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Assessing extent of building damage
following an earthquake: case study of the
2023 Turkey-Syria doublet
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An earthquake doublet (M,,7.8 and M,,7.5) struck southeastern Turkey on February 6, 2023, causing
widespread devastation. To evaluate seismic damage across 11 provinces, we analysed strong
motion data, developed fragility functions and building damage state maps, validated by official
reports and field surveys. Using five idealized structural models with varying fundamental periods, we
estimated damage states for typical Turkish structures. The damage maps highlight how building
period interacts with strong motion, providing valuable references for rapid assessment of building
damage states and damaging potential of ground motions to various structures. Moreover, near-fault
damage was significantly underestimated by seismic hazard maps based on empirical ground motion
models, as observed ground motion intensities significantly exceeded predictions at R jz less than 10
km. Additional phenomena associated with fault rupture, such as pulse-like ground velocities, surface
fault displacements, and geohazards, further amplified damage. This study offers critical insights into
near-fault seismic damage mechanisms and emphasizes the need for special tailored ground motion

models for seismic hazard and risk assessment to enhance community resilience.

An earthquake doublet with moment magnitudes (M,,) of 7.8 and 7.5
occurred in Turkey on February 6,2023. A M,,7.8 earthquake, with a depth
of 10 km, struck southern Turkey near the Syrian border in Pazarcik,
Kahramanmaras Province, at 01:17:34 AM (UTC)". This was followed 11
minutes later by a M,,6.7 aftershock’. The M,,7.8 event resulted from a
strike-slip fault with geometrical parameters of approximately 190 km in
length and 25 km in width. Its location, near the triple junction of the
Anatolian, Arabian, and African plates, suggests that the East Anatolian
Fault Zone or the Dead Sea Transform Fault Zone was the source. Later, a
M,,7.5 earthquake, with a depth of 7.4 km, struck southern Turkey in
Elbistan, Kahramanmarag Province, at 10:24:48 AM, approximately 9 hours
after the M,,7.8 event and about 95 km to the southwest’. The M,,7.5 event
was also caused by a strike-slip fault, with dimensions of 120 km in length
and 18 km in width, situated within the broader East Anatolian Fault Zone.
The epicentres of these three events, along with the corresponding surface
projections of the seismogenic fault, are depicted in Fig. 1.

The devastating earthquake doublet caused significant loss of life and
property. The 11 southeastern provinces of Turkey, including Hatay,
Adiyaman, Kahramanmaras, Gaziantep, Osmaniye, Malatya, Kilis, Diyar-
bakir, Adana, $anlurfa, and Elazig, which are home to approximately 15
million people, were declared disaster zones (Fig. 1A). The earthquake
doublet claimed over 52,000 lives based on official damage report and
caused an estimated $34.2 billion in direct physical damage’. In addition,
according to Turkey’s Ministry of Environment, Urbanization, and Climate
Change’, a total of 241,976 buildings were affected. Among these, 166,342
(about 68%) buildings sustained slight damage, 13,912 (about 6%) were
moderately damaged, and 61,722 (about 26%) were heavy damaged, col-
lapsed, or urgent demolished.

To better understand the characteristics of official damage data, we
considered the relative and gross damage by province (Fig. 1B) and
examined the correlation between mortality and Heavy-damaged, Col-
lapsed, and urgently Demolished Buildings (HCDB) (Fig. 1C). We found

'State Key Laboratory of Water Resources Engineering and Management, Wuhan University, Wuhan, China. 2Earth Observatory of Singapore, Nanyang Tech-
nological University, Singapore, Singapore. *Department of Civil and Environmental Engineering, National University of Singapore, Singapore, Singapore. “School
of Civil Engineering, Xi’an University of Architecture and Technology, Xi’an, China. °Institute for Risk and Reliability, Leibniz Universit4t Hannover,

Hannover, Germany. ®Department of Civil and Environmental Engineering, University of Liverpool, Liverpool, UK. “International Joint Research Center for Resilient
Infrastructure & International Joint Research Center for Engineering Reliability and Stochastic Mechanics, Tongji University, Shanghai, China. ®Asian School of the
Environment, Nanyang Technological University, Singapore, Singapore. °Key Laboratory of Deep Petroleum Intelligent Exploration and Development, Institute of
Geology and Geophysics, Chinese Academy of Sciences, Beijing, China. e-mail: liuy203@whu.edu.cn; sc.chian@nus.edu.sg; shjwei@gmail.com

npj Natural Hazards| (2025)2:51 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s44304-025-00101-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s44304-025-00101-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s44304-025-00101-7&domain=pdf
mailto:liuy203@whu.edu.cn
mailto:sc.chian@nus.edu.sg
mailto:shjwei@gmail.com
www.nature.com/npjnathazards

https://doi.org/10.1038/s44304-025-00101-7

Article

41.50°
1 21.6% (12,980)
7 (A) r 32.5%
1 - 1.76% 93%
89.80° 1 Tiirkiye (1,058) a2
1 [ 34.3%\ (25:420) (945) <
37.50° 1 Study area [ (20,556) |
: m :
35.50° ——
31.00° 34000 37.00°  40.00°

1 1120%
(8,365) LN\ 29%
‘ @ (7,463) 0.534% 2.57% (664)
3.67%% / a 3? 29%

Legend for (B)

