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Abstract

On 10 August 2025, a powerful earthquake (Mw = 6.1) occurred in Balıkesir, located within
the Aegean Graben System, one of Türkiye’s major tectonic elements, and was felt across a
very wide region. This study presents a comprehensive assessment of the seismotectonic
characteristics, recorded ground motions, and observed structural performance during this
earthquake, focusing specifically on implications for regional seismic hazard assessment.
Peak ground acceleration values obtained from local accelerometer stations were compared
with predicted peak ground accelerations. The study also conducted comparisons for
Balıkesir districts using the two most recent earthquake hazard maps used in Türkiye.
Comparative hazard analyses revealed whether existing seismic hazard maps adequately
represent Balıkesir. The findings highlight the need for region-specific hazard model
updates, improved implementation of earthquake-resistant design rules, and targeted
retrofit strategies to mitigate future earthquake risk. The methodology adopted in this
study involved comparative hazard analysis using the last two seismic hazard maps,
evaluation of PGA’s across 20 districts of Balıkesir Province, and a field-based survey
of structural damage. This integrative approach ensured that both seismological and
engineering perspectives were comprehensively addressed.

Keywords: Balıkesir earthquake; seismic hazard; ground motion; Türkiye; structural
damage; site effects; TBEC-2018

1. Introduction
Geo-hazards are a geological or environmental condition arising from short- or long-

term geological processes that have the potential to cause significant damage or loss of life
and property. Earthquake characteristics, local ground conditions, and the properties of
the existing building stock directly affect the intensity and destructiveness of earthquakes
resulting from energy accumulation and sudden releases within the Earth’s crust. Therefore,
any work conducted before and after an earthquake can make a critical contribution to
seismic risk assessment and building safety planning. After the devastating earthquakes
that occurred in different parts of the world, each study conducted within the scope of
earthquake and civil engineering is considered a case study [1–6]. These studies provide
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critical data for more realistically identifying risk areas, assessing damage, assessing build-
ing safety, and improving disaster management strategies. These processes significantly
contribute to both earthquake risk reduction and the rapid and safe recovery of society.
Moreover, such studies provide the scientific basis for determining the vulnerability of
building stock to seismic hazards, preparing microzonation maps, and developing earth-
quake risk reduction strategies. Thus, geohazard analyses not only enhance safety in
engineering design but also become an indispensable tool for urban planning, disaster
preparedness, and early warning systems [7–17]. Türkiye, located in one of the most active
earthquake zones in the world, was shaken once again by the Sındırgı (Balıkesir) (Mw = 6.1)
earthquake on 10 August 2025, following the devastating Kahramanmaraş earthquakes
(Mw = 7.7 and Mw = 7.6) on 6 February 2023.

Türkiye has a complex tectonic structure due to its location in the convergence zone
of the Eurasian and African plates and is located on the Alpine–Himalayan seismic belt,
one of the most important earthquake belts in the world. The Anatolian Peninsula, which
is under N-S compressive stresses between the Eurasian continent in the north and the
African–Arabian continent in the south, moves first in direction and then rotationally
towards the west and southwest. During this active tectonic process, large and destructive
earthquakes occur as a result of the discharge of stress energy accumulated in the North
Anatolian Fault Zone (NAFZ) and East Anatolian Fault Zone (EAFZ) regions (Figure 1).
Western Anatolia, on the other hand, is characterized by an extensive active fault network
predominantly associated with the Western Anatolian Graben System (WAGS) and the
southern branches of the North Anatolian Fault Zone (NAFZ) [18–23].

Figure 1. The main tectonic elements of Türkiye (modified from [24–27]). Active faults (black
lines) and plate velocities (mm/yr) were taken from Reilinger et al. [27] and Emre et al. [28].
Red stars represent earthquakes that occurred during the instrumental period (taken from KO-
ERI). Abbreviations: BZTZ: Bitlis–Zagros Thrust Zone, NAFZ: Northern Anatolian Fault Zone,
NEAFZ: Northeast Anatolian Fault Zone, EAFZ: East Anatolian Fault Zone, DSFZ: Dead Sea Fault
Zone, KTJ: Karlıova Triple Junction, WAGS: West Anatolian Graben System. This figure was ob-
tained using GMT [29]. Topography model was taken from National centers for Environmental
information (NOAA).
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The southern part of Western Anatolia expands towards the southeast and the northern
part expands towards the north. The Aegean Region, where seismic activity is very intense,
has been exposed to destructive earthquakes throughout history due to the westward
movement of the Anatolian plate, at the extreme end. Seismicity is high compared to the
graben structure in Western Anatolia and shows cluster-type activity with remarkable
low-magnitude earthquake groups depending on the region-time. The Aegean Graben
System consists of many blocks bounded by normal faults in the east–west direction.

A strong earthquake with an instrumental magnitude of Mw = 6.1 occurred in western
Türkiye on 10 August 2025, at 19:53 local time with the epicenter in Sındırgı (Balıkesir)
and was felt significantly in İstanbul, İzmir, Yalova, Bursa, Çanakkale, Tekirdag, and
many other provinces. Studies conducted by the relevant ministry determined that fol-
lowing the earthquake, one person lost her life, 29 people were injured, one building
collapsed, 16 structures were severely damaged, and 61 structures were slightly damaged.
In this study, the Balıkesir earthquake was examined in detail in terms of earthquake and
civil engineering.

After experiencing an earthquake, conducting field observations, damage assess-
ment studies, and rapid evaluation methods are highly important for the advancement
of earthquake engineering knowledge. Evidence from past destructive earthquakes has
demonstrated that the distribution of damage is governed not only by local site effects and
soil–structure interaction, but also by construction quality and material characteristics. In
this regard, post-earthquake investigations following the 2012 Emilia event have provided
comprehensive insights into the seismic performance and failure mechanisms of precast
reinforced concrete and industrial structures [30–33]. Furthermore, studies addressing
secondary hazards such as soil liquefaction contribute substantially to the development
of strategies for understanding post-disaster risks, as assessments conducted in diverse
regions worldwide yield valuable insights into liquefaction phenomena and support the ad-
vancement of risk reduction and emergency response planning [34–40]. Moreover, detailed
studies conducted after the 2023 Kahramanmaraş earthquakes have provided important
insights into structural damage, regional variations, and seismic performance of reinforced
concrete buildings, contributing to the understanding of the earthquake’s effects on build-
ing behavior [41–43]. Also, studies examining secondary hazards such as soil liquefaction
make significant contributions to the development of strategies aimed at understanding
post-disaster risks, as assessments conducted in different regions around the world provide
highly valuable insights into liquefaction phenomena and help improve risk reduction and
emergency response planning [44–51]. Comparative studies of seismic hazard in regions
with similar tectonic settings, highlight the importance of interregional evaluations for
understanding local seismic risk. Moreover, recent advancements in post-earthquake rapid
damage assessment, including AI-driven image recognition, remote sensing, and rapid
visual survey tools, have proven to be essential in enhancing preparedness and improving
disaster response strategies. Incorporating these insights strengthens the scientific and
practical relevance of seismic hazard research in Balıkesir.

