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Abstract

Seismic vulnerability modelling requires methodologies that account for changes in de-
sign practices over time and the inherent variability within building portfolios, including
the differences in geometry, materials, and construction quality. Conventional models use
different assessment approaches, classification systems, and representations of seismic
loading and are often developed using a limited number of archetypal structural models
to characterise an entire building class. As a result, these models tend to oversimplify in-
dividual building response, often fail to reflect building-to-building variability adequately,
and do not account for multiple sources of uncertainty. To overcome these limitations,
a collaborative and unified simulated design (SimDesign) framework for buildings has
recently been introduced under the Built Environment Data (BED) initiative alongside
an open-source Python implementation. Following the simulated design process, the
framework generates numerical models in OpenSees for non-linear analyses, facilitating
the development of vulnerability models for RC buildings. Leveraging its collaborative
nature, this article presents the first country-specific extension of the framework for re-
inforced concrete (RC) frame buildings in Tiirkiye. More specifically, the historical and
modern Turkish seismic design regulations are examined in detail, and specific design
rules are integrated along with available statistical data on construction practices. Example
applications were also conducted to assess the structural capacities associated with each
implemented Turkish design class through non-linear pushover and dynamic analyses. The
analysis outcomes revealed a consistent improvement in lateral force and ductility capac-
ity over time, closely aligned with progressive enhancements in seismic code provisions
and construction practices. Ultimately, this work has the potential to support more accu-
rate seismic vulnerability modelling, which improves risk assessments and aids effective
mitigation strategies for enhanced disaster resilience in the country.
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1 Introduction

Understanding the seismic performance of RC frame buildings is a critical area of research
in earthquake engineering, particularly in regions like Tiirkiye, which are prone to frequent
and severe seismic activity. Damage observed in reinforced concrete (RC) frame structures
after recent earthquakes (Yilmaz et al. 2024) have again underscored the importance of
assessing the risks associated with existing buildings to predict and mitigate potential future
damages and losses. By analysing factors such as structural design, construction materials,
maintenance practices, and socio-economic conditions, vulnerability models provide criti-
cal insights into potential damage and inform effective disaster risk mitigation strategies
(Martins and Silva 2021).

Fragility functions are central to physical vulnerability modelling, quantifying the prob-
ability of reaching or exceeding specific damage thresholds for different seismic intensity
levels. These functions are developed using three main approaches: empirical, analytical,
and hybrid methods. Empirical methods utilise structural damage data observed after earth-
quakes (Hancilar et al. 2013; Kircher et al. 1997; Rossetto and Elnashai 2003) but are often
constrained by the availability of reliable post-earthquake damage data and accurate ground
motion estimates. Analytical methods, on the other hand, utilise structural models and com-
putational analyses to enable vulnerability assessments in regions with limited empirical
data (Ayala et al., 2015; Erberik 2008; Nafeh & O’Reilly, 2023, 2024). Hybrid approaches
combine the strengths of empirical and analytical methods (Kappos et al. 1998).

Among these, analytical methods have been widely adopted by researchers to study the
vulnerability of RC frame structures in Tirkiye. For example, Akkar et al. (2005) developed
displacement-based fragility functions for low- and mid-rise RC frame buildings with infill
walls using building data from the Diizce earthquake. Similarly, Kircil and Polat (2006)
generated fragility curves for 12 mid-rise RC frame buildings in Istanbul, designed accord-
ing to the Turkish Building Earthquake Code, published in 1975 (TBEC-1975). Erberik
(2008) analysed 28 RC frame buildings constructed between 1970 and 1999 using the Diizce
observed damage database (Ozcebe et al. 2003), defining building classes based on number
of storeys and the presence of infill walls. Hancilar and Cakt1 (2015) examined mid- and
high-rise RC frame buildings designed following TBEC-2007, employing multi-degree-of-
freedom (MDOF) models to generate fragility curves for engineering demand parameters
such as maximum peak storey drift and peak floor acceleration. Ucar et al. (2015) generated
building capacity curves for 30 RC buildings, ranging from 3 to 8 storeys, based on data
obtained through a walk-down survey in the city of Izmir.

While these studies provide valuable insights, they often rely on a limited number of
representative structures. Moreover, traditional vulnerability models often depend on broad
building class definitions and are developed using different numerical modelling and assess-
ment approaches as discussed in Ruggieri et al. (2022). On the modelling side, various
idealisations are employed, ranging from the simple equivalent single-degree-of-freedom
(SDOF) systems, which are widely used in regional studies for their computational effi-
ciency, to 2D-MDOF models, which strike a balance between realism and computational
cost, and finally to detailed 3D-MDOF models, which provide the most comprehensive and
realistic representation of structural behaviour, albeit at a higher computational demand.
In terms of analysis approaches, methods generally include non-linear pushover and time
history analyses, each with its own trade-offs between computational cost and ability to cap-
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ture inelastic and dynamic response characteristics. All these factors lead to an inadequate
representation of building-to-building variability and overlook critical sources of uncer-
tainty. In addition, differences in adopted methodologies lead to a lack of harmonisation,
hindering comparability and making the use of previously developed vulnerability models
in risk assessments challenging, especially for large-scale applications. These limitations
highlight the need for a systematic approach to vulnerability modelling, which accounts for
the evolution of seismic design codes while comprehensively reflecting variability in build-
ing geometries and structural attributes, such as material properties.

To tackle some of these challenges, which are also relevant to other countries in Europe,
the latest European exposure model (Crowley et al. 2020), developed under the Horizon
2020 SERA project (http://www.sera-eu.org/), introduced an enhanced taxonomy for RC
frame buildings, incorporating seismic design code evolution and seismic demand zonation
into building classifications as taxonomy attributes. Traditional exposure models primarily
rely on morphological attributes (e.g., number of storeys, construction year, material, and
structural system) derived from statistical data, surveys, image processing, or remote sens-
ing. However, these attributes alone do not capture a building’s expected lateral strength
and ductility capacity. Previous approaches attempted to map ductility classes based on
construction year and regional seismicity but lacked flexibility across time and geography.
To address this, Crowley et al. (2021a, b) proposed a new mapping scheme that decouples
seismic strength (lateral load coefficient, f) from seismic design principles (reflecting duc-
tility-related aspects). In this classification, the latter is defined by the four design classes
representing prevailing European seismic design practices over different periods. This har-
monised framework accounts for seismic zonation changes, evolving design provisions,
and construction practices over time. The approach introduced by Crowley et al. (2021a,
b) improves the classification of RC buildings, but currently available exposure models
still lack detailed information on the buildings, such as geometry and structural details.
Simulated design procedures (Borzi et al. 2008; Del Gaudio et al. 2015; O’Reilly & Sul-
livan, 2018; Ruggieri et al. 2022; Verderame et al. 2010) can help overcome this limitation
by reconstructing realistic structural configurations based on engineering practices of the
time. To estimate the building design, this method requires only a few geometric variables
and attributes, which can be randomly generated based on statistical data. Accordingly, this
methodology was adopted during the development of vulnerability curves for low- to mid-
rise RC frame buildings that are representative of general European construction practices
and utilised in the 2020 European Seismic Risk Model (ESRM20) (Crowley, Dabbeek
Crowley et al. 2021a, b). To capture the building-to-building variability within a building
class, the geometric variables and attributes required for the design procedure were ran-
domly generated based on existing statistical distributions.

