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Abstract

Effective seismic vulnerability assessment across varied building categories within large build-
ing stocks requires methodologies capable of addressing a broad range of construction prac-
tices, building codes, architectural layouts, seismic design scenarios, and available knowledge.
Traditional vulnerability models often rely on diverse assessment techniques, taxonomies, and
seismic loading representations, sometimes basing classifications on a limited number of rep-
resentative structures. This approach may inadequately capture building-to-building variabil-
ity and fail to address uncertainties effectively, especially when scaled for regional or portfolio-
wide applications. To overcome these limitations, a unified probabilistic approach that models
building portfolios with realistic representations of engineering practices and construction
quality is essential. In this context, this paper presents a framework that enables the simulated
design of reinforced concrete buildings, integrated into the Built Environment Data platform
via open-source tools. This approach allows the structural engineering community to contrib-
ute to an expanding database of seismic design practices, encompassing both historical and
modern codes to capture building-to-building variability accurately. After completing the de-
sign phase, the framework generates OpenSees models for nonlinear analysis, facilitating the
development of probabilistic seismic demand models. These models can ultimately support the
creation of fragility functions and vulnerability models. The framework’s simulated design ca-
pabilities are showcased through examples of European design practices that reveal significant
differences among building types, emphasizing the critical role of design and structural attrib-
utes in vulnerability assessment.

Keywords: Simulated Design, Building Codes, Building-to-building Variability; Reinforced
Concrete; Open Source




1 INTRODUCTION

In assessing seismic risk, modeling the physical vulnerability of structures is vital for esti-
mating how buildings respond during earthquakes. This is often achieved through the creation
of fragility functions, which quantify the likelihood of a structure experiencing a particular level
of damage given a certain intensity of seismic shaking. Numerous techniques have been devel-
oped to construct these functions [1], with analytical methods (e.qg., [2,3]) being especially pop-
ular due to their clarity and objectivity, even though they are computationally intensive.

Various national [4—7] and regional [8-10] projects have contributed significantly to the
creation of fragility models. While these efforts have advanced the field, many rely on broad
building classifications, a limited set of archetype models, or simplified methods that do not
sufficiently capture differences between individual buildings or account for diverse uncertain-
ties. There remains a need for a structured methodology that incorporates diverse construction
practices, changing building codes, and region-specific seismic demands into vulnerability as-
sessments.

In response to some of these challenges, particularly within the European context, the Hori-
zon 2020 SERA project (http://www.sera-eu.orq) introduced a refined taxonomy for reinforced
concrete (RC) frame buildings through the European exposure model [11]. This updated clas-
sification considers both changes in seismic codes and regional variations in seismic demand.
Traditional exposure models often focus on physical traits like year of construction, number of
stories, and material types, which do not always reflect a structure’s actual strength or ductility.
Previous efforts tried to infer ductility from the construction period and local seismicity, but
these lacked flexibility across different regions and timeframes. To overcome this, Crowley et
al. [12] proposed a new classification approach that distinguishes between seismic strength,
represented by the design lateral force coefficient (), and seismic design philosophy, which is
more closely tied to ductility. Their system defines four design categories that reflect dominant
European seismic design practices over time: CDN (no seismic design), CDL (basic lateral
resistance using allowable stress), CDM (modern limit state design for lateral resistance), and
CDH (modern limit state design with explicit ductility targets). This classification offers a con-
sistent way to describe seismic design evolution across Europe, accounting for changing regu-
lations, engineering approaches, and construction methods. Although originally intended for
European RC frame buildings, the approach could be expanded to include other building types
adapted to national contexts.

