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Abstract: The description of building vulnerability and reliable damage prognoses for different impact levels
are the key elements for seismic risk studies, especially in the case of the assessment of a whole building
stock. Within the different phases of the Turkish—German joint research project on Seismic Risk Assessment
and Mitigation in the Antakya—Maras, Region — SERAMAR, the region’s specific earthquake hazard and fault
situation were assessed; the vulnerability of the building stock was assigned by street view inspection based
on European Macroseismic Scale 1998 (EMS-98). Assigned vulnerability classes recognize structural
particularities and design defects within optimistic, pessimistic and most likely scenarios. In addition, the social
vulnerability and resilience to earthquake disasters have been studied and could be overlapped to the damage
prognosis as the major outcome of intensity based scenarios assuming the epicenter close to the city center
or along existing fault lines. The ancient city of Antakya, also known as the historic Antioch on the Orontes,
lies in the southernmost tip of Turkey, and its development has extended over an alluvial plain through which
the river Asi flows. The building damage and casualties of several different intensities of earthquake scenarios
had been estimated for the purpose of qualified planning decisions by regional authorities. Judging from
historical precedence, major earthquakes on the branch of the Dead Sea—East Anatolian fault system have a
real potential for occurrence in the city. The devastating February 2023 Kahramanmaras earthquake sequence
affecting Turkey and Syria caused tremendous damage within the Antakya region and especially to the target
region of SERAMAR project where a detailed survey of the building stock has been performed. For the first
time, such a unique database and the previously derived scenarios can be validated. The paper mirrors the
results of the SERAMAR project in the light of the shaking effects of the February 2023 earthquake sequence.
Aspects like assignment of EMS-Intensity in case of cascading events, the adoption of shake maps calibrated
to the observation and the reliability of risk studies will be addressed. Focusing on previously instrumented
and numerically investigated buildings, representative RC and masonry types are considered enabling the
comparison to existing fragility functions. On this basis, the differences between empirical and analytical
damage prognosis are discussed.
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1. The SERAMAR Project

The Turkish-German joint research project on Seismic Risk Assessment and Mitigation in the Antakya-Maras-
Region — SERAMAR was initiated and conducted in close collaboration with local partners and the Earthquake
Damage Analysis Center (EDAC) at Bauhaus-Universitdt Weimar (Abrahamczyk et al. 2013). Within the
project, a complete building stock survey was carried out (despite the fact of the high effort), because any
systematic elaboration of a building typology for risk assessment starts and fails with the level and quality of
the building survey. Further, tools for earthquake risk mitigation combined with engineering seismology and
social science were utilized within an environment where research entities from the European research area,
local universities in Turkey, professional associations, and local governments were able to establish a unique
partnership. The study was additionally motivated by the rapid expansion of the urban settlements with many
vulnerable buildings added to its stock in Turkey during the last several decades.
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Figure 1. Sample pictures of Antakya’s building stock and recent damages (© EDAC & M.C. Genes).
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The ancient city of Antakya lies in the southernmost tip of Turkey, and is built on an alluvial plain through which
the river Asi flows. The city, founded in 300 BC, has been an important confluence of states, faiths and peoples
from its earliest times. Within the different project phases the region’s specific earthquake hazard, the
vulnerability of the city’s building stock based on the EMS-98 principles (Griinthal et al. 1998), and the social
vulnerability and societal vigorousness to earthquake disasters at different levels of society are identified and
elaborated (see also http://seramar.edac.biz).

2. SHAKEmaps of February 2023 Kahramanmaras earthquake sequence

The seismic event that occurred in the Turkey-Syria region on February 6, 2023 (USGS 2023), holds a
distinctive characteristic whereby multiple fault ruptures were involved. The event had an intensity of XI on the
Modified Mercalli Intensity Scale and EMS-98. Initially, an earthquake with a magnitude of M 7.8 occurred in
Kahramanmaras, which was subsequently followed by the rupture of a separate fault 9 hours later, resulting
in a consecutive earthquake of magnitude M 7.5 in the area. Considering the cumulative effects of these
cascading events is crucial for assessing damage prognosis and overall hazard, as multiple earthquakes can
amplify the damage caused by subsequent events.

