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Introduction

Structural steel, manufactured un-
der the standards set by the Ameri-
can Society for Testing and Materials
(ASTM) A36, finds widespread use in
construction and structural enginee-
ring. Its versatility stems from its avai-
lability in various profiles and sheets,
making it essential in the construction
of buildings, industrial facilities, sus-
pension bridge cables, and reinforce-
ments (ASTM International, 2019). A36
structural steel is the primary material
choice for building and bridge construc-

tion due to its ubiquity and reliability.
Its low carbon content and absence of
alloying elements are often linked to
AISI 1018 steel due to its similar che-
mical composition (Marquez-Herrera
et al., 2022). Moreover, its use facilita-
tes compatibility with complementary
materials at a reduced cost for finishing.
However, drawbacks include the need
for costly maintenance, as the material
is susceptible to corrosion and neces-
sitates periodic painting. Exposure to
high temperatures can compromise its
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structural integrity, while its profiles are
prone to deformation with any torsion or
movement (Rahangmetan et al., 2020).

The mechanical properties of a ma-
terial encompass its inherent strength
and resilience when subjected to ex-
ternal forces. In essence, they define a
material’s capacity to transmit and en-
dure forces or deformations (Rodriguez
et al., 2022). These properties are essen-
tial during the designing phase, as ma-
terials intended for engineering applica-
tions must exhibit sufficient mechanical
strength to withstand various loads. This
strength is quantified as stress, represen-
ting the relationship between the applied
force and the cross-sectional area (Fa-
jardo et al., 2019). Stress manifests as
tension, compression, or stretching wi-
thin a body subjected to an axial load,
serving as a key indicator of how mate-
rials respond to external forces, poten-
tially leading to deformation or fracture
(Ramos-Quintero et al., 2022).

To ascertain the characteristics and
properties of materials, researchers con-
duct experiments commonly referred to
as material tests.

Gunter et al. (2021) describe these
tests as laboratory experiments aimed
at determining attributes such as stiff-
ness, wear resistance, thermal or elec-
trical conductivity, acidity, corrosion re-
sistance, density, sound transmission,
ductility, and impact resistance. A pre-
valent approach involves destructive tes-
ting, where methods are used to induce
damage or breakage to the sample under
analysis. This helps in comprehending
and forecasting how the material will

respond to various physical stresses, es-
sentially assessing its capacity to withs-
tand such pressures (Prakash-Pasupulla
et al., 2022). In destructive tests, the ma-
terial cannot be reused, as these proce-
dures often push the material’s physical
properties to their limits, sometimes sur-
passing them until failure occurs. This
process aids in identifying the material’s
behavior in extreme conditions.

Material tests serve various purposes
such as material testing and enhance-
ment, defect detection and evaluation
in the metal industry, failure analysis,
and fundamental research on material
strength. Tensile testing stands as a key
mechanical method used to determine
the characteristic values of materials.
Throughout the tensile test, the force
and elongation of the specimen are me-
asured (Liao et al., 2020). The applied
tensile force tends to stretch the material
from both ends, allowing for the deter-
mination of its strength, until failure oc-
curs. As the load reaches its maximum,
a concentration of deformations occurs
in the central zone, leading to necking
and a reduction in cross-sectional area.
As noted by Dhoska (2019), the test be-
comes unstable, and the resisted load
gradually decreases over time.

Calder6n et al. (2021) scrutinized
the experimental outcomes concerning
the tensile strength and hardness of A36
structural steel. Their experimental fra-
mework encompassed accounting for
temperature fluctuations during the wel-
ding process, which triggers alterations
in the steel’s internal structure, thereby
delineating a correlation between stren-
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gth and hardness. The specimens exhi-
bited an augmentation in their maxi-
mum stress tolerance, reaching up to
440 MPa. Additionally, it was affirmed
that the surface hardness diminishes in
the fusion zone owing to temperature
variations, which affect these properties.
In contrast, Serrano and Alban (2022)
assessed the mechanical properties of
welded joints employing A36 structural
steel. The study was conducted experi-
mentally and also using ANSYS softwa-
re for simulations, with a relative error
of less than 10 % between both analy-
ses. They determined that the maximum
stress attained was 468.68 MPa in flat
specimens with an 8 mm thickness. The-
se values are significantly influenced by
the welding process used to obtain the
specimens, indicating that thicker welds
will increase the cross-sectional area,
enabling them to support a greater load
and resulting in higher stress.