Building damage
449 % 30.6% - percentage of damaged buildings
| (21,365) - number of damaged buildings
44.9% - percentage of surveyed buildings
N 3.5 - average number of stories in the province
36.8% [ Non-damaged buildings
(9503) " slight-damaged buildings
Moderate-damaged buildings
M Heavy-damaged, Collapse & urgent Demolished Buildings (HCDB)
Ratio of above surveyed buildings to all residential buildings

Mortality rate (Fatalities) - Province
14.453%o (24,147) -Hatay (HA)

100 km
[— ]

34.8%
(8,960) P \ A

60.1% (15 532)

2.73% (713) 2:46% (643)

22.9% /
4.1302'530&:?(59) (1,688) Diyarbakire — TZ:;Z‘%;_I s roa 13.267%o (8,387) - Adiyaman (AD)
3| 725) | @ 10.776%o (12,622) -Kahramanmaras (KA)
[ % o 1.829%o (3,897) - Gaziantep (GA)
72.2% @ o (150;9) 1.792%o0 (991) - Osmaniye (OS)
(5314)\_ ) 10% (6,990) : 1.723%o (1,393) - Malatya (MA)
Y - _ 374% | 0.514%o (74) - Kilis (KI)
0.809% 7.7% (2,531) = 60 3)/ L. 6% 0.231%o (414) - Diyarbakir (D))
(266) / i - (21‘ 365) 0.201%o (454) - Adana (ADA)
24.4% - 161% 37% ’ 0.159%o (340) - Sanliurfa (SA)
(8304). 23.6% (s50){#66) / 0.009%o (5) - Elazig (EL)
/(15248 954% S L TEE% 556 (38,823)
67.1% 228% \ \13.5% @12) 3\21% 12 964) 39.6% |
(22041 4.38% (137) 4,361) « (13,507
2,827) 47 4% 4 a
( ) 45.3% 36.8% (849), 65 6% (19,585)
267% .\ S e 2,208)\ '21.7% (89,092)
(17,212) ! (29,471)
(B)
3
16 25 x10
<4 HA R |
= ¢ AD 20
8 121 p KA
% A GA $1s
3 v MA =
= 8 O Other s
£ — Fitting curve 510 ‘
s
5 4
= 5 A
2
. number of people / km
x10
4 5 0 4 8 12 16 ‘ ‘ ‘ ‘ o
Percentage of HCDB (%) Number of HCDB 0 20 40 60 80 100
(@] (D)

Fig. 1 | Mortality and building damage caused by the earthquake doublet. A Study
area, including 11 provinces that were declared disaster zones by Ministry of
Environment, Urbanization, and Climate Change of Turkey. B Mortality and
building damage by province in the earthquake doublet, based on data from Turkey’s
Ministry of Environment, Urbanization, and Climate Change’. Four damage states,
including non-damaged, slight-damaged, moderate-damaged, and Heavy-damaged,
Collapse & urgent Demolished Building (HCDB) are classified. Percentage of sur-
veyed buildings is the ratio of the surveyed building number (including four damage
states) to all residential building number (data from Turkish Statistical Institute*),
and the unsurveyed buildings are deemed as non-damaged. C Correlation between

mortality and HCDB. Percentage of HCDB is the ratio of HCBD buildings to all
residential buildings in the province, calculated by multiplying the percentage of
damaged buildings by the percentage of buildings that were surveyed. We use the
fitting curves to show the basic trend and identify outliers, rather than developing a
fitting function for prediction. Sign color matches the colour of corresponding
province in (B). D Population density of study area, based on data from Humani-
tarian Data Exchange"’. Major cities are marked by white circle. Gray lines in (B, D)
represent the surface projection of the seismogenic fault, based on data from Reit-
man etal.”’. Red, blue, and yellow stars represent epicentre of the M,,7.8, M,,7.5, and
M,,6.7 events, respectively, according to data from USGS'™.

that Hatay, Adiyaman, and Kahramanmaras experienced the highest loss
of life, both in terms of mortality rate and fatalities. The mortality rate in
these three provinces exceeded 10%o of the population and accounted for
approximately 85% of the total fatalities. Compared to the regional
consistency in relative and gross losses in mortality, the data for building
damage revealed notable discrepancies. Specifically, Adiyaman, Kahra-
manmaras, and Malatya ranked highest in relative HCDB damage, while
Hatay, Kahramanmaras, and Gaziantep had the highest gross HCDB
damage. The correlation analysis further highlighted these differences.
For instance, in the correlation analysis of relative damage, Hatay
exhibited a high mortality rate but a relatively low percentage of HCDB in
comparison with the fitting curve, whereas Malatya showed a high per-
centage of HCDB but a lower mortality rate. In the correlation analysis of
gross damage, Adiyaman had a high fatalities but less HCDB damage
compared to the fitting curve, while Gaziantep had significant HCDB
damage but a relatively low fatalities. These differences in relative and
gross building damage, as well as in their correlations with mortality, are
influenced by various factors, such as shaking intensity, building types
and quality, and population distribution. Hence, we provide additional
data on population density (Fig. 1D), total population, and building-level
distribution (Fig.S1) to support further discussion. For example, com-
bining the damage data and population density, we could infer that the
damage characteristics in Hatay Province may be influenced by the

concentration of damage in Antakya, the largest city in the province, as
higher population density in major cities likely contributed to a higher
fatalities despite a relatively lower percentage of HCDB. Therefore, these
data provide invaluable references for assessing the seismic damage and
motivate us to further investigate the underlying causes of damage.

