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ABSTRACT: The increasing demand for sustainable and cost-efficient construction highlights the need to minimize material
consumption in civil engineering structures without compromising safety or performance. This study investigates the optimization
of steel purlin cross-sections in metal buildings as a means to enhance structural efficiency and environmental sustainability. Finite
Element Analysis (FEA) and the Solid Isotropic Material with Penalization (SIMP) method were employed to identify optimal
material distributions and evaluate the effects of varying cross-section geometries. Both rectangular and IPE purlin sections were
analyzed under realistic loading conditions to compare stress, deformation, and weight performance before and after optimization.
The results demonstrate that substantial reductions in material mass, up to approximately 25-30%, can be achieved while
maintaining nearly identical stress and displacement responses. These findings confirm that structural optimization effectively
reduces both construction costs and environmental impact. The study concludes by recommending the adoption of topology and
cross-section optimization techniques in the design of steel structures, particularly in public projects, to promote resource efficiency
and sustainable construction practices.
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Evolutionary algorithms; Sustainable design

© 2025 The authors. This is an open access article under the Creative Commons Attribution 4.0 International
BY License (https://creativecommons.org/licenses/by/4.0/).

1. Introduction

Topology optimization of structures offers several key benefits. One of the main advantages of this method is
material efficiency. By redistributing materials within a structure and removing unnecessary components, topology
optimization reduces material waste, leading to more efficient resource usage, cost savings, and environmental
sustainability. The optimization of frame structures using this method is a critical aspect of construction and has
attracted the attention of researchers, with important works presented in the literature [1-3]. Another important benefit
is the weight reduction [1-3]. This process minimizes the weight of structures without compromising their strength,
which translates into lower construction costs and reduced expenses for transportation, installation, and maintenance.
Additionally, topology optimization enhances structural performance by ensuring that the material is allocated where it
is most needed, thereby improving the strength, stiffness, and durability of the structure under various loading conditions.

Cost savings are also a significant outcome of this method, as the reduction in material use and structural weight
decreases both the initial construction costs and long-term operational expenses. From a sustainability perspective,
topology optimization contributes to greener construction practices by lowering the environmental impact of material
production, transportation, and waste. Moreover, the process encourages design innovation, often leading to non-
intuitive and creative structural forms that may not emerge through traditional design approaches. This results in
structures that are not only highly efficient but also uniquely and visually appealing. Ultimately, topology optimization
enables the creation of customized design solutions that address specific performance criteria, making it particularly
valuable in projects with unique structural or environmental requirements. Overall, the application of topology
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optimization enhances the efficiency, sustainability, and performance of structural designs while fostering innovation
and providing tailored solutions to engineering challenges. Currently, the design optimization of engineering structures
is crucial because of the growing demand for lighter structures with greater strength. Topology optimization aims to
efficiently allocate materials across structural elements. During this process, the material is redistributed, and
unnecessary parts are eliminated based on objective criteria. The result is a solid or void structure in which the objective
function, such as the weight or material use, is minimized. As technology and human skills evolve, people seek to
enhance their knowledge and capabilities to meet their needs. Similarly, in Construction Engineering, efforts are being
made to develop methodologies based on accurate load assumptions, whether permanent, mobile, or accidental. The
primary goal is to ensure structural strength and functionality while minimizing construction and operational costs.
Modern Construction Engineering, aided by advances in engineering expertise and rapid computer development, strives
to create optimized structures that use minimal materials without compromising strength or functionality. Thus, the
three key aspects of ensuring structural strength, functionality, and economy were implemented most effectively. To
achieve the simultaneous fulfillment of these goals, the concept of finite elements (FE) and structural optimization has
become integral to modern design practices. A general definition of structural optimization, as proposed by Beale in
1988, can be referenced to further clarify this concept.

Optimization is an act, a way of thinking, and a process, which accompanies people from the very first moment
of their existence. It’s about finding the optimal solution to a particular problem [4].

Since Galileo considered the issue of constructing bending beams, structural optimization has been a part of
engineering practice. Because optimization as a mathematical problem was developed, optimum-structural design
became a daily practice of designers and constructors. Statics was used to implement the optimum topology of the
structures for the first time. The Galileo prototype considered the issue of constructing bending beams and transforming
structural optimization into a part of engineering practice. Statics was used to implement the optimum topology of the
structures for the first time. Recently, topology optimization for more complex structures has been facilitated by the
adoption of computational mechanics and finite element methods. Furthermore, the possibility of using additive
manufacturing techniques for constructing complicated structural elements facilitates the practical application of
topology optimization [5-7].

Dynamics, probabilistic design, and other physics-related fields have recently been improved using topology
optimization [3]. Numerous scientists have investigated the science of building optimization, which was initiated by
Dorn et al. [8] and further developed by Kikuchi and Bendsoe [9] and Bendsoe [10] in the latter part of the 1980s,
among other concepts of optimum design. The finite element approach provided the foundation for creating the structure.
In 1998, Hassani, et al. [11] conducted a study on topology optimization, which is still being evaluated because of rapid
advancements in hardware and software. This review was conducted shortly after the 1980s and towards the end of the
1990s. Campbell et al. [12] reviewed numerical optimization methods for designing metadevices for optical materials.
Additional research on optimization science was conducted in subsequent years. For instance, Akessa et al. [13] used
rectangular samples that underwent 3-point bending tests to assess the mechanical characteristics of ABS-M30. In a
related study, the effect of altering the fused deposition modeling (FDM) process parameters on the flexural
characteristics of ULTEM 9085 was examined [14] In addition to the aforementioned scholars, a number of other
scientists have addressed the field of structural optimization in the literature, including G.I.N. Rozvany [15], H.A.
Eschenauer and N. Olhoff [16], and E. Lund, N. Olhoff, and O. Sigmund [17]. This study presents the benefits of cross-
sectional optimization of a public structural project, focusing on the following steps. The under-construction study is a
metal shed that will function as an indoor gym in an area where there is a maximum need to house sports clubs, with
the optimization of cross-sections to be achieved in the purlins of this project.

