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EXECUTIVE SUMMARY

On February 61, 2023, a Mw 7.8 earthquake hit southern Turkiye at 4:17 am (local time), followed by a Mw 7.5
earthquake in the same region about 9 hours later, at 1:24 pm (local time). The epicentral coordinates reported by both the
U.S. Geological Survey (USGS, 2023) and the AFAD Seismological Center (Disaster and Emergency Management
Presidency, 2023) were 37.288°N, 37.043°E for the Mw 7.8 event. The USGS reported a hypocenter depth of 10.0 km for
both events, whereas the AFAD Seismological Center reported a depth of 8.6 km for the mainshock. There have been
several earthquakes of magnitude 6.0 and larger in the sequence (USGS, 2023). Earthquake sequences with consequent
large magnitude events separated by short time intervals have been occurring at different parts of the world in the past
years (e.g., 2019 Ridgecrest earthquakes (Mosalam et al., 2019); 2022 Iran earthquake sequence (Mosalam et al., 2022),
2022 Taiwan earthquake sequence (Mosalam et al., 2022)). From a structural engineering and design perspective, this is
a reminder that strong pre-shocks and aftershocks (even with the same magnitude) can occur before and after the
mainshock and their cumulative effects should be characterized and considered in the design codes of buildings and other
infrastructure systems.

As a result of this unprecedented series of back-to-back earthquakes, in populated regions, damage was observed
for residential buildings, industrial structures, bridges, transportation systems, earth structures, harbors and lifelines, with
direct infrastructure loss exceeding $34 billion according to initial estimates (World Bank, 2023). In addition to strong ground
sharing in the near-field, one of the root causes that exacerbated this natural hazard into a catastrophic disaster was the
large ground deformations such as landslides, fault rupture, and ground subsidence which severely affected critical
infrastructure including lifelines and roads. The cities affected most by these sequential earthquakes are Kahramanmaras,
Adiyaman, Hatay, Osmaniye, Gaziantep, Malatya, Adana, Diyarbakir, Elazig and Kilis with residents of over 15 million (which
constitute about 17% of Turkiyed s pop ul at i doofficial récordspthe chumbeay of fatalities was about 50,000 and
more than 100,000 people were injured. A total of 19,284 buildings in ten different cities collapsed and 373,038 buildings
were reported as damaged to different levels (Ministry of Environment, Urbanization and Climate Change, 2023).

Earthquake Reconnaissance Team Report: Tlrkiye Earthquake Sequence on February 6, 2023 Page 3



TABLE OF CONTENTS

1 INTRODUGCTION L s 6
11 [a oo [N Toi 1 (o] o D OO TP P PO PPPPPPPPI 6
2 T = 1] 1Y/ [ N 2R 8
2.1 S ifo] o JK €T (010 oo 1Y To 1 1T o ISP 8
2.2 Strong Ground MOLION DAta PrOCESS .......cuuuiiiiieeeii ittt et e e e s s st e e e e e e s e st eeee e e s s st ataeeeeaeeesaassntaaeeaeeeesaannnrnnneeaeanss 9
2.3 Comparison of Spectral Curves at Selected Stations with TEBC (2019) Design Spectrum........ccccceevvvcvvvvveeeeennn. 10
2.4 RUPLUIE DIreCHVILY EffECIS ...ttt r e e e e e s et e e e e e e e e s st et e e e e e e e e s annraraneeaaeenas 11
3 GEOTECHNICAL FINDINGS AND PERFORMANCE OF GEO-STRUCTURES ... 14
3.1 OVEBIVIBW ..ttt ettt ettt e ot e oo ek et e e ekt e oo ee et e o4 ah et e oo ae et e o4 aR R et e o4 am R et e e e ea R et e e e n R et e e e ann et e e e e nnr e e e e anrr e e e e nnnns 14
3.2 SEISMIC SOOIl LIGUETACTION ....eeiiiiiiie ittt e bt e e et e e e e ab et e e e sbr e e e e aabe e e e e anens 14
3.3 DI s 18
3.4 LGSR =T (=T OO T PP PRP PP TOPTP 20
4 PERFORMANCE OF RESIDENTIAL STRUCTURES ..ottt teaeeeteseaetesesesesesenesesnnes 23
4.1 OVEIVIBW ..ttt ettt ettt ettt ettt oo a ket e e o1k bt e e ook ket e e 41k ket e o4 4H ket oo 4ok ket oo 4Rk et e o4 oa ke e e oo aRbb e e e e a ket e e e ambb e e e e anbbeeeeanbneeeennnns 23
4.2 Reinforced Concrete (RC) BUIIAINGS ....oo.vueiiiiiiiiie ittt sttt et e sttt e e et e e e s nbre e e e anenas 23
4.2.1 CoNSErUCLION QNG MEAEETIAIS ......coiiieeiie ettt sttt e e sttt e s kbt e e s bbbt e e e s sbe e e e s e abb e e e s anbreeesannneeens 23
4.2.2 COlIAPSEA BUIIAINGS ...vvuuieiiiiiiiiiiiiiiii s 24
4.2.3 STUCTUIAl MEBIMIIETS ... .eeiie ittt ettt e ket e sttt e s bt e e s s bt e e s s ne et e s nnn e e e s s nne e e s nnnneee s 25
4.3 Reinforced Concrete (RC) BUIIAINGS .....uuuuiie s 29
4.4 StEEI BUIIAINGS ... 30
4.5 Seismic Demands Of BUIldiNGS.......ccoo oo 30
5 PERFORMACE OF BRIDGES ... .o 31
5.1 OVEBIVIBW ..ttt ettt ettt ettt oot e e ookt e e e ook Rt e oo 1M Rt e o4 ek R et e oo ek R et e o4 eR R et e oo aa R et e oo e a R et e e e aE et e e e ann e e e e e e nnee e e e anrr e e e e annns 31
5.2 Measured Free-field Ground Motions near Bridge SIFUCIUIES ........oiieiiieiiiieicce s 32
5.3 2] gTo oo =Yg g F= Vo = PP PR TP PPR 36
5.3.1 Bridge 1: Five Span, Prestressed Girder/ St.e.el.37Gi r d
5.3.2 Bridge 2: Six span, Precast, Prestressed I-Girder Superstructure with RC Columns ..........cccccvevveeeiiiiiiiieenneennnn 42
5.3.3 Bridge 3: Six span, Precast, Prestressed I-Girder Superstructure with RC Columns ..........ccccvvvveeevviiciiiineneeennnn 52
6 PERFORMANCE OF INDUSTRIAL BUILDINGS ... 56
6.1 Precast CONCIEte BUIIAINGS ... ...uiiiiiiiiie ittt st e s ettt e e e bt e e s e bbe e e e ennbe e e e e nbeeeesnbeeeeennnnas 56
6.2 ReINTOrced CONCIEE BUIITINGS . ....oitiiiie ittt et s ettt e e et e e s e bt et e e annbe e e e e nbeeeesnbeeeeennenas 57
6.3 ] (ST IS 110 L (=T T T PP PP PP PP PUPPPP PO 58
6.4 S]] [ T TP PP PP PP RPPPUPPPP PO 60
T CRITICAL FACILITIES ... 62
7.1 S To] 0o ] T T T T T PP PP PP PP PPPPUPPPPPO 62
7.2 Place of Worship (Mosques and CRUICRES) ...t e e e e ee e e e 63