Extensive field investigations were conducted after the earthquake by
various teams from Turkey, the United States, and Europe™™. These
investigations provided crucial insights into the factors contributing to the
earthquake’s consequences. The intensity of ground motion, inadequate
seismic codes, poor construction quality, and geological and geotechnical
hazards are usually highlighted as influencing factors for building
damage™"’. For example, strong motion characteristics were examined by
comparing records with empirical models'""”’, characterizing near-fault
records”™, and assessing site effects on ground motion". However, the
spatial distribution of strong ground motions and their correlation with
seismic damage remain largely unexplored. Structural engineers have
identified excessive drift as the primary cause of damage to reinforced
concrete (RC) buildings™”". Geological and geotechnical hazards, parti-
cularly in near-fault regions”, were also found to significantly affect
buildings. For example, landslide-induced building damage was mapped
using drone imagery in near-fault regions™, while the effects of soil lique-
faction on buildings were widely reported in the port city of Iskenderun,
Hatay Province*"”.
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In addition to field investigations, remote sensing technologies such as
Synthetic Aperture Radar (SAR) imagery”’ and optical imagery™* played a
crucial role in assessing the earthquake’s consequences on a larger scale.
However, validation is essential to ensure the accuracy of these remote
sensing datasets, as different damage maps sometimes present
inconsistencies™.

In this study, strong motions and their impact on building are analyzed
in detail. Specifically, we developed regional-scale maps for ground motion
intensity by carefully reviewing and processing recorded strong motions.
Based on nonlinear seismic analysis, fragility functions are developed to
assess the damage states of buildings, where five types of structures are
considered to represent the most common buildings observed in Turkish
cities. The developed maps on ground motion intensities and building
damage states were validated using official damage reports and field surveys.
We identified the greater damage in the near-fault regions, and explored the
underlying causes of the severe building damage and mortality in the
earthquake doublet.

Results

Strong motion characteristics

Ground motion intensity measures (IMs), as parameters to describe the
intensity of earthquake-induced shaking, are critical for seismic hazards and
risk assessment. For example, the IMs in Performance-Based Earthquake
Engineering (PBEE)™, a popular framework for seismic hazard and risk
analysis, are a critical component connecting the seismic hazard (e.g.,
earthquake magnitude) to the structural response (e.g., the maximum inter-
story drift of a building)”’. We therefore analysed the strong motion of the
three largest events of M,,7.8, M,,7.5, and M,,6.7, including the statistical
and spatial distribution of IMs, comparison with the empirical ground
motion model (also called the ground motion prediction equation), and
characterization of the near-fault records. The ground motions used in this
study could be found in Table S7, with more details in Data availability.

We examined the statistical characteristics of 15 common ground
motion IMs (Table S3), their correlation with engineering demand para-
meters (i.e., the maximum inter-story drift of buildings in this study), and
their correlation with distance and site conditions, represented by the
average shear wave velocity to 30 meters depth, V. Statistical results show
that spectral displacement, velocity, and acceleration generally follow a
lognormal distribution, whereas the other IMs do not (Table S4). Never-
theless, Gaussian distribution fittings and the corresponding statistical
parameters of the logarithmic IMs are also provided to facilitate a rapid
assessment of strong motion intensity (Fig. S9). The correlation with the
engineering demand parameter - obtained from nonlinear time-history
analysis as detailed in Section S1 of the Supporting Information- indicates
that although peak ground acceleration (PGA) and peak ground velocity
(PGV) are among the simplest IMs, their correlation with engineering
demand parameters is limited by the fundamental period of structures.
Specifically, PGA generally correlates better with structures having shorter
fundamental periods but performs poorly for structures with longer periods,
whereas the opposite is true for PGV (Fig. S20). In contrast, the energy-
frequency parameter (), an IM defined in Chen et al.”®, shows the strongest
correlation with the engineering demand parameter in structures with
various fundamental periods (Fig. S20). Hence, we adopt the energy-
frequency parameter to represent the intensity of strong motion and to
connect to the building damage state. Additionally, we found that the
ground motion IMs, including PGA, PGV, and the energy-frequency
parameter, are generally more sensitive to distance compared to Vg, (Fig.
S$19 and Table S5). However, site conditions are detected as one of the key
influencing factors for ground motion intensity'®”, raising concerns about
the applicability of Vi3 to reflect the effects of site characteristics on ground
motion accurately.

We tested the spatial distribution of ground motion intensity for the
M,,7.8, M,,7.5, and M,,6.7 events separately (Fig. S13), where PGA, PGV,
and the energy-frequency parameter are used. We also provided maps based
on the maximum values recorded at monitoring stations, irrespective of the

seismic source, to better reflect the shaking intensity map caused by the
earthquake doublet and aftershock (Fig. 2A for energy-frequency parameter
and Fig. S13 for PGA and PGV). We found that ground motion caused by
the aftershock has minimal impact on the maximum-value-based IM map
and that ground motion intensity is much stronger along the seismogenic
fault. Furthermore, we compared our developed maps with the empirical
ground motion model (Fig. S18), and found that the IM spatial distribution
based on recorded strong motions is irregular, with several extremely high
spots highlighted in the green rectangles in Fig. 2A. Although these irregular
features, partially due to the lack of records, prevent our model from per-
fectly capturing the ground motion characteristics, it more effectively
highlights the unique and actual spatial patterns of ground motion intensity
in near-fault regions — an aspect that is often overlooked by empirical
ground motion models (Figs. S17 and S18). For example, the highlighted
rectangle areas basically agree with the supershear rupture segments iden-
tified in Abdelmeguid et al.”. In addition, we found different spatial features
among the IMs by graphic comparison. Specifically, compared to PGV,
PGA exhibits different locations for its maximum values, and attenuates
more rapidly with increasing distance (Fig. S13), which aligns with the
consensus that high-frequency components attenuate faster. The
maximum-value-normalized map (Fig. S14) indicates that the h shares a
similar peak location with PGV, but attenuates much slower than PGV with
effectively highlights ground motion intensities in near-fault regions. These
characteristics may explain the divergence in their correlation analysis with
engineering demand parameters (Fig. S20).