However, it can be quickly recognised that statistical data on general building proper-
ties (e.g., span lengths, story heights, and material strengths) can vary significantly across
countries and regions. Additionally, building codes and design practices differ globally, with
seismic events often driving changes in national standards, revealing specific deviations
from the generalised building class definitions. While existing simulated design procedures
align with historical seismic design codes, they remain limited to country-specific applica-
tions and localised studies, lacking a generalised framework and supporting software tools
for broader applicability. Another critical limitation is the mismatch between actual build-
ings and those generated strictly based on design rules. Factors such as material strengths,
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stirrup spacing, and anchorage details, influenced by construction quality, significantly
impact structural vulnerability yet remain underrepresented in many models. Additionally,
numerical modelling choices influenced by construction quality are often absent from tradi-
tional vulnerability models, reducing their ability to produce realistic risk assessments. To
overcome the limitations described above, building upon the developments of the SERA
project, a collaborative and unified simulated design framework (SimDesign https://simd
esign.builtenvdata.eu/) which offers extensibility to individual countries has been recently
proposed along with the open-source Python implementation (Ozsarac et al. 2025).

Nevertheless, expanding the framework for individual countries requires a detailed
understanding of the evolution of seismic design and construction practices. This knowl-
edge is often only available through non-digitised texts written in the local language, or
through well-known reference textbooks available at the time, or through acquired pro-
fessional experience retrievable only through in-person interviewing and data collection.
In this context, this study extends the SimDesign framework for RC frame buildings in
Tiirkiye by integrating past and present Turkish seismic design regulations. Notably, this
extension enables, for the first time, the simulated design of Turkish RC frame buildings
while accounting for temporal and spatial variations in seismic design practices. Following
the design process, the referred tools implementing the framework generate the OpenSees
(McKenna et al. 2010; Zhu et al. 2018) numerical models that can then be used to perform
non-linear analyses of the designed buildings and obtain probabilistic seismic demand mod-
els. These will ultimately support the development of fragility functions and vulnerability
models for Tiirkiye.

The paper begins with an overview of past and present seismic design codes for RC
frame buildings in Tiirkiye, followed by a short discussion of damage observations from
some recent earthquakes. After that, specific information about the framework is explained
in detail, with an emphasis on the data integrated for Turkish RC frame buildings. Finally,
the framework’s simulated design capabilities are showcased through two example applica-
tions that illustrate key differences among the examined design classes and underscore the
significance of the attributes involved.

2 Evolution of seismic design codes and past damage observations in
Tiirkiye

Tiirkiye is located in one of the most seismically active regions of the world, where tectonic
activity is primarily governed by the interactions between Eurasian, Arabian, and African
Plates, as illustrated in Fig. 1. The northward motion of the African and Arabian Plates
generates compressional forces as they collide with the Eurasian Plate and leads to the
westward motion of the Anatolian Plate along the North Anatolian Fault (NAF) and the East
Anatolian Fault (EAF). Along its northern boundary, the Anatolian block moves westward
relative to the Eurasian Plate at a rate of approximately 25 mm/yr, with most of this motion
concentrated along the right-lateral strike-slip NAF. Similarly, along its southeastern bound-
ary, the Anatolian block moves southwest relative to the Arabian Plate at a rate of about
10 mm/year along the left-lateral strike-slip EAF (Reilinger et al. 2006). The Aegean Gra-
ben System is another significant tectonic setting in the region, which is characterised by a
normal faulting mechanism, further increases its high seismic activity.
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Fig. 1 Tectonic setting and major active fault systems in Tiirkiye (USGS, 2024)

As a consequence of its high seismic activity, Tiirkiye has experienced 21 earthquakes
with magnitudes of 7.0 or greater since 1900. Among the most devastating were the 1939
M,, 7.8 Erzincan earthquake, the 1999 M, 7.6 Izmit (Kocaeli) earthquake, and the recent
2023 M,, 7.8 and M,, 7.5 Kahramanmaras earthquakes (depicted in Fig. 1), each result-
ing in a high level of damage and loss of life. For instance, the 1939 Erzincan earthquake
caused over 32,000 fatalities and more than 100,000 injuries, while the 1999 Izmit earth-
quake resulted in 17,000 deaths and more than 50,000 injuries. Most recently, the 2023
Kahramanmaras earthquakes led to catastrophic losses, with fatalities exceeding 50,000 and
more than 100,000 injuries reported by United States Geological Survey (USGS, 2024).

2.1 Overview of design codes for RC frame buildings

Over the last decades, the building stock in Tiirkiye has undergone significant changes.
Rapid urbanisation and population growth, particularly after the 1970s, have substantially
increased RC construction. Eventually, as highlighted by recent studies (e.g., Bal et al.
2008; Yilmaz et al. 2024), RC frame buildings have become the most dominant building
typology in the country, with the proportion of those constructed before the 1970s remaining
negligible. However, this rapid urban expansion occurred with limited public awareness of
seismic risks, resulting in the widespread construction of low-quality buildings in seismi-
cally active regions. This has been identified as one of the primary factors contributing to
the devastating consequences of past earthquakes (Erdik 2001; Bayraktar et al. 2013; Yuz-
basi 2024; Yilmaz et al. 2024). Accordingly, seismic design codes have undergone serious
revisions over time alongside global advancements in earthquake engineering, integrating
the key design concepts with each revision, as summarised in Table 1. Although each code
was published as a standalone regulation rather than as a formal revision of the preceding
one, some versions shared notable similarities. For example, the pre-1968 codes had closely
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Table 1 Evolution of Turkish seismic design codes

Code  General Information RC Frame Buildings
1940 < Introduced earthquake load calculation procedure via lateral + No specific limitations
load coefficients
1944 < Introduced building height limits based on structural system * No specific limitations
1949 < Introduced a seismic zonation map with three zones for * No specific limitations
which different ranges of lateral load coefficients are provided
« Introduced a limitation on the number of storeys based on
the seismic zone
1953 = Specified the live load reduction factors based on building  * No specific limitations
typology
« Specified the lateral load coefficient values as a function of
soil class, structural characteristics, and earthquake zone
1961 < Revised the live load reduction factors * No specific limitations
« Revised the procedure for determining lateral load
coefficient
1968 < Introduced a dedicated section for RC buildings, although * Specified minimum dimensions
not detailed for beams and columns
» Updated the seismic zonation map with four zones * Specified minimum longitudi-
« Revised the procedure for calculating lateral load coefficient nal reinforcement for beams
to account for spectral shape and building importance for the < Enforced use of transverse rein-
first time forcement in columns, beams and
« Introduced an expression for distributing lateral loads at joints without specifying limits
floor levels based on floor weights and levels * Prevented use of hollow block
slabs for buildings at the first-
and second-degree seismic zones
1975 < First modern earthquake code * Specified minimum dimensions
« Updated the seismic zonation map with five zones and reinforcement ratios for all
« Explicitly mentioned the ductility at both structural and types of structural members
component levels * Introduced detailed design
« Revised procedure for calculating the seismic loads with principles for seismic-resistant
more detailed consideration of soil conditions and dynamic detailing with emphasis on the
properties of structure importance of confinement
* Introduced quantitative expres-
sions for ductile design
1998 < Explicitly defined design earthquake * Defined minimum concrete
« Introduced elastic design spectrum strength as C20 for buildings at
* Defined structural-system-specific behaviour factors first- and second-degree seismic
« Introduced seismic load reduction factor zones
« Introduced capacity design concept * Defined stricter rules for shear
« Quantitatively defined structural irregularities design
* Revised the seismic zonation map * Defined more detailed rules for
« Introduced mode superposition and time history analysis reinforcement detailing
methods * Reduced the maximum axial
load ratio limit for columns
* Provided design expressions for
the “strong column-weak beam”
principle
2007 = Added chapters on structural assessment and retrofitting * Introduced minor updates to the
design expressions
* Defined minimum concrete
strength as C20 for all buildings
@ Springer
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Table 1 (continued)

Code  General Information RC Frame Buildings

2018 e« Introduced modern seismic hazard map with spectral ac- * Defined stiffness modifiers to
celeration coefficients account for concrete cracking
« Introduced site-specific design spectra * Reduced the maximum axial
« Introduced vertical design spectrum load ratio limit for columns
« Introduced performance-based design * Defined stricter rules for shear
« Defined structural-system-specific overstrength and behav-  design
iour factors * Defined minimum concrete

strength as C25 for all buildings

aligned provisions, and the 1998 and 2007 codes were largely similar, particularly in their
RC design requirements.