Earthquake Reconnaissance Team Report: Tlrkiye Earthquake Sequence on February 6, 2023 Page 4



7.3 [ [0S o] = U TT TP 64
8  LESSONS AND CONCLUSIONS ...ttt ettt ettt ettt ettt e e sha e e e s bt e e ke e e aabe e e abe e e ahbe e et eeeaabeeaabbeenbbeeeabbeesnbeeennes 65
O REFERENGCES ...ttt ettt ettt ettt ettt o kbt e o2t e £k et £ oAb e e 44k b e oo a b e a4k e e e oAb et o ke e e eh b e e o b e e e ea ke e e bb e e aRbe e e beeeanbeeennes 65

Earthquake Reconnaissance Team Report: Tlrkiye Earthquake Sequence on February 6, 2023 Page 5



1 INTRODUCTION

1.1 Introduction

On February 6th, 2023, a Mw 7.8 earthquake hit southern Tirkiye at 4:17 am (local time), followed by a Mw 7.5
earthquake in the same region about 9 hours later, at 1:24 pm (local time). The epicenter of the first earthquake was located
at 37.288°N and 37.043°E, with a focal depth of 10 km, while the second earthquake's epicenter was about 175 km away
from the first one, located at 38.089°N and 37.239°E, also with a focal depth of 10 km. These back-to-back earthquakes
caused significant damage to the populated regions, including residential buildings, industrial structures, bridges,
transportation systems, earth structures, harbors, and lifelines, with initial estimates suggesting direct infrastructure losses
exceeding $34 billion (World Bank, 2023). The cities most affected by these sequential earthquakes are Kahramanmaras,
Adiyaman, Hatay, Osmaniye, Gaziantep, Malatya, Adana, Diyarbakir, Elazig, and Kilis, with a combined population of over
15 million people, which constitutes about 17% of Tlrkiye's population. According to official records, the earthquakes caused
about 50,000 fatalities, more than 100,000 injuries, and the collapse of 19,284 buildings in ten different cities. Additionally,
373,038 buildings were reported as damaged to different degrees (Ministry of Environment, Urbanization and Climate
Change, 2023).