First, a rectangular cross-sectional purlin was selected, and its stresses and displacements were extracted. Then,
optimization of the above cross-section purlin was applied by reducing its available material. It was concluded that after
this optimization, the results for stresses and displacements of the optimized cross-section were similar to those of the
original rectangular cross-section. Simultaneously, the above analyses were repeated for another standard IPE cross-
section, the ratio of which will be analyzed in the «Results and Discussion» section. Finally, in the last chapter of this
study, the conclusions of the research are analyzed, as well as how this study can contribute to the further analysis of
cross-section optimization in a structure, which, due to the existence of automatic construction techniques, will play a
significant role in the near future. The main advantage of implementing topology optimization in the design of a long-
span beam under in-plane bending, compared to the results of classical strength analysis of such beams, is the saving of
the beam material, while achieving similar strength and deformation rates.
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This work aims to produce structures with excellent mechanical characteristics, high material strength, and lighter,
with less load. Furthermore, the construction requires much less cost [18].

This is very important for both the environment and construction costs, as it saves material and construction weight.
Civil Engineering constructions must always be compatible with the environment [19]. The topological optimization of
steel purlins of a metal shed through holes inside the cross-sections is what makes this study innovative [20]. This
process is not found in the current international literature regarding the transfer of loads from the purlins to the main
beams, taking into account both their strength and their architectural appearance. Additionally, based on the study’s
analyses, it was demonstrated that a high-rise beam presents more effective results of stresses and deformations in
relation to solid cross-sections of any shape (rectangular, circular, efc.) in structural analysis from a static point of view
and with the application of topological optimization, taking into account the three fundamental principles in the design
and analysis [21]. To perform the topological optimization, spatially finite three-dimensional arrays have been used.
Initially, the nodal displacements were calculated, and then the stresses of the elements. Where the stresses were high,
material was removed, and the construction became lighter [22].

This paper investigates and analyzes the scientific branch of structural engineering, structural optimization of
structures, for which many scientific articles and research have been carried out in the past [6,23]. However, insufficient
research has been conducted on the optimization of steel purlins in metal structures, particularly for constructions
involving public interest rather than private works. This requires even more attention regarding the percentages and the
way the material will be removed in specific areas of the cross-sections, both for economic reasons, as they are carried
out at public expense, and for structural strength reasons, as these structures are expected to be used by a large
percentage of people in an area [24]. The uniqueness of this work, therefore, lies both in the field of optimization of
steel purlins in metal construction, as well as in the social field, because a large percentage of the population of an area
will use these constructions. The main idea of this study was to perform structural optimization of a steel purlin metal
structure under bending, with static loads of permanent and mobile loads, without an earthquake. In addition, two types
of cross-sections were analyzed (a solid rectangular cross-section and an IPE cross-section, with identical external
dimensions) to prove that an IPE metal cross-section is more efficient than a solid cross-section of the same external
dimensions, as the above material inside seems to be redundant, because the stresses of the solid cross-section are very small.
This work was carried out without an earthquake because it refers to areas where there are no seismic charges [25].

Optimizing the design of IPE (I-beam with parallel flanges) beams and reducing their weight significantly
contribute to sustainability through three interconnected mechanisms. Firstly, optimizing the weight of a beam enhances
material efficiency by minimizing the amount of steel used while maintaining structural integrity and safety. Given that
steel production is energy-intensive and results in substantial CO, emissions, reducing steel usage decreases the overall
embodied carbon of a project [26]. Secondly, lighter beams require less energy for transportation and handling, leading
to reductions in fuel consumption and indirect emissions throughout the supply chain. Thirdly, optimizing a structure
often results in reduced foundation loading, thereby decreasing the need for additional construction elements or
materials, which further mitigates environmental impact, even when substantially less steel is used, as in the case of an
IPE beam [27]. Finally, employing emerging design optimization methods, such as topology or performance-based
design, facilitates resource efficiency and extends service life, thereby supporting circular economy principles by
enabling reuse and recycling at the end of a structure’s life. These advancements are crucial for sustainability, as they
reduce greenhouse gas emissions, conserve limited resources in an increasingly resource-constrained environment, and
promote more responsible construction practices in alignment with global objectives [28].

In this study, topological optimization of the steel purlin in a metal structure was selected through circular holes in
the positions of the beam, which the analysis showed can be performed for material removal. This tactic was chosen
because it reduces material through circular holes and is considered structurally easy, economical, and efficient
compared to other material removal tactics [29]. The diameter and distance of the holes between them were selected by
performing several material removal tests in the original cross-section until the finite element program showed that the
diameter and distance of the holes from which the stresses and deformations increased noticeably relative to the original
cross-section. Thus, it was shown that if the diameter of the holes for both steel purlin cross-sections in the present
study (solid rectangular cross-section and IPE cross-section with similar external dimensions) exceeded 120 mm, then
the stresses and deformations of the optimized cross-sections increased significantly. The same tactic was followed to
determine the minimum distance between holes [30]. More specifically, the limits from which large increases in the
stresses and deformations of the optimized cross-sections compared to the initial cross-sections of the present study are
derived as follows:
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e  Diameter of 120 mm for both solid and IPE cross sections.
e A hole spacing of 10 mm in the solid cross-section and 25 mm in the IPE cross-section.

The above limits are considered correct based on the analysis, which revealed that both the increase of holes over
120 mm, as well as the further reduction of the distances between them, led to large increases in stresses on both the
upper and lower sides of the holes, as well as between them. In addition, based on mechanics, it is computationally
logical that the distances of the holes in the solid cross-section result in being smaller than the IPE cross-section, as the
IPE cross-section has less material inside because it is a thinner-walled cross-section compared to the solid cross-section
of the present study [17].

The loads of the under-optimization purlins were calculated in detail using Eurocode 3 (wind, snow, permanent,
and mobile loads) based on the geometry of the construction and the available roof panel of the studied metal frame. In
addition, all the analyses carried out in this study were verified for correctness using finite element and cross-section
optimization programs [31,32]. This study presents innovations in construction optimization. New construction design
techniques aimed at reducing weight and changing the shape of the construction are presented. The aesthetic change
achieved responds to new aesthetic trends without compromising the structural integrity. The aesthetics achieved are
intelligent because with the same strength of the material, the shape of the construction changes and becomes more
modern; at the same time, the weight of the construction is reduced, and the mechanical properties are improved [33].