While the classification scheme proposed by Crowley et al. [12] improved how RC buildings
are categorized, exposure models often lack comprehensive data on geometry and structural
details. To bridge this gap, simulated design procedures, as recognized in Eurocode 8 - Part 3
[13], can be used to recreate historical design decisions with minimal input, such as geometry,
materials, and construction quality. This method has been used in prior research (e.g., [14-17])
to automate building layouts and reduce uncertainty in vulnerability evaluations. For instance,
the 2020 European Seismic Risk Model [18] employed these techniques to develop fragility
curves for low- to mid-rise RC frames based on typical European construction. In these simu-
lations, unknown structural attributes were assigned probabilistically using statistical distribu-
tions to reflect variability within the same building class.

However, characteristics like span length, story height, and material strength differ greatly
by region, and seismic codes evolve in response to specific earthquakes. Close examination of
national standards (e.g., [19]) often reveals discrepancies with generalized classifications such
as those in Crowley et al. [11]. Existing simulated design strategies tend to be aligned with
specific design codes, but they lack a flexible, comprehensive framework. Additionally, alt-
hough real-world design choices, like uniform column dimensions, common section sizes, and
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reinforcement practices, affect seismic performance, they are often omitted in current modeling
approaches. A further limitation arises from discrepancies between actual buildings and those
designed strictly according to codes, as construction quality impacts the resulting material prop-
erties, detailing, and geometry. These real-world deviations are seldom considered, leading to
reduced reliability in seismic risk assessments [20]. Moreover, none of the current frameworks
consistently integrate modeling approaches that address weaknesses observed in experimental
testing (e.g., [21,22]) or post-earthquake damage investigations (e.g., [23,24]).

To systematically address these issues, this paper introduces a versatile and unified simulated
design framework, expanding on the SERA project's contributions by applying object-oriented
programming in Python. A key feature of the framework is its use of composition rather than
inheritance, allowing for the scalable creation of structural models that reflect both historical
and contemporary design codes. It generates design models for a wide range of building port-
folios with randomized attributes and includes construction quality effects in the resulting com-
putational models. These capabilities support the generation of fragility functions and
vulnerability assessments that better represent variability between individual buildings. Alt-
hough the current focus is on RC moment-resisting frame (MRF) structures, the framework is
adaptable to other building types. As an open-source initiative based on widely adopted pro-
gramming languages, it is designed to foster collaboration and integrate a variety of seismic
design approaches. Furthermore, the SimDesign framework will be integrated into the Built
Environment Data (BED) platform (www.builtenvdata.eu) to encourage broader adoption. The
paper also presents case studies reflecting European design practices, demonstrating how vari-
ations in taxonomy attributes and geometry affect seismic design and structural capacity.

2 WORKFLOW

The simulated design framework proposed in this study follows a structured four-stage pro-
cess, shown in Figure 1, to create representative structural designs and corresponding 3D non-
linear numerical models in OpenSees [25] for a given regional building stock. These models
serve as a foundation for developing vulnerability functions, ensuring that critical variables
influencing structural behavior are well-defined and accurately linked to building taxonomy.

Building N— Iterative Quality-based Numerical

= _ ———1
Portfolio Simulated Design Model
Generation VeI Design Modification M Generation LIRS

lateral load coefficient, member sizes, loads,
design class, geometry, masses, reinforcement, OpenSees models
quality, material grades, material properties, in Tel or Python
etc. etc.

Figure 1: Overview of the simulated design framework workflow.

The workflow begins by assembling a dataset that defines the general characteristics of
buildings in a specific portfolio. Among these, the primary attributes serve along with the port-
folio size serve input to the framework. These attributes are the design class, representing seis-
mic design practices, the number of storeys, and g coefficient. On the other hand, geometric
variables (e.g., plan layout and storey height) and secondary attributes, such as material grades
and construction quality, are included to represent variability among buildings. These are as-
signed via random sampling from probability distributions, which may be informed by existing
databases or calibrated for specific regions. This initial dataset is saved within the Building
Class Information Model (BCIM), which underpins the next steps of the process.
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In the second phase, each building described in the BCIM undergoes a simulated design
process that emulates engineering judgment to generate viable structural systems. Incorporating
regional seismic demand through g, the method iteratively calculates member dimensions and
reinforcement layouts in accordance with relevant seismic design codes and typical construc-
tion practices. The approach is flexible enough to model both older buildings, which may have
been designed for gravity loads only, and newer buildings that comply with seismic load com-
binations. The framework also accommodates country-specific design classifications, while re-
taining the adaptability of its core algorithms, making it suitable for evolving design practices
across diverse regions.