The sequenced event led to the collapse of 6’500 buildings and more than a million buildings suffered damages
of different levels, causing the death of 42’310 people according to different reports (AFAD 2023), with a total
of 7’184 recorded aftershocks. Ground motion records from 260 seismic stations were made available for the
M7.8 event through the main earthquake monitoring networks currently operating in Turkey (Hancilar et al.
2023). The macroseismic dataset is collected in terms of felt reports through internet-based questionnaires
from the USGS “Did you feel it?” (DYFI) (Wald et al. 1999) database, a total of 2’014 reports are collected
which are clustered into 420 data points.

The hazard level in terms of SHAKEmap resulting from the M7.8 event is illustrated in Figures 2. The initial
SHAKEmap underwent a series of updates over time, with a total of 16 different versions calculated (as of 15t
May 2023), the final version being generated 46 days post-event. Due to the complex nature of the event's
rupture, adjustments to the rupture dimensions were updated several times, introducing an added layer of
uncertainty into the final SHAKEmap results. The ultimate rupture dimensions were incorporated into (version
7) approximately 4 days following the event, alongside the integration of data from available seismic recording
stations (Hasan et al. 2023).

—~— Fault Lines [AFEAD,2021)

MMI <l Il 1 v \Y VI | vIE vl | IX X
PGA [%g] |0.046 0.297 276 | 6.2 | 115|215 (40.1|74.7 |>139

Figure 2. SHAKEmaps calculated for cascading events during the 2023 Kahramanmaras, Turkey-Syria
sequenced earthquake.
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3. Building stock survey
3.1. Application of EMS-98 building typology

Basic building Types

In general, statistical data being relevant for an engineering evaluation of the building’s vulnerability were not
available at the time the project was started. A first building typology was derived on the basis of data collected
during the building stock survey in 2005 and its completion in 2009 (Abrahamczyk et al., 2013). In 2012, a
further field survey was conducted to particularly investigate masonry buildings (Erberik et al., 2013).
Nowadays, housing census and building permits should be available; they can be used for an up-dated
regional risk analysis. All data were mapped (see Figure 4) using a GIS-tool together with the elaborated
hazard parameters and risk data layers (i.e., subsoil conditions, topography). As a result, buildings of different
material types representative for the various times could be found as well as buildings consisting of several
materials. Especially in the suburb areas, oftentimes the ground floor is constructed with a different material
than the upper floors due to different construction periods. Typically, adjacent buildings are attached to each
other because of limited space and without following any rules. Within the building stock survey following
parameters were gathered:

e Material of the structural system,

e Number of stories,

e Peculiarities of the structural system (vulnerability affecting solutions like soft story, cantilevering upper
story, widely/ rampant built) see Figure 3,

e Peculiarities of the location (typographical situation like top of a steep slope),

e Ultilization (residential, commercial, etc.).

—_

¢) Masonry buildings with irregularities in elevation d) Clusters of masonry buildings

Figure 3. Examples of observed vulnerability affecting construction characteristics (“defects”).
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Figure 4. Distribution of: left: building types (primary classes); right: vulnerability classes in Antakya on the
basis of detailed building stock survey.

3.2. EMS-98 vulnerability assignment

Based on the elaborated survey data and the application of the EMS-98 the existing building stock was
classified and the vulnerability classes for each building determined / assigned (see Figure 4; Schwarz et al.
2008; Schwarz 2010 & 2011; Abrahamczyk et al. 2014). The EMS-98 explicitly allows the assignment of
transition classes and the consideration of vulnerability affecting factors (regularity, workmanship, state of
maintenance). It is one of the inherent advantages of the EMS-98 that the ranges of the vulnerability can be
used to indicate the scatter of existing realizations and — with rather simplified graphical elements — the
probability of expectation. For each vulnerability class, a description of the probable quality (damage grades)
and extent (quantity of their occurrence) in dependence on the level of shaking is given (Schwarz et al., 2021).

Advantage of the comprehensive survey was taken for a refinement of the intensity-based scenarios by:

e composition of vulnerability classes for each building type (e.g., MM-massive stone, MS-simple stone,
RC-reinforced concrete frames, etc.);

o definition of an average vulnerability class for each building type (as well as upper and lower-bound
variations);

e distinction of building types by consideration of their layout irregularity, as well as structural peculiarities.