The team was strategically divided into two specialized groups. The first group, consisting of geotechnical experts,
arrived in the affected region on February 11th, a week after the incident. The second group, focusing on structural
assessments, reached their base in Adana, Southern Turkiye, on February 19th, two weeks following the earthquake
sequence. This timing allowed the structural team to commence their work right after the search and rescue operations
were concluded, and before the majority of damaged or failed structures were demolished and removed. The team
conducted thorough investigations in several towns and cities, including Iskenderun, Antakya, Osmaniye, Kahramanmaras,
Gaziantep, Nurdagi, Golbasi, and Antakya (see Figure 1-1), with the primary objective of collecting and documenting time-
sensitive data related to structural damage and geotechnical impacts. Their investigative efforts were mainly centered on
documenting the region's geology, seismo-tectonics, geological field observations, seismological background, and
processing of strong ground motion records. In addition, the team meticulously documented the performance of various
structures and infrastructures, such as residential buildings, bridges, building foundations, soil and rock slopes,
manifestations of seismic soil liquefaction, rockfalls, earth dams, harbors, lifelines, ports, deep excavations, retaining
structures, and industrial facilities. It is important to acknowledge that the conclusions drawn by the authors in this report
are preliminary in nature. Subsequent research and analysis of the collected data are expected to yield more comprehensive
and definitive insights into the observations presented herein.

Day 1 -1 hour 30 mins / 100 km

Adiyaman "ot

B Day 2 -2 hour 30 mins / 200 km

Kahvaménmaras
| Day 3 -2 hour 30 mins / 150 km

B Day 4 — 3 hour 15 mins / 200 km

Sanlurfa
Osmaniye

Day 5 — 3 hour 15 mins / 275 km

@ k rls =

B Day 6 — 2 hour 30 mins / 150 km

Figure 1-1 Route for Reconnaissance Tour
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2 SEISMICITY

2.1 Strong Ground Motions

The East Anatolian Fault Zone (EAFZ) is known to be seismically active due to its extrusion between stable Eurasian
and Arabian plates, where the latter moves towards the northeast relative to the Anatolian plate (Cetin et al., 2023) with 18-
25 mml/year, leading to a horizontal slip rate of 9v 1 mm/year and 10-20 mm/year in the North Anatolian Fault Zone (NAFZ)
and EAFZ (Nalbant et al, 2002; Cetin et al., 2003). Considering this movement of EAFZ, many historical records that
describe the events and damaged areas such as the earthquakes that occurred on 1114, 11t October 1138, 1269, 1344,
1514, 1544, 1795 (Sesetyan et al., 2023) and the Elazig earthquake on January 24, 2020, with Mw = 6.8 lend credence to
the potential of the EAFZ to produce large magnitude events. On February 6™, 2023, at 01:17:34 (UTC), an earthquake with
epicenter at 37.225°N 37.021°E (26 km east-northeast of Nurdagi, Gaziantep), with moment magnitude (Mw) of 7.8, and
depth of 10.0 km struck Turkiye (USGS, 2023a). Figure 2-1 illustrates the ruptured fault (in red), which is composed of
Erkenek, Pazarcik and Amanos fragments of EAFZ and produced a strike-slip movement with a length of approximately
290 km (Hancilar et al., 2023), resulting in the My 7.8 earthquake. As stated in Cetin et al. (2023) and illustrated in Figure
2-2, the fault movement is bilateral; it is initiated by a rupture in the Narli fault (in the direction of blue arrow in Figure 2-2)
and is followed by movement from Pazarcik to Erkenek in the north-east direction (yellow arrow in Figure 2-2), as well as
rupture throughout the Amanos segment (green arrow in Figure 2-2), after some delay.

After ~10 minutes (February 6™, 2023, 01:28:15 UTC) from the first event, an earthquake with epicenter at 37.189°N
36.893°E (14 km East of Nurdagi, Turkiye), with Mw of 6.7 and depth of 9.8 km depth shook the area (USGS, 2023b). It is
thought that the earthquake that occurred ~9 hours from the first event (February 6%, 2023, at 10:24:49 UTC), with epicenter
at 38.024°N 37.203°E (4 km south-southeast of Ekinozu, Kahramanmaras) and with Mw of 7.5 and depth of 10.0 km (USGS,
2023c) was triggered by these two earthquakes. Analogous to the My 7.8 earthquake, the moment tensor solution of Mw of
7.5 event exhibited in Figure 2-1 (in yellow) indicates a strike-slip movement consistent with the EAFZ fault mechanism.
Cetin et al. (2023) estimated a 160 km rupture length from Cardak fault towards Dogansehir (Malatya) fault zone with
observed surface displacements ranging from 2 to 8 m.

Figure 2-1 The fault ruptures and epicenter locations of Mw 7.8 and Mw 7.5 earthquakes (The beach ball diagrams representing
the focal mechanism were downloaded from USCS (2023a) and USCS (2023b)) along with the aftershocks.
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Figure 2-2 The fault rupture propagation of Mw 7.8 earthquake

2.2 Strong Ground Motion Data Process

The events of My 7.8 and Mw 7.5 were recorded at 290 and 267 stations of the AFAD (Disaster and Emergency
Presidency of Turkiye), respectively. All these motions were downloaded as raw acceleration data to be compared with
design spectra suggested by Turkish Earthquake Building Code (TEBC, 2019) and were subjected to a visual check to
detect |l ong period noise (O 0.1 Hz), which can be identifi
the end of the record (Akkar and Boore, 2009), or (ii) displacement time histories which exhibit wobbles or significant shifts
from the zero line. Figure 2-3(a) illustrates the raw acceleration time-history (TH) recorded by Station 3802 during the Mw
7.5 event. The wavering observed in velocity TH calculated through cumulative summation of acceleration TH indicates the
long-period noise in raw acceleration data, leading to larger and unrealistic values in displacement TH.