The finite element method (FEM) is
a numerical technique used to approxi-
mate the deformation of mechanical ele-
ments by defining various boundary and
initial conditions, including movement
constraints and the application of exter-
nal forces, along with their directions
(Vantyghem et al., 2020). This method
entails breaking down the geometry of
an element into small finite-sized ele-
ments with simple geometries and finite
dimensions. Within each of these small
elements, simple interpolation functions
are established to correlate the displa-
cements of individual points, known as
nodes, within the finite element to the
displacement of a series of characteris-

tic points within it. This process simpli-
fies differential equations into algebraic
equations that establish the relations-
hip between the forces at the nodes and
their displacements within each finite
element (Arroba et al., 2021). By solving
these algebraic equations for the finite
elements composing the element and
combining them, a system of equations is
formulated for the original element. This
approach provides an approximate solu-
tion for the displacement of each node in
the problem, and subsequently for any
point, utilizing the defined interpolation
functions (Gonzalez et al., 2020).

Larsen and Thorstensen (2020) hi-
ghlight that this method originated in
the 1 950s and has since found wides-
pread use in both industry and research,
enabling the analysis of an object’s be-
havior without necessitating its physi-
cal construction. Garcia-Garrino et al.
(2021) conducted studies on processing
challenges in Solid Mechanics, parti-
cularly focusing on large elastoplastic
deformations using computational nu-
merical simulation. The dominant te-
trahedral technique has been deemed
the most effective for mesh generation
due to its versatility in adapting to va-
rious geometries. Moreover, adhering to
the dimensions specified for specimens
in different standards, simulation re-
sults have yielded the desired values for
mechanical properties. It is advisable
to gradually update work methodolo-
gies, such as integrating virtual machi-
nes (VMs) to allow the modification of
one or more variables to obtain results
for the dependent variables.
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Computer-aided design (CAD) le-
verages computer systems as supporti-
ve tools across all processes involved
in designing and manufacturing di-
verse products. Rigorous quality tests
have been conducted, validating that
the implemented components function
correctly and meet specified require-
ments across various applications (Fa-
livene et al., 2019). The primary utility
entails utilizing computers to facilita-
te the creation, modification, analysis,
or optimization of designs. In 3D mo-
deling, it is notably straightforward to
analyze surfaces and solidsBarenghi
et al. (2019) suggest that CAD expedi-
tes task completion. CAD software is
geared towards streamlining mechanical
modeling in both 2D and 3D, offering
diverse options for generating precise
extractions, plans, and exchange files
(Zhou et al., 2020).

On the other hand, computer-aided
engineering (CAE), has evolved in res-
ponse to the demands imposed by on-
going technological progress. Through
CAE, a wide array of analyses can be
performed, extending beyond structures
or fluids to encompass thermodynamic
processes, and acoustic and electromag-
netic phenomena, among others. CAE
software stands as a cornerstone tool in
engineering, particularly in stress simu-
lation and safety factor analysis. Wei
et al. (2021) point out the availability
of various CAE software applications
for designing, analyzing, and simula-
ting parts using finite element methods.
These applications offer options for 3D
modeling or importing geometries from

CAD software, facilitating the transition
to the preparation stage by generating a
mesh and ensuring the discretized ele-
ment is ready for FEM analysis. The
outcomes of these simulations are ins-
trumental in assessing the potential fai-
lure of specific components under defi-
ned load conditions and determining the
requisite safety factors to be integrated
into the design. This ensures stability
during operation, mitigating the risk of
mechanical failures induced by excessi-
ve loading forces beyond the parameters
expected in typical usage scenarios (Al-
shoaibi and Ali-Fageehi, 2022).

