earthquake-resistant structural design principles during
the project and construction phases increased the extent of the damage. In cases where
several of these negativities were used together, the damage levels reached higher levels.
In addition to all these, the structures built following earthquake-resistant structural design
principles provided life safety performance levels. In addition, the amount of damage
increased due to the earthquakes occurring very close to the surface, in the same region,
and on the same day, and the aftershocks that occurred afterward. In addition, the effect
of local soil conditions was seen, especially in Golbas1 and Hatay. The exceedance of the
structural capacity in the foundations of the structures, liquefaction, and soil amplification
effects were observed clearly in Golbast and Hatay. This once again revealed the signifi-
cance of the earthquake—soil-structure interaction. Different types of irregularities found
in RC structures, which are the dominant urban building stock, reduced the earthquake
performance of the structures.

In the seismic design codes used in Tiirkiye, the requirement to use RC shear walls
is only valid for basements. It should not be forgotten that the use of RC shear walls will
significantly affect the earthquake performance of the structures. In addition to all these,
precautions that can be taken before an earthquake are also a part of modern disaster
management in terms of reducing earthquake damage. At this point, one of the precautions
that can be taken is to make decisions on strengthening or demolishing buildings with
inadequate earthquake performance by examining and analyzing the existing building
stocks. Using rapid assessment methods in buildings will allow for the determination of
risk priorities among the existing building stock.

One of the main causes of structural damage in earthquakes to buildings constructed
according to the 2018 regulations is structural irregularities. These irregularities, which
reduce the earthquake resistance of the structure, should be avoided and addressed in
seismic design codes.

In addition to structural characteristics, which are one of the main causes of earthquake
damage, earthquake characteristics and local ground conditions are also effective factors in
damage. The correct determination of the standard design ground motion level used in
structural analyses depends on the seismic hazard analyses to be performed. It should not
be forgotten that the realistic determination of earthquake hazards will affect the earthquake
performance of structures due to the target displacements expected from the structures. In
this context, the earthquake hazard determined regionally in Tiirkiye before 2018 has been
replaced by site-specific earthquake hazards as of 2018. The earthquake hazard for each
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location should be determined at the micro-scale rather than the macro-scale. In settlements
where large earthquakes occur, seismic hazard analyses should be taken into account in
these earthquakes and the resulting standard design and maximum motion levels should
be updated and used.

Within the scope of this study, structural analyses were performed for the sample RC
structural model, and target displacements were obtained for the measured and predicted
PGAs. The value was below the limit value for the second earthquake. However, the
displacement values were exceeded in seven different settlements for the first earthquake.
When a larger earthquake predicted for these settlements was taken into account, it was
determined that the exceedance continued for Defne, Hatay, Hassa, and Pazarcik. It should
not be forgotten that the displacements to be obtained depending on the earthquake hazard
will allow for more realistic earthquake performance and loss estimation in structures. The
earthquake performance that structures will show in a possible earthquake depends on the
realistic presentation of the earthquake hazard.

Finally, to improve the performance of existing RC structures in future earthquakes
and to avoid encountering the damage caused by the 6 February 2023 doublet earthquakes,
we suggest that future seismic hazard analysis, the design of RC structures, the analysis of
target displacements, and predicted limit states are enhanced to take precautions for the
next earthquake occurrences. Buildings constructed before 2000 generally require detailed
performance evaluations and should be strengthened or demolished and rebuilt according
to their risk status.
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