To indicate the appropriateness of a refined vulnerability assignment to the building stock, different approaches
were considered and three different cases conducted:

a. Strict assignment of the most likely vulnerability (MLV) class according to EMS-98 neglecting any
consideration of further vulnerability affecting parameters. Transition classes are not used. Vulnerability
class C is assigned to all reinforced concrete buildings, which means ignoring the positive effect of
earthquake-resistant design. This could actually be expected due to the high seismic risk indicated by
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the highest seismic zone and the valid seismic provisions. At least in theory, buildings older than 60
years can be assumed to be without seismic provisions (VC C).

b. Use of the engineer-assigned vulnerability (EAV) class assigned on the basis of all collected data related
to the building stock. Transition classes are explicitly used. Vulnerability class CD is used as basis for
all RC buildings and is modified (mostly reduced) by the vulnerability affecting design aspects (like soft
stories). This assumption considers the expected earthquake-resistant design (ERD) in high seismic
areas, which is actually implicit in the assignment of vulnerability class D. Also, the experience of the
behavior of RC buildings during the recent devastating earthquakes in Turkey support the assumption
of a relatively high vulnerability and the acceptance of a pessimistic damage prognosis.

c. Allocation of a pessimistic vulnerability (PV) class to the entire building stock by decreasing the
engineer-assigned vulnerability class by one class. This will consider the uncertainties, which could not
be investigated in the frame of the building stock survey, such as:

o Material properties: Low quality (e.g., concrete strength) due to the ingredients used
o Frame discontinuities: Typical for Turkey, evident only by detailed investigation
o Short/ long dimension ratios and workmanship.

3.3. Fragility functions
Pre-selection for the dominant building types

In parallel to the empirical-based risk assessment different analytical risk scenarios on the basis of fragility
functions from different authors were applied to check the quality and reliability of the risk scenarios (Schwarz
et al. 2015; Abrahamczyk et al. 2014). Figure 5 shows examples of available fragility functions for (a) five-story
(SC 2) Reinforced Concrete (RC) frame structures with masonry infill walls and (b) two-story brick masonry
structures compared for the limit state of collapse by the use of the “Fragility Function Manager” (Silva et al.,
2011). The comparison of the fragility functions indicates a large scatter for masonry and reinforced concrete
buildings. The partially contradicting tendencies (optimistic, pessimistic) within the curves support the demand
(and the SERAMAR inherent project concept) to put the local building stock under a complex evaluation and

detailed investigation procedure.

The comparison of the proposed (not always applicable) fragility functions indicates the need of an adjustment
to the existing building stock to come up with reliable damage scenarios. It also shows that the quality of any
analytical damage scenario will be mainly influenced by the selection of the fragility functions and adaption of
the fragility functions to the local building typology. For the risk assessment of a building stock different aspects
are of importance: the validity of the fragility functions; the number of subtypes, and the reduction of the
uncertainty of the action/impact influencing parameters (e.g., soil characteristic’s, topography).
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Figure 5. Comparison of available fragility functions proposed for RC and masonry building types for the limit
state of collapse (including "out-off-plane failure mechanism) (Abrahamczyk et al., 2016).
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Special studies on the basis of seismic building instrumentation

Similar for masonry and reinforced concrete building types a specific scheme of ranking criteria was used to
identify representative buildings. Depending on the availability of the basic information describing the structural
layout, buildings were selected for a multi-tasking in-situ instrumental testing procedure, which in each phase
was related to the outcome of parallel analytical investigations by using different analysis methods and
programmes. Temporarily installed weak-motion sensitive velocity-seismometers as well as permanent strong-
motion building instrumentations could be used to measure the synchronous spatial building reaction at
different elevations. On the basis of the instrumental data, the dynamic characteristics has been investigated
and compared with the numerical results (Abrahamczyk et al., 2008; 2014). Figure 6 shows examples of
instrumentally investigated buildings for Reinforced Concrete and masonry building types as well as observed
damages caused by the 2023 Kahramanmaras, Turkey-Syria sequenced earthquake.

b) RC frame structure
Figure 6. Examples of instrumented and investigated RC and masonry structures in part of the SERAMAR
project before and after the 2023 Kahramanmaras earthquake.
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Building-specific functions for residential RC buildings of Storey Class 2 (SC-2)

Within the SERAMAR project the concept of combination of low budget instrumental testing with analytical
studies to carry out reliable and realistic damage prognosis for representative buildings of a specific building
stock was introduced. Basic elements are the analytical assignment of the different damage grades on the
basis of the material stress-strain-relationships and the numerical calibration of the structural models on the
basis of the instrumentally gained dynamic response characteristics of the investigated building. After the
determination of the relevant building response parameters the different damage grades can be allocated on
the basis of the deformation states. Finally, fragility functions can be determined using the site-specific ground
motion and representative earthquake records. (Abrahamczyk et al., 2014)