To gain a deeper understanding of the shaking intensity generated by
the earthquake doublet, we compared ground motion IMs—including
PGV, PGA, and pseudo-spectral acceleration—from the M,,7.8, M,,7.5,
and M,,6.7 events with the AB10 model®. This is an empirical ground
motion model for Europe, the Mediterranean region, and the Middle East,
and validated for reliable performance in this region compared to other
models (Fig. S16). We found that the empirical ground motion model
generally underestimates ground motion intensity at R;p distances less
than 100 km, particularly for R;gless than 10 km, while overestimating the
intensity at Rjp greater than 100 km. Ry is the Joyner-Boore distance,
which measures the shortest distance from a site to the surface projection
of seismogenic fault™. For instance, in the M., 7.8 event, observed PGVs at
Rypless than 10 km exceed the average values predicted by the model, with
some data points even falling outside the range of one standard deviation
(Fig. 2B). We also observed a similar trend in the PGA comparison
(Fig. 2C). All recorded PGAs are greater than predicted mean values at R
less than 10 km, except for PGA of the ‘0213’ station, which is below the
average value. However, upon review the time-history curve, we found
that this station failed to record the entire waveform (Fig. 4B, C). Hence,
the shaking intensity in this earthquake doublet is much stronger than
predicted value from the empirical model, particularly in near-fault
regions (e.g., Rjp less than 10 km).

We specifically analyzed near-fault waveforms due to their significantly
stronger intensity and the pulse-like ground motions, which are char-
acterized by long-period, high-amplitude pulse components in velocity and
widely recognized for amplifying seismic demands in engineering
practices” . We identified all near-fault pulse-like records in M,,7.8,
M,,7.5, and M,,6.7 events and provided the corresponding seismic velocity
waveforms (Fig. S5 and S6). We found that the IMs of near-fault pulse-like
ground motions are generally stronger than the values predicted by the
empirical ground motion model (Figs. 2B, C) and S17), indicating that near-
fault characteristics are not well captured in empirical models. In addition,
we observed that the identified near-fault pulse-like ground motions in
M,,7.8 and M,,6.7 events are generally along the seismogenic fault (Figs.
S5 and S6), which indicates that the pulse generation in these events is
closely related to forward directivity effects”. Moreover, we observed that
pulses caused by forward directivity effects typically appear in both hor-
izontal components and, in some cases, even in the vertical component. In
contrast, pulses generated by other factors (e.g, site effects) are orientation-
sensitive and usually occur randomly in a single component, such as the
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Fig. 2 | Ground motion characteristics and fragility functions for various
buildings. A Spatial distribution of shaking intensity by the earthquake doublet,
represented by the energy-frequency parameter (h) as defined in Chen et al.”.
Shaking intensity of individual event is provided in Fig. S13. Black line represents the
surface projection of the seismogenic fault”. Triangles indicate the selected mon-
itoring stations from AFAD (Table S7), where white and orange color represent
ordinary- and pulse-like records, respectively. Cyan triangle marks the station
'0213'. Red, blue, and yellow stars represent the epicenters of the M,,7.8, M,,7.5, and
M,,6.7 earthquakes, respectively. Dashed green rectangles highlight the areas with
great stronger ground-motion intensity. White circle is the marked major cities in

Fig. 1(D). (B, C) compared the recorded PGV and PGA in M,,7.8 event with pre-
dicted values from the ground motion prediction equation, AB10 model*', respec-
tively. Rjp represents the closest distance from a site to the surface projection of
seismogenic fault. Residual is the difference between recorded and predicted value,
which highlights that the empirical model significantly underestimates the ground
motion intensities as Rjz < 10 km. D Fragility functions for buildings with funda-
mental periods (T}) 0o£0.3s,0.6s,1s, 3 s, and 5 s. E Building information, with
building type classified according to FEMA Hazus 5.17. More details about the
building modeling are provided in Tables S1 and S2, along with Fig. S2 and S3 in
Section S1.

pulse-like records in M,,7.5 event (Fig. S5) and the far-fault pulse-like
records in M,,7.8 event (Fig. S6C).

Building damage assessment

Local building information, such as structural type, height, and fundamental
period, can significantly enhance the assessment of building damage.
However, only the distribution of building floors at the provincial scale was
available (Fig. S1A), and detailed on-site building data were not accessible.
Therefore, rather than developing a site-specific building damage model, we
adopted five representative frame structure types, using their fundamental
periods as key indices to represent the most common buildings and infra-
structure in Turkish cities'*"®. Corresponding fragility functions were
developed to describe the damage states of various building types under
seismic excitations (Fig. 2D, E). Thus, our work effectively provides the
damaging potential of ground motions in this earthquake sequence to
various structures. Moreover, once the building type at a given site is
identified, the expected damage can be assessed using the associated fragility
function effectively and efficiently.