Post-earthquake ground motion and damage assessment studies provide the basis
for developing future risk reduction strategies by scientifically demonstrating the severity
of the disaster, structural performance, and soil-structure interactions. These studies are
critical for both improving engineering design criteria and developing rapid and accurate
post-disaster response plans. This study aims to examine the ground motions immediately
following the August 10 Sındırgı (Balıkesir) earthquake in detail and to determine whether
the seismic hazard for Balıkesir province and its districts, the epicenter of the earthquake,
is adequately represented. Intensity values for the earthquake epicenter were obtained
using different magnitude-intensity relationships. In this study, limited damage samples
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obtained from field observations were evaluated within the context of earthquake and civil
engineering. The obtained results were interpreted, and recommendations were made.

2. Methodology
2.1. Seismicity of the Study Area and 2025-Sındırgı (Balıkesir) Earthquake (Mw = 6.1)

The boundaries of the Balıkesir province are predominantly defined by active faults
and fault zones that have developed within the extensional tectonic regime of Western
Anatolia. As can be seen from the active fault map of Türkiye prepared by Emre et al. [22],
active faults and fault zones exist both within and around the provincial borders (Figure 2).
Within the provincial borders, Balıkesir fault, Havran-Balya fault zone, Yenice-Gönen fault,
Edremit fault zone, Manyas fault, Susurluk fault, Gelenbe fault zone, Düvertepe fault zone,
and Simav fault zone are important tectonic structures. Outside the provincial borders, in
the north-northwest, are the Biga-Çan Fault Zone, Evciler fault, Sarıköy fault, Kestanbol
fault, and Mustafa Kemal Paşa fault. In the east-northeast are the Bursa fault, the İnegöl
fault zone, the Soğukpınar fault, the Oylat fault, the Dodurga fault, the Kütahya fault,
and the Emet-Gediz fault zone. In the southwest are the Gediz graben system (~150 km
long), the Soma-Kırkağaç fault zone, the Güzelhisar fault, the Menemen fault zone, and
the Seferhisar fault. The Simav fault also extends along the southeast, intersecting with the
Çivril graben system. The fault segments in the region generally strike NE-SW and NW-SE
and are generally right-lateral strike-slip and normal faults. The Simav fault zone, one
of the important tectonic structures in the region, is a right-lateral strike-slip fault and is
205 km long.

Figure 2. The local active faults and tectonic units of the west Anatolian region (modified from Emre
et al. [28]). The red focal mechanism solution indicates the epicenter of the August 10 earthquake
(taken from AFAD). Yellow circles represent city centers. F: Fault, FZ: Fault Zone.

During the historical period approximately 116 earthquakes with intensities ranging
from Io = VII–X occurred in the vicinity of Balıkesir, and six of these earthquakes were esti-
mated to have intensities of Io = X (Figure 3). Among the earthquakes that occurred during
the historical period, destructive/damaging earthquakes (Io = VII–VIII) were recorded
in 1860, 1815, 1870, and 1897 [52]. In general, historical earthquake data appear to be
concentrated around the Gediz Graben System, the Aegean Sea offshore, and the southern
branch of the North Anatolian Fault Zone. During the historical period, approximately
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116 earthquakes with intensities ranging from Io = VII–X occurred in the vicinity of the study
area, and six of these earthquakes were estimated to have intensities of Io = X (Figure 3).
Among the earthquakes that occurred during the historical period, destructive/damaging
earthquakes (Io = VII–VIII) were recorded in 1860, 1815, 1870, and 1897 [52].

 

Figure 3. Geographical distribution of earthquakes (a) in the instrumental period (1 January 1900–20
August 2025) and (b) historical (0–1899 AD) within the Western Anatolian Region (compiled from
AFAD website [53]. The orange solid line encloses of Balıkesir province. The blue beach ball indicates
the epicenter of the August 10 earthquake (taken from AFAD).

During the instrumental period (1900–2025, M ≥ 7.0), three large earthquakes occurred
in the immediate vicinity of the study area (Figure 1 (purple circles) and Figure 3 (red
circles)). The 1919 Ayvalık earthquake (Mw = 7.0) and the 1953 Yenice-Gönen earthquake
(Mw = 7.2) are particularly noteworthy as these. In addition to these two earthquakes, the
1970 Gediz (Kütahya) earthquake (Mw = 7.2) was another destructive earthquake recorded
in the region. These earthquakes occurred within the borders of neighboring provinces
in the north-northeast and south-southeast. Fifteen earthquakes with magnitudes of
6.0 ≤ M ≤ 6.9 were scattered around the provincial borders. Apart from this, medium-sized
earthquakes are generally clustered around main fault zones (such as the Simav Fault Zone,
Gelenbe Fault Zone, Düvertepe Fault Zone, and Soma-Kırkağaç Fault Zone) and important
tectonic structures (Gediz Graben System, Aegean Sea).

Gündoğdu et al. [54] identified a four-phase tectonic regime representing the Neotec-
tonic Period in their kinematic studies around the Sındırgı segment of the Simav Fault Zone.
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This tectonic system exhibits NE-SW compression, NW-SE extension, NW-SE compression,
and NNE-SSW extension. The focal mechanism analysis results of the earthquakes indicate
that the extension direction in the region is N31◦ E, and that a NNE-SSW extensional
regime predominates today. Historical and instrumental seismicity patterns indicate that
the western segments of the Simav Fault and adjacent graben systems exhibit a recurrence
of Mw ≥ 6.0 earthquakes within relatively short intervals. Stress transfer between fault
segments suggests the existence of potential seismic gaps, where future events may occur.