Figure 7a shows exemplarily the calibration results for a 5-story RC frame building by the modification of the
stiffness of structural members (modifying the young’'s modulus), the distribution of the considered additional
masses per story and by the adoption of the damping ratio of the structure. On the basis of the validated
structural model the capacity curve and spectrum were determined and the different damage grades assigned
according to (Schwarz et al., 2006). Finally, fragility functions for each damage grade and a set of strong
motion records from Californian earthquakes (Schwarz et al, 2007) were derived (see Figure 7b).
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Figure 7. Exemplarily calibration results and derived fragility functions by the use of low-budget building
instrumentation data for 5-story RC frame structures with masonry infill walls.

4. Damage Scenarios
4.1 Previous results (Workshop 2010)

For a better comparison results of the damage probability of each damage grade were further used to
determine the mean damage grade for each building type and the influence of the selected fragility functions
on the results of the determined risk scenarios. For each set of fragility functions, the damage probability of
each damage grade could be derived for the different building types (e.g. BT - basis type), for the different
story classes and for the year of construction (see Figure 6). The application of the fragility functions according
to (Ahmad et al., 2011) clearly show the different damage distributions depending on the story class and
consideration of a ductile design for buildings constructed after 1999.

In Figure 8, the mean damage grades of empirical risk scenarios for Intensity / (EMS) = IX and a most likely
vulnerability assignment are compared with the results of analytical risk scenarios for a (PGA) of 0.4g. Whereas
the mean damage grade is the sum of the probability of each damage grade multiplied with a damage factor.
The results indicate:

the large scatter inherent to the different fragility functions for RC structures;

the difficulties to select the fragility curves for an existing building stock;

the huge differences between results from analytical and empirical approaches and

the unclear and in some cases opposite trend between mean damage grade and story class.
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4.2. Results for 2023 Kahramanmaras earthquake sequence

Figure 9 shows the results for the seismic risk scenarios of intensities /epi = X and two variants of vulnerability
assignments. Variant 1 (VC2) defines the vulnerability classes according to an optimistic (“most likely”
assignment of vulnerability classes. Variant 2 (VC2) assumes a pessimistic distribution of the vulnerability
classes, that is more probable based on the constructions and observed damages. In case of variant 2, the
assigned vulnerability classes are downgraded by one class (e.g. B to A, C to B, etc).

For both variants, the methodology developed in Raschke (2004) is applied to determine structural damage in
the form of damage degrees. In total 1000 Monte-Carlo simulations are carried out and mean-values as well
as the 84% fractile of the damage grades determined. The epicentre is set on a fault north-east to Antakya
(Reitmann, et al., 2023) and the site intensity determined for each individual building based on different
intensity attenuation relationships (including the still quite valid by Sponheuer, 1960). Additionally, the site
intensity is adjusted according to site conditions using the concept of with the delta intensities (Schwarz et al.
2005; 2006).

Within the next steps, the results will be compared with the observed (re-evaluated) damage grades —
beginning with the assessment of the 2023 earthquake(s) by VHR satellite images while distinguishing
between probably non-damaged, heavily destroyed and collapsed buildings (Hadidian & Schwarz, 2024).

5. Conclusions

In different phases of the Turkish—German joint research project on seismic risk assessment and mitigation in
the Antakya-Maras region (SERAMAR), the seismic risk and the vulnerability of the building stock were
determined based on the EMS-98 and a building stock survey. As it can be concluded from a series of
comparative studies, models and vulnerability related functions of similar studies cannot be adopted directly.
Because of their high vulnerability and the inherent heterogeneity due to the historical process of modifications
and period-depending use of locally available material, it was decided to develop a new building typology,
which should be supported by a complex evaluation and detailed investigation procedure.
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Figure 9. Distribution of Damage Grades (DG) for intensity Ieus = X considering a most probable and
pessimistic vulnerability assignment.
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From the presented results, it can be concluded that the assignment of the vulnerability class has a strong
influence on the damage prediction.

The results show the most vulnerable areas (hot spots) within the city Antakya and the general expectable
loss (damage) in case of a strong event. In view of the recent event, the maps show the possible application
within strategies to develop mitigation measures.
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