The third step integrates construction quality adjustments to reflect potential deviations from
idealized design conditions. These adjustments include variations in material strength, detailing
of reinforcement, and geometric inconsistencies due to workmanship. By incorporating con-
struction quality levels, categorized as low, medium, or high, the framework produces models
that better approximate real-world, as-built structures. At this point, the refined information is
stored in the Building Design Information Model (BDIM), which records details such as section
dimensions, reinforcement layouts, and material properties.

In the final step, numerical models are developed in OpenSees [25], leveraging both Tcl and
Python interpreters [26]. These models are enhanced to capture structural behaviors associated
with both construction quality and seismic design class. Failure mechanisms, such as shear
failure in non-capacity-designed members or joint failure in poor constructions, are explicitly
included. Each numerical model is saved in the Building Nonlinear Structural Model (BNSM)
database, alongside routines for modal and pushover analyses.

To support scalability and adaptability, the entire framework is developed in Python [27]
based on object-oriented programming principles, and is available open-source at
https://github.com/builtenvdata/simulated-design. For RC moment-resisting frames, the frame-
work is structured into four core sub-packages, geometry, bcim, bdim, and bnsm, which collec-
tively drive the workflow described above. The following sections describe each of these steps
in greater detail, excluding software-specific implementation details for brevity.

3 BUILDING PORTFOLIO GENERATION

In large-scale seismic risk modeling, buildings are typically grouped into categories based
on essential structural characteristics [28]. Within the SERA project, the classification relies on
primary attributes such as construction material, type of lateral force-resisting system, number
of storeys, and anticipated ductility level, this last attribute being inferred from the prevailing
seismic design code at the time of construction (i.e., the design class) along with the regional
seismic demand, represented by the g coefficient. These characteristics are combined to form a
taxonomy string [28,29], which acts as a unique identifier for each building type. When more
detailed information is accessible, the taxonomy can be refined to include beam and column
configurations, construction quality, and material specifications. However, because such de-
tailed structural data is often missing, the uncertainty associated with these secondary attributes
needs to be captured in the portfolio. Moreover, buildings with identical taxonomy strings can
still differ significantly in their geometry, for instance, in terms of floor layouts, bay dimensions,
or storey heights. These intrinsic differences across the building stock must be represented to
properly reflect variability at the individual building level.

To account for this, the framework uses the primary classification attributes, namely, number
of storeys, seismic design class, and /5 coefficient, as a basis to stochastically generate samples
of secondary attributes and geometric variables. These secondary characteristics include those
listed in Table 1, and the material grades, which are later mapped to their corresponding
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material properties during the design stage. The geometric variables sampled include standard
and ground storey heights, bay widths in both the X and Y directions, width of staircase bays
along the X axis, and overall floor layout. The current layout database encodes configurations
based on the number of uniformly spaced bays in each direction, as well as the staircase's loca-
tion. The framework is also capable of being expanded to support irregular floor plans. The
outcome of this process is the BCIM dataset, generated for a specified sample size or building
stock. This dataset provides a complete set of structural and geometric descriptors for each
building, forming the basis for the subsequent simulated design process.

Colum Type  Beam Type Slab Type Quality

Square Emergent (EB) Solid two-way cast-in-situ slabs (SS2) Low

Rectangular ~ Wide (WB) Solid one-way cast-in-situ slabs (SS1) Moderate
Composite slabs with pre-fabricated

i i joists and ceramic blocks (HS) High

Table 1: The secondary taxonomy attributes in BCIM concerning beams, columns and slabs.