In summary, this present study is considered innovative due to the topological optimization of steel purlins of a
metal shed through holes inside the cross-sections, a process that does not exist in the modern international literature
regarding the transfer of loads from the purlins to the main beams, taking into account not only their strength, but also
their architectural appearance. Also, based on the analyses of this study, it was proved that in the structural analysis,
from a static point of view and with the application of topological optimization, a high-rise beam presents more efficient
results of stresses and deformations in relation to solid cross-sections of any shape (rectangular, circular, efc.), taking
into account the three fundamental principles in the design, analysis and study of structures: economy, strength and
functionality [19,27].

2. Methodology

This section examines the methodology employed to conduct all the analyses presented in this paper. More
specifically, various types of optimizations in structural engineering applications are presented in a concise manner, as
well as the benefits of structural optimization, the optimization process, and the mathematical model that defines
structural optimization. Finally, all the details of the materials and boundary conditions for the models used in structural
optimization are clearly presented [23,34,35].

2.1. Different Forms of Optimization in Structure

Three stages of structural optimization can be distinguished: topology optimization (which includes material
optimization), size, and shape optimization [36]. The step-by-step dimension optimization of structures in statics is a
regular task for structural designers. Evolutionary algorithms and mathematical programming techniques can be used
to automate dimension optimization [36]. The growth of form optimization occurred when the discretization techniques
of mechanics advanced to a suitable degree. Regarding the finite element model of the structure, shape optimization is
the most commonly used [36].

Among the structural optimization methods, topology optimization maximizes the performance of the materials
inside a particular design area under certain limit conditions and loads, while adhering to the performance requirements
of the product. Most topology optimization methods combine concepts of computer-aided design (CAD), Finite Element
Analysis (FEA), and other optimization algorithms while considering various production methods. In topology
optimization, CAD is used to create a rough, preliminary model of the product that must be optimized, whereas FEA is
used to determine the distribution of stress and displacements across the product. To eliminate portions of the parts that
were not enduring or not adequately sustaining the imposed loads, topology optimization was carried out.

Various optimization procedures are performed to eliminate parts of the product that cannot handle the imposed
load based on the requirements of the design challenge. Additionally, topology optimization is employed to overcome
design limitations and achieve specific design objectives. Because compliance is the inverse of stiffness, the goals may
depend on the particular situation at hand. The restrictions may include the highest mass percentage, maximum
allowable distortion, and other requirements. The primary objective is to reduce the compliance of the part and optimize
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its stiffness. Topology optimization techniques provide a complicated natural form that illustrates material removal
according to the aim and restrictions of the design problem [36].

From a theoretical point of view, topology optimization can be considered a structural optimization task with many
variables. Therefore, traditional solution methods attempt to avoid the direct application of mathematical optimization
and use iterative solution algorithms based on repetitive analysis and gradual modification of the values of the quantities
involved (density of material at every point of the structure). Beyond classical optimization tasks, such as maximum
stiffness or minimum weight, deformability can also be considered using a variant of topology optimization that deals
with the design of compliant structures [37].

Thus, with the above optimization methods, the technique of optimizing the cross-sections of a construction project
can also help in the implementation of environmental protection, as the reduction in the mass of a cross-section provides
both the utilization of the available construction material and the reduction of environmental pollution [19].

2.2. Benefits of Structural Optimization

In general, structural optimization offers enormous potential advantages for the development of new products.
Specifically, topology optimization offers the following advantages throughout the design phase [23]:

e  Constructing lightweight architecture

e  Making designs that are ready for manufacturing

e  Shortening the time to market

e Conserving a vast quantity of content

e  Cutbacks on physical testing

e  Reducing the amount of energy used for processing
e  Decreased physical prototype construction

2.3. Problem Formulation for Structural Optimization

This subsection of the research paper presents the strategy that should be followed in order to define the problem
of a structural optimization and to determine the factors of the problem, the design variables, and the final form of the
optimized version of the construction, with the main goal of achieving all the desired objectives. The steps to formulate
a structural optimization problem are presented below:

1. Developing a structural optimization strategy requires great care, because a careful definition of the problem allows
the calculation of the optimal solution. The design optimization problem is formulated using the following five
phases [29,38]:

2. Construct a problem statement for structural optimization: This stage clarifies the list of criteria, the intended result
of the optimization, and the design goal.

3. Data and information collection: At this point, all necessary information is acquired.

4. Design variable identification and definition: This stage involves identifying and defining design variables that
describe the system.

5. Determining an optimized criterion: It is necessary to provide a criterion that will be used to gauge success and
end the optimization process.

The structurally optimal design approach is illustrated in Figure 1 [38]. First, a three-dimensional CAD modeling
program was used to develop the original CAD design. Next, a structural analysis was performed on the original design
under specified loading conditions to determine the distributions of strain and stress. In accordance with the stress and
strain distributions, topology optimization removes material from locations that do not substantially contribute to
supporting the applied loads. The component was redrawn using CAD software (Autodesk Fusion 360) based on the
outcomes of topology optimization. Subsequently, FEA was used to confirm that the revised CAD model could
withstand the loads and comply with the design guidelines. Physical model verification was performed using any of the
bodily prototyping methodologies if the model met the validation criteria. To perform this analysis, three-dimensional
finite elements were used. Initially, codes were written in MATLAB for three-dimensional finite elements with three
degrees of freedom at each node, including axial deformation. The Fusion program was then used for topological
optimization [31,32].
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Figure 1. Structural optimized design process.