The country’s first building code was introduced in 1940 following the destructive 1939
Erzincan earthquake. This was based on the Italian building code of that time (Cansiz
2022; Yilmaz et al. 2024). After this code, subsequent revisions (1944, 1949, 1953, 1961),
driven mainly by significant earthquakes such as Tokat-Erbaa (1942), Bolu-Gerede (1944),
Mus-Varto (1946), Karliova-Bing6l (1949), introduced some level of changes in building
design and construction regulations. However, all the codes before 1968 lacked explicit
design provisions for RC buildings, aside from a few minor constraints. The 1968 seismic
code marked a significant milestone by introducing a dedicated chapter for RC structures,
although it remained limited in detail.

After several early seismic design regulations, Tiirkiye’s first modern and comprehen-
sive seismic design code was published in 1975 (TBEC-1975). This code was the first to
explicitly mention of ductility at the structural and member levels. Moreover, between 1975
and 2000, two RC design and construction codes, TS500-1975 and TS500-1984, were also
in effect. Prior to 1975, RC elements were designed solely based on the allowable stress
method, which was also adopted in TS500-1975. Notably, TS500-1984 introduced new
improvements, particularly refining RC design practices with the introduction of the ulti-
mate strength design method. While the allowable stress method was still permitted, the
code explicitly encouraged the adoption of the ultimate strength method. As a result, after
the mid-1980s, design engineers began to use the ultimate strength design instead of the
allowable stress approach (Ilki and Celep 2012).

As seismic design practices continued to evolve, TBEC-1998 was released, incorpo-
rating modern design concepts such as capacity design principles, seismic load reduction
factor and advanced analysis methods such as mode superposition and non-linear time his-
tory analysis. This code also enhanced the shear design provisions for RC elements. Fur-
thermore, TBEC-1998 introduced two ductility levels to be followed in building design:
high (DCH) and moderate (DCM) ductility. The choice of ductility level in design was
determined based on the seismic zone in which the building was located. High ductility was
mandatory for RC frame buildings in first- and second-degree seismic zones, whereas mod-
erate ductility was permitted in third- and fourth-degree seismic zones, though high ductility
remained an option. The main difference between the two was the consideration of capacity
design rules, particularly the strong column-weak beam principle and capacity-based shear
force design of beams and columns.

Subsequently, the latest version of the TS500 series, TS500-2000, was released with new
provisions on RC design and construction rules. Most notably, it eliminated the use of the
allowable stress design approach by making the ultimate strength design method mandatory
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for RC structures. Later, TBEC-2007 was released, introducing new chapters by address-
ing the seismic assessment and retrofitting of existing structures. However, it included only
minor updates to the design rules for RC frame buildings.

Finally, TBEC-2018 brought significant advancements by incorporating a modern spec-
trum-based seismic hazard map and adapting a performance-based design approach. It pro-
vided stricter ductility requirements and, for the first time, accounted for cracked stiffness
modifiers in design calculations. In this code, RC frame buildings in Earthquake Design
Class 1 and Earthquake Design Class 2 (this classification of design classes is similar to
the seismic zonation in previous codes) have been enforced to be designed with high duc-
tility level while design with moderate ductility was permissible for Earthquake Design
Class 3 and Earthquake Design Class 4, though high ductility remained an alternative again.
Besides, the code required the consideration of the overstrength factor in the calculation of
seismic load reduction factor and shear design for beams and columns.

In addition, it is also important to note that £ values, or lateral load coefficients, defined
as the ratio of lateral earthquake load to total weight of the structure, have significantly
changed with each code revision. In particular, Fig. 2 illustrates the variation of § values
across the design codes released between 1949 and 2018, considering a hypothetical four-
story RC frame building located on stiff sandy soil in the Zeytinburnu district of Istanbul.
It should be noted that slight variations of the given values may occur due to assump-
tions regarding the dynamic characteristics of the building and the soil type. Furthermore,
it should also be considered that the region was designated as a second-degree seismic zone
until 1996. After 1996, it has been designated as a first-degree seismic zone. The increasing
trend in lateral load coefficient indicates the continuous improvement of considered earth-
quake loads in RC building design with time.

2.2 Damage observations from past earthquakes

Although seismic design codes have incorporated the best design provisions of their era,
particularly for the buildings built after 1975, the RC building stock has experienced cata-
strophic losses in past earthquakes (e.g., the 1999 Kocaeli, 2023 Kahramanmaras earth-
quakes), particularly due to poor construction quality. Based on the damage observations
in post-earthquake reconnaissance studies, critical deficiencies can be revealed, which are
important to capture when performing simulated design of existing building portfolios.

Fig. 2 Variation of the lateral load 0.1
coefficient based on different Turk- ~ _ 0.09
ish design codes 0.08
0.07
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Among these studies, Ilki and Celep (2012) identified issues such as inadequate lateral
load capacity due to poor concrete strength and insufficient reinforcement, limited lateral
stiffness from weak frame formations, lack of ductility, and the presence of soft and weak
storeys, particularly on ground floors, based on damage assessments conducted after sev-
eral earthquakes, including the 1999 Kocaeli earthquake. Similarly, Bayraktar et al. (2013)
reported some deficiencies following the 2011 Van earthquake, where damage was con-
centrated in areas with ground failures, soil liquefaction, poor concrete strength, unribbed
reinforcement, inadequate beam-column joint detailing, and strong beam—weak column
configurations. Other contributing factors included short columns, weak walls, improper
lap splices, and insufficient separation distances between adjacent buildings, which lead
to pounding damage. Yakut et al. (2022) highlighted soft and weak ground floors and
excessive column corrosion as primary causes of damage following the 2020 Samos earth-
quake in Izmir. Likewise, Binici et al. (2023) analysed the damage caused by the 2023
Kahramanmaras earthquakes and attributed collapses in pre-2000 buildings to insufficient
lateral rigidity and poor beam-column joint detailing. For post-2000 buildings, they identi-
fied issues such as using hollow block slabs, poor lateral force distribution, underestimation
of seismic demands, and inadequate local soil investigations.

Based on these past damage observations, the most critical structural issues can be shown
as low concrete strength, inadequate reinforcement detailing, weak beam-column connec-
tions, improper lap splices in critical regions, and the presence of soft and weak storeys,
particularly on ground floors. These deficiencies were primarily found in the buildings con-
structed before 2000, as the 1999 Kocaeli and Diizce earthquakes affected the general public
by highlighting the critical importance of compliance with seismic design codes. Following
the 1999 earthquakes, several regulatory improvements were introduced to enhance con-
struction quality, including the mandatory use of ready-mix concrete and ribbed steel rein-
forcement bars, as well as the implementation of mandatory construction inspections. The
effectiveness of these regulatory measures was evident during the 2023 Kahramanmarag
earthquakes (Yilmaz et al. 2024), where buildings designed under new regulations exhibited
improved seismic performance compared to older ones.