The sampling process, implemented through the bcim package and illustrated in Figure 2,
relies on a combination of random generators and decision trees guided by engineering exper-
tise. Random generators use predefined probability distributions to represent the general fea-
tures of the target building stock, while decision trees introduce logical relationships between
randomly assigned values and other structural attributes, often reflecting typical design assump-
tions. Prior to sampling, the framework loads the necessary probabilistic parameters from a
corresponding JSON! file specific to the selected design class (e.g., CDL). Although each pa-
rameter comes with default values, users have the flexibility to adjust them to better reflect local
conditions or more accurate building information.

s 's

INPUTS
Design class, f
Number of storeys
Sample size

~
| Decision tree for slab type |

Random variable generation for
standard bay widths (L x, Ly)

Sample from a multivariate
truncated lognormal distribution

Sample as HS or
SS1 from a discrete
probability distribution

Random variable generation for
staircase bay width (along X)

- e
[ Sample from a uniform | Decision tree for beam type |

distribution over a ran;

.

Sample as HS or
SS2 from a discrete

AR>ARgg)
?
probability distribution

ELS: short span length = min{Ly, Ly} '
ELSSS,uf upper limit for short span length in SSI and SS2 5

Sample as WB or
EB from a discrete
probability distribution,

:ARSSZ « upper limit for aspect ratio in SS2

L |- - )

Random variable generation for
concrete grade, steel grade,
layout id, quality level,
—> column type

EAR: aspect ratio = max{L y/Ly, Ly/Lx}

Sample from discrete
probability distributions r
\ J | Random variable generation for storey heights |

Sample typical storey height Sa{n;\p]l;: ?gjggﬂ:gtsii?e?s Given upper limit, Hg 1ax
(Gslion a'tru.ncat'ed height (H;) from a discrete Se grf)und gloreyiheicht
lognormal distribution Hg=min{AF<Hg, Hg max}

7

N\

Y

probability distribution

\.

Figure 2. lllustration of the sampling process for BCIM data generation, with sampled data highlighted in bold.

L An example of .json file, available on the following GitHub repository:
https://github.com/builtenvdata/simulated-design/blob/main/simdesign/rcmrf/bcim/data/eu_cdl.json
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Once the dataset has been generated, the framework employs the geometry package to ini-
tialize each building’s geometric configuration as a Python object. This involves defining the
structural grid based on the number of storeys and the layout in plan, with bay widths and storey
heights determining the spacing of the grid. Structural elements, including beams, columns,
joints, slabs, and staircases, are modeled as mesh objects to ensure proper connectivity through-
out the design and modeling stages. Although the framework is capable of handling irregular
geometries, the current implementation focuses on regular, orthogonal floor plans (as shown in
Figure 3). Each building includes a single staircase located consistently across floors, supported
by beams in the X-direction at mid-storey levels. Together, the BCIM dataset and these geom-
etry objects serve as the foundational inputs for the simulated design stage, informing the cre-
ation of the BDIM.
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Figure 3. Example of a-) Irregular and b-) regular frame geometries (green indicates staircase location).

4 ITERATIVE SIMULATED DESIGN

Across different countries and regions, the seismic design of reinforced concrete (RC) frame
buildings generally follows a consistent, code-based sequence grounded in structural engineer-
ing principles. The process begins by establishing both the seismic loading conditions and the
basic characteristics of the building. This involves identifying the seismic hazard level at a
given site and for a defined return period, usually expressed as peak ground acceleration or
obtained from an elastic acceleration response spectrum. These values are then adjusted for
local site conditions, the importance of the structure, and behaviour (or response modification)
factors, resulting in either a design acceleration spectrum or a lateral force coefficient. In this
framework, the latter, i.e., £, is used as the input representing seismic demand. In parallel, the
architectural floor plan is reviewed to determine the layout of key structural elements such as
columns, beams, and slabs, and to define the lateral force-resisting system. Once this is done,
the structural system is outlined through the selection of initial member types and material
grades, marking the completion of the conceptual design stage. As previously described, the
framework collects all of this information in its first step to initiate the simulated design proce-
dure, which then follows the iterative algorithm shown in Figure 4.