Research conducted by Erazo-Artea-
ga (2022) delved into the design, ma-
nufacturing, and computer-aided engi-
neering (CAD/CAM/CAE) of product
development in Latin America. Over the
past decade, there has been significant
evolution, particularly evident in the en-
hancements in vehicle, machinery, and
general industrial supplies design and
production. Notable progress has also
been made in the development of pros-
thetics and medical equipment. There is
a growing trend towards digital manu-
facturing development, which integrates
these tools into automated facilities, ad-
hering to the philosophy of global thin-
king and local manufacturing. One of the
primary advantages of employing the-
se computer-assisted techniques is cost
reduction, starting with reduced time
dedicated to the design, optimization,
and manufacturing of various elements.
Furthermore, the elimination of the need
to construct prototypes for performance
evaluation conserves essential resour-



Validation of the Tensile Test of A36 Steel Through Finite Element Method and Experimental Data

ces, as this type of software enables the
prediction of object behavior under spe-
cified conditions. Berselli et al. (2020)
introduced CAD/CAE-based learning
tools for use in higher education, parti-
cularly in engineering disciplines. Sof-
tware optimization has led to improved
result accuracy and a more user-friendly
interface, contributing to the increasing
application of these technologies across
diverse industries.

Li et al. (2020) conducted experi-
mental and numerical studies on the
tensile strength of concrete specimens
reinforced with structural steel fibers.
The steel improved tensile deformation,
mitigating the brittleness of structural
elements. The relative error between
the experimental procedure and nume-
rical results was below 15 %. Howe-
ver, mathematical modeling enables the
approximation of responses under va-
rious conditions, including impact and
fatigue. Serrano-Aguiar et al. (2021)
investigated the effect of cracks in wel-
ded joints of A36 structural steel under
tension through computational nume-
rical simulation. A qualitative analysis
was performed using SolidWorks and
ANSYS software, considering round
A36 structural steel pipes ranging from
100 to 500 mm in diameter, available
in the market. Upon applying an axial
stress of 250 MPa to prevent perma-
nent deformation of the pipes, it was

found that cracks acted as stress con-
centrators, with a relative error of 1.46
% between the experimental process
and simulations for equivalent stress,
reaching 648.5 MPa before fracture.
Therefore, the authors concluded that
the safety factor should be increased
by 0.35 units to meet the requirements.

This study aims to validate obtai-
ned stress results through computatio-
nal numerical analysis using CAD and
CAE software by comparing them with
values obtained from experimental ten-
sile destructive testing. This necessity
arises from the absence of a universal
testing machine in several educational
centers unable to afford its acquisition
cost, though they have access to such
software. This approach aims to enhan-
ce the explanation of mechanical pro-
perties and improve the learning and
understanding of students in technical
fields. The document is structured as
follows: Materials and Methods used,
explaining the experimental test and the
process to carry out the simulations. The
results present the figures and values
obtained for their respective analysis.
The Discussion section compares the
scope of the results with the information
found in the literature, along with the
authors’ perspective. Finally, the Con-
clusions section synthesizes the most
relevant information and presents the
assertions derived from this research.

Materials and Methods

The shapes of tensile specimens can
vary significantly, prompting the ASTM

E8 standard (ASTM International, 2024)
to define standard specimens for sheets,
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thin sheets, tubes, jaws, and special
specimen holders, along with standard
round specimens for other metallic pro-
ducts. This standard specifies the initial
lengths corresponding to all deformation
values. Specimens must be manufactu-
red without altering the material pro-
perties. The preferred specimen shapes,
according to the ASTM ES standard, are

Figure 1

flat and round speciments, illustrated in
Figure 1. This standard aims to outline
the fundamental components of a tensile
test and offers an overview of materials
testing equipment, software, and neces-
sary tensile samples. The dimensions
provided by this standard have been con-
sideredfor fabricating specimens in A36
structural steel.

Geometry of the specimen for the tensile test (ASTM International, 2024)

_E_ - -

- _j_

For the experimental tensile test,
we utilized a Test Resources model
1608018 universal testing machine
(Test Resources, 2024), which has a
load capacity ranging from 15 to 150
kN. According to the manufacturer,
it may have a minimum error of 0.2
% and a maximum value of 5 %, de-
pending on the loads and clamping
elements. A 12.7 mm diameter A36
structural steel shaft was machined

Figure 2
Specimen a) machined, b) afier tensile test

following the dimensions specified in
the ASTM ES8 standard, as depicted
in Figure 2a. Figure 2b illustrates the
outcome of the tensile destructive test,
where the specimen, as it undergoes
permanent elongation, reduces its area
until reaching the point of fracture. The
maximum applied load was 34.53 kN,
thus a value of 35 kN was designated
for the application of the axial load in
the simulations.
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In Figure 3a, the 3D modeling of the
specimen conducted in CAD software,
specifically SolidWorks, is depicted. This
design was deemed essential to advance
with the simulations. The process started