3 Integration of Turkish RC frame data into SimDesign framework

The SimDesign framework follows a structured four-step process (see Fig. 3) to integrate
seismic design practices into a computational modelling environment. In the first step, a
dataset that defines the general characteristics of buildings in a specific region is gener-
ated to guide the simulated design. More specifically, this includes three primary attributes,

Building g Iterative Quality-base Numerlcal
Portfolio Simulated Design Model
Generation Design Modification Generatlon BNSM
lateral load coefficient, member sizes, loads,
design class, geometry, masses, reinforcement, OpenSees models
quality, material grades, material properties, in Tcl or Python
etc. ete.

Fig. 3 General overview of the workflow defined in the SimDesign framework
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which are number of storeys, f, and design class, representing seismic design practices
and rules to be considered. Additionally, it includes secondary attributes, such as material
grades and construction quality, along with geometric variables (e.g., in-plan configurations
and storey heights). Together, the secondary attributes and geometry variables reflect the
building-to-building variability and are established through random sampling from prob-
ability distributions specific to a given design class. At the end of this step, the generated
dataset for the building portfolio, or the building realisations, is stored in the Building Class
Information Model (BCIM) database.

Following dataset generation, each building realisation undergoes a simulated design
process that replicates an engineer’s supposed decision-making approach. Structural mem-
ber dimensions and reinforcement details are iteratively determined to ensure compliance
with national code provisions and design practices. After completing the design process,
quality-based modifications are applied to account for variations in material properties and
reinforcement detailing based on the construction quality level, which can be classified as
Low, Moderate, or High. The finalised design details, including material properties, rein-
forcement configurations, and section dimensions, are stored in the Building Design Infor-
mation Model (BDIM) database.

In the final step, the building design data are utilised to generate 3D non-linear numerical
models in OpenSees (McKenna et al. 2010; Zhu et al. 2018), incorporating state-of-the-art
modelling approaches. For each building, modal and non-linear static pushover analysis
routines are developed alongside the numerical models and collectively stored in the Build-
ing Non-linear Structural Model (BNSM) database.

The following subsections detail this workflow with a particular focus on the Turkish RC
frame design classes integrated into the framework. First, the general criteria for defining
specific design classes will be discussed. This will be followed by a summary of the build-
ing portfolio generation process. Next, the iterative design process will be detailed. For
more detailed information about the SimDesign framework and its Python implementation
(available at https://github.com/builtenvdata/simulated-design), readers are encouraged to
refer to the reference publication (Ozsarac et al. 2025) that describes the overall initiative
in a broader context.

3.1 Determination of the Turkish RC frame design classes

Modern seismic design codes generally provide distinct design provisions for different tar-
get ductility levels, which are categorised under ductility classes such as medium (DCM)
and high (DCH). Even when the same target ductility levels are retained across consecutive
codes, as in TBEC-2007 and TBEC-2018, the corresponding design provisions to achieve
these may vary significantly. As a result, designs based on different code versions may
exhibit notable differences, even when targeting the same ductility level. Therefore, incor-
porating the construction period along with the ductility level is a better strategy for deter-
mining country-based design classes. Based on this, the Turkish RC frame design classes
are proposed, as shown in Table 2, by considering both the construction period, which is
considered by utilising design code and practices in effect, and ductility level, whenever the
latter is explicitly specified in the seismic code.

It is important to note that the number of buildings constructed before 1970s is negli-
gible compared to Tiirkiye’s total RC frame building stock (e.g., Bal et al. 2008 and Yilmaz
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Table2 Considered Turkish Design Class Construction  Ductility Reference
design classes of RC frame Period Level Codes
buildings in the framework tr 7599 1975-1999  Low TBEC-1975
TS500-1984
tr_0018_dch 2000-2018 High TBEC-1998
TS500-2000
tr_0018_dem 20002018 Moderate TBEC-1998
TS500-2000
tr_postl8_dch After 2018 High TBEC-2018
TS500-2000
tr_postl8 dem After 2018 Moderate TBEC-2018
TS500-2000

et al. 2024). Therefore, the design classes proposed herein encompass constructions built
after 1975. The “tr_7599” design class represents RC frame buildings constructed between
1975 and 1999, incorporating the design rules and procedures outlined in TBEC-1975 and
TS500-1984. Due to the widespread presence of poor-quality constructions in this period,
the design outcomes attained in the simulations of this class are adjusted by calibrating the
quality-based design modification process, the details of which will be given in following
sections. Later on, although TBEC-1998 was the following published seismic code after
TBEC-1975, the upper limit of the construction period was set to 2000 for two reasons: (i)
widespread non-compliance with seismic design codes before 2000 and (ii) the introduction
of TS500-2000, which brought significant updates to RC design and general RC construc-
tion practice. Additionally, while both the allowable stress and ultimate strength methods
were used during this period, the latter was implemented in this design class, assuming that
the buildings constructed after the mid-1980s constitute a larger portion of the current RC
building stock (Bal et al. 2008).

For buildings constructed after 2000, the Turkish design classes integrated into the
framework incorporate both ductility level and construction period, as seismic codes began
explicitly defining ductility classifications starting with TBEC-1998 and continued through
TBEC-2007 and TBEC-2018. For the “tr 0018 dch” and “tr 0018 dcm”, representing
buildings constructed between 2000 and 2018, the design rules from TBEC-1998 (which
remained almost identical in TBEC-2007 for RC frame design) were applied, along with
some provisions from TS500-2000. The main distinction between these two classes was the
implementation of capacity design rules. Similarly, for the “tr_post18 dch” and “tr_post18
dem”, the rules from TBEC-2018 and TS500-2000 were implemented, with the main dif-
ference again being the use of capacity design principles. It is important to note that in all
design classes discussed above, seismic design codes were prioritised over TS500 provi-
sions when determining design parameters.

3.2 Building portfolio generation process

The building portfolio generation process begins by defining the portfolio size and the pri-
mary attributes that characterise the building class. Next, the framework generates samples
of the secondary attributes (i.e., beam, column, and slab types, material grades and construc-
tion quality level) and the variables describing the building geometry (i.e., bay widths, story
heights, and layout ID, representing the in-plan configuration). As illustrated in Fig. 4, this
sampling process relies on random generators and decision trees developed based on experi-
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Decision tree for slab type
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\ 4
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Fig. 4 Illustration of sampling processes for generating the BCIM data, with sampled data highlighted
in bold

ence and engineering judgement. The random generators employ probability distributions
to model the overall characteristics of the building stock, while decision trees reflect typical
design-related assumptions.