(a) Raw Data (b) Processed Data
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Figure 2-3 The (a) raw and (b) processed acceleration (A), velocity (V) and displacement (D) time histories recorded at station 3802

during the Mw 7.5 earthquake.

This issue of contaminated acceleration data due to long-period noise was resolved through the ground motion
processing approach of BAP (Basic Strong-Motion Accelerogram Processing Software), which is proposed in Converse and
Brady (1992) and is implemented
DEEPSOIL v7.0. Figure 2-3 presents the application of baseline correction to raw acceleration data in that (a) the downward
slope and offset in velocity TH in Figure 2-3(a) is removed, and (b) the unrealistic displacement trend in Figure 2-3(a) is

corrected.
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2.3 Comparison of Spectral Curves at Selected Stations with TEBC (2019) Design Spectrum

Figure 2-4 compares recorded THs, response spectral accelerations and design spectra required by the Turkish
Earthquake Building Code (TEBC, 2019) for return periods of 2475 years (exceedance probability of 2% in 50 years)
and 475 years (exceedance probability of 10% in 50 years) for rock-like material (Vsso > ~600-700 m/s) and soil sites
for the Mw 7.8 event. For Station 4611 (Vs3o = 731 m/s and rupture distance (Rrur) of 16.9 km) located in the city of
Kahramanmaras, the PGA values for E-W and N-S components are 0.32 and 0.35 g, respectively, and the spectral
accelerations (SA) of two horizontal components are consistent with the TEBC (2019)-475 years design spectrum. In
the case of Station 4616 located at a soil site (Vs3o = 390 m/s and Rrup = 2.34 km) in Kahramanmaras, the recorded
PGAs for E-W and N-S components increase to the values of 0.51 g and 0.67 g, respectively, comparted to Station
4611, and the spectral curves of recorded ground motions reach the TEBC (2019)-2475 years spectrum at oscillator
periods (Tosc) of ~0.5 s, ~0.75 s and 1.5 s. Two conditions are thought to lead to this observation: (i) closer distance
to rupture plane for Station 4616 relative to Station 4611, and (ii) site effects (Seed et al., 1988). The influence of site
on strong ground motion is more pronounced for the city of Hatay, where SA values from Station 3135 (Vs3o = 460 m/s
and Rrup = 34.21 km) exceed the TEBC (2019) - 2475 years spectrumfor ToscO 1. 0 sec, but SAs of
in Station 3116 (Vs3o = 870 m/s and Rrup = 17.43 km) are on the order of TEBC (2019) - 475 years spectrum.

The analogous evaluation described above is performed using the recorded motions from two stations in Kayseri
during the Mw 7.5 event, as illustrated in Figure 2-5. Even though the SA values of motions at Station 3804 (Vsso = 637
m/s, Rrup = 77.77 km) lie notably beneath the TEBC (2019) i 475 years spectrum, Station 3802 (Vszo = 305 m/s, Rrup
= 49.33 km) is thought to have significant site amplification, leading to the exceedance of SA values for the E-W
component to the TEBC (2019) 1 2475 years spect rdagnO f20.r5 2s.e0c .s eTcheO sT mi | a
observed in the case where the spectral accelerations from Station 4611 (Vszo = 731 m/s, Rrup = 28.62 km) and from
Station 4612 (Vsso0 = 246 m/s, Rrup = 3.19 km) are compared in that the latter significantly exceeds the TEBC (2019) 1
2475 years spectpsu@ .00 sled. sec O T
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Figure 2-4 The baseline corrected acceleration (A) time histories in (a) E-W, (b) N-S directions, and (c) 5% damped response spectral
accelerations (SA) and design spectra suggested by TEBC (2019) for return periods of 2475 years and 475 years for station ID of 4611
located in Kahramanmaras. The same information is presented for (d, e, f) station ID of 4616, (g, h, i) station ID (Hatay) of 3116, and (j,
k, 1) station ID (Hatay) of 3135 (Mw = 7.8 event).

Earthquake Reconnaissance Team Report: Tlrkiye Earthquake Sequence on February 6, 2023 Page 10