To develop fragility function, we first employed time-history analysis
to capture the nonlinear seismic response of various buildings subjected to
each recorded ground motion, where five types of frame structures with
fundamental periods ranging from 0.3 s to 5 s are adopted (Fig. 2E). Next,
regression analysis was applied to connect ground motion intensity

(represented by the energy-frequency parameter, log,,(h), in this study)
with building response (measured as the maximum inter-story drift) (Fig.
S21A). We employ maximum inter-storey drift to assess building damage
states, as it is a critical criterion for evaluating structural performance and
has been consistently emphasized in field investigations™'’. Finally, we
developed fragility functions by quantifying the uncertainties in the resi-
duals, where the damage state threshold values defined in FEMA Hazus 5.1
(Table S6) is employed”. Of note, FEMA threshold values may not perfectly
reflect building damage states in Turkey due to regional differences in
construction quality and building types. However, given the lack of region-
specific drift-based thresholds in Turkish seismic codes (including TEC
2007** and TBEC 2018”) and the practical challenges of developing a
localized damage model, we adopted the FEMA Hazus thresholds as a
reasonable and adaptable reference for assessing building damage states.
Additional methodological details about the fragility functions are provided
in Sections S1 and S3 of the Supporting Information.

Combined with the fragility functions and the spatial distribution of
the energy-frequency parameter (h) in Fig. 2A, we could easily assess the risk
for various building types in different regions caused by the earthquake
doublet. For example, when log, (k) is 13, buildings with fundamental
periods 0f0.35,0.6 5,1 s, 3 s, and 5 s have probabilities of approximately 0%,
5%, 5%, 100%, and 100% of being extensive damaged, or 0%, 0%, 0%, 70%,
and 85% of being completely damaged, respectively.
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Fig. 3 | Building damage characteristics. Spatial distribution of damage states for
building with fundamental periods of (A) 0.3 s, (B) 0.6 5, (C) 1 5, (D) 3s,and (E) 5.
Four states, non-, slight-, moderate-, extensive, and complete-damage, are classified
based on the thresholds of maximum inter-storey drift (d) defined in FEMA Hazus
5.1 (Table S6), where d is calculated by nonlinear time history analysis. F Number of
heavy-damaged, collapse and urgent demolished buildings assessed by the Ministry
of Environment, Urbanization, and Climate Change. This data is aggregated at the

neighbourhood (Mahalle) level from Shelter Sector Tiirkiye, Global Shelter Cluster’',
where the dashed ellipse indicates the areas that are not well captured by our model.
Red, blue, and yellow stars represent the event epicenters for M,,7.8, M,,7.5, and
M,,6.7, respectively. Triangle represents the monitoring stations. Circle indicates the
major cities followed in Fig. 1D. Black line represents the surface projection of the
seismogenic fault™.

Based on the maximum inter-storey drift of buildings, we further
analysed the spatial distributions of various damage states in buildings
(Fig. 3A-E) and found that they basically align with the spatial patterns of
ground motion intensity (Fig. 2A). Regions experiencing stronger ground
motion tend to exhibit more severe building damage. For instance, the green
rectangle areas in Fig. 2A, which highlight zones of the strongest ground
motion intensity in the earthquake doublet, experienced the most severe
building damage. Our results also basically match the HCDB in official data,
such as the widespread damaged buildings in the Hatay, Adiyaman, and
Kahramanmarag provinces (Fig. 1B, C). We also found that our damage
model (Fig. 3E) encompasses the majority of observed damage (Fig. 3F).
Therefore, our model adequate for representing overall building damage. Of
note, while we adopt building damage state map in Fig. 3E for comparison, it
does not mean all damage in Fig. 3F is attributable to structures with fun-
damental periods near 5 s; losses also arise from buildings with different
dynamic characteristics, construction quality, and structural types. For
example, masonry buildings may experience more severe damage than
frame structures under the same seismic conditions.

We also found that high-rise buildings tend to suffer more severe
damage than low-rise buildings at the same site. Similar results can also be
observed in official damage data. For example, the Diyarbakir and Adana
provinces have much higher mortality rates compared to the Elazig pro-
vince, despite all three being far from the epicenter and the seismogenic fault
and experiencing similar ground motion intensities (Figs. 2A, 3F). This
discrepancy may be attributed to the prevalence of high-rise buildings in the
Diyarbakir and Adana provinces. Specifically, Diyarbakir has the highest
average building height at 5.9 floors, with 49% of its buildings exceeding six
floors, while Adana has the second-highest average building height, with
33.3% of its buildings exceeding six floors. In contrast, the average building
height in the Elazig province is 4.3 floors (Figure S1A).

However, some affected zones are not fully captured by our damage
model, as highlighted by the dashed ellipse in Fig. 3F. This may be due to the
limited number of monitoring stations and the omission of cumulative
effects. For example, no stations were present in the southern Malatya
Province during the M,,7.5 event (Figure S7), and cumulative effects were
not considered, despite the close proximity of the M,,7.8 and M,,7.5 fault. A

similar situation is also observed in Kahramanmaras, as indicated by the
dashed ellipse in the southern region, which experienced more severe
damage than the northern region with seismogenic fault as dividing line.
Further details about the discrepancies are provided in the Discussion
section.