Consequently, for each proposed design class, the probabilistic model parameters have
been defined and integrated into the SimDesign framework. A complete list of input param-
eters is provided in Table A-1 of the Appendix. For example, the default values for each
parameter in the “tr_post18 dch” class are given in Tables A-2 to A-9. However, the values
for other design classes can be accessed on the GitHub repository'. To achieve this, sta-
tistical data on various structural attributes of Turkish RC frame buildings were primarily
gathered from existing literature (Azak et al. 2014; Bal et al. 2008; Meral 2019; Ozmen et al.
2015). Among these, Bal et al. (2008) investigated the data collected from more than 1400
RC buildings from the Marmara Region to characterise the key attributes of this construc-
tion typology. The study provided detailed statistical data on a range of structural param-
eters including material properties, beam depth, storey height, etc., that are essential for
developing representative building models. Given the thorough evaluation of the statistical
parameters and the extensive scope of the work, it was selected as the primary reference
in the present study for defining probabilistic input parameters. In cases where sufficient
information was not available or for validation purposes, additional referenced studies were
also consulted to supplement the data. Furthermore, relevant design codes and engineer-
ing judgment were incorporated when necessary. The following text details the underlying
assumptions and methodologies used to define these inputs.

In terms of spatial configuration, bay widths in the framework were classified into two
types: staircase bay width and standard bay width. Based on engineering judgment, a uni-
form probability distribution was assigned for staircase bay width, with lower and upper
bounds of 2.8 and 3.2 m. For standard bay width, statistical data exist in the literature were
analysed, and it was observed that the available data does not precisely represent standard

! Available on the following GitHub repository:
https://github.com/builtenvdata/simulated-design/blob/main/simdesign/remrf/bcim/data.
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beam lengths. Instead, they also include other beam types, such as staircase span beams
and tie beams, which are generally shorter. As a result, the mean values and the distribution
types of beam length in these studies do not accurately reflect the specific case here. To
address this, the statistical data given by Bal et al. (2008) were adjusted, and the modified
parameters were used as default values in a multi-variate truncated lognormal distribution,
which accounts for the correlation between the two perpendicular beam lengths and applies
truncation at specified bounds to ensure realistic geometrical configurations.

Regarding slab classification, the framework considers three slab types by default: one-
way cast-in-situ slabs (SS1), two-way cast-in-situ slabs (SS2), and precast joist slabs with
ceramic blocks (HS). While precast joist slabs with ceramic blocks are uncommon in Turk-
ish construction practice, they have similar structural characteristics to hollow block slabs
(asmolen slab), which is a common type in Tiirkiye. These slabs are primarily used for
economic and architectural reasons; however, their use has been restricted to specific condi-
tions in recent seismic codes due to their poor earthquake performance, particularly due to
their inability to sustain rigid diaphragm behaviour. To comply with seismic code restric-
tions, hollow block slabs are excluded from the sampling process for “tr 0018 dch” and
“tr_postl8 dch” design classes with the default values (see Table A-9) assigned in slab
typologies while they are permitted in other design classes. The selection of slab types,
including HS slab, is determined based on the following criteria:

e I[f the short span length of a slab exceeds a predefined short span length (e.g., 6 m), the
HS slab is automatically assigned.

e Otherwise, the slab type is determined based on predefined discrete probability distribu-
tions. Specifically, if the aspect ratio of the slab is greater than a limit value (e.g., 2), the
slab type is assigned as either SS1 or HS according to the predefined probability ratio.
Similarly, if the aspect ratio is less than the limit value, the slab type is determined as
either SS2 or HS based on the predefined ratio. These ratios are assumed by engineering
judgment.

Beam types are determined based on the slab type. For SS1 and SS2 slabs, only emer-
gent beams are assigned. In the case of HS slab type, wide beams (WB) are automatically
assigned, as they are predominantly used with asmolen slabs in Turkish construction prac-
tice (see “wb_prob_given_hs” in Table A-1). It is important to note that external and stair-
case beams are always determined as emergent beam (EB), even when asmolen slabs are
used in the structure. Additionally, the framework supports two RC column types: square
and rectangular columns. Since square columns are rarely used in Turkish RC construction,
comprising approximately 5% of the building stock (Azak et al. 2014), a default discrete
probability value of 0.05 is given for square column selection across all Turkish RC frame
design classes.

Additionally, material grades (i.e., reinforcing steel or concrete) used in each design class
were determined based on the material types specified in TS500 while also considering the
material grade restrictions imposed by seismic design codes. The discrete probability dis-
tribution values for each material grade were assumed based on engineering judgment and
existing material strength distribution data from the literature (Bal et al. 2008; Meral 2019;
Ozmen et al. 2015). Beyond material grades, construction quality level (high, moderate,
low) is another attribute in the framework that directly affects the finalised structural mod-
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els. More specifically, parameters such as stirrup spacing, concrete cover, mean compres-
sive concrete strength and mean reinforcing steel yielding strength (for both the longitudinal
and the transverse reinforcements) are adjusted using the quality factors (based on qual-
ity level) to establish expected in-situ values, which are then incorporated into numerical
modelling. For this purpose, discrete probability values for quality levels were assumed by
engineering judgment.

Regarding variations in storey height, Bal et al. (2008) investigated a dataset of 938
sample buildings by grouping them as compliant and non-compliant based on whether their
construction period was before or after 2000. For typical storey height (upper floors), they
found that both building groups had the same mean value, and eventually, they proposed
a lognormal distribution with a mean and coefficient of variation value of 2.84 m and 8%.
Additionally, they examined the ground storey height to typical storey height ratio for both
emergent and wide beam cases across the two building groups. Their findings indicated
that this ratio was significantly lower in the buildings constructed after 2000 due to the new
constraints introduced in TBEC-1998, which aimed to mitigate soft storey behaviour by
imposing stricter design limitations. To incorporate these variations within the framework,
discrete probability distributions were employed for the ground storey height to typical
storey height ratio, which is used to determine ground storey height by multiplying it with
typical storey height. The default values were defined by using the data provided by Bal et
al. (2008) for each Turkish RC frame design class as follows:

e For the “tr_7599” design class, the mean values of the ratios belonging to non-compli-
ant buildings with emergent beams and non-compliant buildings with wide beams were
adopted.

e Forthe “tr 0018 dch” and the “tr_post18 dch” design classes, the ratios corresponding
to compliant buildings with emergent beams were used.

o For the “tr 0018 dcm” and the “tr_post18 dcm” design classes, the mean values of
the ratios from compliant buildings with emergent beams and compliant buildings with
wide beams were utilised.

After completing all sampling procedures, the BCIM dataset is generated with the specified
sample or portfolio size. This dataset includes detailed information on all attributes and
geometry variables for each building to guide the design process. However, users have the
flexibility to modify all these default values, which is particularly useful when more accu-
rate or region-specific data is available.

3.3 Iterative simulated design process with quality modifications

Following the sampling procedures, the spatial configurations of structural members (e.g.,
beams, columns, and slabs) were defined based on the assigned geometric variables, such as
plan layout and storey heights. The structural design process is then carried out through an
iterative procedure as detailed in (Ozsarac et al. 2025). It begins by assigning preliminary
member dimensions based on seismic code requirements (see Tables 3 and 4), engineering
practice rules in structural design, and anticipated gravity loads, including permanent and
live loads. At this stage, section uniformisation, a common practice in structural engineer-
ing, is also applied to ensure consistent column dimensions throughout the building height
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Table 3 Column design parameters in seismic and RC design codes in Tiirkiye

