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Abstract

On February 6th, 2023, two severe earthquakes struck southeastern Tiirkiye near the
Syrian border. The first earthquake, Mw7.8, occurred at 04:17 local time in the East
Anatolian Fault Zone near the city of Gaziantep. The second earthquake, Mw7.5, occurred
approximately 9 h later at 13:24 local time near Elbistan County, in Kahramanmarag
province. These seismic events ruptured multiple segments of the East Anatolian Fault
Zone (EAFZ), with rupture lengths exceeding 300 km, and deformation exceeding 5 m on
both sides of the faults. In this study, we aim to analyze characteristics of the strong ground
motion induced by the mainshocks, focusing on ground motion intensity measures such
as the peak ground acceleration (PGA), the peak ground velocity (PGV), and the pseudo-
acceleration response spectra (PSA). The first earthquake produced extremely high PGA
values in both horizontal (>2 g) and vertical (> 1 g) components. At near field distances,
large PGVs are measured (> 180 cm/s) with more than 30 impulsive motions which
may indicate source-related effects. Large spectral demands are also recorded for both
earthquakes, partially underestimated by Ground Motion Models (GMMs), especially in
the near-field. Specifically, we compare the PSA for horizontal directions with the design
spectra provided by both the new and previous Turkish building codes. We also present
building and ground damage observations that provide insights into the observed ground
motions in the heavily damaged areas.

Keywords Kahramanmaras earthquakes - Ground motions - Pulse-like motion - Building
damage - Seismic hazard

1 Introduction

The Kahramanmarag earthquake sequence started on February 6th, 2023, at 04:17
local time (01:17:35 UTC) with an Mw7.8 earthquake near the Pazarcik district in
Kahramanmarag province (AFAD 2023a, b and United States Geological Survey, USGS
2023). According to the Kandilli Observatory and Earthquake Research Institute (KOERI),
the epicenter was located at 37.11°N, 37.12°E (Fig. 1), originated on the Narl1 Fault, and
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Fig.1 A simplified map of the study area, showing the distribution of 6 months of aftershocks as provided
by AFAD (AFAD, 2023a, b, c) related to the Mw7.8 and Mw7.5 earthquakes. The focal mechanisms of
the earthquakes (yellow stars) with magnitudes greater than 6.0 are depicted on the map. The red lines dis-
played on the map represent the traces of known and mapped fault surfaces (Duman and Emre 2013). The
circles represent the relocated aftershocks during the first 11 days after the main earthquakes. The size of
each circle indicates the magnitude of the corresponding aftershock. Red stars present the Doganyol-Elazig
24 January 2020 M6.8 earthquake location. The black dots on the map indicate the locations of larger cities

propagated northward, rupturing various segments of the East Anatolian Fault (EAF). The
spatial distribution of aftershocks reveals that the rupture extended as far south as Antakya-
Hatay and terminated northeast near the Piitiirge fault segment, close to the location of the
previous 24 January 2020 Doganyol-Elazig earthquake sequence (Fig. 1). The total length
of the rupture associated with the mainshock exceeded 300 km, resulting in significant sur-
face displacement ranging from 3 to 5 m (Hancilar et al. 2023; Barbot et al. 2023; Melgar
et al. 2023; Jia et al. 2023).

Approximately 9 h later, at 13:24 local time (10:24:48 UTC), the second earthquake,
known as the Mw?7.5 Elbistan earthquake, occurred, causing a surface rupture along
the Cardak-Siirgli fault segment of the Northern Strand of the EAFZ and providing a
remarkable example of short-term earthquake triggering. The epicenter of this earthquake
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was determined to be located south of Elbistan with coordinates 38.07°N, 37.21°E (Fig. 1).
The total length of the rupture associated with this second mainshock was approximately
160 km, with significant surface displacement observed in the 2-8-m range in the field
(Cetin et al. 2023; Barbot et al. 2023; Melgar et al. 2023; Jia et al. 2023). Fault plane
solutions for the main events (USGS 2023) indicated that both the Mw7.8 and Mw7.5
earthquakes agree with the activation of left-lateral strike-slip faults.

Based on historical earthquake records, these two segments have previously hosted
a series of powerful earthquakes with magnitudes greater than 7.0. It is important to
emphasize that prior to the recent seismic events, the region had a history of relatively
low seismic activity despite the occurrence of significant historical earthquakes with
magnitudes larger than 7.0 (Reilinger et al. 2006; Bletery et al. 2020). Cetin et al. (2023)
have indicated that the apparent lack of recent seismic activity along the entire East
Anatolian Fault Zone (EAFZ) may indicate that the fault is presently locked. In fact, the
area remained relatively seismically quiescent for many centuries (Ambraseys 1989;
Nalbant et al. 2002) and the earthquakes on February 6th occurred within a seismic gap
marked by low geodetic strain rates where deformation is dispersed across a broad fault
zone with a substantial time interval between historical events (Bulut et al. 2012).

Following the earthquakes on February 6th, 2023, a total of 28,990 aftershocks with
a magnitude larger than two were recorded, with a total of 13 above magnitude 5.5 (as
of May 29, 2023, according to AFAD, 2023a, b, c). Figure 1 illustrates the distribution
of aftershocks in the sequence, emphasizing the most significant events with magnitudes
greater than 6.0. These relatively larger magnitude events (M > 6.0) occurred on February
6th, approximately ten minutes after the mainshock, with a M6.7 event, located 14 km east
of Nurdag, and ten hours later a M6.0 earthquake occurred 4 km northeast of Goksun.
Another noteworthy event occurred two weeks later, on February 20th, towards the
southwestern termination of the mainshock rupture, near Antakya, with an event of M6.4.

The strong motion recordings from the initial mainshock revealed peak ground
accelerations reaching up to 1.0 g in locations near the fault rupture (Hu et al. 2024). These
acceleration levels indicate extremely intense shaking, resulting in severe structural damage
(Demir et al. 2024). Subsequently, the ground motion generated by the second mainshock
has further impacted structures already weakened by the first event, possibly increasing the
extent of damage and destruction. As of May 2023, the earthquakes have tragically resulted
in over 55,000 reported fatalities, along with numerous injuries and the displacement of
more than 1.5 million individuals (Ministry of Environment, Urbanization and Climate
Change, 2023). The provinces most significantly affected by the seismic activity, including
Hatay, Kahramanmaras, Gaziantep, Malatya, and Adiyaman, have sustained substantial
damage to both buildings and infrastructure. Collectively, these provinces account for 81%
of the estimated damage and are home to approximately 6.45 million people, representing
around 7.4% of the total population of Tiirkiye (GRADE Report 2023). Our study
contributes to the understanding of seismic characteristics and strong motion patterns,
conducting detailed investigations into the destruction pattern, factors, and seismogenic
mechanisms of this specific earthquake doublet. The Mw7.8 earthquake is the largest in
Tiirkiye since the 1939 Erzincan earthquake of the same magnitude. It resulted in severe
losses, with more than 55 thousands victims and extensive damages, rendering more than
18,000 buildings unusable in the epicentral area. The presence of numerous aftershocks,
some with magnitudes exceeding 5.0, heightened the risk of collapse for structures already
partially damaged by the mainshock.

