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Abstract

This paper presents the findings of field observations conducted in the aftermath of the
earthquakes that struck the Pazarcik (Mw7.7) and Elbistan (Mw7.6) in Kahramanmaras
province, Turkey on February 6th, 2023. The earthquakes, occurring on the East Anato-
lian Fault Zone (EAFZ), resulted in more than 50,000 losses of life and damage of more
than 1.5 million properties across 11 provinces in Turkey. Field observations presented
herein encompass seismological and strong ground motion data, geotechnical observa-
tions, as well as damage assessments of underground and above ground structures in var-
ious provinces and districts. The types and reasons of the structural damages were dis-
cussed. The study also examined the effects of high acceleration values and distribution of
strong ground motions on the performance of structures. Soil liquefaction problems were
observed in many locations such as Golbasi and Iskenderun. The paper highlights the geol-
ogy, tectonics, strong motion characteristics, surface deformations, geotechnical and struc-
tural aspects, and the evaluation of lifelines in the affected area. Furthermore, the authors
provide initial recommendations for improving disaster management, evaluating building
stock, prioritizing urban transformation, strengthening infrastructure systems, address-
ing soil-building interaction issues, ensuring security measures during search and rescue
efforts, utilizing satellite imagery effectively, considering seismic effects on water infra-
structure, and taking a holistic approach to earthquake effects in industrial facilities.
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1 Introduction

On February 6th, 2023 at 4:17 local time a magnitude M, 7.7 earthquake occurred in Pazar-
cik district of Kahramanmaras province with a depth of approximately 8.6 km (Disaster
and Emergency Management Authority Presidential of Earthquake Department—AFAD
2023). According to the primary analyses, at least three different segments totaling about
350 km long have ruptured together (USGS NEIC 2023; Garini and Gazetas 2023). Eleven
minutes after this earthquake, at 4:28, a magnitude M, 6.6 aftershock occurred in a region
close to the center of the first earthquake. While the earthquake activity in the region con-
tinued, approximately 100 km north of the main shock at 13:24 local time a magnitude
M, 1.6 earthquake occurred in Ekinozu-Kahramanmaras province with a depth of about
7 km (AFAD 2023) and created a fracture of approximately 170 km in length (Garini and
Gazetas 2023). Those earthquakes occurring on the East Anatolian Fault Zone (EAFZ),
one of the most active fault zones in Turkiye, have caused losses of life and property not
only in the center provinces but also in Adana, Adiyaman, Diyarbakir, Elazig, Hatay, Kilis,
Osmaniye, Malatya and Sanliurfa. More than 50,000 lives were lost in 11 provinces. Addi-
tionally, on February 20th, 2023 at 20:04 local time a magnitude M, 6.4 earthquake with
a depth of 21.7 km occurred in Defne district, the center of Hatay province. During this
earthquake, six more people lost their lives.

This paper describes the field observations organized by MARTEST (Marmara Research
and Education Center for Disaster Resistant Communities) following the occurrence of
earthquakes. The observations not only encompass seismological data but also document
the damage incurred by both underground and above ground structures, which provide
insight into the scale of the earthquake disaster. Numerous instances were observed where
ground effects such as liquefaction, rock falls, and road damage had a significant impact
on structures and transportation within the affected area. The fault lines often intersected
highways, roads, and railways, impeding rescue operations. Due to extensive building col-
lapses, the number of casualties and injuries was alarmingly high, resulting in lengthy res-
cue operations involving both national and international teams. The paper discusses various
types of structural damage caused by earthquakes and provides several examples to illus-
trate the effects of soil conditions. Specifically, instances of soil liquefaction problems were
observed in Golbasi, Adiyaman, and Iskenderun districts of Hatay. The paper also presents
an analysis of the geology and tectonics of the affected area, the strong motion character-
istics of the earthquakes, and the distribution of ground motion parameters, including sur-
face deformations using remote sensing. Additionally, the study examines the geotechnical
and structural aspects as well as the evaluation of lifelines in the impacted region.

1.1 Geology and tectonics

Anatolian Plate, which holds tectonic processes that are intriguing, has a topography
shaped between the North Anatolian Fault Zone (NAFZ) and the East Anatolian Fault Zone
(EAFZ). Studies conducted on the Anatolian Plate specifically have revealed the existence
of the westward movement of the region and the pull-apart basins formed (Reilinger et al.
2006; Sengor et al. 1985; Kocyigit and Beyhan 1998). The Anatolian Block has been mov-
ing WSW directed under the compressive effect of the Arabian and African Plates since the
Miocene. The Anatolian Plate is bordered by two main fault zones. The EAFZ located in
the south is approximately 500 km long and was mapped in the twentieth century (Arpat
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and Saroglu 1972, 1975; Ambraseys 1970; McKenzie 1976) (Fig. 1). EAFZ forms the east-
ern and southeastern borders of the Anatolian Plate and merges with NAFZ at Karliova
(Bingol) (Arpat 1971; Arpat and Saroglu 1972, 1975). The southern border of the EAFZ
connects with the Dead Sea Fault (DSF) at Samandag (Hatay) (Allen 1969, 1975; Arpat
and Saroglu 1975; Rotstein 1984). From northeast to southwest, the arms of the EAFZ
are Karliova-Bingol (65 km long), Palu-Hazar (50 km long), Hazar-Sincik (85 km long),
Celikhan-Golbasi (50 km long), Golbasi-Turkoglu (dip-slip component, 90 km long) and
Turkoglu-Antakya (dip-slip component eastward, 145 km long) (Italiano et al. 2013). Some
researchers have determined that some of these are separated by pull-apart basins (Cetin
et al. 2003), some are filled with young sediments (Duman and Emre 2013) and some have
acquired a transpressional character causing certain sections to become oblique (Kop et al.
2014). EAFZ is also the plate boundary that holds the Bitlis-Zagros suture zone, which is
the result of the Anatolian Plate being compressed from the northwest by the Arabian Plate
(Cetin et al. 2003; Reilinger et al. 2006). Global Positioning System studies conducted in
the region have revealed that the EAFZ is moving westward at 6 mm/year in the northeast
of Kahramanmaras and 10 mm/year in the southwest (McClusky et al. 2000; Reilinger et al.
2006; Aktug et al. 2016), with a total offset of 20-30 km. Recently, the EAFZ was broken
by the Mw6.8 Sivrice-Elazig earthquake of January 24, 2020. Earthquakes that occurred
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Fig. 1 Blue stars represent Feb. 6, 2023 Kahramanmaras earthquakes while green stars represent moderate
earthquakes occurred in the twentieth century
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in the nineteenth and twentieth centuries have caused large surface ruptures (Duman and
Emre 2013). Historical earthquake seismicity in the region depicts that, in the years 1114
and 1513 Pazarcik Segment was active and Northeast and southwest branches of this seg-
ment were intensely active in the 1800s (Ambraseys 1989, 2009).