Figure 3

Specimen drawn in CAD software a) 3D modeling,

b)

Figure 4a shows how a fixed support
was placed on the cylindrical surface
on the left side, where the specimen is
attached to the base of the universal tes-
ting machine. Figure 4b illustrates the

Figure 4

with a structural static study within the
CAD software. For the Finite Element
Method (FEM) analysis, 10 861 elements
and 47 060 nodes were generated for
mesh creation, as illustrated in Figure 3b.

b) meshing

application of the axial load outward to
the cross-sectional area of the specimen,
which was defined as 35 kN, conside-
ring the maximum load value applied
in the experimental test.

Initial conditions for the simulation a) fixed support, b) axial load

a)’.

For the CAE analysis, we utilized the
ANSYS software, equipped with various
modules in the Workbench interface for
conducting diverse studies. In Fig. Sa,
it was noted that the mesh generation in
the CAE software selected the default
hexahedral option, resulting in 3 829 ele-
ments and 7 480 nodes. This meshing

b)

technique was continued due to its lower
computational resource requirements,
validated by the skewness metric, with
an average value of 0.2403, considered
excellent mesh quality as it falls below
0.25 (Simbafia et al., 2022). Fig. 5b pro-
vides an overview of the values achieved
for discretizing the specimen in the mesh.
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Figure 5
CAE Meshing: a) 3D Modeling, b) Metrics

Quality
Check Mesh Quality Yes, Errors
” Target Skewness | Default (0.900000)
= 3000 1 Smoothing Medium
o Mesh Metric Skewness
=) Min 4,25E-07
2 Max 0,93926
m Average 0,2403
%5 2000 Standard Deviation |0,09671
=
o
E
=] 4
Z 1000
0 4
b 0 0.20 0.40 0.60 0.80 1.00
) Element Metric
Results

Figure 6 illustrates the stress-strain
curve derived from the specimens emplo-
yed in the experimental tests. Specimen 1
attained the highest ultimate strength va-
lue at 434.8 MPa, while specimen 3 ex-

gth obtained

Figure 6
Stress-strain diagram of the specimens in the experimental process

hibited the lowest value for this stress at
415.8 MPa. The average ultimate stren-

from these experimental

tests was 422.45 MPa, accompanied by
a mean deformation of 4.2 mm.
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Figure 7 presents the outcomes of the ~ me, where the maximum stress ideally
computational numerical analysis forthe ~ should be at the center of the specimen, is
tension test conducted in CAD software.  not distinctly evident. However, conside-
It is noticeable that the most significant  ring the dimensions recommended by the
stress concentration appears in the regions ~ ASTM ES standard and the application of
where section changes occur, with the  the axial load obtained experimentally,
maximum stress recorded at 217.28 MPa.  the maximum stress closely aligns with
Although the color scale aids in compre-  the manufacturer’s specified value of 420
hending the test results, the actual outco- ~ MPa (American Metals Co., 2024).

Figure 7
CAD simulation for tensile stress

Type: YVon Mises Stress

Unit: MPa
!417.28 Max

203.35

2.40 Min

Figure 8 displays the outcomes of =~ mum stress achieved until the specimen
the simulation conducted with CAE,  ruptured was 426.59 MPa, under iden-
employing the Explicit Dynamics mo-  tical geometric conditions, constraints,
dule of ANSYS software. The maxi-  and applied axial load.

Figure 8
CAE Simulation for Tensile Stress

A: Explicit Dynamics
Equivalent Stress

Type: Equivalent (von-Mises)
Stress

Unit: Pa

4.265%e8 Max

2.498¢6

2.0282¢6 Min

Figure 9 illustrates the stages ob-  sually enhances the understanding of
tained when conducting the simulation  the process being conducted through
in specialized CAE software. This vi-  the destructive tensile test, where the
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application of axial load results in per-
manent elongation, leading to a reduc-
tion in the cross-sectional area until

Figure 9
Stages of CAE simulation for the tensile test

reaching the point where it cannot wi-
thstand the stress, ultimately leading
to fracture.