After the seismic events, numerous researchers have examined the effects and features
of the earthquakes, resulting in a large number of scientific studies being published in a
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short period of time. These studies mostly focus on various aspects of the sequence,
ranging from kinematic to dynamic source rupture characteristics, seismic activity
aftershock distribution, and ground motion characteristics of the earthquake doublet,
from a seismological perspective and/or solely from an engineering standpoint (Ren et al.
2024; Wang et al. 2023; Ding et al. 2023; Cetin et al. 2024). However, our study offers an
overarching perspective encompassing both the ground motion characteristics and providing
insights into its potential impact on the observed damages across the study area. This paper
focuses on analyzing strong ground motion generated by the mainshocks, employing
accelerometric data. The aim is to investigate the characteristics of ground motion, with a
specific focus on engineering-relevant parameters. This includes ground motion intensity
measures such as the peak ground acceleration (PGA), the peak ground velocity (PGV),
and the pseudo-acceleration response spectra (PSA), as well as their variability over the
study region. Subsequently, the recorded ground motions with predictions from selected
ground motion models (GMMs), which play a central role in seismic hazard analysis, are
compared (Giilerce et al. 2023). In addition, the observed horizontal and vertical PSA are
compared to the design spectrum outlined in the current and previous Turkish building
codes (TBDY, 2018 and TBEC 2007, hereafter TBDY 2018 and TBEC 2007). The present
study also investigates earthquake source-related effects, focusing on impulsive signals and
their presence in near-fault regions. Connections between the widespread damage sustained
by reinforced concrete buildings and the observed effects related to both current and past
Turkish seismic design codes are also discussed.

2 Seismotectonic setting and seismicity of the region

The seismic hazard in Tirkiye is primarily driven by two major fault systems: the North
Anatolian Fault Zone (NAFZ) and the EAFZ (McKenzie 1972; Taymaz et al. 2004). The
EAFZ is a complex fault zone characterized by left-lateral strike-slip motion. Extending
approximately 450 km from Karliova to Hatay (Fig. 1), it serves as the boundary between
the Anatolian Plate and the northern region of the Arabian Plate (Ambraseys 1989; Ambra-
seys and Jackson 1998; Duman and Emre 2013). This results in a left-lateral slip rate of
about 10 mm/yr along the EAFZ (Reilinger et al. 2006). The cumulative displacement along
the EAFZ is estimated to range from 15 to 30 km (Saroglu et al. 1992). Various authors
have proposed its division into multiple fault segments. In accordance with Duman and
Emre (2013), the fault segments along the primary trace of the EAFZ from southwest to
northeast are delineated as the Amanos, Pazarcik, Erkenek, Piitiirge, Palu, Illica, and Kar-
liova segments (refer to Fig. 2 in Duman and Emre 2013). The fault segments’ lengths vary
between 30 and 100 km. The EAFZ also demonstrates different strike-slip rates across its
segments: 10—13 mm/yr on the Piitiirge-Palu segment, 4-7 mm/yr on the Pazarcik-Erkenek
segment, and 1-3 mm/yr on the Amanos segment. These values are derived from geologi-
cal studies (e.g., Allen et al. 2004; Westaway 2004; Duman and Emre 2013) and geodetic
measurements (e.g., Reilinger et al. 2006; Walters et al. 2017; Aktug et al. 2016; Bletery
et al. 2020). While this region has been historically characterized by high seismic activity,
including a series of significant surface-rupturing earthquakes in centuries past along the
EAFZ (such as the 521 M7.5, the 1513 M7.4, and the 1893 M7.2), recent decades have
seen a decrease in seismic activity along the EAFZ (Ambraseys 1989, 2009; Hubert-Ferrari
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Fig. 2 Distribution of strong-motion stations belonging to the AFAD network, marked by triangles. Symbol
color is related to site classification according to NTC-18 based on the parameter. The red lines displayed
on the map represent the fault rupture of the Kahramanmaras, Tiirkiye, Earthquake Sequence on February
6th, 2023, as produced by USGS

et al. 2020; Sbeinati et al. 2005; Sesetyan et al. 2013, 2020). In contrast, the NAFZ has been
responsible for numerous earthquakes throughout the twentieth century, leading to its more
extensive examination in research studies. Nevertheless, some studies have emphasized
how this extended period of seismic quiescence may serve as a precursor for future seismic
events (e.g., Nalbant et al. 2002; Duman and Emre 2013; Karabacak and Altunel 2013). In
particular, before the February 6th, 2023 Kahramanmaras earthquake sequence, multiple
studies identified important seismic gaps along both the main and the northern strand of
the EAFZ (e.g., Duman and Emre 2013; Aktug et al. 2016; Bulut et al. 2012) such as the
Pazarcik, the Amanos and the Piitiirge segments of the main strand, and the Cardak-Siirgii-
Savrun segments of the northern strand. Following the Mw6.8 Doganyol-Elazig Earthquake
sequence in 2020, affecting a part of the Piitiirge segment, numerous investigations have
extensively examined the true seismic potential of the EAFZ (e.g., Cheloni and Akinci
2020; Ragon et al. 2021; Tatar et al. 2020).
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3 Observed strong ground motion from near-fault records

The Mw7.8 Pazarcik and Mw7.5 Elbistan earthquakes were recorded at 134 and 108
AFAD strong-motion stations, respectively, within a 250 km distance of the fault rupture.
The AFAD stations are well-documented and provide extensive information, most of the
time including the Vg, parameter (the average shear wave velocity in the top 30 m of soil
at each station). They also offer fundamental resonant frequencies and corresponding soil
types according to European Seismic Design Codes (ECS, CEN 2004). For the first event,
information on the Vg, was available for 103 stations, and for the second event, it was
available for 81 stations. Vg, information for other stations is retrieved using the model
developed by Okay and Ozacar (2023). Figure 2 displays the distribution of the strong-
motion stations as a function of station soil class (European Seismic Design Codes, ECS,
(CEN 2004) together with the V , for the recordings from the first and second events.

In this study we first process the strong-motion data following a series of analyses to
ensure its relevance to the outcomes (Boore et al. 2012; Boore and Bommer 2005). The
processing included the following steps: i) detrending, ii) 4th-order Butterworth filtering
between 0.02 Hz and 50 Hz, which were appropriately padded with zeros to mitigate filter
transient effects at both the beginning and end of the record, and iii) tapering. Furthermore,
the waveforms were visually inspected, and any data with issues, such as significant gaps in
the trace, were removed from the database. The raw data were processed homogeneously.
Moreover, alternative procedures for the automated process of filtering, normalizing, and
creating databases for big data are available (Abbaszadeh Shahri et al. 2024).