Discussion

Various maps are developed in this study to illustrate the spatial distribution
of ground motion intensity and the damage states of various buildings to
support the assessment of seismic damage caused by the earthquake
doublet. However, by comparing the ground motion intensity distribution
(Fig. 2A) with the observed building damage data (Fig. 3F), we found that
the intensity map not perfectly captures the actual damage patterns. For
example, the intensity map effectively highlights the extensive damage in
Hatay province; however, it only partially captures the extent of damage in
other provinces, such as Adiyaman, Kahramanmaras and Malatya. Herein,
we use ground motion intensity map for comparison instead of a site-
specific building damage model, owing to the unavailability of detailed site-
specific structural inventory required for the development of such models.
The discrepancy between our results and the observed data can be attributed
to several factors, including variations in ground motion, building types and
quality, population density, surface displacement, and geological and site
conditions. To address this, we examined how these factors contribute to
population and building losses, why our analysis only partially reflects
earthquake-induced damage, and how seismic damage assessments can be
improved by integrating multi-source data.

Ground shaking is one of the most significant causes of extensive losses
in earthquakes. We carefully reviewed the strong motions in the earthquake
sequences and selected the monitoring stations in the study area where the
seismic waveforms were fully recorded (Fig. S7 and Table S7). Some selected
strong motions from the M,,7.8 earthquake are shown in Fig. 4A. The
corresponding velocity and acceleration waveforms, along with the p-wave
arrival time, Ry, epicentral distance, PGV, and PGA, are presented in Fig. 4B.
Stations that failed to capture the complete seismogram were excluded, as
incomplete data could lead to inaccurate spatial distributions of ground
motion intensity and potentially incorrect assessments of seismic damage
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Fig. 4 | Strong-motion records in M,,7.8 earthquake. A Spatial distribution of
selected monitoring stations. B Velocity and acceleration waveforms, where starting
point (i.e., time is 0) is the event occurrence time. Black dot corresponds to the
epicentral distance of the station, and the ‘+ indicates the p-wave arrival time.

C Time- and Frequency-domain comparison between ‘0213’ and 3139’ stations,
where the Fourier spectrum and cumulative Fourier spectra are provided. Active
fault in Turkey is from Emre et al.”’. More waveforms of the selected monitoring
stations could be found in Fig. S8.

(Figs. S11 and S12). Therefore, the limited seismic records are an important
reason why this study can only partially reflect the actual losses.

We observe that no complete waveforms were recorded in Adiyaman
province during the M,,7.8 event (Fig. 4). This can be attributed to several
factors, including the quality and quantity of strong motion monitoring
equipment™, as well as broader issues such as funding support, public
awareness of seismic hazards, and the province’s economic conditions.
However, since Adiyaman province is reported to have the second-highest
mortality rate in the official data (Fig. 1C), we can infer that the intensity of
ground motion in this province may be similar to that in Hatay and sig-
nificantly higher than suggested by the shaking map in Fig. 2A. We have
several pieces of evidence to support this inference. On one hand, Adiya-
man’s position relative to the seismogenic fault and the epicenter is similar to
that of Hatay (Fig. 4A). While station 0213’ did not capture the full
waveform, the partial signal indicates that its intensity may be comparable to
that recorded at station 3139’ considering their similarity in epicentral
distances and Rjp (Fig. 4B). To further validate this inference, a compre-
hensive waveform comparison on both time- and frequency-domain are
conducted between 0213’ and 3139’ stations, as shown in Figs. 4C and S15.
It indicates that the truncated 3139 waveform shows strong similarity in
waveform characteristics of 0213’ in time domain, like PGA and amplitude
envelope (Fig. 4(C-i and ii)). The cumulative Fourier energy of 0213’ also
closely resembles that of the truncated 3139" waveform, with energy

concentrated predominantly in the lower-frequency range (Fig. 4(C-iii)).
Therefore, the recorded waveform at 0213’ station successfully represents
the early characteristics of ground motion but lacks the high-energy com-
ponents present in the later part of the signal. Given the strong time- and
frequency-domain similarity between the truncated 3139’ and the available
portion of 0213’, as well as the similar R;z and epicentral distance, we infer
that the missing portion of ‘0213’ may have continued similarly to that of
3139’. Therefore, the energy-frequency parameter in Fig. 2A derived from
the partially available ‘0213” station are likely to underestimate the real
ground motion intensity. On the other hand, the empirical ground motion
model (Fig. S18) and simulation results of 3D dynamic rupture modelling*'
also support this inference. While both the empirical model and numerical
simulations face challenges in fully capturing the characteristics of near-fault
ground motion, they can still provide valuable insights. Therefore, our
analysis underestimated the seismic damage in Adryaman province, largely
due to the lack of strong motion data.

In contrast, we have sufficient recorded strong motions in Hatay
province to support our model in assessing the seismic damage objectively.
Next, we discuss why Hatay province, located approximately 150 km from
the epicenter, experienced the most severe damage. The obvious factors are
the extremely high shaking intensity in near-fault regions (Fig. 2A-C) and
the pulse-like records observed in the province, such as 4615,” ‘3144,” and
3139’ (Figs. 4B and S6). These pulse-like motions are also known to
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significantly increase seismic demands™". Furthermore, we explored the
underlying reason for the stronger intensity and pulse-like characteristics of
ground motions from the seismological perspective, and suggested that it
may be due to the supershear rupture of the fault segment in Hatay
province®. A supershear rupture could result in the superposition of seismic
waveforms, amplifying the intensity of ground motion and generating
pulse-like records due to Doppler effects (also called forward directivity
effects in engineering)™. For example, the areas with the strongest ground-
motion intensity in Hatay province, which is highlighted by rectangle in
Fig. 2A, align with the supershear rupture segments identified in Abdel-
meguid et al.”’. The distribution of pulse-like records also has a clear
orientation along the fault rupture direction (Fig. 4A). In addition to ground
shaking, fault displacement (Fig. $22) and geohazards, such as landslides™
and soil liquefaction™, further exacerbate the damage in Hatay province.