Figure 10 comparatively presents the
stress values obtained for each proce-
dure conducted in this research work,
also indicating the stress value provi-
ded by the manufacturer of 420 MPa
(American Metals Co., 2024). During

Figure 10
Comparative analysis of maximum stress results

400
CAD

The accuracy of results produced by
finite element methods relies on seve-

the experimental destructive test, four
specimens were used, and the average
recorded stress was 422.45 MPa. On the
other hand, through simulation in CAD
and CAE software, the maximum stress
was 417.2 and 426.59 MPa, respectively.

426.59

CAE

Experimental

ral factors, including the size of finite
elements and the type of interpolation
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functions employed. FEM models inte-
grate mathematical equations with phy-
sical principles such as Newton’s laws
or Hooke’s law, elucidating how forces
interact with objects like polymer sam-
ples in test scenarios like compression
or tension tests (Juarez-Luna and Ortiz
Galvez, 2021). Mesh generation proce-
dures in software typically involve au-
tomatic meshing, which can be adjusted
by concerning elements such as size, to-
lerance, and local control specifications.
CAD or CAE software conceptualizes
the model as a network of interconnec-
ted discrete elements. Meshing creates
solid elements for individual analysis
through discretization, with tetrahedra
in 3D demonstrating the most reliable
convergence (Ramirez et al., 2020). In
the case of the tensile test, it starts with
a theoretical phase, followed by sam-
ple preparation adhering to ASTM E8
standards [3], where cylindrical speci-
mens with diameters of up to 12.7 mm
are employed.

It is noteworthy that the manufactu-
rer of A36 structural steel specifies in
the datasheet that the maximum stress
this material can withstand is 420 MPa.

However, external factors exert an in-
fluence on this value, such as exposu-
re to environmental conditions with
abrupt temperature changes, rainfa-
11 leading to corrosion, and even mi-
shandling, which may induce internal
cracks, thus compromising the steel’s
quality. These factors contribute to the
observed variability in the experimental
maximum stress values, resulting in an
average exceeding the manufacturer’s
specified value. Consequently, a rela-
tive error was calculated concerning
the manufacturer’s provided value for
the three cases analyzed, amounting to
0.67, 1.56, and 0.56 % for the maximum
stress obtained in CAD software, CAE,
and experimental testing, respectively.
In literature reviews, researchers like
Serrano and Alban, (2022) have vali-
dated both experimental and numerical
results when they fall within a 10 % di-
fference. Therefore, it can be asserted
that utilizing technological tools such
as SolidWorks and ANSYS software
is valid for conducting this tensile test
via computational numerical analysis
in scenarios where the necessary equi-
pment is unavailable.

Conclusions

A comparative analysis was per-
formed on the maximum stress values
obtained in the tensile testing of A36
structural steel specimens, conducted
through experimental destructive tes-
ting and utilizing CAD and CAE sof-
tware. The literature review indicates
that studies on the tensile properties of

A36 structural steel primarily emphasi-
ze the welding process, predominantly
comprising experimental studies. Whi-
le studies employing FEM often focus
on material composition enhancement,
the objective of this research was to va-
lidate the simulation process in CAD
and CAE software for the tensile test
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as an alternative to the experimental
approach, thereby contributing to the
scientific domain.

In the destructive tensile test, we

and CAE software, respectively. Com-
paring these with the manufacturer’s
specified maximum stress of 420 MPa
for A36 structural steel, a relative error

0f 0.67 % was observed for CAD sof-
tware and 1.56 % for CAE software,
whereas for the experimental test, this
error was 0.56 %. Hence, considering
the dimensions outlined in the ASTM
E8 standard and the configuration of the
maximum axial load derived from ex-
perimental results, the maximum stress
outcomes obtained through CAD and
CAE software are deemed valid, con-
tingent upon the proficiency and skills
of individual users.

adhered to the ASTM ES standard, em-
ploying a universal testing machine and
four specimens. These specimens endu-
red a maximum axial load of 34.53 kN,
resulting in an average maximum stress
of 422.45 MPa. SolidWorks as CAD
software and ANSYS Explicit Dyna-
mics module as CAE software were
employed for physical discretization
and subsequent computational FEM.
The maximum stress values recorded
were 417.2 and 426.59 MPa using CAD
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