In Fig. 3, the distribution of the accelerometric time histories recorded at 20 selected
strong-motion stations, situated approximately 20 km both east and west of the fault rup-
ture trace (Reitman et al. 2023), are presented. The time histories are depicted as a move-
out plot, illustrating the two horizontal components (North—South, NS, and East—West,
EW) along with the vertical component (Up-Down). This representation encompasses
all processed acceleration records within a 250 km epicentral distance from the Mw7.8
mainshock.

The recorded time histories at stations in close proximity to the epicenter clearly
depict discernible rupture episodes. Stations 2709, 2712, and 4615, located approximately
21 km from the epicenter both north and south of the nucleation point, reveal such
distinct episodes associated with the Mw7.8 earthquake. In contrast, at stations farther
away from the epicenter, such as the 3145 and 3146 sites, these rupture episodes become
indistinguishable.

The severity of ground motions is apparent when observing the high PGA values,
especially at stations 4614, 2708, 3125, 3126, and 3129. In particular, station 4614
recorded PGAs of 3066 cm/s? and 2212 cm/s? on the EW and NS horizontal components,
respectively. Stations 2708 and 3129 recorded 2191 cm/s? and 1361 cm/s*> on the NS
horizontal components during the earthquake. In comparison, stations 4614, 3125, and
3117 recorded PGA values as high as 2057 cm/s?, 1233 cm/s?, and 1151 cm/s? on the
vertical component, respectively. Interestingly, three out of four stations—3125 (soil site
class C), 3126 (class D), and 3129 (class C)—were located in the Antakya-Hatay area
situated at the southern end of the fault rupture, 200 km far from the epicenter. Table 1
and Table 2 provide a comprehensive overview of the peak values recorded at each station,
encompassing critical parameters such as PGA, PGV, and spectral acceleration for the
two horizontal and the vertical components for the Pazarcik and Elbistan earthquakes,
respectively. The largest PGVs are recorded at stations 3138, 3139, and 3123 with values
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Fig.3 Moveout plot for all processed acceleration records (up to 250 km epicentral distance) from the
Mw7.8 mainshock. The horizontal components East—West, EW (a), North—South, NS (b), and the vertical,
UP (c¢) components are shown for all records. Red horizontal line represents the origin time of the event in
UTC. The red lines on the map depict the fault rupture associated with the Kahramanmaras, Tiirkiye, Earth-
quake Sequence on February 6th, 2023, as reported by USGS

of 218.4 cm/s, 181.8 cm/s, and 164.5 cm/s, while many other stations exhibit PGVs of
around 100 cm/s. However, unexpectedly high PGA (1409 cm/s?) and PGV (108.6 cm/s)
values in the vertical component at station 3138 can be observed due to the momentary
bounce of the site (Goto et al. 2019, Fig. S1).

Permanent displacements have also been calculated for some selected recordings that
exhibited large accelerations. Figure 4 showcases the corrected acceleration, velocity, and
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Fig.3 (continued)

displacement traces of the main shock for stations 4615, 4624, 2712, 2718, 3144, and
3139. The calculated PGDs at these stations are around 1.5-2.0 m for stations 4615, 2718,
3144, and 3139, and around 1.0 m for stations 4624 and 2712. These permanent displace-
ments are generally consistent with the displacements obtained from geodetic (InSAR and
GNSS) data (Barbot et al. 2023; Cheloni et al. 2024) and from field observations (Meng
et al. 2024; Yang et al. 2024).

The time histories, including acceleration, velocity, and displacement, for the sta-
tions located in Antakya-Hatay from a small local network, are also presented in Fig. 5.
One of the earthquake’s highest PGA values was recorded in Hatay at station 3129 with
1361 cm/s?, in the NS component. The PGV values were also high at these stations, being
181.8 cm/s and 163 cm/s at stations 3123 and 3129, and around 100 cm/s for most of the
remaining stations. Remarkably, spectral acceleration exhibits exceptionally high values in
the low-period range (PSA at 0.2 s) for the ground motion recorded at stations 3126 and
3129, being 5095 cm/s* and 4457 cm/s?, respectively. In contrast, station 3131, located on
class B sites, recorded a PGA value of 373.2 cm/s” and a PGV value of 48.4 cm/s during
the Mw7.8 event. In this study, we did not explore the influence of site amplification on
ground motion, a topic that warrants investigation, especially in the Antakya area with the
presence of the Amik basin and surrounding high mountainous areas (Fig. 5). This aspect
will be the focal point of our upcoming studies, aligning with our primary objectives.
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Table T GMPs of stations with less than 30 km of Ry, distance in the Pazarcik earthquake. Channel-based
GMPs are given only for PGA for the sake of simplicity. In Table S1, channel-based GMPs are given for all
parameters. * Station 213 does not record the entire earthquake; however, it manages to capture the impul-
sive motion