On 10 August 2025, at 7:53 p.m. local time, an earthquake with a magnitude of Mw

6.1 occurred with its epicenter in Sındırgı (Balıkesir). The epicenter of this earthquake,
which occurred at a depth of 11.0 km, was recorded as the Sındırgı district of Balıke-
sir province. During the earthquake, one casualty was reported, while 457 residences,
58 workplaces, and 5 barns in Sındırgı, along with 62 residences, 8 workplaces, and
20 barns in Manisa, were severely damaged or destroyed. Almost 10,000 aftershocks with
instrumental magnitudes ranging from 1.0 to 5.1 were recorded from the main shock until
23 September 2025. Of these earthquakes, approximately 9400 had magnitudes below
3.0, around 500 ranged between 3.0 and 3.9, and about 30 occurred within the 4.0 to 4.9
range (Figure 4). When the depths of the main and aftershocks are examined, the resulting
seismic activity should be considered shallow. Focal mechanism analyses by earthquake
institutes such as AFAD, KOERI, GCMT, and USGS all indicate that the earthquake was of a
normal fault.

 

Figure 4. (a) Aftershock locations of ~10,000 after the Balıkesir main shock (Mw = 6.1) between
10 August 2025, and 23 September 2025. The magnitudes of events are represented by different
circles. The catalogue information and fault-plane solution (red beach ball) were taken from the
KOERI website [55]. The active fault database is taken from Emre et al. [28]. (b) The relationship of
magnitude (ML)-number of earthquakes that occurred in the region between 10 August 2025, and 23
September 2025.
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2.2. Comparison of Acceleration Spectra

The E-W and N-S components of the ground acceleration recorded at selected stations
during the Balıkesir earthquake are presented in Figure 5. While multiple records of the
event are available, the stations shown here were chosen due to their proximity to the epi-
center and because they recorded the highest peak ground accelerations. The peak ground
accelerations at these stations did not exceed 0.30 g in either the E-W or N-S directions.
Figure 6 shows the spectral accelerations derived from these records, compared with the
design spectra defined in the Turkish Building Earthquake Code (TBEC-2018) [56] for
DD-1 (2475-year return period) and DD-2 (475-year return period) earthquake levels and
soil classes ZC and ZD, assuming 5% damping. Accordingly, the recorded accelerations
remained well below the DD-1 and DD-2 design levels, indicating that, for the considered
stations, the seismic demand generated by this event did not surpass the code-based
de-sign spectra.

Figure 5. E–W and N–S components of recorded ground accelerations at Station 1015 (Balıkesir–
Sındırgı; 39.2546◦ N, 28.1644◦ E) during the Balıkesir earthquake.

Figure 6. Elastic response spectra of the Balıkesir earthquake recorded at Station 1015. Red and blue
curves show the E–W and N–S ground-motion components, respectively, compared with the Turkish
Earthquake Code design spectra DD1/ZC, DD1/ZD, DD2/ZC, and DD2/ZD.

Table 1 presents the accelerometer stations located in the Balıkesir and Manisa
provinces, together with their geographical coordinates, recorded acceleration values
in North–South, East–West, Vertical components, and the epicenter distances. The number
of accelerometer stations is not very high. It is mostly located in urban centers, and acceler-
ation records in rural areas could not be recorded for this reason. However, on the other
hand, it would not be very meaningful to define the relationship between the building and
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the ground based on acceleration records, since the defects related to construction come to
the fore in rural areas. Ground accelerations in the vicinity of the epicenter were recorded
by 5 stations in Table 1. As seen in the table, the highest acceleration values were recorded
at the Sındırgı station in Balıkesir.

Table 1. Accelerometer stations in the region and the recorded acceleration values.

Stations Recorded Acceleration Values (gal) Distance Repi

Code Province District Latitude (deg) Longitude (deg) N-S E-W U-D (km)

1015 Balıkesir Sındırgı 39.2546 28.1644 216.67 299.39 352.92 8.78

1030 Balıkesir Bigadiç 39.3989 28.1283 161.61 176.57 113.76 17.72

1016 Balıkesir Savaştepe 39.3804 27.6544 34.60 31.89 28.34 38.72

4513 Manisa Soma 39.1892 27.6171 0.73 0.26 0.87 39.50

4502 Manisa Akhisar 38.9112 27.8233 27.37 37.25 17.04 42.88

Furthermore, the site conditions at these stations, predominantly classified as ZC and
ZD soil types, may have influenced the amplification of ground motions. A more refined
site-response analysis is needed to fully account for soil–structure interaction effects, which
could have contributed to the localized damage patterns observed in Balıkesir.

3. Results
3.1. Comparative Analysis of Earthquake Hazard in Balıkesir Province

Türkiye has learned the necessary lessons from the earthquakes it has experienced
and has been making changes and updates to both its earthquake hazard maps and seismic
design codes over time. In this study, comparisons were made in the Balıkesir province
and its districts, taking into account the last two earthquake hazard maps used in the
country [57]. To evaluate the implications for seismic hazard mapping, recorded ground
motions were compared with hazard levels indicated in the current Türkiye Earthquake
Hazard Map (2018) [57] and previous Earthquake Zone Map (1996) [58]. The previous
earthquake zone map for Balıkesir province is shown in Figure 7. This map, which was
published in 1996, was prepared by considering the maximum acceleration values. Türkiye
was divided into five regions and 5th degree region, displaying the lowest acceleration,
was <0.1 g, and the 1st degree region, with the highest acceleration, was divided into
>0.4 g. Red colors indicate 1st degree earthquake zones.

The previous earthquake zone map, prepared on a regional basis, consisted of five
different regions, and the regions with the highest earthquake risk were defined as Region
1. As can be seen from the map, the entire Balıkesir province is located in the 1st degree
earthquake zone. With the current seismic design code that came into effect in 2019, the
concept of earthquake zone was abolished and replaced by the use of geographical location-
specific earthquake hazard map. From this year onwards, the seismic parameters of any
geographical location can be obtained using the Interactive Web Earthquake Application
(TEHMIWA) [57], which is named Türkiye Earthquake Hazard Maps. According to the
current map, the faults and earthquake hazard in Balikesir are shown in Figure 8. The
earthquake hazard map of Türkiye, which came into force in 2019, was prepared by taking
into account the acceleration values. In this map, a recurrence period of 475 years and
the possibility of exceeding it in 50 years are foreseen. As can be seen in Figure 8, yellow
colors indicate low acceleration values and red colors represent high acceleration values.
The lowest acceleration value was defined as 0.1 g and the highest acceleration value was
defined as >0.5 g. Accordingly, the 0.2–0.3 g values recorded in the Sındırgı earthquake
were lower than the acceleration values that could be in this region.
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Figure 7. Previous earthquake zone map of Balıkesir (adopted from [58]).

Figure 8. Current earthquake hazard map of Balıkesir [56]. Green circles represent the epicenters
of earthquakes (M ≥ 3.0) from 1976 to the present (taken from AFAD earthquake catalogue). The
active fault database is taken from Emre et al. [28]. The yellow continuous line shows the borders of
Balıkesir province.