Rock-Like Site
I/5'30 = 037 In/S, RRU]’ =77.77 km

Soil Site
Vo =305 m/s, Ry, =49.35 km

0.3 T I T l T I T ] __l I J | ! | I~ 0.3 T | T I T I T
RN . @3 oY -
-: < i et i < L _
a & 1 | l I 1 I 1 ) 1 | l | 1 I 1
0.3 0.3
S 0.3 T | T I T | T 0.3 T | T I T I T
<_0_3‘.|.|.|.' <-O.3—'ﬁ'£""'_
0 40 80120160 0O 1 2 3 4 0 30 60 90120 0o 1 2 3 4
Time (sec) Period (sec) Time (sec) Period (sec)
Veso=T731 m/s, Ry p = 28.62 km V=246 m/s, Ry p =3.19 km
gA0.7_| T ] l_ 25 /-\0'7_I~[ L |_ 25 [l'Tll[_
g B o ﬂ*—-—— 2 2 0 ﬂ*—-—k— 2 (1) Station: 3135 7
= < I T 0 1.5 < I S @ 1. 7
5 -0.7 —~ -0.7 i
EA07_ LI I _g 18 A07_ N I_:/ﬂ) 1 ; —
e [ ol 9" E— i
= ;—:/ 0 FR————— 0.5¢ ;—t’ 0 [E=p—— 0.5 —
x -0.7 P IR s 0.7 P I 0
0 50 100 150 0 1 2 3 4 0 50 100 150 0 1 2 3 4
Time (sec) Period (sec) Time (sec) Period (sec)
= TEBC (2019) - 2475 years === TEBC (2019) - 475 years *sses E-W seees N-S

Figure 2-5 The baseline corrected acceleration (A) time histories in (a) E-W, (b) N-S directions, and (c) 5% damped response spectral
accelerations (SA) and design spectra suggested by TEBC (2019) for return periods of 2475 years and 475 years for station ID of 3804
located in Kayseri. The same information is presented for (d, e, f) station ID of 3802, (g, h, i) station ID (Kahramanmaras) of 4611, and (j,

k, I) station ID (Kahramanmaras) of 4612 (Mw = 7.5 event).

2.4 Rupture Directivity Effects

The fault rupture that propagates towards the site is known to result in rupture directivity effects, which can be
observed as a pulse-like behavior in the velocity time-history of the recorded strong ground motion that carries most of
the seismic energy (Somerville et al., 1997). Such pulses can considerably influence the performance of upper
structures under earthquake excitation such that (i) Anderson and Bertero (1987) stated that a structure located close
to the near-field region might exhibit a dynamic response that is two times larger than a structure that is not exposed
to near-field effects, and (ii) Alavi and Krawinkler (2000) indicates the occurrence of early yielding of the upper stories.
Different methodologies have been developed to detect the pulses resulting from directivity effect (Hayden et al., 2014;
Shahi and Baker, 2014), but this study identified pulse-like strong ground motions through visual inspection.
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Figure 2-6 Station 3116, 3143 and 4615 along with the fault rupture in My 7.8 event.

Figure 2-6 exhibits Station 3116 with Vs3o = 870 m/s and Rrup 0Of ~17.4 km in Hatay, Station 3143 with Vsz = 445 m/s and
Rrup 0f ~2.0 km in Hatay, and Station 4615 with Vszo = 484 m/s and Rrup Of ~0.9 km in Kahramanmaras along with the fault
rupture for M, 7.8 earthquake. All these stations with close distance to fault rupture are evaluated to be in forward directivity
region, and thus the motions recorded in these stations during My 7.8 event are inspected for velocity pulses as presented
in Figure 2-7 (Station 3116), Figure 2-8 (Station 3143), and Figure 2-9 (Station 4615). As a result, the significant velocity
pulses in each record are observed in velocity time-histories as anticipated. Further investigation for detecting the velocity
pulses in the motions recorded during My, 7.8 and My 7.5 events is recommended to better understand the structural
damages in the areas affected by the February 6™ earthquakes.
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Figure 2-7 The (a) acceleration and (b) velocity time histories, and (c) pseudo-spectral acceleration of Station 3116 (Hatay) for Mw 7.8
event.
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Figure 2-8 The (a) acceleration and (b) velocity time histories, and (c) pseudo-spectral acceleration of Station 3143 (Hatay) for Mw 7.8
event.
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Figure 2-9 The (a) acceleration and (b) velocity time histories, and (c) pseudo-spectral acceleration of Station 4615 (Kahramanmaras) for
Mw 7.8 event.
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3 GEOTECHNICAL FINDINGS AND PERFORMANCE OF GEO-STRUCTURES

Moment magnitudes of 7.8 and 7.5 earthquakes struck Turkiye and Syria on February 6, 2023, within 9 hours. Two
events and aftershocks impacted several provinces in the southeast of Turkiye. The geotechnical engineering team
performed a reconnaissance mission to document geotechnical engineering related problems and collect perishable
data pertaining to geostructures in the region immediately after the earthquakes. This chapter focuses on the
preliminary investigations of the geotechnical aspects including earthquake-induced liquefaction manifestations,
settlements, slope, and earth dam deformations and instabilities. An overview of the location where geo-tagged data
(photo, measurement, drone footage) is given in Figure 3-1. Iskenderun experienced widespread liquefaction
manifested with sand boils and ejecta on the surface. The settlements were observed both in near-free-field conditions
and under the structures including the public dock of Iskenderun. Evidence of soil ejecta and significant settlements
were observed around a multi-story building and a mosque built on a reclamation area. Settlements were between 5
and 30 cm under the multistory building, whereas settlements at the public dock reached 150 cm. The earthquakes
triggered several landslides and dam deformations. The geotechnical engineering reconnaissance highlights the
necessity of: 1) investigation for widespread liquefaction which occurred in Iskenderun; 2) monitoring of the earth dams,
further identifying those damaged during the earthquakes and those that performed well; and 3) monitoring of the slope
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Figure 3-1 Plan-view of the geotechnical reconnaissance and covered areas
3.2 Seismic Soil Liquefaction