Station Ry, (km) PGA (cm/s?) PGV (cm/s) PSA PSA PSA
(T=0.2s, (T=1.0s, (T=20s,
EwW NS z cm/s?) cm/s?) cm/s?)
201 23.75 228.93 189.05 225.37 21.79 495.39 83.75 65.33
213* 4.52 169.99 240.27 300.94 100.45 568.31 372.04 473.14
2708 1.36 1193.57 2191.35 812.52 127 1533.97 1206.44 789.27
2712 0.00 621.76  566.92 366.49 93.89 1743.29 1429.21 460.84
2718 0.00 662.37 707.79 586.69 126.72 1632.15 870.45 413.87
3112 20.62 72.82 61.26 84.77 10.22 167.49 168.53 60.59
3115 16.65 230.07 289.01 210.29 53.06 858.85 361 293.85
3116 16.55 172.32 168 157.36  43.05 570.09 285.57 163.5
3117 16.28 991.38 1135.61 11514  149.65 1358.4 519.68 395.99
3123 0.00 602.51 635.8 847.59 181.82 1530.65 1751.85 1052.12
3124 0.00 640.82  570.67 578.68 115.25 1383.97 2039.03 814.18
3125 2.37 1126.75 829.19  1233.09 99.51 1704.49 570.2 410.68
3126 0.90 1017.09 1195.23 1085.13 103.92 5095.44 1048.98 717.06
3129 0.00 1209.74 1361.88  799.52 163.03 4457.4 1902.96 781.14
3131 0.00 373.19 368.74 154.53 48.39 631.55 729.68 351.11
3132 0.00 520.13 52892 35298 63.58 1267.77 1068.22 423.62
3133 28.78 14436 217.68 87.68 34.12 300.41 415.5 190.27
3134 28.61 205.15 2474 139.92 437 563.19 450.05 208.57
3136 4.64 397.17 530.89 223.57 55.74 1238.48 522.55 328.02
3137 0.00 838.26 460.67 485.83 107.27 1447.07 579.53 418.01
3138 0.00 73421 90493 1408.7 2184 1528.54 2216.73 802.55
3139 0.00 492.04 569.11 368.02 164.48 1164.99 1159.36 1088.92
3140 13.53 211.78 191.01 175.11 67.99 441.73 677.27 396.86
3141 1.58 880.09 928.78 896.83 111.66 2148.26 928.78 705.53
3142 0.00 766.22  660.47 514.52 86.67 1419.05 624.67 265.81
3143 0.00 365.06 392.16 41046 105.2 1416.96 845 479.34
3144 0.00 743.35 600.67 44591 127.16 964.33 716.06 523.49
3145 0.00 729.37 600.74 619.64 146.03 1495.09 1403.47 470.34
3146 7.54 332.66 485.95 312.08 52091 871.68 384.72 180.22
4404 20.85 141.32 13451 93.82 25.19 285.78 160.11 54.36
4408 24.51 137.81 104.41 95.5 3041 313.92 191.75 145.57
4611 17.14 320.58 353.39 169.43 50.43 875.43 373.94 199.23
4614 6.77 3066.13 2211.55 2057.68 77.6 4781.09 494.55 267.7
4615 0.00 54741 562.84 675.06 135.21 1609.08 1056.71 564.13
4616 1.48 460.73 64791 385.61 77.18 1445.16 589.15 280.58
4617 21.81 106.92 141.93 112.49 29.92 450.9 148.21 137.11
4618 21.34 1534  125.11 138.13  28.56 420.19 157.44 98.07
4619 20.30 190.97 305.15 178.95 35.69 762.18 256.76 135.15
4620 18.67 319.19 293.92 188.23 42.96 1120.8 172.99 126.18
4621 18.04 289.04 367.42 238.6 456 644.49 322.74 269.14
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Table 1 (continued)

Station Ry, (km) PGA (cm/s?) PGV (cm/s) PSA PSA PSA
(T=0.2s, (T=1.0s, (T=20s,
EW NS z cm/s?) cm/s?) cm/s?)

4624 12.77 320.5  369.07 164.06 55.27 829.72 793.45 246.03
4625 10.06 486.08 45591 368.84 64.19 1827.84 649.34 377.17
4626 16.86 12475 112.18 1025 251 210.26 112.61 44.23
8002 14.84 196.03 255.74 331.68 43.88 516.32 567.13 184.75
KHMN  0.00 42321 51494 418.74 93.37 1200.85 528.71 357.66
NAR 0.00 560.51 753.96 484.98 102.94 1207.11 616.62 404.53

Table 2 GMPs of stations at less than 50 km ij distance from the Elbistan earthquake. In Table S2, chan-
nel-based GMPs are given for all parameters

Station Ry, (km) PGA (cm/s?) PGV (cm/s) PSA(T=0.2s, PSA(T=1.0s, PSA(T=2.0s,
cm/s?) cm/s?) cm/s?)
EW NS Z
127 45.17 59.95 51.09 3565 19.8 160.53 58.95 44.73
129 3241 171.59 15554 86.37 16.12 33391 71.64 43.48
131 23.6 34573 41895 83.99 22.54 1674.76 82.65 42.64
132 23.68 60.67 6248 5696 19.77 211.87 68.68 42.63
213 27.13 127.78 125.19 7143 254 265.73 252.79 194.14
4406  21.65 394.53 480.27 299.83 3526 658.58 362.35 114.54
4412 3757 12593 15198 83.46 35.53 278.38 319.21 165.28
4414 45.68 63.35 52.68 37.39 5.19 114.78 27.76 12.95
4611  28.19 139.52 197.16 7248 32.52 463.39 224.71 89.35
4612 0 522.06 642.59 44395 164.34 876.63 716.77 677.74
4613 41.77 76.72 7248 7745 19.14 157.74 105 69.24
4620  49.63 78.36 6839 55.13 31.83 140.54 96.35 124.38

4 Comparison with ground motion models

In this section, we compare the observed and predicted ground motions for the Pazarcik
and Elbistan earthquakes using several ground motion parameters, including PGA, PGV,
PSA (T=0.2 s), PSA (T=1.0 s), and PSA (T=2.0 s). The predictions were obtained from
GMMs developed by Boore et al. (2014) (hereafter BSSA14) and Kale et al. (2015) (here-
after KALE1S). The KALE1S model is based on a dataset obtained from the Earthquake
Model of the Middle East Region (EMME) (Akkar et al. 2014). This dataset consists of
over 650 accelerometric waveforms from 175 earthquakes with Joyner-Boore (R;,) dis-
tances of 200 km or less. Earthquakes in the database had a maximum magnitude of 7.6,
occurring in Tiirkiye and its surrounding regions. On the other hand, BSSA14 is based on a
global database obtained from NGA-West2 (Ancheta et al. 2014). This database comprises
more than 20,000 waveforms recorded at ij distances of 1600 km or less from 599 earth-
quakes, with a maximum magnitude of 7.9.

In Fig. 6, we provide a comparison of observed and predicted ground motion
intensity measures for the Pazarcik and Elbistan earthquakes as a function of the Ry,
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Fig.4 Time series of the strong ground motions as the processed recorded acceleration, computed velocity,
and computed displacement for the two horizontal components (EW-red and NS-green) at stations located
over the fault rupture; Stations located from north to the south, 4615, 4624, 2712, 2718, 3144, 3139 of
the Mw7.8 event

distances, calculated using the simplified planar faults developed by USGS (2023a,
2023b). Most horizontal PGAs for both earthquakes generally fall within the expected
range defined by the BSSA14 and KALE1S models, although some exceptions exist.
For the Pazarcik Mw 7.8 earthquake in particular, we observe several stations where the
recorded PGA values significantly exceeded the predictions provided by the GMMs. We
noticed that the KALE15 model predicts lower PGA values compared to the BSSA14
model. A similar pattern was observed in the comparison between observed and pre-
dicted PGA values for the Elbistan Mw7.5 earthquake. The BSSA14 model exhibited
slightly better accuracy in predicting the observed PGAs with relatively small differ-
ences than KALE1S5. Up to distances of 150 km, both models displayed a similar trend
with respect to distance, while the BSSA14 model showed stronger attenuation at longer
distances.

However, the analysis of PGVs reveals an interesting pattern, as both GMMs
consistently underestimate the observed peak ground velocities. For the Pazarcik
earthquake, this underestimation is particularly evident for stations located between 10
and 200 km Ry, distances. Stations near the fault plane (R;,<5 km) show a mix of well-
predicted and under-predicted PGVs. In contrast, for the Elbistan earthquake, a significant
number of PGV observations exceed the predictions of the GMMs. This observation raises
the possibility of an earthquake rupture directivity effect, a phenomenon where seismic
waves are concentrated in a specific direction, resulting in higher velocities (Bray and
Rodriguez-Marek 2004; Mavroeidis and Papageorgiou 2010).