On the EAFZ, two separate earthquakes occurred at 01:47 local time on February 6,
2023, Mw7.7 located in Pazarcik-Kahramanmaras, and about 9 h later, Mw7.6 located
in Elbistan-Kahramanmaras (AFAD 2023). These two earthquakes caused destruc-
tive damage in 11 cities (Kahramanmaras, Gaziantep, Malatya, Adiyaman, Hatay and
Osmaniye), affected more than 13 million people and resulted in more than 50 thou-
sand dead. After these earthquakes, more than 9000 aftershocks with magnitudes greater
than 3 were recorded in the first 13 days (Kandilli Observatory and Earthquake Research
Institute (KOERI), 2023) (Fig. 2). When the aftershock magnitudes are examined, a lin-
ear decrease is observed over time, which is similarly reflected in the number of after-
shocks (Fig. 3). A total of 4869 earthquakes of magnitude equal to or less than 2.9, 2035
earthquakes of magnitude between 3.0 and 3.9, 409 earthquakes of magnitude between
4.0-4.9 and 50 earthquakes of magnitude greater than 5.0 were recorded (Last access
date February 21, 2023). The magnitude-earthquake number graphs for the earthquakes
that occurred after the 06 February 2023 Mw7.7 Pazarcik-Kahramanmaras earthquake
until 21 February 2023 are given. An earthquake with a magnitude of Mw6.4 (AFAD
2023), occurred at 20:04 local time on February 20, 2023, in the Samandag district of
Hatay Province.

The first earthquake broke the Erkenek, Pazarcik, and Amanos fault segments of the
Dead Sea Fault Zone (DAFZ), resulting in a rupture along a 330 km line that intermittently
surfaced in some areas (USGS 2023). During on-site field observations, surface ruptures
were observed in Goksun, Golbasi, Turkoglu, Sekeroba, Nurdagi, and Islahiye. Aerial pho-
tographs were taken using a drone, and surface modeling was performed to measure the
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Fig.2 Depth section distribution of earthquakes occurred until 26th February 2023 UTC:00 after the 06
February 2023 M, 7.7 Pazarcik (Kahramanmaras) earthquake (KOERI). Active fault zones are shown as red
lines on the map (Emre et al. 2013)
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Fig. 3 Distribution of earthquake magnitude and number of earthquakes occurred until February 21, 2023,
following the Mw7.7 Pazarcik (Kahramanmaras) earthquake on February 6, 2023 (KOERI 2023)
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Fig.4 Depiction of fault surface rupture modeling using drone imagery in the Sekeroba region
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displacement range (Fig. 4). The drone modeling study conducted in Sekeroba measured
the highest displacement at 4.13 m. This Mw7.7 earthquake exhibited a left-lateral strike-
slip fault mechanism consistent with the characteristics of the DAFZ fault system.

2 Strong ground motion characteristics

The Pazarcik Mw7.7 earthquake that occurred on February 6, 2023 at 04:17 local time
and the Elbistan Mw7.6 earthquake that occurred at 13:24 were recorded by AFAD and
KOERI stations located in the region. After the earthquakes, digital data belonging to cer-
tain seismic recorders were obtained in ASCII (*.asc) format via a web page, which were
provided by AFAD-TADAS by accessing the acceleration records (last accessed on Febru-
ary 16, 2022). Figure 5 shows the locations of the strong ground motion stations used in
this study.

The characteristics of strong ground motion records from 21 seismic recorders, which
recorded a maximum ground acceleration of 350 gal or more during the Mw7.7 earth-
quake, are presented alongside the data listed in Table 1. The values presented in this study
and listed in the table were calculated using the analytical methods outlined by Tugsal and
Mutlu (2023). For each earthquake, time histories of acceleration, velocity, and displace-
ment were generated. Additionally, Arias intensities (Arias 1970) and frequency content
(Fourier Amplitude-Frequency graphs) of the time series were calculated. The signals
obtained from the recorders underwent Fourier transformation to evaluate the frequency
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Fig.5 Distribution map of strong ground motion stations used in the study. Active fault zones are shown as
red lines on the map (Emre et al. 2013)
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Fig.6 The characteristic features of strong ground motions recorded at station code 2715 during the Pazar-
cik M, 7.7 earthquake

content. Dominant frequency calculations were performed using the geometric averages of
the horizontal and vertical components, as shown in Fig. 6.

Analyses were conducted to calculate different receiver, source, and software-dependent
soil conditions and amplification values, with the results compared accordingly. The hori-
zontal-vertical spectral ratio (HVSR) method (Nakamura 1989; Lermo and Chavez-Garcia
1993) was employed to determine soil dominant frequency values. Furthermore, response
spectras were obtained from records taken at stations located in different soil conditions to
evaluate the earthquake load on structures and assess regional damage.