Building types and construction quality are other significant factors
contributing to the extensive damage in the earthquake doublet. Our results
on building damage assessment (Fig. 3) highlight that high-rise buildings
tend to suffer much more severe damage than low-rise buildings, and
explain how this affects seismic damage in different provinces. While field
surveys revealed that construction quality is another critical cause of the
severe building damage™'*", we use Adiyaman province as an example to
explain how construction quality affects the damage characteristics. Com-
pared to Hatay and Kahramanmarag provinces, where major cities were
affected by the earthquake doublet, the seismogenic fault is far from the
major city of Adiyaman province and located in its northern region, which
has much lower population density (Fig. 1D). Lower population density
generally correlates with lower building heights, which typically results in
less building damage, as analyzed in our results (Figs. 2 and 3). However,
Adiyaman province exhibits the highest percentage of HCDB damage
among these three provinces, with mortality rates similar to Hatay and
Kahramanmarasg provinces (Fig. 1C). This discrepancy may be attributed to
the widespread use of masonry buildings in Adiyaman’s rural areas, which
were severely damaged during the earthquake®.

The discrepancies between our results and observations also arise from
limitations in our building models, analysis resolution, and methodologies.
In this study, we use concrete and steel frame structures to represent the
majority of building types in cities, following general seismic design codes.
However, these building types do not fully capture the diversity of structures,
particularly in rural areas. Additionally, the cumulative effects of multiple
seismic events on structural damage are not considered in this study due to
the limited number of stations that recorded waveforms from all three
events, as well as the significant spatial separation (approximately 95 km)
between the two mainshocks, which makes the effects of subsequent seismic
excitations on building damage insignificant, except the southern Malatya
and Kahramanmarag provinces, which are highlighted by the dashed
ellipses in Fig. 3F. Lastly, since some data are collected at the provincial scale
(e.g., official damage data and building distribution data), the severity of
damage may be underestimated in areas where the population is con-
centrated in regions experiencing high-intensity ground shaking.

Although our result, like other single-source data, is limited in accu-
rately assessing the seismic damage, we can integrate multi-source data,
including ground motion, building height and quality, field surveys, and
population density, to improve the accuracy of seismic damage evaluations.
We take Malatya province as an example to demonstrate how integrating
multi-source data can enhance it. First, our model in Fig. 2A likely under-
estimates the ground motion intensity in Malatya province, as no records
are available near the seismogenic fault of the M,,7.5 earthquake in this
region (Fig. S7). However, based on the waveform recorded at station ‘4612,
located on the opposite side of the seismogenic fault during the M,,7.5 event,
which shows extremely high ground motion intensity (Fig. S8), we infer that
the ground motion intensity near the seismogenic fault in Malatya province
should be similar to the region near monitoring station ‘4612’. Moreover,
southern Malatya Province is the only region in close proximity to the
seismogenic faults of both major earthquakes, and the cumulative effects
likely amplified the extent of the damage in this area. The concentrated

building damage observed in this region (Fig. 3F) could validate our infer-
ence about the ground motion intensity. Second, the building height and
quality likely exacerbate the damage. The average building height in Malatya
province is 5.0 floors, the third highest in the study area (Fig. S1A); and poor
building quality in Malatya province was also highlighted in field
investigations***'. Finally, the population density near the seismogenic fault
of the M,,7.5 event in Malatya province was much lower (Fig. 1D), which
could contribute to the lower mortality rate. We therefore infer that the
damage characteristics of Malatya province are likely to show high levels of
building damage but relatively low mortality, a pattern that aligns with the
official damage data presented in Fig. 1C.

In summary, to improve the assessment of seismic damage caused by
the 2023 Turkey-Syria earthquake doublet, we developed ground motion
intensity maps based on recorded data through careful review and com-
prehensive analysis, along with fragility functions and damage state maps
for structures with varying fundamental periods. Moreover, the strategy of
integrating multi-source data is practical and effective for advancing seismic
damage evaluation. Results indicate that empirical ground motion models
significantly underestimate shaking intensities in near-fault regions, parti-
cularly as Rz < 10 km. Buildings in this area also suffer most severe damage,
which is basically revealed by our damage model. Moreover, the fault
rupture characteristic plays a crucial role in seismic damage pattern. For
example, in the M,,7.8 event, the areas with the highest ground motion
intensities align well with supershear rupture segments. The pulse-like
ground motions, which are validated to increase seismic demands, are also
closely related to the rupture direction.