The pseudo-spectral acceleration at different periods, specifically PSA (T=0.2 s),
PSA (T=1.0s), and PSA (T=2.0 s), are selected as they provide an indication of seismic
loads for buildings of different sizes. In both earthquakes, a consistent trend is observed,
with larger ground accelerations recorded as the period increases, in comparison to the
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Fig.5 Time series of the horizontal components (EW-red and NS-green) of recorded acceleration, along
with processed velocity and displacements from the Pazarcik earthquake (Mw7.8), registered at stations
within a small AFAD network close to the southern termination of the fault rupture: 3124, 3125, 3126,
3129, 3123, and 3131

predictions provided by the GMMs. Larger amplitudes indicate that structures of different
heights may experience higher seismic loads than anticipated based on the GMM
predictions.

For PSA (T=0.2 s), the amplitudes observed during the Elbistan earthquake closely
align with the median curve of the two selected GMMSs. However, in the case of the first
mainshock (Pazarcik earthquake) several stations exhibit larger amplitudes compared to the
model predictions. This difference becomes more pronounced at longer periods, namely
PSA (T=1.0 s) and PSA (T=2.0 s). This effect is particularly prominent at the stations
located on or near the fault rupture. When considering PSA (T=1.0s) and PSA (T=2.05s),
the KALE15 model shows larger spectral accelerations than the BSSA14 model above
20 km, providing a slightly more accurate estimation for these two parameters.
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However, the amplification effect of pulse-like ground motion resulted in a significant
underestimation of response spectra at longer periods by empirical models, also partially
observed in other GMPEs in distances up to 100 km (Graizer 2024). This observation
suggests that the potential presence of a directivity effect results in higher velocities.
Previous studies also discuss the possibility of the supershear earthquake rupture
(Abdelmeguid et al. 2023; Delouis et al. 2023; Rosakis et al. 2023; Wan et al. 2024) during
these earthquakes, which generated impulsive motion along the EAF.

The varying trends and differences observed in the two GMM models at longer and
intermediate distances can be attributed to seismic wave propagation characteristics, such
as the quality factor and the attenuation of seismic waves through Earth structures with
altering crustal properties. Our direct comparison of ground motion data with global and
region-specific GMMs suggests that the existing models did not fully capture the complex
source and path effects observed during these earthquakes in the region.

The presence of these long-period, high-amplitude spectral accelerations has the
potential to impact structures significantly. For a detailed examination of this topic and
a comprehensive discussion, we invite readers to explore Sects. 6 and 7 of our analysis,
where we thoroughly assess the implications of these findings on seismic hazard
assessment and structural response.

5 Identifying the impulsive signals

In this section, the waveforms of the ground motion are examined, particularly those
recorded near the fault rupture. Our primary objective is to identify any potential pulse-like
signals within these waveforms. Impulsive motions can occur in fault-normal and parallel
components in the strike-slip faults. In the normal motion components, horizontally
polarized S waves (SH) can result in two-sided impulsive motions in the velocity domain.
On the other hand, vertically polarized S waves (SV) can generate Gaussian-like velocity
time histories, indicating permanent displacement in the strike parallel direction. These
observations have been noted by researchers such as Somerville et al. (1997) and Burks
and Baker (2016). Pulse-like impulsive signals in ground motions are easily distinguishable
due to their unique spectral characteristics, marked by narrowband amplification in both
elastic and inelastic spectra around the pulse period (Tp) (Kalkan and Kunnath 2006).
These impulsive signals are well-known for placing greater inelastic demands on particular
structures (Chioccarelli and Iervolino 2010; Iervolino et al. 2012). Hence, it is important to
determine the impulsive signals and their periods.

The dense distribution of accelerometric stations along the EAFZ and the numerous
ground motion traces recorded near-fault provide valuable insights into the directivity
effect and enable the assessment of seismic rupture characteristics of the February 6th,
2023 earthquakes.

To detect the impulsive signals in the recorded ground motions, we applied a data pre-
processing procedure similar to the one described in previous Sect. 3. Subsequently, we
employed a method developed by Shahi and Baker (2014) to detect impulsive motion.
This method utilizes wavelet transform analysis on two orthogonal components of ground
motion, focusing in this study on the horizontal components. The method rotates the hori-
zontal components to find the most energetic impulsive motion, which does not necessarily
have to be in fault normal or fault parallel direction. A total of 36 impulsive motions were
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Fig.6 Observed a and b PGA, ¢ and d PGV, e and f PSA (T=0.2 s), g and h PSA (T=1.0s), and i and j »
PSA (T=2.0 s) as the maximum horizontal components for (left panel) the Pazarcik, and (right panel) the
Elbistan earthquakes, compared to the BSSA14 and KALE15 models. Colored circles represent stations
with different ECS8 classes. Dashed lines present the +sigma of the GMPE models. GMPE models are pro-
duced by using fixed Vg, of 760 m/s

identified, with 28 corresponding to the Pazarcik earthquake and 8 to the Elbistan earth-
quake. The dense station coverage along the southern termination of the EAFZ allowed
us to record 14 impulsive motions, which accounted for more than half of the impulsive
motions observed in the Pazarcik earthquake, specifically in the Amanos segment. Along
the fault plane, we observed large PGV values (78 cm/s to 156 cm/s) accompanied by pulse
periods ranging from 2.6 to 12.0 s and several signals with interesting features (Fig. 7).
Velocity traces of stations 0120, 0213, 3123, 3137, 3146, 3147, 4616, 8002, and NAR
record impulsive motions during the Pazarcik earthquake, and stations 0118, 0134, and
4612 record impulsive motion during the Elbistan earthquake. The NAR station, located
close to the Pazarcik fault, exhibits a clear example of the directivity effect with its large
magnitude and long-period behavior at the beginning of the seismic trace.