After completing the initial design phase, an elastic structural model is created, and linear
elastic analyses are performed under different loading conditions. Seismic effects are intro-
duced using the equivalent lateral force procedure, with modifications to member stiffnesses
applied where necessary to reflect cracked section behaviour. The resulting internal forces are
then combined using load combinations specified by relevant design codes. Each structural el-
ement is subsequently checked to ensure its dimensions are adequate to resist the design forces.
This stage also involves evaluating the cost-effectiveness of the design, checking that stress
limits are not exceeded, and, when required by the code, verifying global performance criteria
such as interstorey drift.



Volkan Ozsarac, Gerard J. O’Reilly, and Xavier Roméo

Design of beam
longitudinal
reinforcements

Is it
capacity
design
?

Preliminary design of
section dimensions and <€
uniformization

Linear clastic Section Beam type change | | Change of materials | |Column type change

structural analyses for| uniformization (to emergent beams)| | (to higher strength) | | (to square columns)
all load cases 8 g g q

A

Beam capacity
design shear force
computation

Design of beam
transverse
reinforcements

Column capacity
design bending
moment
computation

section
dimensions
adequate

capacity
design
?

Dimension increase
for unverified
sections

Design of column
longitudinal
reinforcements

Design of section
reinforcements
and uniformization

Is it
capacity
design

Column capacity
design shear force
computation

Design of column
transverse
reinforcements

Finish with Finish with
solution no solution

Figure 4. Iterative design algorithm implemented in the framework.

The next phase focuses on reinforcement design, which is conducted according to either the
working (allowable) stress method, typical of older codes, or the limit state design approach, as
used in modern standards. Reinforcement layouts are developed based on available steel bar
sizes and standard detailing conventions. When capacity design principles are applicable, the
process also includes the following steps:

e Determining beam longitudinal reinforcement, followed by computation of capacity de-
sign shear forces to determine transverse reinforcement.

e Computing capacity design bending moments for columns to define longitudinal rein-
forcement, followed by deriving capacity design shear forces to determine transverse
reinforcement.

Once reinforcement layouts are assigned to each relevant member section, they are adjusted
to conform with practical construction practices. Additional checks are performed to ensure
local ductility, including verifying that longitudinal reinforcement ratios do not exceed pre-
scribed limits.

If a section fails these checks or no adequate reinforcement solution can be found, the section
size is increased and the process is repeated. This iterative procedure continues until a code-
compliant design is achieved. If the section dimensions exceed the allowable maximums with-
out a viable solution, alternative materials or structural member types (e.g., different beam or
column cross-section types) must be selected, requiring a full restart of the design process. This
iterative design logic is fully automated within the framework to ensure convergence toward
structurally sound and code-compliant designs based on national or regional standards.

The naim package supports this process and plays a central role in the simulated design of
buildings. It is built to reflect the iterative nature of the design methodology, ensuring alignment
with both current and historical seismic codes. The package includes several submodules, each
tailored to a particular building design class. These are collectively known as Design Class
Constructors (DCCs). Each DCC encodes the specific design logic and rules associated with



its corresponding seismic design code and regional practices. At the heart of the bdim package
is a shared base library, which provides a standard interface and common functions, such as the
core iterative design procedure, for all DCCs. This base library acts as a blueprint, allowing
individual DCCs to inherit generic features and adapt them as needed to meet specific code
requirements. This modular structure enhances the flexibility and reusability of the bdim pack-
age, enabling developers to easily integrate new DCCs while focusing only on the unique as-
pects of each design code.