Iskenderun is nestled on the southern Mediterranean coast along the foothills of the Amanos mountains and stretches
for about 5 kilometers. Coastal areas of Iskenderun are underlain by young marine deposits and artificial fill. There are
also several creeks originating from the Amanos mountains towards the bay and these have contributed to the local
soil formations. Young marine deposits and fills dominate the coastal plains covering part of the older sections of
Iskenderun up until the town transitions into higher ground towards the foothills of the mountainous terrain. The soils
along the coastal area include loose to medium dense sands and silty sands with variable thickness depending on the
proximity to the coastline. Soil conditions are highly variable because of the marine and alluvial depositional
environment as well as the reclamation fill. Most of the buildings are on shallow mat foundations and there are also
high-rise structures on deep foundations and jet grout columns. Figure 3-2 through Figure 3-8 documents the
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observations regarding liquefaction, liquefaction induced lateral spreading and ground deformations, and seismic
deformations in different parts of Iskenderun. Preliminary observations indicate that Iskenderun experienced
widespread liquefaction and lateral spreading. Sands and silty sands are prevalent within the area that suffered
liquefaction-induced ground failure. Liquefaction was evidenced by ground cracks, sand boils, apparent subsidence,
and lateral spread as well as the settlement of buildings on shallow foundations. It is estimated that the waterfront area
settled by about 50-60 cm and the buildings on mat foundations in this area settled by about 5-50 cm. Ground
subsidence as high as 150 cm was observed at the Iskenderun port situated at the northern end of Iskenderun. It was
also observed that the severity and magnitude of liquefaction-related ground failure gradually diminished by about 400-
500 meters inland from the waterfront. Buildings and structures founded on deep foundations and jet grout columns
performed well without any catastrophic failure.

Figure3-2Li quef acti on mani festations in Nihal At ak a®yeMevogthee ( ~
sand ejecta at the corner; b) settlements of the sand near the mosque; c) front view outlining the settlements; d) severe
deformations observed on the marble ground due to liquefaction induced settlements; e) lateral spreading in front of the
mosque; f)lateral spreading near the mosque towards the sea.

36A
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Figure 3-3 Liquefaction manifestations on Ataturk Boulevard near Forbes Shopping Center (~ 36°35'36.52"N/ 36° 9'34.67"E): a)
sand boils on Ataturk Boulevard; b) cracks formed due to lateral deformation; c) cracks formed due to lateral deformation; d)
liquefaction induced settlements; e) cracks formed due to lateral deformation.

Figure 3-4 Liquefaction manifestations (sand boils) on Ataturk Boulevard near Ataturk (~ 36°35'29.50"N/ 36° 10'20.23"E)
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Figure 3-6 Liquefaction manifestations on Ataturk Boulevard near Tennis Courts (~ 36°35'26.95"N/ 36° 10'28.39"E): a) water
accumulation and sand boils; b) sand boils; c) ground settlement.

Figure 3-7 Liquefaction manifestation): a) Odeo Bank corner: sand ejecta and liquefaction induced settlements
(~36°35'25.92"N/ 36° 10'25.46"E); b) Civilim building corner: sand ejecta (~ 36°35'23.48"N/ 36° 10'23.89"E).
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Figure 3-8 Ground Settlements and Lateral Deformations on Iskenderun Dock (~ 36°35'40.67"N/ 36° 10'38.69"E): a) Ground
subsidence at the pier and the lighthouse; b) Ground subsidence at the dock; c¢) Ground subsidence and lateral deformations of
the concrete panels; d) lateral deformations and cracks on the concrete panel

3.3 Dams

Several earthquake-induced damages were observed at the Kartalkaya dam (Figure 3-9) in Kahramanmaras and
Ariklikas dam in Osmaniye. The Kartalkaya dam has been supplying irrigation water to the Pazarcik County and tap
water to the city of Gaziantep. The dam was built on the Aksu River for irrigation and for flood prevention for the town
of Pazarcik. The Kartalkaya dam has a crest elevation of 720 m and catchment elevation ranging between 680 and
2,470 meters. It has been in operation since 1971 with a reservoir area of 11 km? and a drainage area of 1088 km?
that can supply irrigation water to 200,000 acres of farmland. During the construction phase, the capacity was
calculated as 200,000,000 m? but current capacity has decreased to 160,000,000 m3 because of the sediment fill in
the reservoir. The sediment fill caused by the rainfall-induced erosion has led to the several studies focusing on erosion
in the area (Yuksel et al., 2008; Taskesen Ozturk, 2018).