Balıkesir province comprises 20 different districts. The study aims to reflect the hetero-
geneity of seismic demand across the province by considering each district separately. This
will allow for a detailed analysis of the entire province. Seismic parameters obtained for
randomly selected geographical locations of 20 different districts of Balıkesir Province were
compared using two recent earthquake hazard maps. In the previous map, seismic parame-
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ters were determined at a regional scale, while with the current map, seismic parameters
can be determined for each geographical location using the Interactive Web Earthquake
Application, using different soil classes and exceedance probabilities. Furthermore, four
different earthquake ground motion levels were considered in the study: 2%, 10%, 50%, and
68%, with exceedance probabilities within 50 years, in accordance with current earthquake
regulations. Information regarding these different ground motion levels is presented in
Table 2.

Table 2. Earthquake ground motion levels in current seismic design code [59].

Earthquake Ground
Motion Level Repetition Period (Year) Probability of Exceedance

(50 years) Definition

DD-1 2475 0.02 Largest earthquake level

DD-2 475 0.10 Standard-design earthquake ground
motion level

DD-3 72 0.50 Frequent earthquake ground motion level

DD-4 43 0.68 Service earthquake ground motion level

The standard earthquake ground motion level (50-year probability of exceeding the
10% level) included in both regulations was considered for comparison. The ZC soil class,
which is the average soil class in TBEC-2018, was used as the soil class. The PGA and PGV
values obtained for different exceedance probabilities for randomly selected locations from
20 districts of Balıkesir province are shown in Table 3.

Table 3. PGA and PGV’s for selected locations in Balıkesir.

District
PGA (g) PGV (cm/s)

% 2 % 10 % 50 % 68 % 2 % 10 % 50 % 68

Altıeylül 0.685 0.372 0.152 0.11 40.711 20.902 8.522 6.357

Ayvalık 0.668 0.368 0.156 0.116 40.327 21.266 9.007 6.848

Balya 0.680 0.366 0.144 0.102 41.033 21.139 8.450 6.180

Bandırma 0.677 0.367 0.147 0.105 41.673 22.024 8.929 6.423

Bigadiç 0.697 0.385 0.159 0.115 40.701 21.154 8.692 6.489

Burhaniye 0.676 0.368 0.151 0.110 41.302 21.703 8.906 6.656

Dursunbey 0.613 0.319 0.126 0.092 36.675 18.284 7.590 5.693

Edremit 0.747 0.413 0.16 0.114 45.865 24.892 9.634 6.928

Erdek 0.704 0.372 0.149 0.107 43.693 22.934 9.221 6.649

Gömeç 0.701 0.384 0.157 0.115 42.064 22.228 9.178 6.888

Gönen 0.853 0.451 0.155 0.106 53.112 27.194 9.341 6.485

Havran 0.725 0.373 0.141 0.102 44.762 22.392 8.599 6.311

İvrindi 0.713 0.376 0.145 0.105 43.611 22.007 8.525 6.317

Karesi 0.690 0.358 0.135 0.097 42.220 21.040 8.169 5.993

Kepsut 0.673 0.345 0.132 0.096 40.680 19.964 7.920 5.873

Manyas 0.745 0.398 0.148 0.103 44.897 23.223 8.814 6.281

Marmara Adası 0.717 0.408 0.182 0.130 47.665 26.263 11.135 7.890

Savaştepe 0.718 0.388 0.157 0.114 41.694 21.384 8.707 6.559

Sındırgı 0.938 0.502 0.184 0.129 57.431 29.094 9.875 7.068

Susurluk 0.609 0.332 0.135 0.098 36.779 19.670 8.238 6.048
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For Balıkesir province, the highest PGA value for a 2% exceedance probability was
obtained for Sındırgı with 0.938g. The lowest PGA value for this exceedance probability
was obtained for Susurluk with 0.609g. For the selected locations, the PGA for the standard-
design ground motion level (DD-2) for Balıkesir province was determined between
0.33 g–0.51 g. For the same earthquake ground motion level (DD-2), the PGV was ob-
tained as 19.670–29.094 cm/s. A comparison of the PGA values obtained for the Balıkesir
districts according to the current earthquake hazard map with the PGA values predicted in
the previous earthquake zone map is shown in Table 4. This table also compares the design
spectrum acceleration coefficients (SDS) predicted in the last two earthquake hazard maps.

Table 4. The comparison of PGA and SDS over the last two maps [56,59].

District Earthquake
Zone

PGA-2007
(g)

PGA-2018
(g)

Difference
(%) SDS-2007 SDS-2018 Difference

(%)

Altıeylül I 0.400 0.372 −7 1.000 1.062 6

Ayvalık I 0.400 0.368 −8 1.000 1.064 6

Balya I 0.400 0.366 −9 1.000 1.042 4

Bandırma I 0.400 0.367 −9 1.000 1.050 5

Bigadiç I 0.400 0.385 −4 1.000 1.097 10

Burhaniye I 0.400 0.368 −8 1.000 1.069 7

Dursunbey I 0.400 0.319 −20 1.000 0.913 −9

Edremit I 0.400 0.413 3 1.000 1.206 21

Erdek I 0.400 0.372 −7 1.000 1.061 6

Gömeç I 0.400 0.384 −4 1.000 1.120 12

Gönen I 0.400 0.451 13 1.000 1.294 30

Havran I 0.400 0.373 −7 1.000 1.073 7

İvrindi I 0.400 0.376 −6 1.000 1.070 7

Karesi I 0.400 0.358 −11 1.000 1.020 2

Kepsut I 0.400 0.345 −14 1.000 0.984 −2

Manyas I 0.400 0.398 −1 1.000 1.130 13

Marmara
Adası I 0.400 0.408 2 1.000 1.193 14

Savaştepe I 0.400 0.388 −3 1.000 1.103 10

Sındırgı I 0.400 0.502 26 1.000 1.428 43

Susurluk I 0.400 0.332 −17 1.000 0.958 −4

The highest change occurred in Sındırgı, the epicenter of this earthquake. PGA values
increased in Edremit, Gönen, and Marmara Island, while earthquake hazards decreased in
other districts. Design spectral acceleration coefficients were completely changed in the
districts of Balıkesir province. The largest change occurred in Sındırgı, while the smallest
change occurred in Kepsut. Table 5 shows the comparison of the highest PGA values
obtained from the seismometer in Balıkesir after the Sındırgı (Balıkesir) earthquake with
the PGA values given in the last two maps.
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Table 5. Comparison of measured and predicted PGAs.