Based on our observations and analysis of this earthquake, we
suggest that (1) development of specialized models for near-fault ground
motion is urgently needed. Empirical models tend to significantly
underestimate ground motion intensities in near-fault regions, as
demonstrated in this earthquake. Given the extreme damage observed
and the wealth of near-fault recordings from this earthquake doublet,
there is a valuable opportunity to develop and calibrate ground motion
models tailored for near-fault conditions. (2) Improvement of seismic
design codes is necessary by more precisely accounting for building
classification. Building damage varies significantly depending on struc-
tural type, construction quality, and dynamic properties such as the
fundamental period (closely related to building height). Our analysis
highlights the substantial variability in damage outcomes due to these
factors. For more refined seismic design, codes should incorporate these
considerations more explicitly. Furthermore, maximum inter-story drift
is a practical parameter for building damage assessment, and it shall work
better if it were supported by detailed guidelines that account for different
damage states across various building types and conditions. (3) Inte-
gration of seismological principles into seismic hazard and risk assess-
ments is essential. Fault rupture characteristics, such as rupture direction
and speed, have a significant impact on ground motion. Secondary
geohazards, such as landslides and surface fault displacement, are also
closely related to fault rupture. We, as a community focused on earth-
quake disaster, usually pay more attention on structural response under
seismic excitations and less considering the seismological principles.
However, we must place greater emphasis on seismology and geophysics
to better understand and predict earthquake impacts.

The development presented in this study contributes to the advance-
ment of the United Nations Sustainable Development Goals (SDGs), par-
ticularly SDG 9 and SDG 11. By enhancing the understanding of strong-
motion characteristics and near-fault ground shaking, our findings support
the design of resilient infrastructure and the implementation of improved
seismic hazard mitigation strategies, aligning with SDG 9: “Build resilient
infrastructure, promote inclusive and sustainable industrialization, and
foster innovation.” Furthermore, by providing insights into earthquake
impacts on urban areas, this research aids in the development of safer and
more sustainable cities, contributing directly to SDG 11: “Make cities and
human settlements inclusive, safe, resilient, and sustainable.” The improved
assessment of seismic risks can inform urban planning, building codes, and
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disaster preparedness strategies, ultimately enhancing the resilience of
communities to future earthquakes.

Methods

This study employed a rigorous and systematic approach to assess damage
in the catastrophic 2023 Turkey-Syria earthquake sequence by integrating
ground motion analysis, nonlinear time-history simulations, and building
fragility function development. We initially collected seismic records for the
three major events in the earthquake sequence: M,,7.8, M,,7.5, and M,,6.7.
The basic information about the earthquakes, including magnitude, loca-
tion, and depth of the earthquakes, and occurrence time, was based on the
data from USGS'”. The recorded waveforms were obtained from the
Turkey Ministry of Interior Disaster and Emergency Management Pre-
sidency (AFAD)". The spatial distribution of monitoring stations, along
with the epicentral distance and V3, distribution for the three earthquakes,
is shown in Fig. S4. This study focuses on the 11 provinces officially reported
to have experienced earthquake-induced damage (Fig. 1A). The selected
monitoring stations in the study area that were recorded the entire wave-
form are represented by triangles in Fig. S7 and listed in the Table S7 in the
Supporting Information. To ensure the reliability of the ground motion
intensity map, stations that partially recorded or failed to capture the seismic
waveforms must be excluded from the analysis. The official damage data in
the study area’, residential building characteristics*’, and population
density”, were also collected.

We conducted a series of analyses to evaluate ground motion char-
acteristics. Distribution fitting and corresponding statistical parameters
(mean and standard deviation) for 15 commonly used ground motion IMs
(Table S3) are provided in Fig. S9. Additionally, we analyzed the spatial
distribution of ground motion IMs. The unsampled locations are estimated
by ordinary Kriging method due to its advantages on unbiased estimates,
where the stable model is employed to fitting the variogram and represent
the spatial correlation®. However, due to the unavoidable errors of the
interpolated value, the monitoring stations are also marked in figures for
distinguishing recorded and Kriging estimated value. More details about the
Kriging method and the effects of semi-variograms on interpolation results
(Figure S10) could be found in section S2.5.1 of Supporting Information. To
identify near-fault pulse-like ground motions in the three major events, we
applied a generalized continuous wavelet transform method proposed by
Chen et al.”’ (Figs. S5, $6). This method overcome the limitation of classical
continuous wavelet method for requiring a wavelet basis, and provide a
more flexible frame to detect various pulse types. Using the empirical AB10
model’’, we compared the observed ground motion IMs with empirical
values (Fig. S17) and developed empirical maps for PGA and PGV (Figure
S18). The reliability of AB10 model is verified by comparing with other
models (Fig. S16). Furthermore, correlation analyses among IMs, distance,
V0, and engineering demand parameters were performed (Figs. S19, S20,
and Table S5).

The fragility functions were developed to describe the probability of
building damage states in the earthquake doublet. The finite element
method was used to capture the nonlinear seismic response of buildings
under recorded strong motions. Details regarding the numerical modeling,
constitutive model, geometric and mechanical parameters of the structures,
are provided in Section S1. More details about the development of fragility
functions are in Section S3.

Data availability

Ground motions for the events M,,7.8, M,,7.5, and M,6.7 are from AFAD,
Turkey (https://tadas.afad.gov.tr/list-event). Specifically, this study utilizes
data from 175 monitoring stations, as listed in Table S7 of the Supporting
Information. The set of stations used for each event may vary, as some
stations failed or only partially recorded seismic waveforms; the stations
included for each event are shown in Fig. S7. Velocity waveforms from
provinces that experienced high ground motion intensity are presented in
Fig. S8. The acceleration data, in ASCII format, were originally downloaded
from the AFAD website. Notably, M7.8, M,,7.5, and M,6.7 in USGS

correspond to M,,7.7, M,7.6, and My6.6 in AFAD, respectively. Other
involved data are cited in the text.
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