The reconnaissance team documented significant damage on the crest and right wing of the Kartalkaya dam. The
damage is associated with the combined effect of seismic load-induced cracks and lateral displacements at the central
part of the crest, and rockfalls on the upstream part of the dam. The cracks are longitudinal to the dam crest, reaching
values of twenty meters long and having a depth of 0.5 m and a width of 0.3 m. No significant orthogonal cracks were
observed in the crest. There was no upstream or downstream damage observed at the side slopes. The reservoir has
already been almost empty due to the present climate, and there was no leakage through the gates. Wings located at
the water inlet through the gates have damage due to the intense shaking. One segment moved toward the earth dam,
where seismic compression occurred. There are no connections between segments on the wings so that damaged
segments easily move apart.

Earthquake Reconnaissance Team Report: Tirkiye Earthquake Sequence on February 6, 2023 Page 18



D

(©) (d)
Figure 3-9 Deformations observed on the Kartalkaya dam (~37°28'06.01"N/ 37°14'20.14"E): (a) Compression cracks and lateral

displacements at the crest of Kartalkaya dam ; (b) moved segment and compression; c) earthquake-induced rock fall and associated
cracks on the crest; (d) Longitudinal cracks in the middle of the crest

The Ar ekl gk homog&naus earth-fill dam constructed between 1994-1998 in Osmaniye for irrigation
purposes. The crest height from the stream level is almost 32 meters. Cracks were formed during the earthquakes at the
crest level, and the crack widths range between 2.2 m and 4 m. Lateral movement is toward the upstream, and no damage
was detected on hydraulic structures except for minor cracks on the curtain walls of the spillway. In addition, the face of the
dam at the upstream side was observed to be significantly settled close to the crest and bulged out towards the toe of the
dam with a visible opening at the center of the slope (see Figure 3-10 for the photos).
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(b)

Figure 3-10 Deformations observed on the Ariklikas (~37°09'25.70"N/ 36°30'55.96"E) dams: a) Ariklikas Dam (side view); b)
Ariklikas dam construction details (in Turkish)

The Yarseli Dam is an earth-fill dam constructed between 1985-1991 in Antakya for irrigation purposes. The crest height
from the stream level is almost 37 meters [Figure 3-11(a)]. Crest cracking with lateral displacements vary between 0.15-
0.25 m, as can be seen in Figure 3-11(b). There were no sand boils on the earth-dam surface, so no trace of liquefaction
was found. The hydraulic structures had no obvious cracking or damage.

(b)
Figure 3-11 Arial pictures of the Yarseli dam (36.194290N, 36.329264E): (a) Overview; (b) Cracks in the crest

3.4 Test Center

Tepehan village near Altinozu, Hatay experienced a large-scale slope instability after the earthquake sequence. Arial
footage taken in the area shows the canyon-like terrain after the earthquake created very large cracks having dimensions
of 300m x 200m x 30m. The geology of the area was investigated by Selcuk (1985), and it reveals a Middle Miocene aged
Tepehan formation, which consists of sandstone, clayey limestone, claystone, and marl. Sandstones are usually medium-
thick bedded loosely packed and contains significant amount of thin fossil shells that are prone to breakage.

The slope angle ranges from 10 to 30 degrees. The area had been particularly dry for several years, but there was
a heavy rainfall that lasted for several days preceding the earthquakes, inundating and saturating the soil. Figure 3-12
presents aerial photos taken at the slope instability area.
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Figure 3-12 Landslide at an olive farm near Tirkiye-Sy ri a bor der (Al ti nozu, -efaviea)ya)~ a)
36°09'42.41"N/ 36°13'13.40"E; b) main crack i near-front view of the crack; c) and d) 2 meter crack formed several hundreds
of meters away from the main crack at ~ 36°09'28.18"N/ 36°13'00.65"E

Another landslide was documented in the F e v z i -Weydaaekbez segment running N-S from the main Adana-Gaziantep
rail line towards Aleppo, Syria. The approximate location of the landslide is marked in Figure 3-13. As can be seen in the
map, this a very critical location because it is one of the few segments connecting Syria with Turkiye.
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Figure 3-13 Overview map of the railroad map of Turkiye-Syria and Iandslid‘é Iocétioh (ﬁ~ 37°06'43.41"N/ 36° 39'34.91"E)

The collected data is not enough to report if the landslide was caused by the first or second earthquake in the sequence.

Arial footage of the landslide indicates that the head scarp is approximately 100 meters long. Several backhoes were
immediately sent to the site for debris removal.
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Head scarp

(b)

Figure 3-14 Landslide near a railroad in Islahiye at ~ 37°06'43.41"N/ 36° 39'34.91"E (arial photos taken for the same
slope failure at different angles)
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4 PERFORMANCE OF RESIDENTIAL STRUCTURES

4.1 Overview

The structural reconnaissance team visited the region affected by the earthquake sequence on March 20, i.e., two
weeks after the earthquakes. It was observed that demolition work had started before the reconnaissance [see Figure
4-1(a)], i.e., some heavy machines, such as excavators with buckets or claws, had pulled down some damaged buildings,
as shown in Figure 4-1(b). An effort was made to exclude the damage states of buildings that were possibly exacerbated
by demolition work [e.g., Figure 4-1(c)] as noted by discussion from local authorities. Overall, the observations were in
agreement with reported condition assessments conducted by the Ministry of Environment and Urbanization of Turkiye
(MEUT) on 736,851 buildings in the effected region. Collected data shows that a total of 19,284 buildings collapsed from
the earthquake sequence and almost half of the investigated buildings (373,038) were damaged to varying levels, as shown
in Table 1.