2.1 Spectrum characteristics

The response spectra of the strong ground motion records obtained from each station, cor-
responding to their coordinates, have been compared with the horizontal and vertical elas-
tic design spectra defined in the Turkish Building Earthquake Code (TBDY 2018) for two
different local soil classes, as shown in Fig. 7. Examination of the results from the strong
ground motion recordings at each station reveals that the spectral accelerations at stations
4625, NAR, and 3136 are close to the design earthquake with a 475-year return period,
corresponding to a 10% probability of exceedance in 50 years. An amplification effect,
especially in the period range of medium-high structures, is observed at stations 2712,
3124, and 3139. The response spectra from recordings at other stations indicate particu-
larly high spectral acceleration values in the short period range.

The characteristics of the strong ground motion recordings, which were recorded
at 10 seismic stations where the maximum ground acceleration for the M, 7.6 Elbistan
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Fig.7 Comparison of the response spectra of strong ground motion records from the M,,7.7 Pazarcik earth-
quake on February 6, 2023 with the design spectra defined in TBDY (2018)

Earthquake was recorded as 150 gal or higher, are shown in Table 2 together with
the characteristics of the recorded strong ground motion. The values presented in this
study and listed in the table were calculated using the analytical methods outlined by
Tugsal and Mutlu (2023). Figure 8 shows the characteristics of strong ground motions
recorded at TK0129 station during the Elbistan M, 7.6 earthquake.

Figure 9 shows the response spectra of strong ground motion records obtained from
each station, corresponding to their coordinates, for three different local soil classes,
compared with the horizontal and vertical elastic design spectra defined in TBDY
(2018). DD represents the design earthquake with a 2% probability of exceedance in
50 years and a return period of 2475 years, while DD2 represents the design earthquake
with a 10% probability of exceedance in 50 years and a return period of 475 years.
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Fig.8 Characteristics of the strong ground motion recorded at TK0129 station

3 Surface deformation by using remote sensing

To assess ground deformation and the extent of damage in the affected area, three syn-
thetic aperture radar (SAR) images from the ascending orbit (T14) of the Sentinel-1
satellite were acquired on 2023.01.16, 2023.01.28, and 2023.02.09. The pre-event
(2023.01.28) and post-event (2023.02.09) images, with a 12-day interval, were used
for interferogram generation in single look complex (SLC) format. It should be noted
that, due to the short temporal gap between these two events, secular deformation for
each event cannot be distinguished in 12-day interferograms. During the SAR interfer-
ometry (InSAR) process, the topographic phase component was reduced using a 90 m
digital elevation model (DEM) from the Shuttle Radar Topography Mission (SRTM)
(Farr et al. 2007). Speckle noise was reduced through a multilooking process for all the
SLC images, with azimuth and range looks for a 20 m ground resolution set to 1 and 5,
respectively. Figure 10 shows the deformation map of the study area after the Mw 7.7
and Mw 7.6 earthquakes, with the observed maximum deformation being about 4 m,
though field observations suggest it might be even greater.

For generating a damage proxy map, coherence-based methods from previous stud-
ies were utilized (Karimzadeh et al. 2017; Hajeb et al. 2020; Karimzadeh and Matsuoka
2018a, 2018b). As illustrated in Fig. 11a, multitemporal damage assessment requires at
least three SAR images, with two taken before the events (Hajeb et al. 2020). Assuming
the image from 2023.01.28 as a nodal image connecting the other two images, sequen-
tial InSAR analysis was performed for the master and slave images, generating the pre-
seismic and co-seismic coherence products shown in Fig. 11b. The natural break clas-
sification method was used to reclassify the differential coherence map into a preference
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Fig.9 Comparison of the response spectra of strong ground motion records recorded at 10 stations during

the February 06, 2023 Mw7.6 Elbistan earthquake with the TBDY (2018) design spectra

scale map, aiming to optimally arrange values across various classes. This approach
minimizes the average deviation within each class relative to its mean while maximiz-
ing the deviation from other classes. All maps were then reclassified into seven classes
(negligible damage, two positive moderate damage, two negative moderate damage, one
positive high damage, one negative high damage) based on experiences from previous
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Fig. 10 Initial 12-day interferogram of the Maras earthquakes from ascending orbit (T14). Yellow stars are
the location of the epicenters, black lines are the fault lines
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Fig. 11 a Schematic illustration of multitemporal damage identification by using InSAR coherence analysis;
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Fig. 12 Damage map of the affected area extracted from multitemporal coherence analysis of three Senti-
nel-1 images

earthquakes (Karimzadeh et al. 2017; Hajeb et al. 2020; Karimzadeh and Matsuoka
2018a, 2018b). Figure 12 shows the extent of damage in the affected area, covering
approximately 90,000 km?, with heavy damage observed in urban areas such as Kahra-
manmaras, Iskenderun, Antakya, and Elbistan.

4 Ground motion parameters distribution

The ground motion parameters (MMI, PGA, PGV, Sa) for the February 6th Mw7.7 Pazar-
cik Earthquake have been calculated and are presented in Figs. 13, 14a, b, ¢, and d, respec-
tively. The USGS ShakeMap approach, as described in the ShakeMap 4 Manual (Worden
et al. 2023), was applied. The earthquake region was subdivided into grids, with a phantom
station located in the center of each grid at 10 km spacing. Ground motion parameters were
estimated at the phantom stations using the ground motion models of Boore and Atkinson
(2008) and Chiou and Youngs (2014), each weighted equally. Local soil conditions were
considered using the V 3 values in the proposed ground motion models, with topographic-
slope-based V 3, map values (Heath et al. 2020) utilized for the region. Interpolation was
carried out among the estimated ground motion values at the phantom stations, and adjust-
ments were made using recorded station data.