2.4. Method of Structural Optimization of Constructions

The method chosen for the structural optimization of the present constructions is the Solid Isotropic Material with
Penalization method (SIMP), which is discussed in detail in the next chapter. This method has many advantages over
other structural optimization methods, the most important of which are as follows [23]:

Simple and easy to use

Compeatibility with Finite Element Analysis (FEA)
Effective Computational Results

Infinite Design Space

The ability to interpret physical

Penalization Promotes Realistic (0—1) Designs
Flexibility

NN AE WD -

Thus, the block diagram of the SIMP method is presented below, which analyzes the process followed to complete
a structural optimization of a construction through this specific method [23], as shown in Figure 2.

v

3 No
lcrestean | | Describe the Create the Analysis P Redesign the
initial design = | objective function == | With Finite Elements mp Aens||t|y|ty construction | == | Convergence
i ' and constraints (FEA) Hal=1c design -

1 {
Begin ’m

Figure 2. Block diagram for SIMP.

2.5. Mathematical Formulation of Structural Optimization Problem-Solving

The principles of optimization theory state that design parameters, restrictions, and objective functions are the three
key elements of optimization design. A set of factors that can be adjusted to improve the performance is referred to as
the design variable. Constrained circumstances restrict the design and are necessary for the design variables and other
performances. This is because the goal function depends on the design variables and demands optimal design
performance [38]. The Solid Isotropic Material with Penalization (SIMP) algorithm is one of the most widely used
techniques in continuous optimization design. It considers the element material density, whose density fluctuates
continuously from 0 to 1, as the design variable [38]. When an element’s density is zero, it is empty; when it is one, it
is real; and when its density value is between 0 and 1, it represents fictitious items [38]. This leads to the following
expression for the mathematical optimization model:

Minimize: f(x) = f(x4, X5, ..., Xp,)
Subjectto: g(x) <0 j=1,...m

)
h(x)=0k=1,..,my

xt<x<xV i=1,...,n

In this formula, x = (x1, X2, ... X»), and the design variable denotes the cell’s density. In addition, the design objective
f(x) represents the mechanical characteristics or weight, and the design responses that need to be constrained are
represented as g(x) and hy(x).
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Several elements of traditional structural optimization issues are combined into an optimal material layout problem.
The goal of topology optimization is to determine the ideal distribution of the elements within a predefined design
domain Q. Body forces F are applied together with traction forces T at boundary I';, and the body is restricted at these
limits with 1T, and 2I",. Within domain Q, certain places require material to exist, while other sections must be empty.
The only factors known are the boundary conditions, applied loads, and material qualities. A few further limitations
include whether or not the material is present in certain sections of the domain. Within domain Q, Quq: represents the
optimally dispersed material and represents a fraction ¢ of the total volume or area. The material’s size, shape, and
connection are the unknowns in this problem. The resulting material distribution Qu,q¢ inside the domain Qi is depicted
below (Figure 3).

Figure 3. General cross-section with forces and constraints (up) and final topology optimization Q,,, inside Q (down).

The optimization problem about topology is a “0-1” integer optimization problem. Initially, N finite components
are created by discretizing the design domain Q. Every finite element is a density x design variable. In other words,
material may or may not be present in any finite element. If density is equivalent to one, there is stuff there, and the cell
has a black paint job. When the density is 0, the cell is painted white since there is no substance. A vector x € RN can
be created by combining the design variables. The design variables determine the structure K(x) € R“*“, that is, the
global stiffness matrix, where d is the total number of levels of flexibility. The following governing equilibrium
equations can be used to derive the displacement vector U € R:

K(x)-U=F )

where the total of all applied body, surface, and point forces is represented by the external load vector, F € R4, and U
and K(x) symbolize the kinematic degrees of freedom and the matrix of the global stiffness, respectively.
Under the assumption of linear elasticity, the constitutive and kinetic equations can be used to connect the strain
and stress tensors to the displacement vector:
1
g = E . (ul-,j+uj,i) 3)

6; =Eju-eu “)

The constitutive matrix E is contingent upon the Poisson’s ratio v and Young’s modulus E, of that particular
material. To approximately describe the bounds of the continuum structure, the discretized domain produces a black-
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and-white solution when the density design variable is one of the limiting values, either zero or one. By replacing the
density’s integer variables with continuous variables driven by a penalty value p > 3, the “0-1” problem may be achieved,
and the design variables will approach the ideal discrete values of 0 and 1. This method is known as SIMP (Solid

Isotropic Material Penalization) [17].

For any element e, the material characteristics E. may be written as follows:

Ee =xep 'EO

&)

where the coefficient of penalization power is denoted by p, and E represents the solid material’s Young’s modulus. It
is important to note that a lower bound on the x, needs to be established for computational reasons. Considering that the

volume element values are set to:

where the default value of xmin is 107°.

0< Xy, <% <1, e=1,2,..

= Amin =

The stiffness of every element K. may be adjusted using SIMP as follows:

Ke=x€p'K0, e = 1, ...,N,p>1,

Ke(xe = 0) =0, Ke(xe = 1) =Ky

(6)

O]

where Ky is the element flexibility when x. = 1, and p is the penalty factor, which is often set to p > 3. The global
flexibility matrix K can be expressed as follows:

The Quma: volume has to be expressed as a percentage @ of the total Q volume.

where v, is the element’s volume e.

N
K = erp . KO
e=1

14
—<poV<g-V,
Vo

N
VzZve-xeSqJ-Vo

e=1

®

®

The total flexibility is the objective function of the problem, which is represented by the compliance of the structure

as follows:

c=FT.u

(10)

The mathematical formulation of the topology optimization problem for structures can be expressed as follows

(Figure 4):

min ¢(x,) = FT - u,

u, Xe
subject to:

K-u=F,

an
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Figure 4. The initial vector is divided into N finite elements (left) and final topology optimization (right).

The total flexibility is the objective function of the problem, which is represented by the compliance of the structure
as follows:

In the right figure, white components show that there is no material present x. = 0. The substance x. = 1 is present
in black cells. The density for gray components is 0 < x, < 1.

2.6. General Analysis Data

As a numerical example illustrating the above approach, the two types of steel purlins to be analyzed are presented
below. Specifically, a rectangular purlin measuring 160 mm in height and 80 mm in width, as well as an IPE 160 purlin,
were selected for analysis. The stresses and displacements of the above two cross-sections will be found, and the
optimization of the above cross-sections will be studied through a finite element program. After deciding the way and
cross-section of optimization for the initial purlin cross-sections, the stresses and displacements of the optimized cross-
sections will be found again, in order to draw specific conclusions from them. These two types of purlins were chosen
for the following reasons.