Parameter TBEC-1975 TBEC-1998 TBEC-2018 TS500- TS500-1984  TS500-2000
1975
Prmin 0.01 0.01 0.01 0.005 0.008 0.01
Prmax 0.04 0.04 0.04 0.03 0.04 0.04
Crnin 25 cm 25 cm 30 cm 20 cm 25 cm 25 cm
A¢ min max(75000 mm?, Ny, /(0.4f,) Nan/(0.6f)  Ngp/(0.9F)
N/ (0.564))
Dy uin 14 mm 14 mm 14 mm
le. min max (oo MAX(Cpayo /6, max(1.5¢,,,
1,/6,45cm) 50 cm) 1,/6, 50 cm)
Sc, min S5cm 5cm Scm
Se. max 10 cm min(10 cm, min(15 cm,
Conin/3) Conin/35 6‘1‘1, min)
Sim, max min(20 cm, min(20 cm, min(20 cm, min(25 cm, min(20 cm, min(20 cm,
Cmax/z’ Cmin/z) Cmin/z) Crin> 1 2(I)l, min) 12':I)l, min)
120y i) 120 i)
D min 8 8 8 Dy 1ax/3 D) a3 Dy 1ax/3
V4 max 0.22A, ¥y 0.85A xfy 0.22A, 5xfyy 0.22A %y
C¢, min 20 mm 25 mm 25 mm
Cmin 0.1¢0¢ 15+0.03¢c,,,,
X 0.7
A, min: Minimum column section area, A. .4 effective column section area, ¢ ,,;,: minimum concrete
cover, C;,: minimum section dimension, c,,,: maximum section dimension, e;,: eccentricity, f,:
characteristic concrete strength, f ;: design value of concrete strength, 1,: net column length, 1. ;,:
minimum confinement zone length, Ny, : maximum axial design load, s, ,;,: minimum transverse bar

spacing at confinement zone, S; ,,: Maximum transverse bar spacing at confinement zone, s, .5
maximum transverse bar spacing at midspan, V4 ., maximum design shear force, p,,;,: minimum
longitudinal reinforcement ratio, p,,.; maximum longitudinal reinforcement ratio, ®; . : minimum
longitudinal bar diameter, @, ,,,: maximum longitudinal bar diameter, ®; ,;,: minimum transverse bar
diameter, y: cracked section rigidity coefficient

and uniform beam sections across continuous spans. These initial dimensions serve as the
baseline for further design iterations.

After completing the preliminary design, an elastic numerical model of the building is
established. To better approximate the actual structural behaviour, section stiffness values
are adjusted using cracked section coefficients when required by seismic design codes (e.g.,
Table 4.2 in TBEC-2018). Subsequently, linear elastic analyses are performed for each load
case, in which seismic loads are applied using the equivalent lateral force method (imple-
mented through the previously described S coefficient). The resulting internal member
forces are then combined by superposition in accordance with the load combinations speci-
fied in seismic codes (see Table B-2 and Table B-3 in the Appendix) to obtain the design
forces. Finally, the envelope of these forces is also determined for use in subsequent design
calculations and verifications.

Once the design forces are established, the next step involves verifying whether the
selected section dimensions are adequate under the applied design loads. This verification
assesses economic feasibility based on engineering rules of thumb and ensures compli-
ance with allowable design shear force limits (see Vy ., in Tables 3 and 4) specified by
seismic code provisions. Upon section verification, the required longitudinal and transverse
reinforcements for beam and column sections are determined. In design classes incorporat-
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Table 4 Beam design parameters in seismic and RC design codes in Tiirkiye
Parameter TBEC-1975 TBEC-1998  TBEC-2018 TS500- TS500-1984  TS500-2000

1975
by min 30 cm max(30 cm, max(30 cm, max(30 cm,
3tyap) 3tgap) 3tgap)
bp max min(3.5by, min(3.5bw, 1,/4)
1,/4)
by min 20 cm 25cm 25cm 20 cm
by, max Cyp + by Cyp + by, Cyp T by,
Prmin $220:0.005 fad/fya 0.8fq/ fyq 1.2/f, 0.8f/fyq
S420:0.003
Prnax 0.02 0.02 0.02
Opnax 3 2 2
Dy 1in 12 12 12 10 12
D in 8 8 8
lc, min 2bh th 2bh
Smax min(b,, by/2)  min(8®, b;/4, min(8D,, by /4, min(8®,, b,/4,
15 cm) 15 cm) 15 cm)
Pt min 0.15f i/ fowa  0.3f¢/fa
V4, max 0.22xf,;xby,xd  0.85xb, xdxf, 0 0.25%f,xby,xd 0.22xf,;xb,xd
Ce. min 20mm 20 mm 25 mm
% 1 1 0.35
by,: beam section height, by, ;,; minimum beam section height, by, ,,,.: maximum beam section height, b;:
beam section width, b, ,;,: minimum beam section width, by, ,,,: maximum beam section width, ¢, i,

minimum concrete cover, c,,: column section width perpendicular to beam direction, d: effective beam

section height, f;: design tensile strength of concrete, fy,4: design yield strength of reinforcing steel, f,,,4:

design yield strength of transverse reinforcement, 1, ,;,: minimum confinement zone length, 1: net beam
length, s,,,: maximum transverse bar spacing at confinement zone, t,,: slab thickness, V4 ,,: maximum
design shear force, p;,: minimum tensile reinforcement ratio, p,,,: maximum tensile reinforcement
ratio, p; p;,' Minimum transverse reinforcement ratio, @;: longitudinal reinforcing bar diameter, ®; ,;,:
minimum longitudinal reinforcing bar diameter, ®, ;,: minimum transverse reinforcing bar diameter,
0 ,..x: Maximum tension to compression reinforcement ratio at beam support, y: cracked section rigidity
coefficient

ing capacity design principles (e.g., “tr_0018 dch” and “tr_post18_dch”), capacity design
bending moments in columns, in which the strong column - weak beam principle is satis-
fied, and capacity design shear forces in beams and columns are included into the design
forces before calculating the reinforcements. For longitudinal reinforcement design of
beams, an empirical formula? providing not to check beam deflection is used to calculate
the required reinforcement area on the top and bottom sides of the section under uniaxial
bending moments while also considering the maximum tension-to-compression reinforce-
ment ratio at beam supports, as enforced by seismic design codes (see ©,,,, in Table 4).

In the case of columns, several design tables were generated for various reinforcing steel
grades and axial load ratios using a custom reinforcement area calculator developed for
this study based on the theoretical formulations presented in Topgu (2014). This calcula-
tor employs an iterative Newton-Raphson method to solve the equilibrium and compat-

2 The transition limit from a single to a doubly reinforced beam section is defined by a reinforcement ratio

(p) value 0f 0.235x0.235 X i;j (see TS500-1984 and Ersoy et al. 2010), where f 4 and f,y denote the design

compressive strength of concrete and the design yield strength of reinforcement, respectively.
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ibility equations and determines the required longitudinal reinforcement area by assuming
an equivalent rectangular concrete stress block and uniformly distributed reinforcing bars
throughout the section. For the transverse reinforcement design, the provisions of TS500-
1984 and TS500-2000 are applied using the calculated design shear forces. In the “tr
postl8 dch” and “tr_postl8 dem” design classes, these shear forces are further evaluated
by considering overstrength factors, as mandated in TBEC-2018. Once the required longitu-
dinal and transverse reinforcements are determined, they are configured according to avail-
able steel diameters and reinforcement detailing practices, ensuring that all design criteria
are satisfied. These reinforcements are then uniformised and adjusted to align with construc-
tion practices. For instance, the same reinforcement configuration is used at adjacent beam
span ends to ensure practical constructability.