District PGA (g)
TSDC-2007

Satisfied?
TBEC-2018

Satisfied?
PGA (g) DD-2 PGA (g) DD-2

Balya 0.020 0.400
√

0.366
√

Bandırma 0.029 0.400
√

0.367
√

Bigadiç 0.180 0.400
√

0.385
√

Burhaniye 0.023 0.400
√

0.368
√

Dursunbey 0.200 0.400
√

0.319
√

Edremit 0.200 0.400
√

0.413
√

Erdek 0.007 0.400
√

0.372
√

Havran 0.017 0.400
√

0.373
√

İvrindi 0.023 0.400
√

0.376
√

Karesi 0.048 0.400
√

0.358
√

Kepsut 0.048 0.400
√

0.345
√

Manyas 0.031 0.400
√

0.398
√

Savaştepe 0.035 0.400
√

0.388
√

Sındırgı 0.360 0.400
√

0.502
√

As can be seen in Table 5, the predicted PGAs in the last two earthquake hazard maps
used in Türkiye are well above the measured PGAs for this earthquake. This indicates
that the earthquake hazard for Balıkesir province and its districts was adequately captured
in relation to this event. The acceleration values measured for both earthquakes for all
districts were lower than the acceleration values predicted for the standard-design ground
motion in the current earthquake hazard map.

Peak Ground Accelerations (PGA) recorded at local accelerometer stations during the
Balıkesir earthquake were compared with predicted values obtained from both the 2007
Turkish Seismic Design Code (TSDC-2007) and the 2018 Türkiye Earthquake Hazard Map
(TBEC-2018). Recorded accelerations did not exceed 0.40 g, which remained below the
code-based design spectra for both DD-1 and DD-2 levels. Measured PGA values for all
districts were lower than the design-level accelerations, indicating that the seismic demand
of this event did not surpass the expected hazard levels defined by current codes.

In this study, the intensity values of the earthquake in Balıkesir province and its
districts were also obtained. For this purpose, the intensity-magnitude decay relationship
proposed by Bayrak [60] for Türkiye was used. The proposed decay relationship is given
in Equation (1).

log (PGA) = 0.3392 × I − 0.5427 (1)

Here, PGA is taken as the peak ground acceleration (cm/s2), while I denotes the
earthquake intensity. Since Balıkesir and its districts have recorded earthquake stations,
the highest PGA values obtained at these stations were used to obtain the intensity values
for each district separately for each earthquake. Similarly, the intensity distribution for the
earthquake-affected region, including Balıkesir, was also compared using the relationship
established by Büyüksaraç et al. [61], which correlates intensity values to PGA values
following the Balıkesir earthquake:

MMI = 3.02 log (PGA) + 1.62 (2)

Furthermore, the maximum acceleration values recorded in Balıkesir during both
earthquakes were used in Equations (1) and (2) to calculate the corresponding intensity
values. The comparison of these intensity values is presented in Table 6.
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Table 6. Intensity values obtained for Balıkesir province and its districts.

District
PGA

(cm/s2)
MMI

Bayrak [60] Büyüksaraç et al. [61]

Balya 19.08 V V

Bandırma 28.16 VI VI

Bigadiç 176.57 VIII VIII

Burhaniye 22.98 VI VI

Dursunbey 19.70 V V

Edremit 20.09 V V

Erdek 6.62 IV IV

Havran 16.19 V V

İvrindi 22.51 VI VI

Karesi 47.68 VII VII

Kepsut 46.67 VII VII

Manyas 30.10 VI VI

Savaştepe 34.61 VI VI

Sındırgı 352.93 IX IX

In this earthquake, the highest intensity value was obtained as VIII for Sındırgı, the
epicenter of the earthquake, while the lowest intensity value was obtained as IV for Erdek.
Intensity values estimated from the recorded PGAs using empirical relationships confirmed
that maximum shaking intensity reached IX (MMI) in Sındırgı and decreased toward the
periphery. This spatial intensity distribution aligns well with the observed damage pattern,
which was most pronounced near the epicentral region.

3.2. Field Damage Survey

The Ministry of Environment, Urbanization, and Climate Change reported that
265 independent sections in 152 buildings in Balıkesir were severely damaged or col-
lapsed, while 53 independent sections (all the sections within a building, from apartments
to shops, from warehouses to stores, that can be used independently) in 41 buildings in
Manisa were severely damaged after the earthquake. All these structural damages show
that the structural effects of this earthquake were quite limited. Pre-earthquake images of
the reinforced concrete structure where one person lost her life due to total collapse are
shown in Figure 9.

 

Figure 9. Pre-earthquake images of the RC structure that totally collapsed.
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Post-earthquake images of the building are shown in Figure 10. The images show the
severe collapse of a reinforced concrete (RC) building following the Balıkesir earthquake.

 

Figure 10. Post-earthquake images of the RC structure that totally collapsed.

This building, which suffered a total collapse, was constructed before 2000 and had a
four-story reinforced concrete structural system. The first two floors of the building were
used for commercial purposes, while the upper floors are residential. This, in particular,
led to the variation in the amount of infill walls used between floors. It can be said that
the building had soft story situation, relatively. The building suffered a total collapse
due to a side collapse (accordion). The primary cause of this type of collapse is the
occurrence of plastic hinge formation in columns before beams, i.e., the strong beam-weak
column approach. However, earthquake regulations require columns to be stronger than
beams [56,59]. Furthermore, factors such as lack of transverse reinforcement, low-strength
concrete, and poor workmanship played critical roles in this type of collapse. Structures
subjected to this type of collapse lack the reinforcement detailing and concrete material
quality necessary to ensure ductile behavior, and lack proper shear wall positioning to
ensure rigidity. Consequently, they experience excessive horizontal displacements and
collapse before completing Mode-1 motion [62]. The combination of negative factors that
directly reduce earthquake performance made damage and destruction much easier.

Owing to its geographical location and seismic hazard, Balıkesir is among the most
seismically active regions in Türkiye [54,55]. The existing building stock predominantly
comprises reinforced concrete and masonry structures constructed between 1980 and 2000.
A significant portion of these structures exhibit structural weaknesses, including material
quality that fails to meet current seismic design codes, inadequate engineering services, and
irregular plan types. Masonry structures, particularly in rural areas, are prevalent, and their
seismic performance is limited due to the use of low-strength mortar and inadequate con-
nection details. While reinforced concrete buildings with engineering services are common
in urban centers, their design in accordance with outdated codes and a lack of maintenance
and repair pose risks to earthquake safety. Therefore, strengthening, renovation, and urban
transformation projects are needed to increase the seismic resistance of Balıkesir’s existing
building stock. Following the earthquake, the minaret of the Yeşilli Mosque in the Kızılgür
Neighborhood suffered significant damage. The minaret, constructed of masonry, collapsed
in the middle of its body during this earthquake. Separation damage and cracks were
noted across a large section of the minaret. Images of the destroyed minaret are shown in
Figure 11.
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Figure 11. Front and side views of a minaret after the Balıkesir earthquake, showing damage to the
minaret and partial collapse of the mosque.