2.7. Material Properties

Structural steel was selected as the construction material for all analyses in this study, the properties of which are
listed in Table 1.

Table 1. Material properties.

Density 7850.00 kg/m®
Young’s Modulus 210,000.00 MPa
Poisson’s Ratio 0.30
Yield Strength 235.00 MPa
Ultimate Tensile Strength 345.00 MPa
Kind of structural steel S235 (in accordance with EN 10025European standard)
Thermal Conductivity 56.00 W/(m-°C)
Thermal Expansion Coefficient 1.200 x 107%/°C
Specific Heat 480.00 J/(kg-°C)
Purlins’ length 5.00 m
Purlins’ distributed load 3.68 kKN/m
Purlins’ Border conditions Anchorages at both ends (fixed-ended beam)

2.8. Loads and Constraints

A distributed load of 3.68 kN/m was used for all analyses in this study. It is worth mentioning that the loads of the
under-optimization purlins were calculated in detail using Eurocode 3 (wind, snow, permanent, and mobile loads) based
on the geometry of the construction and the available roof panel of the studied metal frame. For the boundary conditions,
a fixed beam was used at both ends of the studied cross-section (fixed-ended beams). It should be noted that in the
Figures with the FEA below, the force presented is the resultant force of the distributed load. This is owing to the
visualization capabilities of the FEA platform used.
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2.9. Analysis of Sensitivity and Optimality Criteria

The goal function for a structure that must support the imposed loads is to minimize global flexibility. The equation
¢ = FT - u can be broken down as follows:

N
c=FT~u=uT-K-u=Zue-Ke-ue
p= (12
K. =x.? - Ky
And as follows, the global flexibility is presented:
N
czz:xep-ue-Ko-ue, e=1,2,..,.N (13)
=1

It is necessary to use the Lagrange multiplier approach to address this problem. Next, the design variables were
updated using a heuristic approach, and the Lagrange multipliers were determined iteratively. The Lagrange function is
defined as:

N N
P=ctl =g V) + 4T Ku=—B+ ) Ao ey = %)+ ) (e =1) (4
e=1 e=1

3. Results

This section presents all the results of the structural optimization analyses completed within the scope of this study.
More specifically, two analyses of metal purlins were conducted. A rectangular section analysis and an IPE section
analysis. The results and detailed information from these two large analyses are analyzed in depth in this chapter.

These results delve into both the more efficient mechanical behavior and cost reduction of structures through
structural optimization, as well as environmental protection through the large removal of material from the interior of
the cross-sections [26].

3.1. Loads and Constraints

The current study focuses on the topological optimization of steel purlins in a metal structure using finite elements,
which were verified for correctness through finite element and cross-section optimization programs. More specifically, the
studied metal structure had a width of 30 m, a length of 60 m, and a height of 5 m. Metal construction consists of a metal roof
panel, steel purlins that support the roof panel, metal main beams that support the purlins, and steel columns that support the
main beams. In addition, the metal structure has steel stringers that take over all the lateral loads of the structure.

The main objective of this study is the topological optimization of all purlins of the studied construction, as it is a
construction that will be erected at public expense and must be as economical as possible, while ensuring all rates of
strength and functionality.

Based on the theory of steel structures, the economic distance between the mainframes of a metal structure ranges
from 5 to 6 m. In this study, the distance between the main frames was chosen as 5 m. Therefore, given that the distance
between the main frames is 5 m and that the Purlins step on the mainframes on their transverse side, the length of the
Purlins is obtained at 5 m.

Calculation of the number of purlins in the metal structure studied:

As mentioned above, the purlins press on the frames where the coating will be pressed and transfer the external
vertical loads to the carrier.

The economic distance between purlins is 1.5 m, based on the theory of steel structures.

Construction width B 30.00 m
Purlin distance =~ 1.5m

Openings = = 20 Openings

The number of purlins is always “openings + 17, so the structure needs 21 purlins, 5 m long on one side of the total
structure (5 m long). The total length of the structure is 60 m, and 21 purlins of 5 m in length have been calculated in
the first 5 m of the length of the total structure; therefore, in order to calculate the total number of purlins of the entire
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structure, it is sufficient to multiply the number of purlins on one side of the structure by the number 12, to arrive at 60
m in length of the planned construction. Therefore:

Total number of purlins 5 m long = 21 purlins - 12 = 252 purlins

As mentioned above, the purlins press on the frames where the coating will be pressed and transfer the external
vertical loads to the carrier. The economic distance between purlins is 1.5 m, based on the theory of steel structures.
Because of the absolute symmetry of the studied metal structure, by optimizing a purlin of 5 m in length with the given
loads that have been calculated in detail through Eurocode 3 (EC3), we determined that all 252 purlins of length 5 m
were optimized for the total metal construction. The total load on the steel purlins is a distributed load of 3.68 kN/m,
resulting from the transfer of moment and live loads of the metal roof panel to the studied purlin. Their boundary
conditions are anchorages at both ends, thus being fixed-ended beams.

3.2. Results of Fixed-Ended Rectangular Cross Section 160 mm in Height and 80 mm in Width

Initially, the stresses and displacements of the original fixed-ended rectangular cross section, 160 mm in height
and 80 mm in width, were analyzed, and their results are presented in Figures 5 and 6, respectively. To perform the
topological optimization, spatially finite three-dimensional arrays have been used. Initially, the nodal displacements
were calculated, and then the stresses of the elements. Where the stresses were high, material was removed, and the
construction became lighter. The von Mises stress is a scalar invariant derived from the stress state of the material. It
represents an equivalent uniaxial stress measure used to assess yielding, is always positive, and remains unchanged
regardless of the orientation of the coordinate system because it is calculated directly from the principal stresses.

The stress is calculated for each finite element (in MPa) with red-orange being the highest values and blue being
the lowest form 0.006 MPa to 5.125 MPa.