After determining reinforcements, local ductility checks (e.g., verification of maximum
longitudinal reinforcement ratios) are performed to ensure compliance with seismic design
requirements. If a section fails to meet verification checks or lacks a feasible reinforcement
configuration, its dimensions are increased, and the design process following preliminary
sizing is repeated. This iterative process continues until a valid design solution is achieved.
However, if the section reaches its maximum allowable dimensions without satisfying the
design criteria, the originally assigned material properties or structural element types are
revised. Any such modification requires repeating the entire design process, including pre-
liminary sizing, until a feasible solution is attained.

Finally, quality-based modifications are applied to the design properties of beams and
columns by multiplying with quality factors, which are defined based on the prescribed
construction quality level. These quality factors are randomly sampled for each structural
component using predefined probability distributions (e.g. quality.json®). Specifically, the
design values for stirrup spacing, concrete cover, material strengths, and reinforcement
ratios are adjusted to reflect expected in-situ values. These adjusted values are then used in
the numerical models. Furthermore, construction quality in the framework affects bond-slip
factors that are used to characterise plastic hinge properties in beams and columns, as well
as the type of beam-column joint model (e.g., rigid, elastic, or inelastic), which are critical
in the general structural response.

The quality-based modification process is particularly important for the “tr_7599” design
class, due to widespread low quality and illegal constructions of the time. For this design
class, it has been assumed that buildings undergone through engineering design process
(based on a seismic design regulations), but the designs were not respected during the
construction. In particular, we consider that the buildings simulated under the “low” and
“moderate” construction quality levels collectively provide a reasonable representation of
non-code compliant construction practices. Based on this assumption, the quality-based
design modification step was calibrated to better align with the sampling outputs with the
observed in-site properties. In this regard, the expected (mean) material strengths, stirrup
spacings, and longitudinal reinforcement ratios of elements were calibrated according to the
statistical data reported by Bal et al. (2008) and Ozmen et al. (2015).

3 Available on the following GitHub repository:

https://github.com/builtenvdata/simulateddesign/blob/main/simdesign/remrf/bdim/tr_post18_dch/data/quali
ty.json.

@ Springer
Content courtesy of Springer Nature, terms of use apply. Rights reserved.



Bulletin of Earthquake Engineering

3.4 Numerical modelling development

Once the iterative design procedure is completed and quality adjustments are applied, the
framework converts the building design data stored in BDIM into 3D non-linear structural
models in OpenSees. For the sake of brevity, the numerical modelling procedure adopted
in the framework is summarised below; a more comprehensive explanation can be found in
Ozsarac et al. (2025).

The current version of the framework employs lumped plasticity approach to simulate
non-linear behaviour in frame elements. At the element ends, zeroLength elements are intro-
duced to model plastic hinge formation, considering rigid joint offsets. Flexural behaviour
in beams is represented with a single rotational spring, while columns feature two rotational
springs for each orthogonal direction. More specifically, the Hysteretic uniaxial material
model in OpenSees is used to define moment-rotation relationships, with yielding moment
and yielding rotation capacities are calculated following Panagiotakos and Fardis (2001)
and Eurocode 8 — Part 3 (CEN 2005). Additional backbone parameters are derived from
Haselton et al. (2016) and ASCE/SEI — 2017 (ASCE, 2017). The bond-slip factor set by
the quality model is integrated into plastic rotation capacity, thus ensuring that construction
quality effects are accounted for in the hinge properties. While axial-flexural interaction
in columns is not explicitly considered in this modelling approach, the backbone curve
parameters are determined considering the axial force corresponding to the specified seis-
mic load combination. Additionally, although alternative modelling approaches describing
the moment—rotation behaviour of frame elements specific to Turkish RC construction are
available in the literature (e.g., Inel and Ozmen 2006; Kian et al. 2025) the current numeri-
cal modelling module is designed to be general. It encompasses all implemented design
classes to ensure consistency and broad applicability across different regions. Analysts look-
ing to implement more specific numerical modelling strategies can do so by adding these
methods to the BNSM module through the collaborative framework available via GitHub.

In cases where capacity design principles are not enforced (e.g., “tr_7599”), shear fail-
ure in columns is explicitly modelled using shear springs with zero-length elements. The
framework adopts the LimitState model with the ThreePoint limit curve Elwood (2004) to
simulate shear degradation, with displacement ductility-based degradation curves following
Sezen and Mochle (2004). Shear strength is computed using the ASCE/SEI - 2017 (ASCE,
2017) model, an extension of Sezen and Moehle (2004). The initial and post-peak stiff-
ness of the shear response is determined using formulations from LeBorgne and Ghannoum
(2014) and Shoraka and Elwood (2013), respectively.

Beam-column joints are represented using the zeroLength elements positioned between
a central joint node and corresponding floor nodes. The central joint nodes establish con-
nectivity between beams and columns and carry structural mass, whereas the floor nodes
are constrained by a rigid diaphragm to account for slab behaviour. Rotational flexibility
is incorporated for the two horizontal axes, with joints categorised as inelastic, elastic, or
rigid, depending on the quality model. The moment-rotation behaviour of inelastic joints is
defined using Hysteretic uniaxial material, with material parameters obtained from O’Reilly
and Sullivan (2019) for different joint locations, including roof, interior, and exterior joints.
Elastic joint stiffness is obtained from the initial branches of backbone curves.
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4 Example applications

Two example applications were carried out to examine the Turkish RC frame design classes
that have been integrated into the framework. The first application involves generating build-
ing portfolios for each design class at a specific location in Istanbul and comparing their
structural performance based on the results of non-linear pushover analyses. This example
also demonstrates the framework’s capability to capture the building-to-building variability
introduced by uncertainties in the aforementioned secondary attributes and geometry vari-
ables, thereby providing insight into the realistic performance of representative buildings
from different construction periods. In the second application, fragility curves and loss-
related outcomes of the design classes are investigated.

4.1 Portfolio comparison evaluation of design classes for a specific location in
Istanbul

In the first example application, 100 different 4-storey RC frame buildings were simulated
and subjected to non-linear pushover analyses for each design class listed in Table 5. The
design lateral force coefficients, S, were determined assuming that buildings are located
on a stiff sandy soil site in the Zeytinburnu district of Istanbul. The fundamental period of
buildings was assumed to be approximately 0.64 s, which was estimated using Eq. 4.27 in
TBEC-2018 with the assumed building height of 12 m. The probabilities of material grades
and construction quality levels (categorised as 1: high, 2: moderate, 3: low) were assigned
based on engineering judgment, according to the construction practices of the time period
defining each design class. All other input parameters were taken as the default values*
in each design class. Although the use of moderate ductility classes (“tr_ 0018 dcm” and
“tr_postl8 dcm”) is not permitted for the buildings in this region, they were included in the
analyses to make a comparison. Additionally, “eu_cdl” and “eu_cdh” design classes were
incorporated into the comparison by using the same £ values of “tr 7599 and “tr 0018 _
dch” classes, along with their respective default input parameters.

Based on the building portfolio simulations, Fig. 5 illustrates example outputs from the
BCIM database for the design class of “tr_7599”. The histograms illustrate the variability
introduced by the sampling of both secondary design attributes and geometry variables. A
diverse range of slab, beam, and column types were generated, reflecting the inherent vari-
ability in construction typologies. Similarly, the variation in material grade and construc-
tion quality level reflects the differing characteristics across the simulated portfolio. The
geometry variables also exhibit notable variability, as seen in the distributions of layout ID,
storey heights, and bay widths in both the X and Y directions. In addition, derived proper-
ties such as floor area, floor aspect ratio, and total storey height, computed based on the
sampled geometry variables, showcase the diversity within the portfolio. These sampling
outputs highlight the framework’s capability to generate a wide range of realistic configura-
tions consistent with observations from actual construction data reported in previous studies
(Azak et al. 2014; Bal et al. 2008; Meral 2019; Ozmen et al. 2015).