Comparative images of the minaret before and after the earthquake are given in
Figure 12.

 

Figure 12. Pre and post-earthquake images of the minaret.

In single-balcony mosques, the “body” refers to the section between the balcony and
the pedestal (lug); in multi-balcony mosques, it denotes the area between the pedestal (lug)
and the next pedestal, as well as the space between two balconies. Collapses occurring in
the center of the body of masonry minarets generally result from a combination of material
properties, structural geometry, and dynamic behavior. Although the center of the body
carries greater loads than the upper sections in terms of both cross-sectional area and
rigidity, it is the region where torsional and bending moments reach their most critical
levels with increasing height. The geometric thinning of the body and the ellipsification
of the circular cross-section due to defective workmanship also increase local buckling
tendencies, increasing the risk of sudden collapse at the center of the structure. Damage to
the body is generally encountered in minarets constructed adjacent to or very close to the
mosque [63–68].

Out-of-plane behavior of structural walls in masonry structures typically occurs when
a wall moves out of its own plane under horizontal forces such as earthquake loads, wind
forces, or ground settlement. This situation poses a serious threat to the integrity of the
structure. During an earthquake, weak or flexible floor systems, particularly those that can-
not provide a rigid diaphragm effect, and walls not connected by adequate clamping and
anchoring, reduce out-of-plane stability. Furthermore, excessive wall height-to-thickness ra-
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tios, low material strength, weakening of mortar bonds over time, and the lack of adequate
tie beams at the edges of openings can trigger such movements. Out-of-plane behavior
can result in sudden wall collapse, crack propagation, joint failure, and partial or complete
collapse of the entire structure. Therefore, clamping, horizontal bond beams, and rigid
floor connections that enhance the integrated behavior between structural elements are
critical for preventing out-of-plane movement in masonry structures [69–77]. Examples of
out-of-plane wall damage are shown in Figure 13. While both buildings in the example are
used as residental, one is 1-storey and the other is 2-storey.

 

Figure 13. Out-of-plane wall damage samples.

Examples of cracks and delamination damage occurring in the heavy overhang section
of wall cladding in the structures are shown in Figure 14.

(a) (b) 

Figure 14. (a) Wall cover damage; (b) heavy overhang damage.

The damage around the Sındırgı epicenter likely results from a mix of moderate
shaking, local site effects, and construction quality. Compared with the 1999 İzmit (Mw 7.4)
and 2023 Kahramanmaraş (Mw 7.7 and 7.6) earthquakes, this event produced lower peak
ground accelerations and a more limited intensity pattern. Even so, it shows that moderate
earthquakes can still cause serious damage where buildings are weak and soil conditions
are poor, even when the recorded accelerations are below national design levels. It can
be said that the accelerations that were during the earthquake are not too high, and the
short-term ground motion played a critical role in the minimal damage observed.

4. Discussion
Earthquakes, depending on their mechanisms within the systems to which they belong,

can transfer stress to adjacent segments and trigger their movement. The most recent
example of this occurred during the 6 February 2023, Kahramanmaraş earthquakes, where
a Mw 7.8 earthquake was followed just nine hours later by a Mw 7.6 event [78–80] (Alkan
et al., 2024; Büyüksaraç et al., 2024; Avcil et al., 2024). The aftershocks that occurred
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around Sındırgı in the study area are triggering new moderate-sized earthquakes in Simav,
which is located further east within the same fault system. Such short-term triggering was
undoubtedly related to the sudden release of long-term accumulated stress. Moreover,
evidence is emerging that large earthquakes may also trigger distant faults. The February 6
earthquakes, for instance, caused deformation and/or eruptions equivalent to a moment
magnitude of 6.1 in 56 mud volcanoes located about 1000 km away in the Kura Basin of the
western Caspian region. It has been proposed that this occurred because seismic waves
induced changes in pore pressure at depth, which in turn triggered aseismic slip along
several crustal faults crossing the basin and its surroundings [81].

According to the data obtained in this study, the 2018 Turkish Seismic Hazard Map
and the earlier TSDC (2007) maps adequately represent the seismic hazard for Balıkesir
and its districts. The recorded post-earthquake acceleration values remaining below the
design-level accelerations confirm that the current hazard map has been prepared with a
conservative safety margin. Also, the severe damage and collapses seen in a small number
of buildings show the regional risk of buildings made with low-quality materials and
having problems with their structural systems. The damage that cultural heritage masonry
structures, like mosque minarets, have suffered also shows that these buildings need special
seismic retrofitting plans to keep them safe.

The findings of this study confirm that the 2018 Türkiye Earthquake Hazard Map
provides a conservative realistic representation of seismic demand for Balıkesir Province.
Recorded peak ground accelerations remained below the design-level values, reinforcing
the adequacy of the current seismic code provisions. However, structural vulnerabilities in
the existing building stock, particularly the prevalence of soft-story mechanisms, inade-
quate transverse reinforcement, and the use of low-quality materials, significantly increased
the damage potential even under moderate shaking levels.

In addition, the observed failure of cultural heritage masonry structures, such as
mosque minarets, highlights the urgent need for tailored retrofitting strategies that respect
architectural heritage while enhancing seismic resilience. Lessons drawn from recent
destructive earthquakes in Türkiye and comparable Mediterranean regions underline that
seismic hazard is not merely a matter of ground motion intensity but is strongly conditioned
by construction practices and maintenance culture.

Therefore, risk reduction strategies in Balıkesir should focus on strengthening non-
engineered and pre-2000 RC buildings, implementing targeted retrofitting of cultural assets,
and improving rapid damage assessment capacities through advanced digital tools. These
approaches will contribute significantly to regional disaster risk reduction policies.