The second figure refers to the displacement in mm form 0.00 to 0.21 mm. In the finite element method, the
displacements are first calculated, and then the stresses. For each analysis, we calculate both displacements and von
Mises stress. The stress is given in MPa and the displacement in mm. The stresses and displacements of the original
fixed-ended rectangular cross-section, 160 mm height and 80 mm width, are presented in the following graphs (Figures
5 and 6).

Stress V.

5.125 Max
Load Casel 1,7 480
\

von Mises v ' 3.60
MPa v

& 4 240

i; 0.006 Min

0.21 Max

Load Case1 v

Displacement + | 0.168

Total v

Fm— 0126

4
G} 0.084

0.042
0.00 Min

Figure 6. Displacement of the original fixed-ended rectangular cross-section, 160 mm height and 80 mm width.

Thereafter, an initial optimization of the original study structure was carried out by removing 20%, 50% and 70%
of the available material, presenting the areas of the structure where stresses are not concentrated and where material
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removal can be carried out. For the 80% case, the calculated weight of the beam was 413.43 kg, reduced to 254.911 kg
for the 50% case and to 138.659 kg for the 30% case (~73% weight reduction). Initial optimization for 80%, 50% and
30% of the construction material of the original fixed-ended rectangular cross-section is presented in the following
graphs (Figures 7-9).

1.00
Shape Optimization v

& 4 080

0.00 Max

Mass Ratio 82.29%
Approx. Mass: 41343 kg

Figure 7. Optimization of the original fixed-ended rectangular cross-section, 160 mm height and 80 mm width, using 80% of the
construction material.

1.00
Shape Optimization v

& 4 0580

0.00 Max

Mass Ratio: 50.74%
Approx. Mass: 254911 kg

Figure 8. Optimization of the original fixed-ended rectangular cross-section, 160 mm height and 80 mm width, using 50% of the
construction material.

Shape Optimization v

& 4 0380

0.00 Max
Mass Ratio: 27.60%

Approx. Mass 138.659 kg

Figure 9. Optimization of the original fixed-ended rectangular cross-section, 160 mm height and 80 mm width, using 20% of the
construction material.

The stresses and displacements of the fixed-ended rectangular cross-section, 160 mm in height and 80 mm in width,
after the optimization process are presented further below. Three different optimizations of the original fixed-ended
rectangular cross-section 160 mm in height and 80 mm in width were analyzed, exploiting 90%, 80%, and 70% of the
construction material, respectively, by creating holes in the inner part of the structure in the positions where the
optimization graphs show that material removal can be carried out and that they do not show large percentages of stresses.

Specifically, nine holes with a diameter of 100 mm were selected for the optimization analysis with the exploitation
of 90% of the construction material, 14 holes with a diameter of 120 mm in the optimization analysis with the
exploitation of 80% of the construction material and twenty-two holes with a diameter of 120 mm in the optimization
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analysis with the exploitation of 70% of the construction material. The selection of the above optimization method and
the geometric characteristics of the optimization holes were carried out after multiple and repeated analyses, until we
managed to have the appropriate material reduction, achieving similar stress and strain rates between the original and
optimized structure. The results of the above analyses are presented in the following graphs (Figures 10-15).

5.199 Max
Load Case1 v ded
Stress v
von Mises v 3.60
MPa v
{} A 240
120
0.005 Min

Figure 10. Stress of a fixed-ended rectangular cross-section 160 mm height and 80 mm width, using 90% of the construction material.

< 0.222 Max
Load Case1lv
dad
Displacement v
Total v 015
mm v
Q A 0.10
0.05
0.00 Min

Figure 11. Displacement of a fixed-ended rectangular cross-section 160 mm height and 80 mm width, using 90% of the construction
material.

oz 5.233 Max
Load Case1lv 480
Stress v
von Mises v 360
MPa v
a A 240

120

0.011 Min

Figure 12. Stress of a fixed-ended rectangular cross-section, 160 mm height and 80 mm width, using 80% of the construction material.

0.253 Max
Load Case1v 024
Displacement v
Total v 018
mm v
,,,,,,,,, & 4 012
0.06
0.00 Min

Figure 13. Displacement of a fixed-ended rectangular cross-section 160 mm height and 80 mm width, using 80% of the construction
material.
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7 5503 Max
Load Caselv
500
Stress v
von Mises v 375
MPa v
250
SUSVis 125
YOV Y V)
S SSSSSSiSEe
0.007 Min

Figure 14. Stress of a fixed-ended rectangular cross-section, 160 mm height and 80 mm width, using 70% of the construction material.

0.271 Max
Load Case1 v
024
Displacement v
Total v 018
mm v
& 4 012
0.06
0.00 Min

Figure 15. Displacement of a fixed-ended rectangular cross-section 160 mm height and 80 mm width, using 70% of the construction
material.

In Table 2 below, the results of stress and displacement analyses for both the original fixed-ended rectangular cross-
section of 160 mm height and 80 mm width and the optimized cross-sections of the original cross-section are shown.

Table 2. Results of analyses of a fixed-ended rectangular cross-section, 160 mm height, and 80 mm width.

Cross-Sections Stress (MPa) Displacement (mm) Mass (kg) No. of Nodes No. of Elements
Rectangular cross-section 160 mm x 80 mm 5.13 0.21 502.40 213,597 1,135,885
Optimization using 90% of the construction material 5.20 0.22 458.08 197,060 1,030,760
Optimization using 80% of the construction material 5.23 0.25 412.87 176,983 909,386
Optimization using 70% of the construction material 5.50 0.27 361.72 157,151 786,753

Based on the above results, it is observed that the optimized cross-sections present similar stress and displacement
results in relation to the original design structure, thus certifying the successful optimization of the fixed-ended
rectangular cross-section steel purlins in the present study.

3.3. Results of Fixed-Ended IPE 160

The IPE 160 cross-sectional dimensions and properties are presented in Table 3.

Table 3. IPE 160 cross-sectional dimensions and properties.

