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Abstract. This study presents a hierarchical approach to finite element modeling for tensile testing of SAE 1020
steel specimens, according to ISO 6892-1. The objective is to analyze the convergence between analytical, nu-
merical, and experimental results, balancing physical accuracy with computational efficiency. The hierarchy is
constructed through the progressive refinement of numerical models using the ’PLANE182’, ’SHELL181’, and
’SOLID186’ elements in ANSYS with linear analysis. The models are compared with an analytical solution based
on the Theory of Strength of Materials and with experimental data obtained on a universal testing machine. The
results show that all numerical models converge to values with an error of less than 1% compared to the analyti-
cal solution, with the ’PLANE182’ elements being the most computationally efficient. The experimental results,
however, exhibit greater dispersion and deviate by approximately 22% from the analytical value, highlighting
challenges related to material variability and boundary condition uncertainties. The proposed method effectively
demonstrates how modeling hierarchies can support decision-making in engineering environments, optimizing
simulation accuracy, time, and computational resources.

Keywords: Numerical model hierarchy, Numerical modeling, Finite element method, Tensile testing, Mesh re-
finement.

1 Introduction

Computational modeling is an essential field for technological development in various engineering fields. As
a result, the expansion of these models enables the resolution of complex physical-mathematical formulations,
enabling the simulation of phenomena that, in many cases, would be impossible to reproduce experimentally or
analytically. These resources provide a representation of a real system, capable of predicting its behavior and
aiding in the optimization of a project, reducing costs and facilitating the project’s implementation [1, 2].

However, this process can require high computational costs and can demand significant simulation time,
especially when dealing with multidimensional, nonlinear, or problems dependent on multiple physical variables.
This is problematic, even with the advancement in processing capacity resulting from hardware advances [1, 3].

Furthermore, the accuracy of the results is also directly related to the quality of the input data, the refinement
of the computational mesh, and the robustness of the algorithms used. Hence, striking a balance between physical
fidelity and numerical efficiency is one of the main challenges of contemporary computational modeling, and
mastering it becomes essential for engineers and researchers seeking to optimize their solutions [4, 5].
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Hierarchy of numerical models

In this context, hierarchy analysis between numerical and computational models emerges, aiming to relate
the achieved accuracy to the computational resources required, based on convergence criteria to the desired real
result. This operation aims to achieve the lowest processing cost, capable of achieving a result closest to the real
behavior, while also minimizing execution time [6].

This research applied the Finite Element Method (FEM) to the tensile test of a flat, thin element made of
SAE 1020 steel, using the student edition of Ansys Mechanical 2025 R1 software. Its objective was to analyze the
convergence of the numerical results compared to: (i) the result obtained through analytical calculations; and (ii)
the experimental result, from tests performed in the mechanical testing laboratory of the IFES Vitória Campus.

2 Method

The method was developed based on the pre-defined material examined, a 2 mm thick SAE 1020 steel plate,
and the type of mechanical test employed, which was a tensile test performed at room temperature. Consequently,
the ABNT NBR ISO 6892-1 standard, which specifies the procedures for tensile testing on metallic materials, was
adopted to designate the geometry of the test specimen and the boundary conditions of the test [7].

Based on these parameters, the geometric modeling of the specimen was established, along with the respective
definition of the applied forces. Furthermore, an analytical approach to the model was also performed, which
served as a comparative basis for the numerical simulations.

However, the modeling hierarchy was defined during the numerical analysis stage, in which the element type
and mesh density used were varied in order to assess their impact on the accuracy of the solution.

The methodology followed a structured sequence, beginning with: initially, the type of test, the corresponding
standard, and, based on this, the geometry and boundary conditions were defined. Next, geometric modeling and
simulation of boundary conditions were carried out, testing different types and densities of mesh elements in the
same numerical model, with the aim of verifying the convergence of numerical solutions in relation to the analytical
and experimental results.

2.1 Geometry and Geometric Modeling

The geometry of the test specimens, which included both physical specimens and the analytical and numerical
models, followed the recommendations of the ABNT NBR ISO 6892-1 standard for flat products with thicknesses
between 0.1 mm and 3 mm [7]. Figure 1 shows the dimensions of the specimen built using the student license of
Autodesk Inventor Professional 2025 [8].

(a) Top view

(b) Cut A-A

Figure 1. Test specimen.
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2.2 Tensile Test

The tensile test at room temperature, in accordance with ABNT NBR ISO 6892-1, used the EMIC DL/10000
universal press [9] and a clip-on axial extensometer with a 50 mm measuring base, shown in Figure 2.

(a) EMIC DL/10000 Universal Testing Machine (b) Extensometer coupled to the test piece

Figure 2. Tensile test arrangement with extensometer.

During the test, a speed of 5 mm/min was applied at a temperature of approximately 22°C, using 11.47% of
the capacity of the 10,000 kgf load cell at EMIC [10, 11]. The specimens were fixed to the press using self-locking
wedge-shaped clamps, aligned to prevent fluctuations in the values obtained during the displacement of the upper
wedge [12].

2.3 Analytical Approach

In the analytical study of specimen deformation, the following conditions were adopted: (i) homogeneous
body; (ii) uniaxial and continuous deformation in the length direction; and (iii) constant force along the length.