5 QUALITY-BASED DESIGN MODIFICATION

Since there can be discrepancies between the intended design and the final constructed build-
ing, the framework incorporates construction quality adjustments into the structural design out-
put produced by the iterative design algorithm. These quality-based modifications, applied
through the baim package, account for spatial inconsistencies that typically occur during con-
struction, particularly in the design of beams and columns. Depending on the assigned con-
struction quality level, the framework modifies key parameters such as stirrup spacing, concrete
cover, concrete compressive strength, and the yield strength of both longitudinal and transverse
reinforcement. These adjustments help ensure the final design more accurately reflects real-
world, in-situ conditions for use in numerical modeling. Random sampling is used to assign
these modification factors, with stirrup spacing sampled from a uniform distribution and the
other variables drawn from lognormal distributions.

In addition, the framework integrates nonlinear modeling parameters related to construction
quality. For example, it assigns bond-slip factors [30] (ranging from 0 to 1) that affect the plastic
hinge behavior of structural elements and determines the type of beam-column joint model to
be used, whether rigid, elastic, or inelastic. For each quality level (low, moderate, or high), the
bond-slip values, joint model type, and associated distribution parameters are defined within
the corresponding DCC. These quality-based modeling adaptations are implemented through
the DCCs, drawing on shared methods from the base library. Unless there is a need to introduce
modifications to additional properties or change the types of distributions used, the default in-
herited functions from the base library are applied without modification.

6 NUMERICAL MODEL GENERATION

After applying construction quality adjustments, the framework converts the finalized build-
ing designs stored in the BDIM into fully defined 3D nonlinear structural models compatible
with analysis in OpenSees [25]. This task is handled by the bnsm package, which structures each
component of the building, such as beams, columns, floors, joints, and foundations, as individ-
ual objects containing all necessary parameters for numerical modeling. In addition to model
creation, the package also supports modal analysis for evaluating dynamic properties and non-
linear static pushover analysis for assessing seismic performance.

The nonlinear response of frame members is represented using a lumped plasticity approach.
Plastic hinges are modeled at the ends of beams and columns through zeroLength elements,
with rigid joint offsets considered. For beams, one rotational spring is assigned to simulate in-
plane bending behavior, while columns are modeled with two rotational springs, one for each
horizontal direction. These springs utilize the Hysteretic uniaxial material model in OpenSees.
Yield moment and rotation capacity values are determined using methodologies by Panagio-
takos and Fardis [30] and Eurocode 8 — Part 3 [13], while additional parameters are calculated
using guidance from Haselton et al. [31] and ASCE/SEI — 2017 [32]. The effect of construction
quality is incorporated through a bond-slip factor [30,31], which adjusts the plastic rotation
capacity to reflect potential material or detailing deficiencies. Furthermore, each plastic hinge
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element is placed in series with a linear elastic internal member whose stiffness is modified
using the approach by Zareian and Medina [33] to mitigate artificial damping effects during
dynamic simulations.

For columns not designed using capacity principles, shear hinges are added to the zeroLength
elements to represent potential shear failures. These are modeled using the LimitState material
with a ThreePoint limit curve [34]. In particular, the Sezen and Moehle [35] degradation model
is applied, which uses a trilinear envelope based on displacement ductility to characterize shear
strength reduction. The initial shear capacity is calculated per ASCE/SEI — 2017 [32], while
initial and degraded stiffnesses are derived using formulas by LeBorgne and Ghannoum [36]
and Shoraka and Elwood [37], respectively.

Beam-column joints are modeled through additional zeroLength elements positioned be-
tween two coincident nodes: a central joint node, which contains the structural mass and con-
nects beams and columns, and a floor node, which is linked through a rigid diaphragm to
simulate the floor slab effect. Joint flexibility is considered only in the rotational degrees of
freedom along the two horizontal directions. The joint moment-rotation behavior depends on
its assigned type, rigid, elastic, or inelastic, as defined by the quality level in the model. For
inelastic joints, the Hysteretic material is again used, with parameters based on formulations
from O’Reilly and Sullivan [38] that account for joint location (e.g., roof, interior, exterior).
For elastic joints, stiffness values are derived from the initial slope of their corresponding back-
bone curves.