In a previous study by Rosakis et al. (2023), a super-shear in the Pazarcik fault was
suggested. Station 0213, situated near the Piitiirge segment at the northeastern end of the
mainshock rupture, captured only the initial part of the earthquake but exhibited clear
impulsive motion. Stations along the Amanos segment at the southwestern termination of
the rupture, extending up to Hatay, recorded numerous impulsive motions. Stations 3123,
3137, 3146 and 3147 displayed low-amplitude earthquake motion before the arrival of
impulsive motion, likely indicating that this segment ruptured after the Pazarcik segment.
The earthquake energy causing impulsive motions in stations like NAR and 0213 might
have been attenuated at the southern stations. The maximum amplitude before the
impulsive motion in the stations along the Amanos segment in the south aligns with the
GMMs, considering the epicentral distance is around 100 km. The energy released by
the Amanos segment, heading towards Hatay, may have generated impulsive motions in
these stations. Stations 3137 and 3146 exhibit long periods and relatively large amplitude
signals. In stations 3123, 3124, 3126, and 3129 in Hatay, Tp is low, whereas PGVs are very
large (> 100 cm/s). This observation can be attributed to the soil conditions of the site. For
example, station 3137 is located on a cliff, and the main geological feature is basalt (AFAD
2023a). In contrast, station 3123 is situated in alluvial soil with sand as the predominant
geological feature (AFAD 2023b). Local soil conditions may have also contributed to the
presence of impulsive signals in some cases, as suggested by Cork et al. (2016) in Hatay.
It should be noted, however, that the observed PGVs are very large in several stations with
presence of pulse, indicating a strong influence of the near fault effects rather than local
soil conditions in these high PGV cases.

In the case of the Elbistan earthquake, only one station was located on top of the rupture
area (station 4612). However, impulsive motions were recorded at Ry, distances up to
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Fig. 7 Distribution of impulsive signals for the Pazarcik (Mw7.8) and the Elbistan (Mw?7.5) earthquakes.
Stations are plotted as triangles, reverse triangles, and diamonds represent stations with impulsive motions
in the Pazarcik, the Elbistan, and both earthquakes, respectively. A list of stations that show impulsive
motion is given in Table S3 and Table S4. Red waveforms represent the wavelet fit by the method of Shahi
and Baker (2014). Blue lines present the fault rupture of the February 6th, 2023 Kahramanmarasg, Tiirkiye,
Earthquake Sequence as delivered by USGS

150 km. The widespread occurrence of impulsive motions can be partially attributed to
the directivity effect. Notably, these impulsive motions were not only observed in far-field
regions but also exhibited long periods (e.g., station 0118). The impulsive motion recorded
at station 4612 can be linked to the directivity effect as the concentration of the seismic
energy over a relatively short amount of time and due to its proximity to the ruptured fault
with a large PGV (164 cm/s) value.

The occurrence of impulsive motion is also observed in other studies that use different
pulse detection algorithms (Ertuncay and Costa 2024) and these impulsive motions create
large inelastic displacement ratios (Ucar and Merter 2024).
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6 Comparison of the acceleration response spectra with the code
and with the energy based spectra

In this section, we present the processed acceleration response spectra of a large set of
recordings, comparing them to the acceleration design spectrum of the most recent Turkish
seismic code of 2019. Acceleration spectral values have traditionally played a major role in
seismic analysis and the design of engineering structures.

However, in recent years, the energy concept has gained favor among researchers due
to its capacity to encompass the full duration and frequency spectrum of motion, offering
a more comprehensive understanding of how ground motion impacts structures. Currently,
seismic codes do not specify an energy spectrum. Nevertheless, there is an expectation that
upcoming seismic codes will integrate energy-related terms into their definitions of seismic
hazard and structural resistance capacity. To better explain the energy spectrum, the struc-
tural response spectra at two selected stations, 4613 and 4630, are presented in Fig. 8. The
first row shows the structural response resultant spectra of the lateral ground motions using
the square root of the sum squares (SRSS) rule, and the second row displays the energy
imparted to the structure. While the impact of the recorded ground motion on the structural
response is evident, the energy term, representing the cumulative summation of ground
excitation on the structure, inherently takes the duration and frequency content of the
acceleration records into account. In Fig. 8, acceleration spectral values of both stations are
almost identical to an elastic single-degree-of-freedom (SDOF) system. However, energies
imparted to the structure significantly differ for both stations. Such a discrepancy may lead
to underestimation of the severity of ground motion on the structures and raises question of
whether the energy spectra should be a parameter used to relate structural response to the
earthquakes, providing a better understanding of seismic intensity and structural response
(Dindar et al. 2015).

The energy imparted into any structure is resisted by the mechanisms that either
dissipate or survive throughout the excitation period. One of the mechanisms dissipating
the imparted energy is the occurrence of damage to the structural members. Several studies
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Fig.8 The mass-normalized energy spectrum is depicted, with a focus on AFAD stations 4613 and 4630.
This analysis underlines the similarity in acceleration spectra shapes at T=0.2 and 1.0 s, yet reveals sub-
stantial differences in the energy spectra. These differences underscore the considerable seismic demand on
the structures’ period
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have demonstrated a direct relationship between the energy dissipation of the members
and damage because the plastic deformation of the member requires irrecoverable
energy diminishing (Cheng et al. 2021; Grammatikou et al. 2022). Based on the evident
correlation of damage with the energy spectrum as reported in the literature, it is clear that
the energy concept has the potential to help unveil the complex nature of the relationship
between strong ground motion and observed structural damage. The discrepancy between
response spectra and the energy spectra, revealed for stations 4613 and 4630 in this study,
brings into question whether the energy spectra should be one of the parameters used in
relating the structural response to the earthquakes since it provides better understanding of
the seismic intensity and the structural response.

Although briefly presented here (Fig. 8) for two stations, the energy spectrum, intended
for potential further uses, is not within the main scope of this study and this is not further
examined. It is noteworthy, however, that a better understanding of ground motions could
be utilized as more studies on the correlation of damage to the energy spectrum become
available.

The relationship between the observed response spectra and those from the current
seismic hazard map has also been examined in this study. Since the 1940s, there have
been thirteen Turkish seismic codes and seven seismic hazard maps released by Turkish
government authorities. The current building stock in Turkey can be classified into
three major groups concerning the seismic design code releases: pre-2000, 2000-2018,
and finally, post-2018. Pre-2000 hazard maps were based on seismic zones, leading
to the inclusion of region-specific coefficients in the acceleration response spectrum
formulation. These coefficients are highly questionable for areas on the zone contours
(Akkar et al. 2018). In contrast, the 2018 hazard map relies on grids where seismic
hazard intensities are defined. Other features introduced in the TBDY 2018 include
revised spectral values in the long-period region, as well as vertical ground motion
components and displacement spectra. Contrary to previous versions, the TBDY 2018
defines probabilistic ground motion intensities at four distinct levels, DD1 to DD4. Both
the 1998 and TBEC (2007) codes defined only the DD2 level (475-year), with DD1
(2475-year) implicitly recommended as 1.5 times greater than DD2 in the 2007 code.
Therefore, the 1998-2007 period (both relying on the same hazard map and spectrum
definition) and TBDY 2018 are noteworthy when comparing seismic demand in terms
of spectral acceleration across soil class, intensity, and vibration period.