In estimating the ground motion parameters PGA, PGV, Sa (0.2 s), and Sa (1.0 s),
the NGA ground motion models of Boore and Atkinson (2008) and Chiou and Youngs
(2014) were used with equal weighting. For intensity distribution, regression relationships
between Modified Mercalli Intensity (MMI) and PGA or PGV developed by Wald et al.
(1999) were applied. Figure 13 shows the MMI distribution for the region. The red regions
indicate IX and IX +intensity, consistent with field observations in Islahiye, Nurdagi, Sek-
eroba, Turkoglu, Antakya, and Golbasi. Kahramanmaras and Adiyaman city centers expe-
rienced intensities of VII and VIII, while Gaziantep city center experienced intensity VII.

Figure 14a shows the PGA distribution in the region, with values greater than 0.4 g dis-
tributed along the fault line, indicating extensive damage. Figure 14b shows the PGV dis-
tribution, with values higher than 140 cm/s along the fault line in the epicentral region.
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Fig. 13 Intensity distribution of the February 6th Mw7.7 Pazarcik Earthquake
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Figure 14c displays the spectral acceleration values in the short-period region (T=0.2 s),
exceeding 2.0 g, which is higher than TBDY (2018) design spectra values for the same
period, indicating potential damage to low-rise buildings along the fault line. Figure 14d
shows the spectral acceleration in the longer period region (T =1.0 s), exceeding 0.8 g, also
higher than TBDY (2018) design spectra values for the region.

5 Geotechnical aspects

Previous earthquake observations worldwide have established that local site conditions sig-
nificantly influence the behavior and damage sustained by structures. Notable earthquakes,
such as those in Mexico City (1985), Loma Prieta (1989), Kocaeli (1999), Christchurch
(2011), and Kumamoto (2016), have demonstrated that local site conditions are crucial
factors affecting the amplitude parameters and response spectra of earthquakes. After the
Kahramanmaras earthquakes, initial investigations in the affected area revealed the signifi-
cant impact of local site conditions. Geotechnical issues identified during site observations
included liquefaction, liquefaction-induced lateral spreading and displacements, landslides,
slope failures, and rockfalls. Although further investigations will determine the extent, site
amplifications were notably prominent at many alluvial sites in the region, such as Gol-
basi, Iskenderun, and Antakya. In earthquake-affected areas, various foundation problems
were identified. Figures 15a, b, and ¢ show building rotations and differential settlements
observed in Golbasi and Adiyaman. The figures also highlight the settlements and upheav-
als of the pavement along Malatya-Kahramanmaras street passing through Golbasi.

Soil Type
Very SUIClay and Silty Clay
Medium Dense Sand, Gravel

W Soft Clay, Silty Clay

s

i East Anatolian Fault

Fig. 15 Problems observed in foundations a, b, and ¢ in different soil types d in Golbasi, Adiyaman e (d
and e, modified from Akil et al. 2008)
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The Golbasi province is characterized by two distinct soil zones: alluvial soil depos-
its and swamp soil deposits (Akil et al., 2008). The Kahramanmaras earthquake resulted
in settlements and upheavals in the alluvial area. Analysis of the soil group distribution
map (Fig. 15d) reveals that the southeastern part of the district is predominantly com-
posed of very stiff, highly plastic clay material, while the district as a whole consists
mostly of fine-grained, low-plasticity soft clay and medium-density sandy material. The
water table fluctuates between 0.65 m and 3.50 m. According to studies conducted by
Akil et al. (2008), the groundwater level is high, and there is a moderate risk of lique-
faction, particularly in sandy and some gravelly areas. These areas are susceptible to
liquefaction, which can lead to surface damage. Given the high groundwater level, pres-
ence of alluvial soils, moderate liquefaction risk levels, and the district’s location in an
earthquake zone, these areas have been classified as precautionary zones (Fig. 15¢). The
Kahramanmaras earthquakes resulted in significant surface and structural damage in the
alluvial soils in these designated precautionary zones.

In Kahramanmaras, soil conditions and shear wave velocity vary greatly through-
out the city center (Sandal and Karademir 2013; Naji et al. 2020). The V3, distribu-
tions show the presence of different soils ranging from soft soils to rock. It is evaluated
that these varying soil conditions, together with structural properties, affect the dam-
age distribution. Antakya was one of the severely affected locations, with more than
half of the structures in the city damaged. Figure 16 illustrates different geological sec-
tions and elevations obtained from drillings in the city center of Hatay/Antakya. In a
study conducted by Over et al. (2011), SW-NE, NW-SE, and SW-NE soil sections were
extracted using 17 shallow borehole data in the city center of Antakya. According to
these sections, the soil in Antakya generally consists of Quaternary materials such as
clay, gravel, and alluvial sands.

Another area that experienced significant damage in Hatay is Iskenderun. Figure 17
shows a typical soil profile for Iskenderun and the effects of liquefaction on buildings
and roads. A sample soil profile was defined using two soundings made in the Kon-
arli District of Iskenderun (Toktanis and Over 2021). Intense sand and silt units were
observed. During reconnaissance studies, serious damage was observed on buildings
and roads along Ataturk Boulevard (Figs. 17b and c). The rainwater collection system
in the area was damaged by liquefaction and was rendered unusable after the earthquake
(Fig. 17b). Settlement was observed in buildings along the route, and significant lateral
spreading was also noted (Fig. 17¢).