In Türkiye, earthquake-resistant construction has been regulated for several decades,
with significant updates introduced in the Turkish Seismic Design Code (TSDC-2007) and
more comprehensively in the Turkish Building Earthquake Code (TBEC-2018). However,
a large portion of the existing building stock in Balıkesir was constructed between 1980
and 2000, prior to the enforcement of modern seismic provisions. The collapsed and heav-
ily damaged structures observed in this study predominantly reflect deficiencies such as
inadequate detailing, insufficient transverse reinforcement, low-quality concrete, and the
absence of ductility-oriented design principles. Unlike countries such as Chile, Mexico, or
the United States, where rigorous code enforcement and continuous seismic retrofitting pro-
grams have significantly reduced vulnerabilities, compliance and supervision in Türkiye,
particularly before 2000, were limited. Consequently, many buildings in the study area
do not fully conform to current seismic design codes, and in some cases, their service life
has been exceeded. This underscores the urgent need for systematic retrofitting and urban
transformation policies to align the existing building stock with contemporary seismic
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safety requirements. Türkiye has made significant progress in this area and has begun to
create earthquake-resistant cities.

Future studies could benefit from integrating rapid post-disaster data collection
techniques, such as AI-assisted image recognition and remote sensing, to complement
field-based observations. Such digital tools could improve the efficiency and coverage of
structural damage assessments, thereby supporting more comprehensive post-earthquake
evaluations. Furthermore, due to the prevalence of similar vulnerabilities in the earth-
quake zone, it highlights the need to develop specialized retrofitting approaches for both
non-engineered RC buildings and cultural heritage assets. Therefore, the Balıkesir case
demonstrates how locally obtained data can be scaled up to inform international efforts in
seismic risk reduction and resilience building.

5. Conclusions
Known active faults in Türkiye continue to exhibit activity that culminates in rupture

after a certain degree of stress and energy accumulation has been reached. The Simav
Fault is one of the faults likely to exhibit activity at any time. The Simav Fault Zone (SFZ)
exhibits behavior that can transfer stress from east to west in Western Anatolia. Following
the earthquakes in the eastern segments of the SFZ in the recent past, tension accumulated
in the western segments, eventually leading to seismic activity. According to instrumental
period records, an earthquake with a magnitude of Ms 5.6 occurred at the eastern end of the
SFZ in 1900, followed by an earthquake of Ms 6.0 slightly to the west in 1944, and another
earthquake of Ms 6.0 in 1969 on the Sındırgı side in the west. A similar cycle occurred
in 1970 with Ms 5.6 and Ms 7.2 earthquakes on the eastern side, while ML 5.0, ML 5.7,
and ML 5.1 earthquakes in 2012 occurred in the central part of the SFZ toward the west.
The first major earthquake after this period occurred on 10 August 2025, as Mw 6.1, at the
westernmost tip, Sındırgı.

The Sındırgı earthquake (Mw 6.1), which occurred on 10 August 2025, occurred at
the western end of the Simav Fault. While the earthquake’s magnitude and resulting
acceleration were significant, the destruction was devastating: one building was destroyed
and more than 400 were severely damaged. The completely collapsed building undoubtedly
suffered this destruction due to structural flaws. However, it has been observed that
the severely damaged buildings were constructed, particularly on loose soil, without
considering the structure-soil interaction. Another striking feature of this earthquake is the
aftershock activity. Although the number of aftershocks gradually decreases, the existence
of earthquakes with magnitudes of 4.0–4.3 is quite thought-provoking. Because more than
10,000 aftershocks have occurred since August 10, when the earthquake occurred, and as
expected, the magnitudes of the aftershocks should be 3.0 and lower, but new aftershocks
reaching magnitude 5.0 are taking place. This situation is reminiscent of the situation
where a similar earthquake activity that occurred in this region in 1969 ended with the
7.1 magnitude Gediz earthquake after about 9 months.

The 2025 Sındırgı (Balıkesir) earthquake has once again highlighted the significant
seismic hazard potential for Western Türkiye, a region influenced by the complex interac-
tion of active fault systems, including segments of the North Anatolian Fault Zone and
secondary tectonic structures. This clearly demonstrates that the earthquake hazard in
Balıkesir province and its districts, the epicenter of the earthquake, was adequately repre-
sented on the last two earthquake hazard maps used in the country. The damage from this
ground motion, which can be considered one of the earthquakes expected in the region, was
also limited. A very weak and occupied building collapsed, resulting in one death. This
earthquake has once again highlighted the importance of structural features that negatively
affect the seismic performance of buildings.
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The novelty of this study lies in presenting, for the first time, a comprehensive and
district-scale comparative hazard analysis combined with detailed field observations for
Balıkesir following the 2025 Sındırgı earthquake. By correlating recorded PGA’s with hazard
map predictions and integrating structural performance data, the study provides strong
evidence for the adequacy of the 2018 Türkiye Earthquake Hazard Map. Furthermore,
the field-based insights emphasize the persistent seismic vulnerability of older RC and
masonry structures. These contributions not only advance scientific understanding but
also provide actionable knowledge for local authorities, urban planners, and policymakers
to strengthen earthquake risk reduction strategies in Western Türkiye.

The main contribution of this research lies in presenting, for the first time, a district-
scale comparative hazard analysis integrated with field damage observations for Balıkesir,
thereby linking recorded ground motions with structural performance. At an international
level, the findings underscore the importance of validating seismic hazard maps through
post-earthquake data and demonstrate how region-specific analyses can enhance the relia-
bility of national hazard models. This approach offers a transferable framework for other
seismically active regions worldwide, highlighting the necessity of combining hazard map
evaluations with real earthquake observations to refine design codes, inform retrofitting
strategies, and improve disaster risk reduction policies. This study not only provides a
district-scale comparative hazard analysis for Balıkesir but also offers insights that are
globally applicable. Specifically, it highlights the value of integrating post-earthquake
observations into the validation of seismic hazard maps, a practice that can enhance the
accuracy of seismic design codes in any earthquake-prone region.