7 EXAMPLE APPLICATIONS

To illustrate how the framework can be applied in practice, a sample set of 30 buildings was
generated. These RC frames were assumed to have four storeys, fall under the CDL design
category, and be designed for a $ value of 0.1. The sampled BCIM dataset reflected substantial
variation in both secondary attributes and geometric features, which in turn led to notable dif-
ferences in structural design and seismic performance. For example, nonlinear static pushover
analyses were carried out for each building using a load distribution based on the first mode
shape. As seen in Figure 5, the resulting normalized capacity curves demonstrated significant
variation across the building set, emphasizing the extent of building-to-building variability
within the building class. Although dynamic analysis using ground motion records was beyond
the scope of this demonstration, such analyses could be incorporated in future work to support
the development of fragility curves and vulnerability models for seismic risk evaluation.
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Figure 5. Capacity curves obtained for the sampled building portfolio.

To further showcase the framework’s simulated design capabilities, a set of identical BCIM
data, differing only in material grades according to each design class, was processed using the



four design classes introduced in Crowley et al. [11]. These correspond to distinct periods in
European seismic design evolution: CDN (pre-1960s), CDL (1960s-1970s), CDM (1970s—
2000s), and CDH (2000s onward). For each design class and varying seismic hazard levels (i.e.,
different g values), the corresponding BDIM datasets were generated. After completing the
simulated design process, nonlinear static pushover analyses were conducted for each building,
and the resulting normalized pushover curves, presented in Figure 6, demonstrate how struc-
tural capacity evolves across different design eras.
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Figure 6. Capacity curves of buildings designed with different seismic design practices and hazard levels.

An important observation is that the capacity curves for CDN remain unchanged across dif-
ferent f values, as this class represents gravity-only design without seismic considerations. In
contrast, the normalized base shear (or strength ratio) for the other design classes increases
consistently with higher £ values, highlighting the influence of seismic design. Furthermore,
among the seismic design categories (# > 0), the strength ratio progressively increases from
CDN to CDH, illustrating the advancement of seismic design practices over time.

In terms of ductility, CDH buildings display pronounced ductile behavior across all seismic
intensities, consistent with modern capacity design principles. On the other hand, structures in
the CDN, CDL, and CDM categories show limited ductility when designed without seismic
considerations. As S increases, both CDL and CDM buildings tend to exhibit more brittle re-
sponses, particularly in CDL, where failure modes such as shear and joint failures become more
prevalent. These results underline the framework’s ability to represent key differences in seis-
mic design philosophy, enabling these distinctions to be reflected within the generated building
portfolios.

8 CONCLUSIONS

This paper introduces a novel simulated design framework that provides a systematic and
flexible approach for modeling variability among buildings and capturing the evolution of seis-
mic design practices across different regions and time periods. By combining probabilistic sam-
pling techniques with a simulated design methodology, the framework produces realistic
structural designs and their corresponding numerical models, all tailored to regional or national
design contexts. These models serve as the foundation for developing vulnerability functions
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that more accurately reflect the variability within building classes, thereby improving the reli-
ability of large-scale seismic risk assessments.

The framework is implemented in Python using an object-oriented programming structure,
which ensures a modular, extensible design. This makes it easy for researchers and practitioners
in earthquake engineering to adapt the framework to their specific needs, integrate it into exist-
ing analysis pipelines, and extend it to support additional seismic design codes and modeling
approaches. The framework’s functionality was demonstrated through a case study that ex-
plored the role of taxonomy attributes and geometric variability in shaping structural perfor-
mance. The diversity observed in the resulting capacity curves highlights clear differences
between historical and modern design philosophies, reinforcing the framework’s effectiveness
in generating representative and realistic building portfolios.
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