5.1 Liquefaction and lateral spreading cases

Soil liquefaction is defined as a significant reduction in the shear strength and stiffness
of saturated cohesionless or low cohesive soils, following an increase in pore water pres-
sure under earthquake shaking. Field observations in the earthquake zone revealed lateral
spreading and settlements caused by liquefaction. Additionally, a large amount of lique-
fied soil material surfaced due to liquefaction. Figure 18 shows the sand boils and lateral
spreading along the coast resulting from liquefaction in Iskenderun, Hatay. Intense lique-
faction features were detected on the surface along Ataturk Boulevard (Figs. 17b and c).
These observations are important for evaluating parameters such as the liquefaction poten-
tial index (LPI) and the liquefaction severity index (LSN), which are frequently used in
engineering applications (e.g., Toprak and Holzer 2003; Toprak et al. 2019).
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Fig. 16 Hatay/Antakya a Boring locations, b A-A’ section ¢ C—C’ section d B-B’ section soil profile (Over
et al., 2010) ((1) Fill, (2) Silty sandy clay, (3) Sandy clayey silt (4) Silty sand, (5) Gravel clayey silty sand,
(6) Clay sandy gravel)

5.2 Slope instability and rock falls

Slope failures and rockfalls occurred at many locations in the region, with some land-
slides causing damage to structures and lifelines. Figure 19 shows examples of landslides
observed in earthquake-affected areas. The landslide in Gaziantep/Sahinbey (Fig. 19a) also
puts surrounding structures at risk. Many small shops at the bottom of the hill face imme-
diate landslide risks, prompting evacuation procedures following the earthquake. Similar
instances, such as the one shown in Fig. 19b, were encountered in different regions along
the investigation route. Road closures occurred in these areas immediately after the earth-
quake, but the roads were reopened after clearing the rocks and making some repairs. How-
ever, due to the potential for additional slope movements triggered by subsequent tremors
or precipitation, ongoing monitoring and precautionary measures are necessary.
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Fig. 17 Damages along the Ataturk Blvd in Iskenderun and typical soil profile Konarli District as reported
by Toktanis and Over (2021)

(a) Sand boils (b) Lateral spreading

Fig. 18 Liquefaction-induced ground deformations in Iskenderun/ Hatay

6 Structural aspects of the observed damages

More than 50,000 casualties occurred across 11 provinces along the Eastern Anatolian
Fault Line, and over half a million buildings were destroyed or severely damaged, result-
ing in significant financial losses. Following the devastating Pazarcik Mw7.7 and Elbistan
Mw?7.6 earthquakes, a nine-member team consisting of civil engineering faculty members,
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(a) Gaziantep/Sahinbey landslide

Yy \Viﬁ " .,’ /&

(b) Ekinozu landslide and rockfall

Fig. 19 Slope instability and rockfall observations

graduate students, and doctoral candidates conducted field investigations to examine the
damage to infrastructure and superstructures in the most affected areas. The most severe
damage was concentrated in provinces near the fault line, with significant destruction also
occurring in Osmaniye, Adana, Diyarbakir, Sanliurfa, Kilis, and Elazig. The severity of the
destruction in buildings was determined by several factors:

Structural system design and construction quality deficiencies (manufacturing defects)
Age of buildings

Non-compliance with regulations during construction

Intensity of ground motion (high acceleration values recorded)

Liquefaction and bearing capacity of the soil on which foundations sit

Different floor levels of buildings built in adjacent order

Due to significant code changes in 1998 and numerous regulatory improvements after
the 1999 Kocaeli earthquake, it is appropriate to evaluate the building inventory in the
region as pre- and post-2000 buildings. When examining the construction years of build-
ings in the regions affected by the Kahramanmaras earthquakes, more than 50% of rein-
forced concrete buildings were built after 2000. According to data from the Republic of
Turkiye Statistical Institute and the Ministry of Interior General Directorate of Popula-
tion and Citizenship Affairs—National Address Database & Spatial Address Registration
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System, more than 50% of households in the total region reside in buildings constructed
after 2000. The distribution of the number of damaged buildings by province is provided
in Table 3, according to data from the Ministry of Environment, Urbanization, and Climate
Change. The total numbers for all provinces, categorized by different damage levels, are
highlighted in bold in the last row of the table.

Based on the data, about 2,300,000 people were directly affected by shelter issues fol-
lowing the earthquake. The ongoing seismic activity and conditions in the affected zone
exacerbate the housing crisis. The estimated damage for houses that need immediate dem-
olition, are severely damaged, or destroyed amounts to 823 billion TL. Additionally, the
damage for moderately damaged houses is calculated to be 209 billion TL. Thus, the total
housing damage is 1,032 billion TL, which is approximately 55 billion U.S. dollars accord-
ing to the conversion rates immediately after the earthquake.

6.1 Damages to reinforced concrete buildings

The collected building data included structures with construction permits, indicating
that 86.7% of the building stock in the region consists of reinforced concrete structures.
While the high acceleration values recorded during the earthquakes are primarily consid-
ered the cause of structural damage, factors such as structural system design, construction
defects, and lack of engineering services for reinforced concrete buildings in the region are
identified as the most significant contributors to the severe damage. Upon evaluating the
structural damages in the region, the following deficiencies and defects were commonly
observed in buildings believed to have been constructed before 2000 (Fig. 20):

e Low concrete strength: Interviews with local administration revealed that river sand
was commonly used in pre-2000 constructions, and instead of crushed stone, flat-sur-
faced large-grained stone fragments were used, leading to voids in the concrete.

e Use of smooth surface reinforcing steel,

Table 3 Number of Buildings Damage Assessed in the Region Affected by Kahramanmaras Earthquakes as
of March 6, 2023

City Total number of emer- Number of moderately =~ Number of
gency + severe + collapsed damaged houses slightly damaged
houses houses

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

Kahramanmaras 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 for the Region 518,009 131,576 1,279,727
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Fig.20 Problems observed in
the quality of concrete and the
availability of smooth surface
reinforcing steel