Figure 9 shows two response spectra (acceleration) for both horizontal and vertical
components, comparing them with the design spectra corresponding to return periods of
475 years (DD2) and 2475 years (DD1) derived from previous and recent building codes.
Station 3126, located on site class D over the fault rupture, exhibits similar acceleration
characteristics in both vertical and horizontal directions. The response spectra for both
EW and NS components show amplification around 0.2 s, peaking at 5095 cm/s* for the
NS component. These values surpass the design spectrum for both DD1 and DD2. Sta-
tion 3138, situated in Hatay on site class B over the fault rupture, displays broadband
period content in the horizontal response spectra, surpassing the design spectrum for DD2.
Despite being on stiff soil conditions, both horizontal components show clear amplifica-
tions at longer periods, with one being stronger around 0.7-1.2 s. Both horizontal and ver-
tical components’ response spectra exceed the design spectrum for DD1 at periods longer
than 0.2-0.5 s. The observed high velocity amplitudes with short duration suggest potential
forward directivity effects, represented by impulsive pulses, especially in this area where
building damage was pronounced.
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Fig.9 Comprehensive view of the seismic data, showcasing the recorded three-component ground accel-
erations. The figure includes acceleration response spectra (with 5% damping) with the previous and most
recent building code (TBDY, 2018) for comparison, and the energy spectra. Specifically, the selected sta-
tions, namely 3126 (upper panel), and 3138 (lower panel) from the Pazarcik (Mw7.8) mainshock, are exam-
ined

Having studied the generated spectra, we find that a significant number of stations
exceeded the design-level earthquake intensities DD2 and DD1 not only horizontally but
also in the vertical direction. In Fig. 10, we present the ratio of both horizontal and vertical
spectral values of 31 stations located near the fault rupture to TBDY 2018’s (a) DD2 and
(b) DD1 level values. The horizontal components of each station were converted to result-
ant values by taking the geometric mean to be consistent with TBDY 2018. The following
results were obtained from this comparison:

e Five AFAD stations (3125, 3126, 3129, 3135, and 3141) have horizontal spectral
acceleration values greater than the TBDY 2018 DD2 level at all period ranges. Only
two stations (4408 and 4630) were completely below the DD2 level, and the remaining
24 stations were partially above the DD2 level.

e The majority (a total of 23 stations) of the vertical spectra are above the DD2 level,
except for station 4630.

Eight of the stations located in Hatay province are above the DD2 level.
None of the horizontal spectra are above the DD1 level.
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20230206011732-3138 Spectra
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Fig.9 (continued)

The lateral response spectra of thirteen stations are above the DDI1 level at different
periods.

Interestingly, station 3126 presents vertical spectra values larger than the DDI1 level at
all periods.

7 Evaluation of the observed structural damages

The February 6th earthquake sequence, characterized by large-magnitude main
shocks and complex fault structures covering a wide geographical area, resulted in
overwhelming destruction to the built environment. Major urban centers were severely
damaged or reduced to ruins. Reconnaissance teams, including Cetin et al. (2023) and
Ozkula et al. (2023), collected data illustrating the performance of structures. This not
only highlighted apparent structural deficiencies and recurrent construction mistakes
but also provided a grim estimate of the financial support needed for reconstruction.
As reinforced buildings constitute the majority of the building stock, their prompt
assessment after the earthquake was crucial for restoring normalcy in the affected areas.
As the extent and nature of the structural damage became clear over time, a striking
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Fig. 11 Post-2000 buildings in Iskenderun and in Hatay-Antakya, MCG Tower (above) and Ronesans Resi-
dence (below), built in 2009-2011, suffered uprooting collapse, claiming more than 900 lives combined

image emerged from the earthquake zone — the uprooting of large reinforced concrete
(RC) buildings.

Illustrated in Fig. 11 through a couple of examples, the uprooting of these buildings
resulted in the loss of hundreds of lives in a single structure. The figure shows collapsed
buildings in Hatay (Antakya and Iskenderun), constructed post-2000 according to the
TBEC (2007) and designed for the DD2 level of hazard. These buildings, constructed
in accordance with modern seismic hazard and design regulations, were not anticipated
to collapse. In addition to well-known issues in Turkish construction practices, such as
a lack of strict control during construction, deviation from code-specified details, and
departure from basic seismic design principles, the level and nature of seismic demand
likely played a significant role in the collapse of these and many similar buildings. One
of the main characteristics of the buildings, as depicted in Fig. 11, is their relatively
tall stature (10 stories and above), resulting in long periods of around 1 s. Additionally,
their collapse differs from the classic pancake-type collapse observed in previous Turk-
ish earthquakes. These structures exhibit an ‘uprooting collapse’ mechanism, indicating
a significant exceedance of their capacity. This phenomenon has never been observed
before, at least not to this extent.

The collapse of the uprooted tall reinforced concrete structures raises questions about
whether the seismic hazard in the long-period part of the design spectra aligns with the
observed response spectra. In addition to the inherent deficiencies in Turkish construc-
tion practices, the preference for certain structural systems that did not ensure satisfac-
tory seismic performance proved critical. This was particularly evident given the strong
seismic demand, which exceeded the design values several times in many locations. The
map in Fig. 12 clearly illustrates that the design basis spectral accelerations are sur-
passed not only for the 475 return period, for which ordinary residential buildings are
designed, but also for the 2475 return period.
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In Fig. 12a, a comparison of spectral accelerations at short periods (T=0.2 s) is pre-
sented. This short period range corresponds to buildings with 1-2 stories, short and stiff
buildings, and rural masonry-type buildings. The comparison is made between the 5%
damped acceleration response spectra of the recorded motions and those of the TBEC
(2007) and TBDY 2018 codes, using AFAD station locations. While station data are
usually well-documented, some stations lack data on soil properties, indicated by black
triangles. Soil data is necessary to construct the corresponding acceleration response
spectrum. In the comparison, the geometric mean of the recorded two horizontal spectra
is compared to the code spectra at DD2 and DD1 levels, corresponding to seismic haz-
ard levels of 475 and 2475 years return period, respectively. The 2018 Turkish seismic
hazard map readily provides hazard parameters for these two levels, while the impor-
tance factor of 1.5 is used for the spectra of the 2007 Code to transform the DD2 spec-
trum to DD1 for comparison purposes. In Fig. 12a, the red circles or semi-circles indi-
cate excess values compared to the DD1 level of the code spectra. The DD1 level is
beyond the seismic design levels used for ordinary residential buildings (DD2), suggest-
ing that the recorded motion significantly exceeds the design basis. In the short period,
DD1 spectra of the TBEC (2007) are exceeded along the fault rupture line, especially in
the south (Hatay province).