Table 1 Structural damage levels in cities by percentage (%) (MEUT Report, 2023)

Damage Level

city None Slightly Others Extensive Partial Collapse Full collapse
Adana 7211 21.71 5.51 0.51 0.05 0.12
Adiyaman 299 3254 1458 15.9 1.85 5.23
Diyarbakir 59.79 24.2 13.55 1.85 0.14 0.47
Gaziantep 59.7 18.27 15.42 4.35 0.71 1.55
Hatay 49.47 23.54 7 13.36 2.31 4.32
Kahramanmaras 37.75 28.69 14.75 12.43 2.66 3.72
Kilis 50.39 31.39 9.31 5.83 0.78 2.29
Malatya 26.12 26.89 20.65 21.57 0.63 4.13
Osmaniye 63.98 20.98 8.34 5.66 0.58 0.46
Sanliurfa 49 3485 15.16 0.78 0.09 1.3

(b)
Figure 4-1 (a) Demolishing work, (b) an excavator pulled down the damaged buildings, (c) the damage states of buildings
possibly contaminated by demolishing work.

4.2 Reinforced Concrete (RC) Buildings

4.2.1 Construction and Materials

Figure 4-2(a) and (b) reveal two different construction practices in Tlrkiye. By observing the forms and scaffolding,
Figure 4-2(a) indicates that the fresh concrete of columns, beams, and slabs of a story was cast as a whole. In contrast,
Figure 4-2(b) indicates that the fresh concrete of columns was cast first and then followed by casting the fresh concrete for
beams and slabs. The integrity of the building using the former approach [see Figure 4-2(a)] should outperform that of the
latter [Figure 4-2(b)]. Moreover, Figure 4-2(c) shows an existing two-story building with an additional third story. Because
the dead load of the building was amplified approximately 1.5 times, it would have certainly increased the seismic risk of
that building if the existing two stories were not adequately strengthened. Figure 4-2(d) shows that instead of deformed
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rebar, plain reinforcement was used and, as a result, bond between rebar and concrete was poor. In addition, the spacing
of stirrups was large at approximately 30 to 40 cm, with coarse aggregates seeming to be too small [Figure 4-2(d)] since
these buildings were designed by using the old seismic code. Figure 4-2(e) and (f) show that there is no separation between
buildings. In other words, seismic damage resulting from pounding between buildings likely occurred.

(b) (c)

(d) (e)
Figure 4-2 (a) and (b) two buildings with different construction practices, (c) a building with an added third story, (d) poor concrete
and plain reinforcement, (e) and (f) no separation between buildings.

4.2.2 Collapsed Buildings

In terms of the appearance of building coldawaeégdoiweodis as
Akneewno types (Lin et al -dowdEolapsed builditgehae almastmachanee ofeudrvival,iwleich
usually causes the most fatalities during seismic events. The sit-down and knee-down collapsed buildings only directly
threaten the lives of occupants of fully or partially collapsed stories, rather than all stories. Figure 4-3(a) and (b) are lie-down
collapsed buildings, one of which was still under construction, with its sale advertisement nearby [see Figure 4-3(a)], while
the other building was occupied, as shown in Figure 4-3(b). If the lateral force-resisting system of the building shown in
Figure 4-3(a) had been completed before the earthquake, the soft-and-weak lower story of the building could be attributed
to either design or construction issues, rather than the possibility of the building being remodeled by occupants. Figure
4-3(c) is a sit-down collapsed six-story building with a pancaked third story which is also called a soft story. Figure 4-3(d)
shows three similar eight-story buildings with different damage levels. The left building partially pancaked at the second,
third, and top stories [see Figure 4-3(e)], but the other two buildings were only moderately damaged. This observation
implies that the lateral force-resisting elements on the front side of the second and/or third stories of the left building probably
had been remodeled before the earthquake, which resulted in the weak second and/or third stories.

The far-right building in Figure 4-3(d) has a masonry wall at the first story so its damage was less than that observed
in the mid building. The wall showed shear failure with two major diagonal cracks at angles of 45° and 60° [Figure 4-3(f)].
Additionally, bi-directional and one-directional plastic hinges were successfully formed at the bottom ends of the first story
columns [Figure 4-3(g)]. The bi-directional plastic hinge indicates that the building suffered significant ground motion in both
mutually perpendicular horizontal directions. Because strength deterioration of a column in one direction affects the
performance of the column in the other direction, three-dimensional analysis and design of buildings should be stressed in
the future. Figure 4-3(h) and (i) show a knee-down collapsed building, in which the beams were separated from the columns
and walls. By observing the almost intact surface of the beam bottom, it indicates that the beams were inadequately
connected not only with the walls, but also with the columns. Furthermore, by observing the relatively separated locations
between the beams and columns of the first story, this building was likely displaced rightward and inward of the photograph.
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