One notable issue in the damaged structures throughout the region is the insufficient
longitudinal reinforcement in the cross-sections. It was observed that transverse rein-
forcements were inadequately placed both along the cross-section and at the beam-col-
umn joints. Considering the low concrete quality observed in the damaged structures,
the lack of transverse reinforcement to withstand shear effects has been concluded as
one of the most significant reasons for the damage (Fig. 21).

e Contrary to the philosophy of earthquake-resistant building design, which emphasizes
the “strong column-weak beam” approach, buildings estimated to have been con-
structed before 2000 often exhibited the opposite. In this incorrect application, column
sections were minimized while connected to larger beams. As a result, buildings expe-
rienced intense damage due to the collapse of heavily constructed slabs, as columns
failed before beams under the strong ground motion, leading to significant casualties
(Fig. 22).

e Many buildings were damaged due to the irregularity of soft/weak stories, such as the
relatively high design of entrance floors, the removal of infill walls for commercial

Fig.21 Problems observed with insufficient beam-column joint details
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Lo

Fig.22 Observed design problem as strong beam-weak column

purposes, and interventions on vertical structural elements for equipment placement
(Fig. 23).

e Buildings that experienced significant permanent displacement of their structural
elements and partially collapsed due to the earthquake are classified as “urgently to

Fig. 23 Design problem observed as soft/weak stories
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Fig. 25 Pounding effect observed in adjacent buildings

be demolished.” These buildings are unusable, and even the evacuation of belong-
ings is not possible (Fig. 24).

e [t has been observed that buildings constructed adjacent to each other with insuf-
ficient expansion joints suffered damage because of collisions under strong ground
motion. This structural irregularity, observed in adjacent buildings with different
floor levels and referred to as the “Pounding Effect,” can cause severe damage, even
total collapse, in structures with different dynamic characteristics (Fig. 25).

e Despite the extensive damage, there are also structures in the region that survived
the earthquakes without any damage (Fig. 26).
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Fig. 26 Undamaged structures after the earthquake

6.2 Damages to industrial facilities

Heavy damage occurred in industrial facilities within the earthquake zone. There are
three Organized Industrial Zones (OIZ) in Kahramanmaras province, and damages were
observed in the factory buildings within and outside of these OIZs. Following the earth-
quake, businesses in many factories had to halt operations due to both structural and non-
structural damages, as well as the impact on the personnel working in the facilities. The
region’s industrial sector is predominantly composed of the textile, mining, and food indus-
tries. The textile industry in Kahramanmaras and Adiyaman has come to a standstill. While
there is no specific information regarding damage to mining facilities, the energy-produc-
ing thermal power plants in the area have become inactive, causing a cessation of produc-
tion in the particular mining sector. Additionally, the earthquake’s impact on the person-
nel and their families, along with the use of mining equipment and vehicles in earthquake
search and rescue operations, has also contributed to the work stoppage in this sector. The
seven thermal power plants located in or near the earthquake zone and considered impor-
tant are listed below:

e Afsin-Flbistan A Thermal Power Plant with a capacity of 1355 megawatts (Kahraman-
maras)

e Afsin-Elbistan B Thermal Power Plant with a capacity of 1440 megawatts (Kahraman-
maras)
Tufanbeyli Thermal Power Plant with a capacity of 450 megawatts (Adana)
Iskenderun Thermal Power Plant with a capacity of 1308 megawatts (Adana-Yumurta-
lik)
Hunutlu Thermal Power Plant with a capacity of 660 megawatts (Adana-Yumurtalik)
Atlas Thermal Power Plant with a capacity of 1260 megawatts (Hatay-Iskenderun)
Kojen Thermal Power Plant with a capacity of 15 megawatts (Kahramanmaras-Dulkad-
iroglu)

After the earthquake, the Afsin-Elbistan A and B thermal power plants were out of

service, and the B plant was partially reopened after inspections. Some types of damage
detected in industrial facilities throughout the region are shown in Figs. 27, 28, and 29).
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Fig. 27 Structural damages (buckling in column reinforcements) in a new construction in a textile facility in
Kahramanmaras

Fig.28 Damages to non-structural elements (siding damage and machine-equipment damage) in a textile
facility in Kahramanmaras

Iskenderun Port, one of the important ports in Turkey that provides transfer services to the
Southern and Southeastern Anatolian Regions and Middle Eastern countries, had to suspend
its operations due to a fire that broke out after the earthquake. The port management reported
excessive settlements in some parts of the port structure and stated that the fire was caused by
overturned containers. Additionally, damage was observed on the roads leading to the port.
The fire at Iskenderun Port after the earthquake is shown in Fig. 30.
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Fig.29 A food facility in Gaziantep Nurdagi with damaged corn and wheat silos

Fig.30 Fire in the Iskenderun Port after the earthquake (Anadolu Agency 2023a)

7 Evaluation of the infrastructure systems

Infrastructure systems, often referred to as lifeline systems, are critical for society as they
provide essential services such as drinking water, wastewater management, natural gas,
electricity, communication, and transportation. The functional continuity of these systems
after an earthquake is crucial for both search and rescue operations and the well-being of
citizens. For instance, damage to highways severely hindered search and rescue efforts and
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delayed aid delivery immediately following the earthquake. The earthquake caused seri-
ous damage to various infrastructure systems, prompting immediate efforts for damage
assessment and restoration. The extensive coverage of these systems increased the number
of damages and expanded the scope and scale of assessment and repair work. The time
required to restore these systems varies, and the prevalence of collapsed and heavily dam-
aged buildings has further complicated post-earthquake recovery efforts in residential
areas.

7.1 Damages to water, wastewater, oil, natural gas, and electricity infrastructure
systems

The infrastructure systems of a city, such as water supply and sewage, consist of various
components, including pipes, pumping stations, and reservoirs. The performance of these
systems relies on the seamless operation of all components to transport materials from the
starting point to the desired endpoint. Any damage to these components can result in the
failure of the entire system. This paper presents the damages encountered in different ele-
ments of the water supply and sewage systems during preliminary investigations.