In the present study, the comparative hazard maps primarily reflect ground motion
parameters rather than structure-specific vulnerabilities. However, the field observations
clearly demonstrate that the seismic performance of buildings is highly dependent on
their construction period, material quality, and compliance with design codes. Therefore,
while the hazard maps themselves do not differentiate between building types, their
interpretation for risk assessment requires coupling with an inventory of the existing
building stock. In other words, seismic hazard defines the level of ground motion expected,
but seismic risk can only be realistically assessed when the vulnerability of reinforced
concrete, masonry, and heritage structures is explicitly considered. For Balıkesir, this implies
that future risk maps should integrate both ground motion estimates and typological
vulnerability classifications to provide a more accurate and actionable representation of
potential earthquake impacts.
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19. Şengör, A.C.; Yilmaz, Y. Tethyan evolution of Turkey: A plate tectonic approach. Tectonophysics 1981, 75, 181–241. [CrossRef]
20. Sborshchikov, I.M.; Savostin, L.A.; Zonenshain, L.P. Present plate tectonics between Turkey and Tibet. Tectonophysics 1981, 79,

45–73. [CrossRef]
21. Bozkurt, E.; Mittwede, S.K. Introduction: Evolution of continental extensional tectonics of western Turkey. Geodin. Acta 2005, 18,

153–165. [CrossRef]
22. Barka, A.A.; Kadinsky-Cade, K. Strike-slip fault geometry in Turkey and its influence on earthquake activity. Tectonics 1998, 7,

663–684. [CrossRef]
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28. Emre, Ö.; Duman, T.Y.; Özalp, S.; Şaroğlu, F.; Olgun, Ş.; Elmacı, H.; Çan, T. Active fault database of Türkiye. Bull. Earthq. Eng.
2018, 16, 3229–3275. [CrossRef]

https://doi.org/10.3390/geohazards6010009
https://doi.org/10.3390/geohazards6020029
https://doi.org/10.3390/geohazards6020032
https://doi.org/10.3390/su16156473
https://doi.org/10.1007/s11069-018-3518-2
https://doi.org/10.3390/su17136012
https://doi.org/10.3390/buildings14103255
https://doi.org/10.1016/j.engfailanal.2023.107521
https://doi.org/10.3390/geohazards5010007
https://doi.org/10.1007/s10518-024-02003-x
https://doi.org/10.1016/j.jobe.2024.111380
https://doi.org/10.1016/j.jobe.2024.108811
https://doi.org/10.1080/13632469.2024.2353864
https://doi.org/10.46793/adeletters.2025.4.1.1
https://doi.org/10.1016/j.engstruct.2024.117591
https://doi.org/10.1080/09853111.2001.11432432
https://doi.org/10.1016/0040-1951(81)90275-4
https://doi.org/10.1016/0040-1951(81)90232-8
https://doi.org/10.3166/ga.18.153-165
https://doi.org/10.1029/TC007i003p00663
https://doi.org/10.3390/asi4040089
https://doi.org/10.1007/s11600-024-01449-6
https://doi.org/10.1029/2005JB004051
https://doi.org/10.1007/s10518-016-0041-2


GeoHazards 2025, 6, 64 21 of 23

29. Wessel, P.; Luis, J.F.; Uieda, L.; Scharroo, R.; Wobbe, F.; Smith, W.H.F.; Tian, D. The Generic Mapping Tools Version 6. Geochem.
Geophys. Geosystems 2019, 20, 5556–5564. [CrossRef]

30. Magliulo, G.; Ercolino, M.; Petrone, C.; Coppola, O.; Manfredi, G. The Emilia earthquake: Seismic performance of precast
reinforced concrete buildings. Earthq. Spectra 2014, 30, 891–912. [CrossRef]

31. Bournas, D.A.; Negro, P.; Taucer, F.F. Performance of industrial buildings during the Emilia earthquakes in Northern Italy and
recommendations for their strengthening. Bull. Earthq. Eng. 2014, 12, 2383–2404. [CrossRef]

32. Minghini, F.; Ongaretto, E.; Ligabue, V.; Savoia, M.; Tullini, N. Observational failure analysis of precast buildings after the 2012
Emilia earthquakes. Earthq. Struct. 2016, 11, 327. [CrossRef]

33. Savoia, M.; Buratti, N.; Vincenzi, L. Damage and collapses in industrial precast buildings after the 2012 Emilia earthquake. Eng.
Struct. 2017, 137, 162–180. [CrossRef]

34. Valente, M.; Barbieri, G.; Biolzi, L. Damage assessment of three medieval churches after the 2012 Emilia earthquake. Bull. Earthq.
Eng. 2017, 15, 2939–2980. [CrossRef]

35. Valente, M.; Barbieri, G.; Biolzi, L. Seismic assessment of two masonry Baroque churches damaged by the 2012 Emilia earthquake.
Eng. Fail. Anal. 2017, 79, 773–802. [CrossRef]

36. Standoli, G.; Clementi, F.; Gentile, C.; Lenci, S. Post-earthquake continuous dynamic monitoring of the twin belfries of the
Cathedral of Santa Maria Annunziata of Camerino, Italy. Procedia Struct. Integr. 2023, 44, 2066–2073. [CrossRef]

37. Clementi, F.; Ferrante, A.; Giordano, E.; Dubois, F.; Lenci, S. Damage assessment of ancient masonry churches stroked by the
Central Italy earthquakes of 2016 by the non-smooth contact dynamics method. Bull. Earthq. Eng. 2020, 18, 455–486. [CrossRef]
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64. Kocaman, İ. The effect of the Kahramanmaraş earthquakes (Mw 7.7 and Mw 7.6) on historical masonry mosques and minarets.

Eng. Fail. Anal. 2023, 149, 107225. [CrossRef]
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maraş earthquakes (Mw = 7.7 and Mw = 7.6) and an interpretation of potential field data. Acta Geophys. 2024, 72, 2985–2996.
[CrossRef]

https://en.afad.gov.tr
https://doi.org/10.28979/jarnas.844958
http://www.koeri.boun.edu.tr/scripts/lst4.asp
http://www.koeri.boun.edu.tr/scripts/lst4.asp
https://tdth.afad.gov.tr
https://www.afad.gov.tr/
https://scholar.google.com/scholar_lookup?title=Turkish+Seismic+Design+Code&author=TSDC-2007&publication_year=2007
https://scholar.google.com/scholar_lookup?title=Turkish+Seismic+Design+Code&author=TSDC-2007&publication_year=2007
https://doi.org/10.3390/su16020599
https://doi.org/10.1007/s11069-021-04831-5
https://doi.org/10.21324/dacd.25533
https://doi.org/10.1016/j.engfailanal.2023.107225
https://doi.org/10.1016/j.engfailanal.2025.110125
https://doi.org/10.3390/buildings13020536
https://doi.org/10.1155/2021/4620916
https://doi.org/10.3390/geohazards5030036
https://doi.org/10.1016/j.jobe.2025.112266
https://doi.org/10.1007/s12046-025-02794-y
https://doi.org/10.1016/j.jobe.2024.110373
https://doi.org/10.1080/15583058.2014.885996
https://doi.org/10.1016/j.engstruct.2023.117361
https://doi.org/10.3390/buildings11110559
https://doi.org/10.1016/j.engstruct.2012.08.029
https://doi.org/10.1080/15583058.2018.1529207
https://doi.org/10.55730/1300-0985.1898
https://doi.org/10.1007/s11600-023-01192-4


GeoHazards 2025, 6, 64 23 of 23
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