Cross-Section Dimensions Area Weight
IPE 160 h (mm) b (mm) s (mm) t (mm) F (mm?) G (kg/m)
160 82 5.0 7.4 1640 1290

The same process was carried out in relation to the optimization of the rectangular cross-section regarding the
optimization of the IPE 160 steel purlin. More specifically, the stresses and displacements of the original purlin IPE
160 were analyzed (Figures 16 and 17) and after this, an initial optimization of the original study structure was carried
out by removing 20%, 50% and 70% of the available material, presenting the areas of the structure where stresses are
not concentrated and where material removal can be carried out (Figures 18-20). The optimization of the original fixed-
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ended purlin IPE 160 resulted in a beam with 68.491 kg weight for the 80% mass, 42.747 kg for the 50% mass, and
16.642 kg for the 30% mass (~79% reduction).

16.233 Max
Load Caselv {
Stress v | 13.60
von Mises v [
1020
MPa v
o 4 680
3.40
0.04 Min
Figure 16. Stress of the original fixed-ended purlin IPE 160.
0.703 Max
Load Caselv {
Displacement ~ ’ 0.60
Total v
045
030
015
0.00 Min
Figure 17. Displacement of the original fixed-ended purlin IPE 160.
1.00
Shape Optimization v
080
Target
— XX - — , 040
e —— - -
020
0.00 Max
Mass Ratio 88.03%
Approx. Mass: 68.491 kg

Figure 18. Optimization of the original fixed-ended purlin IPE 160, using 80% of the construction material.

1.00 Max

Shape Optimization v

& 4

080

060
Target
040

020

0.00 Min

Ll i

Approx. Mass:

54.94%
42747 kg

Figure 19. Optimization of the original fixed-ended purlin IPE 160, using 50% of the construction material.
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Shape Optimization v

& 4 0380

060
Target
040

-

020

0.00 Max
Mass Ratio: 21.39%
Approx. Mass: 16.642 kg

Figure 20. Optimization of the original fixed-ended purlin IPE 160, using 30% of the construction material.

The stresses and displacements of the fixed-ended purlin IPE 160, after the optimization process, are presented
below. Four different optimizations of the original fixed-ended purlin IPE 160 were analyzed, exploiting 97%, 94%,
93%, and 90% of the construction material, respectively, by creating holes in the inner part of the structure in the
positions where the optimization graphs show that material removal can be carried out and that they do not show large
percentages of stresses.

Specifically, 16 holes with a diameter of 80 mm were selected for the optimization analysis with the exploitation
of 97% of the construction material, 17 holes with a diameter of 110 mm in the optimization analysis with the
exploitation of 94% of the construction material, 16 holes with a diameter of 120 mm in the optimization analysis with
the exploitation of 93% of the construction material and twenty-one holes with a diameter of 120 mm in the optimization
analysis with the exploitation of 90% of the construction material. The selection of the above optimization method and
the geometric characteristics of the optimization holes were carried out after multiple and repeated analyses, until we
achieved the appropriate material reduction, resulting in similar stress and strain rates between the original and
optimized structures. The results of the above analyses are presented in the following graphs (Figures 21-28).

17.336 Max
Load Case1 v 16.00
Stress v
von Mises v 12.00
MPa v
& 4 : 800
400
0.06 Min
Figure 21. Stress of fixed-ended purlin IPE 160, using 97% of the construction material.
0719 Max
Load Case1 v
Displacement v 0.60

Totalv' bl

l T i

— OOOOOOOOOOOOOQ
OOOo OOOO

0.15

0.00 Min

Figure 22. Displacement of fixed-ended purlin IPE 160, using 97% of the construction material.
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16 44 Max
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Stress v ! 13.60
von Mises v
10.20
‘ 6.80
340
0.061 Min
0.769 Max
Load Casel v
Displacement v ! 0.64
Total v
048
032
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0.00 Min

Figure 24. Displacement of fixed-ended purlin IPE 160, using 94% of the construction material.
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16.00
Stress v !
von Mises v 12.00
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\—— = B T : 400
0.061 Min
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Figure 25. Stress of fixed-ended purlin IPE 160, using 93% of the construction material.
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048
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0101010]0)
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Figure 26. Displacement of fixed-ended purlin IPE 160, using 93% of the construction material.
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Figure 27. Stress of fixed-ended purlin IPE 160, using 90% of the construction material.
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Load Case1v
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Total v 0.60
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Figure 28. Displacement of fixed-ended purlin IPE 160, using 90% of the construction material.

In Table 4 below, the results of the stress and displacement analyses of both the original fixed-ended purlin IPE
160 and the optimized cross-sections of the original cross-section are shown.

Table 4. Results of analysis of a fixed-ended purlin IPE 160.

Cross-Sections Stress (MPa) Displacement (mm) Mass (kg) No. of Nodes No. of Elements
IPE 160 16.23 0.70 77.81 274,994 1,183,668
Optimization using 97% of the construction material 17.34 0.72 75.81 247,332 1,033,454
Optimization using 94% of the construction material 16.44 0.77 72.99 262,777 1,132,555
Optimization using 93% of the construction material 17.75 0.79 72.28 272,268 1,188,419
Optimization using 90% of the construction material 18.65 0.84 70.29 260,314 1,127,143

Based on the above results, as in the rectangular cross-section optimizations that preceded it, it is observed that the
optimized cross-sections of IPE 160 present similar stress and displacement results in relation to the original design
structure of IPE 160 purlin, thus certifying the successful optimization of the fixed-ended rectangular cross-section steel
purlins of the present study.

4. Discussion

In summary, based on the aforementioned analyses and the results of the optimizations of the rectangular cross-
section of 160 mm x 80 mm and the cross-section IPE 160, several observations can be drawn, which are analyzed in
detail below.

Based on the data presented in Table 2, it can be observed that even though the available construction material
decreases, both the stresses and the displacements of the studied steel beam remain almost unchanged. Thus, by applying
the optimization of the specific cross-section, the same percentages of stress and displacements are achieved with less
construction material; therefore, both savings in available financial resources and greater protection of the environment
are achieved, reducing the available construction material as much as possible.