Similarly, Fig. 12b provides a comparison between the recorded motions and the TBEC
(2007) and TBDY 2018 code spectra, focusing on long periods (T=1.0 s). This long
period range is usually outside of the plateau (constant acceleration range) of the design
response spectra, in the declining branch. It corresponds to mid-to-high-rise RC buildings
(approximately 8—12 stories) and rather flexible structures. The use of short and long
periods as 0.2 s and 1.0 s comes from a procedure established in the National Earthquake
Hazard Reduction Program, NEHRP, in the United States, U.S. (Building Seismic Safety
Council, BSSC 2001), where hazard data at these two periods were turned into a smooth
design spectrum, highlighting the importance and wide usage of these two periods. In
terms of structural damage, Fig. 12a indicates that the DD1 level was exceeded for both
code spectra, especially in the south part of the ruptured fault. This observation aligns
with the catastrophic collapse of new (post-2000) tall structures in uprooting fashion in
the south of the fault rupture, specifically in Hatay province. The excess of the design basis
is concentrated along the fault rupture, aligning with the reported damages (Vuran et al.
2023). Particularly for structures with a high fundamental period (1.0 s and above), the
exceedance of observed spectral accelerations is more pronounced. The map in Fig. 12b
reveals a regional clustering of very high spectral accelerations at longer periods. A
closer examination, as depicted in Fig. 9 and 10, shows that in Hatay province (AFAD
station codes starting with 31), located at the southern end of the mainshock rupture and
experiencing directivity effects, almost all stations exhibited significantly higher spectral
acceleration demand at longer periods, surpassing the 2475-year return period design
basis. This observation, coupled with the exceptionally high concentration of structural
damage in Hatay, especially in Antakya, corresponds to the large amplitude velocity
pulses shown in Sect. 5, Fig. 7. The consistent excess of spectral demand at long periods
also correlates with the well-known fact that peak ground velocity is associated with
structural damage. This explains the widespread damage in Antakya, where the staggering
181.82 cm/s velocity pulse from station 3123 was recorded, as shown in Fig. 7. In addition
to the damage to ordinary buildings, several striking uprooting collapses were reported in
Antakya.

Pulse-like ground motions have been observed in many significant earthquakes
worldwide. For instance, the strike-slip Mw7.0 Kumamoto earthquake in Japan was
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significantly affected by directivity effects, with the near-fault ground motion response
spectra in the sensitive periods of 0.5-2.0 s for building structures even exceeding those
of the Mw7.9 Wenchuan earthquake (Xie et al. 2017). These long-period ground motions
and large velocity pulses, particularly those formed in the rupture forward direction, often
cause major and irreparable damage to structures and needs to be taken into account for
future ground motion models and seismic hazard assessment (Champion and Liel 2012).

8 Conclusion

In this study, we analyzed the ground motion characteristics of the main shock in terms
of peak ground acceleration (PGA), peak ground velocity (PGV), and pseudo-acceleration
response spectra (with a 5% damping ratio). Specifically, we compared the pseudo-
acceleration response spectra for horizontal directions with the design spectrum and the
new Turkish building code. Additionally, we examined source-related effects, including
pulse-like ground motion induced by the February 6th earthquakes. Finally, the observed
structural damages are analyzed and correlated with the recorded ground motions in the
heavily damaged areas.
Key findings can be summarized as follows:

(1) On February 6th, the earthquake doublet generated remarkably high accelerations,
as evidenced by numerous strong motion recordings along the fault rupture. Many
stations recorded the highest ground motions, with values exceeding 1000 cm/s’
and 100 cm/s even at longer periods,—marking some of the highest peak ground
accelerations and velocities ever documented. Most PGAs and PGVs, along with the
permanent ground displacement, were particularly elevated in Hatay Province within
the Amik basins, located approximately 200 km southwest of the epicenter. These
elevated ground motions are likely due to a combination of site-related basin and
source-related directivity effects, which requires further investigation.

(2) A comparative analysis of recorded ground motion amplitudes was conducted, using
two ground motion models, KALE15 and BSSA14, to assess their performance
in representing the ground motion characteristics of the region. Visual inspection
indicated general agreement between recorded PGA values and the median
estimations of both models across all R, distances. However, the median predictions
for PGV exhibited significant differences between the selected GMMs, resulting in
noticeable variations compared to recorded PGVs distributions. Both GMM models
consistently underestimated observed PGVs. Underestimation of the amplitudes in
longer periods (PSA >1.0 s), along with PGV, exceeds even plus one sigma. In the
Pazarcik earthquake, stations close to the rupture have a large range of amplitudes in
all compared metrics, indicating complex rupture features along the segments. Stations
with large ground motion values can be linked to the earthquake rupture characteristic
and directivity effect. Moreover, to more accurately assess the GMM performance
relative to the data, further investigation is necessary, including the computation of
total residuals and consideration of appropriate path and site conditions.

(3) Large amplitudes in velocity waveforms were identified as impulsive motions in both
earthquakes mostly in near-fault regions. In the Pazarcik earthquake, 28 impulsive
motions with Tp up to 15.6 s were detected, whereas in the Elbistan earthquake, 8
impulsive motions with Tp up to 11.4 s were observed. The high concentration of
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impulsive motions in the near-fault areas may be caused by the earthquake rupture
kinematic and results such as the strong directivity effect. Nevertheless, impulsive
motions in far-field regions may have more complex reasons, such as local site effects
and the detailed characteristics of source rupture that need further investigation. A high
concentration of structural damage was observed specifically in Hatay province, located
at the southern end of the mainshock rupture, corresponding to the region where these
large amplitude velocity pulses were detected.

(4) The horizontal and vertical seismic demands, assessed through pseudo-acceleration
spectral responses, were particularly severe in both the short and long natural vibration
period ranges of structures, proximity of 0.2 and 1 s, respectively. The computed
spectral accelerations surpassed the values of not only the 475 year return period in
which ordinary residential buildings are designed, but also the 2475 return period which
is accounted the maximum credible earthquake level in the design of critical structures
such as hospitals, high-rise buildings bridges etc. This underscores the considerable
potential for damage to medium-rise buildings (over 5 stories). Additionally, the
vertical spectral demands, not generally considered in the seismic design, were also
found to be remarkably high in these earthquakes.

(5) Locations with extremely high PGV values coincided with collapses of tall reinforced
concrete structures, where the uprooting type of collapsed mechanism differed from
the pancake-type collapse seen in building, despite the fact that those were constructed
according to modern seismic design codes. This highlights the impact of the large
impulsive nature of the records, inadequately addressed in current seismic design
codes. Therefore, this paper includes an introductory discussion of the energy-based
spectrum which gives better understanding of the severity of the ground motions on
the structural damage. The conventional response spectrum construction method
relied on the maximum absolute response of a Single Degree of Freedom, SDOF
system, disregarding the duration and frequency content of the excitation motion,
thus neglecting cumulative effects of the excitation. In contrast, the energy spectrum
explicitly integrates ground motion characteristics with structural response.

In conclusion, the finding of this study emphasizes the need to revise earthquake-
resistant design standards for certain type engineering structures, particularly those with
long-periods due to their flexible load-bearing systems, considering the amplification
effect of pulse-like ground motions.
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