Damage to buried pipeline systems caused by earthquakes can be categorized as tempo-
rary ground deformations (TGD) or permanent ground deformations (PGD) (Toprak and
Taskin 2007). TGD refers to the dynamic response of the ground during the passage of
earthquake waves, while PGD involves irreversible ground displacement after an earth-
quake. TGD can sometimes cause small amounts of permanent deformation, but these
effects are generally superficial. In contrast, PGD is usually much larger and includes fault
movements, landslides, displacement caused by liquefaction, and differential settlement in
cohesionless soils (Toprak and Yoshizaki 2003; Toprak et al. 2024a)

Figure 31a shows the damage to water systems caused by faulting in the earthquake
zone, where a drinking water pump station near the fault was seriously damaged, and
the connection pipes were broken. Figure 31b shows a ductile pipeline damaged by
faulting near Nurdagi. While the pipe body itself remained intact, separations occurred
at the connection points. Figure 32 illustrates the damage caused by liquefaction at the
stormwater and sewage elevation station on Ataturk Boulevard in Iskenderun. Figure 33

Fig. 31 Damages in water systems caused by fault movement
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Fig. 32 Damages caused by liquefaction at the sewerage and storm water elevation station in Iskenderun

(a) Duzbag drinking water transmission line and tunnel

(b) Partial damage to the tunnel (c) Damage to the pipe support

Fig. 33 Observations in Duzbag drinking water transmission line and tunnel
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presents observations from the Duzbag drinking water transmission line and tun-
nel. This system features a 2.6-m diameter steel conduit pipe running through a 3.5-
km tunnel. Some damage occurred in the tunnel and pipe support system, as shown in
Fig. 33. The tunnel, designed to protect the pipe and facilitate maintenance, functioned
as intended, preventing damage to the pipe itself. The pipe responded to axial deforma-
tions with small movements at the connections. Following intensive repair and inspec-
tion efforts by GASKI and its support teams, water flow was restored to the city from
the transmission line within three weeks after the earthquake.

Petroleum and Natural Gas Pipeline Operations in Turkey are managed by BOTAS, a
State Economic Enterprise (KIT) established under Decree Law No. 233 and the deci-
sion of the Council of Ministers dated February 8, 1995. BOTAS is responsible for a
wide range of services, including LNG/FSRU terminal operations, port services, project
design related to petroleum and natural gas pipelines and compressor stations, engineer-
ing, land surveys, expropriation and construction works, natural gas and LNG trade,
natural gas and LNG storage activities, and international natural gas and oil transporta-
tion projects. Following the earthquake, BOTAS announced on February 7, 2023, that
there was damage in three regions where the natural gas main transmission line supplies
gas to the provinces of Gaziantep, Kahramanmaras, and Hatay. Repair works continued
at 18 locations under extremely difficult weather and terrain conditions (BOTAS 2023).

Gas distribution within residential areas is provided by private companies, requir-
ing damage information to be obtained separately from each institution. For example,
after GAZDAS provided natural gas to the city transmission network of BOTAS, it
started supplying natural gas to hospitals and bakeries beginning February 13 (Anadolu
Agency 2023b). Aksa Cukurova Natural Gas Distribution Co. announced on February
11 that, while network checks continued, they were able to supply natural gas to 99.4%
of Adana, 91.4% of Osmaniye, and 100% of Mersin. In the Hatay region, one of the
most affected by the earthquake, only 20.1% of subscribers had access to natural gas.
Due to damages in BOTAS’s Kahramanmaras-Gaziantep natural gas transmission line,
gas could not be supplied to 137,422 subscribers in 34,381 buildings in the districts of
Antakya, Arsuz, Iskenderun, Belen, Hassa, and Kirikhan in Hatay.

Electric power systems, crucial for modern infrastructure, were severely impacted by
the February 2023 earthquakes. These systems, which supply energy to homes, health-
care, and emergency services, faced substantial challenges due to the seismic activity.
Transmission and distribution lines, vital for delivering electricity over long distances,
are particularly vulnerable during earthquakes. Supported by poles made of materials
like wood, steel, concrete, or composites, these lines are designed to withstand envi-
ronmental stresses under normal conditions. However, earthquakes can cause excessive
swaying, structural stress, and potential failure of these poles. Ground shaking, liquefac-
tion, landslides, rockfalls, and debris are major factors affecting the stability of trans-
mission and distribution lines. Specific instances of damage included poles experiencing
excessive swaying, structural stress, and potential failure due to ground shaking. Lique-
faction caused the ground to lose its bearing capacity, leading to poles leaning, sinking,
or collapsing. Landslides and rockfalls triggered by the earthquakes uprooted, broke, or
buried poles under debris. Substations, critical for voltage conversion, power distribu-
tion, and grid connectivity, also suffered significant damage. Structural and equipment
damage resulted in fire hazards and system interruptions. For instance, a column’s foun-
dation shifted, causing bending and separation from infill walls. Cracks and spalling
were observed in the foundation, and a portion of the roof collapsed (e.g., Fig. 34). In

@ Springer



Natural Hazards (2025) 121:2155-2192 2185

Fig. 34 Adana City Transformer Center TR184 Damage (Toprak et al. 2024b)

the village of Islahiye, Gaziantep, rockfalls caused extensive damage to the transformer
center and electric poles, leading to the complete destruction of one pole.