Following the generation of the building portfolios, non-linear pushover analyses were
performed in both the X and Y directions for all buildings. Figure 6 represents a compari-

4 Available on the following GitHub repository:https:/github.com/builtenvdata/simulated-design/blob/main
/simdesign/remrf/bcim/data/tr_postl8_dch.json.
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son of the median pushover curves across the seven evaluated design classes. To ensure a
meaningful comparison, base shear and roof displacement values were normalised by the
corresponding structural weight and building height, respectively. The results demonstrate a
clear trend of increasing lateral strength and deformation capacity in line with the evolution
of seismic design codes and construction practices. The buildings constructed in the post-
2000 period exhibit substantially higher strength and deformation capacity than those built
prior to 2000. This improvement is attributed not only to better construction quality but also
to fundamental shifts in seismic design philosophy. Notably, the adoption of capacity design
principles, stricter design provisions and the consideration of higher seismic load levels are
critical factors here in improving both the strength and deformation capacities of the build-
ings. A considerable difference in ductility level was observed between buildings designed
for high ductility and those with moderate ductility levels, as expected. Importantly, the
median pushover curve of the buildings designed according to the “eu_cdl” class exhibits
more strength compared to those designed under the “tr_7599” class, however, may exhibit
lower displacement capacity, as observed on the pushover curves for y-direction.

4.2 Fragility and loss-based comparison of the “tr_7599” and “tr_0018_dch"” design
classes

Having generated building models and attaining their pushover curves in the previous
example, collapse fragility curves of the “tr 7599 and “tr 0018_dch” design classes were
investigated. To this end, equivalent single-degree-of-freedom (SDOF) models were derived
using the median capacity curves and were then subjected to non-linear time history analy-
ses using the ground motion records employed in the ESRM20 study. From these results,
fragility curves were developed with the cloud analysis approach (Jalayer et al. 2017), and
the results are shown in Fig. 7 (for PGV on the left, and for SA on the right). As expected,
significant differences in damage probabilities were observed between the “tr 7599 and
“tr 0018 dch” design classes.

For comparison, reference fragility curves available from the literature via Kircil and
Polat (2006) for SA, and Akkar et al. (2005) and Erberik (2008) for PGV were also included.
The building models in Akkar et al. (2005) and Erberik (2008) were developed based on the
characteristics of buildings affected by the 1999 Diizce earthquake, whereas the models in
the study by Kircil and Polat (2006) were developed in accordance with the 1975 seismic
code, taking into account the low in-situ material strength and neglecting the confinement
effect of transverse reinforcements due to the poor quality of the building stock. In Akkar
et al. (2005), equivalent strut elements were included to represent the effect of infill walls.
Erberik (2008) examined both modelling cases (with and without infill walls), however, we
used the collapse fragility curve for the models without infill wall since it is also the case for
our models. Similarly, Kircil and Polat (2006) did not include infill walls into their models.
Additionally, since Erberik (2008) proposed fragility curves for 3 and 5 storey buildings
seperately, average of the fragility curve parameters have been used. The fragility curve
comparisons indicate that median intensity values are relatively close to each other whereas
the dispersions are higher in the case of this study. This is not only due to employing higher
amount of models but also due to the considerations of broader range of variabilities in
material and geometrical properties, as explained in the previous sections.
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Subsequently, vulnerability curves of the design classes were derived using the dam-
age model proposed by Martins and Silva (2021). These curves were then integrated with
seismic hazard curve of the region, calculated for the SA(0.70s) intensity measure using
the OpenQuake engine (Silva et al. 2014) to produce loss hazard curves and compute the
expected annual loss ratios and mean annual frequency of collapse (MAFC) values as illus-
trated in Fig. 8. The results show that the RC frame buildings constructed before 2000 in
Tiirkiye has significantly high annual loss ratio and annual frequency of collapse values,
which indicates the significantly high seismic risk of the investigated building typology in
the region.

Additionally, the MAFC threshold (0.0002, corresponding to 1% probability of collapse
in 50 years) recommended by ASCE/SEI 7-16 (ASCE, 2016) for the design of new build-
ings was also included to the figure to make a comparison. The comparison revealed that
the threshold value suggested by ASCE is considerably lower than the value calculated for
the “tr_0018_dch” design class. Although infill walls were not included in the numerical
models, and their possible beneficial contribution to structural performance is therefore not
captured in the results, it is highly likely that the ASCE threshold would still remain lower
even if infill were considered. Furthermore, this exercise to compute fragility curves and
estimate annualised losses could also be extended to entire cities or regions with sufficiently
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detailed hazard and exposure information, allowing for comparison with past studies such
as (Ansal et al. 2009; Hancilar et al. 2020) or a more regional view of seismic risk, and how
this SimDesign’s approach to vulnerability modelling can be utilised.

5 Summary and conclusions

This study introduced a country-specific extension of the Built Environment Data’s
(BED) SimDesign framework, specifically for RC frame buildings in Tiirkiye. By incor-
porating both historical and modern Turkish seismic design codes, relevant RC design
provisions from the TS500 series, and available statistical data on construction prac-
tices, the framework establishes a robust methodology for generating realistic building
portfolios. These portfolios effectively capture the evolution of seismic design philoso-
phy and reflect the inherent variability in the Turkish building stock.

In this regard, five design classes were defined in the framework based on construc-
tion period and ductility level, with detailed code-based rules integrated accordingly.
Additionally, mean material strength values, longitudinal and translational reinforce-
ments were calibrated using available literature data to account for the effects of poor
construction quality, which is common in buildings constructed prior to 2000. To evalu-
ate the performance of Turkish RC frame classes, example applications were performed
through non-linear pushover and dynamic analyses on the simulated buildings. The
results confirmed that the generated portfolios successfully capture the variability in
structural attributes such as geometry, material grade and construction quality level.
Moreover, a clear trend of increasing structural capacity and ductility was observed
across design classes, which is in line with the progressive evolution of seismic code
requirements and construction practices over time. Furthermore, the agreement between
the fragility curves derived from the example application and the literature further sup-
ports the proposed method.

While the statistical data used in Turkish design classes provided a strong foundation,
further refinement is needed to enhance model accuracy. The availability of comprehen-
sive and up-to-date statistical data on material properties and geometrical characteristics of
Turkish RC buildings would significantly improve to achieve more representative models.
In particular, material strength data that include both the one used in the design phase and
in-situ strength values (may be obtained through lab tests or rapid field assessment methods)
would allow for a more accurate representation of construction quality at the material level.
Another significant issue in the pre-2000 RC building stock is the addition of unauthorised
storeys. However, due to the lack of data quantifying the extent of this problem such as how
many unauthorised storeys are typically added, what percentage of buildings are affected,
or what type of approach should be followed to model these additions, this problem was not
explicitly addressed within the current framework. Advancing these aspects requires col-
laboration and support from the academic and professional community.

In conclusion, the developed framework offers a practical and adaptable tool for generat-
ing time- and region-specific RC building portfolios in Tiirkiye, thereby providing the base
for enhanced future vulnerability models. In the long term, the framework holds significant
potential to inform large-scale seismic risk assessments, guide risk reduction strategies, and
even contribute to the development of future seismic codes in the country.
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