However, based on the load data of the studied purlin, which resulted from the selection of the appropriate ceiling
panel, as well as the permanent and mobile loads defined by the regulation (Eurocode 3, EC3), it was observed that the
stresses and displacements resulting from both the original solid rectangular cross-section of 160 mm height and 80 mm
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width, as well as optimized versions of it, were quite small. This gives the design engineer the idea that there is enough
material in the studied purlin that could be removed to increase its stress and displacement levels without exceeding the
yield limits for stresses and the limits of displacements and bending arrows for distortions.

Thus, in the present study, it was chosen to be studied in exactly the same way as the rectangular cross-section of
160 mm height and 80 mm width, and the IPE 160 cross-section, which has a similar height and width to the studied
rectangular cross-section (IPE 160 cross-section height 160 mm and IPE cross-section width 82 mm). However, the
IPE cross-section was not solid, as shown in the figures above. After extracting the IPE results, the conclusions of the
present study are presented in the conclusion section of this document.

It should be noted that in both analyses, a similar separation was applied on average to finite elements, ensuring
that all models in this study had comparable discretization in finite elements (average node discretization 230,000 and
average element discretization 1,060,000).

Furthermore, it was observed that the selection of an IPE cross-section is more efficient than the choice of a solid
rectangular cross-section, as there is a substantial reduction in mass in the case of the IPE cross-section compared with
the rectangular cross-section, which can exceed 90%, despite similar external dimensions (in the case of the rectangular
cross-section, there is a single solid cross-section, whereas in the case of the IPE cross-section, there are similar external
dimensions to the rectangular cross-section, but with a reduction in the material of manufacture on its web). Thus, an
IPE cross-section can provide satisfactory rates of stress and deformation to a structure while significantly reducing its
available material, primarily in its web areas.

Concurrently, the differences in stresses and displacements between the rectangular cross-section and the IPE
cross-section are considered appropriate and satisfactory in structural applications, as the values of stresses and
displacements in the rectangular cross-section are minimal, and the corresponding values of the IPE cross-section are
deemed to be within the permissible limits of cross-section adequacy. Consequently, an IPE cross-section provides
significantly greater material savings than a solid rectangular cross-section, while maintaining adequacy rates in the
limit state and serviceability conditions. In construction works, cross-sections with large percentages of mass are
undesirable unless adequacy in the limit states of stress cannot be achieved. If a construction contains cross-sections
that contain more material than is necessary to withstand stress, the phenomenon of overconsumption and overuse of
available construction materials occurs, which the science of structural optimization aims to address.

Finally, regarding the optimization of the initial cross-sections, it was observed that during the optimization, the
analyses of the optimized cross-sections demonstrated similar rates of stress and displacement compared to the original
cross-sections. This finding substantiates that the science of structural optimization serves both the community through
the conservation of construction materials, which also contributes to environmental protection, and the requirements of
design engineers, who aim to achieve the aforementioned savings of construction materials while ensuring the
corresponding resistance to the limit states of the stresses they undergo. Civil Engineering constructions are classic
constructions that have operated in the same shape for many years. This innovation proposes a new shape for
construction. If the thinking underlying classical mechanics were so simple, it would have been built many years ago.

In general, based on this research paper, a new type of structural beam was studied using topological optimization,
finite elements, and the SIMP method. On this beam, material was reduced by applying the above method with the main
goal of saving costs by reducing the available material, while also reducing the energy it attracts and protecting the
environment, if all of the above are achieved. Finally, all of the above is also applied to the architectural appearance of
the construction, ensuring a realistic implementation.

With the help of topological optimization, it is possible to build new modern structures with new designs and
optimized shapes that have less weight. Changing the beam cross-section is an innovation because it changes large
buildings that have been operating with classic cross-sections for many years.

5. Conclusions

The case studies presented clearly demonstrate that structural optimization is an effective design strategy for
reducing the weight of the structural components. This reduction offers economic and environmental benefits by
conserving significant amounts of material and processing energy, leading to considerable cost savings. In conclusion,
this study’s analysis supports the following key points:

In both types of optimizations analyzed (rectangular cross-section optimization and IPE cross-section optimization),
the stress and displacement results for the original cross-sections showed minimal variation compared to those of
optimized versions. This indicates that cross-section optimization effectively removes a suitable percentage of material
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from the original design while maintaining stress and strain levels comparable to those found in larger, unoptimized
cross-sections.

Reducing the material in cross-sections through structural optimization methods results in constructions that are
more cost-effective and environmentally friendly. By lowering the overall mass of the structure, less material is required,
which reduces resource exploitation.

In metal structures, standard high-section beams, such as IPE, HEA, and HEB, are more efficient than rectangular
cross-sections of the same height and width. The research findings revealed that under similar load conditions, these
standard high-rise sections achieved a better stress distribution without surpassing the material yield limits. This allows
for significant material savings, contributing to both economic efficiency and environmental sustainability, while
maintaining similar structural integrity in terms of stress and deformation.

Topology optimization with additional constraints, including buckling and multiple loading cases, will be studied
in the future.

The benefits of topological optimization include reducing the weight of the structure and creating a modern
structure. In topological optimization, a basic requirement is the construction of modern structures with modern
aesthetics. The basic requirement is the strength of the existing structure and the construction of lighter structures with
the same strength. This was achieved in this study.

This study introduces an innovative approach for optimizing civil engineering construction. For several years,
traditional structures have adhered to consistent shapes and designs. Proposing a new geometric form or cross-sectional
design is a significant advancement, as it departs from the long-standing reliance on conventional configurations.

Although classical mechanics has provided the foundation for these traditional designs, reimagining them has been
a challenge. However, advancements in topological optimization now allow for the creation of modern structures with
lighter and more efficient designs. This study focuses on redefining beam cross sections, offering a groundbreaking
alternative to the standard forms used in large-scale construction for decades. By employing this methodology, this
study aimed to achieve more effective material usage and enhanced structural performance, paving the way for a new
generation of civil engineering innovations. A future version of this paper will apply structural optimization of a steel
purlin not only under bending but also under seismic loads, both on its main axis and on its secondary axis (with
superposition of shear stresses, flexural-torsional buckling, etc.).
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