An example of the impact on power generation facilities is the damage sustained by
the Afsin-Elbistan B Thermal Power Plant, which has a capacity of 1,440 MW. This plant
faced significant issues, including damage to the coal feeding systems, steam and gas-air
lines, hot gas ducts, ash and coal filters, transformers, pumps, and valves. Additionally,
extreme cold conditions led to freezing incidents in equipment and systems such as water
and fire lines and heat exchangers. These damages highlight the vulnerabilities of electric
power systems during seismic events. Ensuring the resilience of these systems involves
improving the structural integrity of facilities, enhancing automated control systems, and
developing comprehensive recovery and restoration plans to minimize the disruption of
essential services during and after earthquakes.

7.2 Damages to highways, railways and airways

The fault lines intersect numerous points along the roads in the region. The existing high-
ways and roads are crucial for providing access to the Mediterranean, Eastern Anatolia,
and Southeastern Anatolia, making them vital as a major transit route. Significant hori-
zontal and vertical displacements have occurred, particularly where the roads cross the
fault lines, resulting in damage to the roads in Golbasi, Pazarcik, Nurdagi, and Reyhanli
within the earthquake zone. Photographs between Figs. 35 36 37 38 and 39 illustrate the
road and bridge damage in these areas. As shown in the figures, the roads have suffered
horizontal and vertical offsets, especially at fault line intersections, leading to significant
damage.

The region’s railway network provides both domestic and international connec-
tions and, like the highways, intersects with faults at many points. The railway network
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Fig.35 Viaduct on TAG Highway: no damage to deck, columns, or supports; Tarsus-Adana-Gaziantep
Highway: observed damage

Fig. 36 Damage observations on TAG highway viaduct

(a) Damage at the top edge of the (b) Nurdagi railway bridge: beam damages at the side
abutment abutment

Fig. 37 Nurdagi-Railroad bridge damages
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(a) Damages on the road and pavement due to b) Hatay-Reyhanli road damages

liquefaction in Iskenderun

Fig. 38 Road damages in Hatay

Fig. 39 Damage observations at Pazarcik—Tevekkeli village road and fault intersection

includes bridges, tunnels, and other engineering structures. Damage observed along
the railway line includes rail deformation due to ground movements, closure of tunnel
entrances and exits caused by rock falls, and bridge damage. Examples of these and sim-
ilar damages are shown in Fig. 40. Inspections at Kahramanmaras airport did not reveal
any structural damage, but non-structural damage was identified (Fig. 41).
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(c) Closing of the tunnel entrance and damage to the tunnel structure due to rockfall and landslide at the

railway line tunnel entrance

Fig. 40 Various damages at the railway, railway bridge and tunnel entrance/exit in the earthquake zone

8 Conclusions and recommendations

Following the February 6, 2023, earthquakes in the Kahramanmaras region of Turkey,
the authors promptly responded to the disaster area. Their efforts included addressing
urgent issues, such as verifying data in disaster crisis centers, evaluating the safety of
critical structures, and planning immediate actions. They also collected crucial data for
research and identified areas needing development. This paper details these observa-
tions and provides initial recommendations based on their evaluations and fieldwork.
Disaster management in Turkiye requires significant improvement, particularly for
high-destruction events and adverse weather conditions. Detailed planning is urgently
needed for the initial days following a disaster. The Kahramanmaras earthquakes
revealed the poor condition of the existing building stock, with many buildings collaps-
ing or suffering extensive damage, resulting in significant loss of life. It is crucial to
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(a) Non-structural damage to the tower structure

(b) Main building suspended ceiling damage

Fig. 41 Non-structural damages at Kahramanmaras Airport

urgently evaluate and improve the building inventory to make structures earthquake-
resistant, possibly with government support for urban transformation.

Critical infrastructure and lifeline systems, including water supply, wastewater, oil,
natural gas, and electricity networks, sustained serious damage due to fault line intersec-
tions and severe shaking. This included damage to roads, which hindered aid delivery, and
to systems such as natural gas pipelines, disrupting essential services. Geohazards such
as landslides, rockfalls, and slope failures further compromised infrastructure integrity.
Soil problems like liquefaction were prominent in areas such as Iskenderun and Golbasi.
Future studies will need to determine the primary causes of the damages. Reviewing these
systems with more flexible structures and alternatives in mind is crucial for preparing for
future earthquakes. Structural collapses and damaged buildings also affected telecommuni-
cations because base stations on the buildings were damaged. This disaster has highlighted
the need to consider seismic effects in addition to electronic evaluations when determin-
ing base station locations and positions. Industrial facilities experienced various structural
and non-structural damages, highlighting the need for a holistic approach to earthquake
preparedness.

Key findings indicate that the earthquakes caused extensive surface ruptures and high
ground accelerations, affecting structures in the area. Significant soil liquefaction was
observed in areas like Golbasi and Iskenderun, contributing to structural damage. Buildings
constructed before 2000, especially those with poor construction quality and non-compli-
ance with regulations, suffered the most damage. Observations suggest that many collapses
were related to construction quality, material deficiencies, and construction practices, in
addition to the strong shaking caused by the earthquake. Further studies are needed to dif-
ferentiate the exact causes of the damage before any changes to codes or regulations can be
made. It is essential to thoroughly analyze the reasons for structural failures before making
informed decisions about potential changes to seismic design codes and regulations.

Ongoing detailed geological and seismological studies are crucial for precise hazard
mapping and risk assessment. The use of remote sensing technologies, like SAR inter-
ferometry, will enable real-time monitoring of ground deformations and damage, lead-
ing to more efficient disaster response. Enhancing public awareness and preparedness
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programs to educate communities about earthquake risks and safety measures is essen-
tial. Additionally, industrial facilities should implement contingency plans and struc-
tural reinforcements to minimize operational disruptions and economic losses during
seismic events. The findings and recommendations from this study underscore the
necessity for a multi-faceted approach to earthquake preparedness and resilience, inte-
grating scientific research, engineering practices, and community engagement to miti-
gate the impacts of future seismic events.
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