From these premises, the deformation (ϵ) was calculated from the ratio between the elongation (∆L) and the
initial length (L0) of the specimen, as expressed in Equation 1 [13]:

ϵ =
∆L

L0
=

1

L0

∫ L0

0

ϵ(x)dx =
1

L0

∫ L0

0

(
F

E · 2 · b(x) · e

)
dx (1)

Where the definite integral can be simplified by segmenting suitable sub-intervals of the domain, as shown in
Figure 3.

Figure 3. Partial mathematical representation of half-width of the specimen: b(x)

As a result, the following decomposition was obtained represented in Equation 2:
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1
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[
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Therefore, along with the respective function in the interval, simply replace the parameters considered con-
stant—force (F = 5.87 kN ), Young’s modulus (E = 212.4 GPa), initial length (L0 = 200 mm), and thickness
(e = 2 mm)—and solve the elementary integrals.

It is also worth noting that the data used in this approach are the same as those used in the numerical simula-
tion, Subsection 2.4, from the Ansys database for annealed 1020 carbon steel.

Thus, 80% of the material’s yield stress was used to ensure that its response remained in the elastic regime.
Given that, the modulus of elasticity and deformation do not vary significantly in this range, even for materials that
have undergone different heat treatments [14–16].

2.4 Numerical Modeling

Ansys Mechanical software, along with the Ansys Workbench 2025 R1 development environment and its
processing modules, enabled the application of the FEM.

These modules provide a workflow in which the required analysis is initially defined, which in this case is
static structural analysis, followed by the material used and the import of the respective geometry [17].

Based on the definition of the preprocessing modules, the appropriate mesh elements are generated and the
relevant boundary conditions are introduced (Figure 4). Upon completion, the solution is obtained and the required
result is displayed, which in this case is the strain.

Figure 4. Linear Static Structural Analysis Boundary Conditions

The numerical hierarchy was implemented during the design phase of the mesh elements. In this model, input
factors are progressively adjusted, starting with configurations using tens of elements and progressing to those with
thousands.

Thus, three element types were used (’PLANE182’, ’SHELL181’, and ’SOLID186’), with mesh densities
varied by adjusting element sizes. This process started with the largest element size required for FEM application
in Ansys, down to the finest mesh resolution allowed by the student edition’s numerical limitations.

3 Results

3.1 Experimental

Figure 5 shows the specific strain values (µS) obtained in the tensile tests for two groups of specimens with
similar characteristics. In the group with 3 test specimens, data dispersion is low, with the median close to 980 µS
and the lower and upper quartiles between 940 and 1040 µS, respectively. The overall range of variation is narrow,
with minimum and maximum values close to 920 µS and 1070 µS. These results indicate high repeatability and
consistency among the specimens tested in this group.

In contrast, the group with 8 specimens presents greater variability and a larger number of observations. The
median is around 1130 µS, and the quartiles extend approximately from 1050 to 1270 µS, reflecting a widening of
the interquartile range. The minimum recorded deformation remains close to 920 µS, while the maximum exceeds
1550 µS. This increased dispersion may be associated with material heterogeneity, variations in the test specimen
manufacturing process, or even fluctuations in experimental conditions (boundary conditions).
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Figure 5. Comparison between groups of specimens subjected to tensile testing.

3.2 Numerical convergence

Figure 6 presents the results obtained in the simulations for the three element types, comparing them with
analytical and experimental results. In this simulation, the specimen deformation is related to the number of mesh
elements for each type of element introduced. Therefore, it is possible to observe that: (i) the three elements
converge to the same numerical solution of 884.2 µS; (ii) the numerical solution varies 0.71% from the analytical
result of 878 µS; (iii) the experimental result of 1070 µS varies 21.87% from the analytical result; (iv) the elements
’PLANE182’ and ’SOLID186’ converge with fewer iterations or mesh refinements than the element ’SHELL181’.

Figure 6. Convergence results for ’PLANE182’, ’SHELL181’, and ’SOLID186’ elements compared to analytical
and experimental benchmarks

In summary, all element types—from the simplified two-dimensional ’PLANE182’, through ’SHELL181’ for
thin surfaces, to the three-dimensional ’SOLID186’—showed convergence close to the analytical result. However,
the experimental result differed from the analytical result, possibly due to: (i) material supplied without guaranteed
chemical composition; (ii) maintenance and calibration outside the recommended frequency; (iii) variations in the
preparation of the specimens; (iv) fluctuations in the experimental boundary conditions.

Finally, Figure 7 shows the processing time for each simulation related to the type and number of mesh
elements. Thus, the graph shows the increase in time relative to the increase in the required computational cost.
The significant increase in the interval between elements ’PLANE182’ and ’SHELL181’ compared to ’SOLID186’
resulted from the use of different machines in the simulations, likely due to differences in hardware performance
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or system workload during the simulation runs or holding less data volume at the time of the simulations.

Figure 7. Processing time for each mesh element

4 Conclusion

The application of a hierarchy of numerical models to simulate tensile testing on SAE 1020 steel test spec-
imens proved to be an efficient strategy for balancing physical fidelity and computational resource savings. The
comparison between the results obtained through analytical, numerical, and experimental models showed that,
even with different mesh types and densities, the numerical models were able to converge with relative errors
below 1%.

The progressive use of the ’PLANE182’, ’SHELL181’, and ’SOLID186’ elements allowed us to evaluate the
impact of element complexity on the accuracy of the results and processing time. It was observed that less complex
elements, such as ’PLANE182’, are capable of providing satisfactory results with lower computational and time
costs, making them ideal for preliminary analyses. In summary, the hierarchy proposed in this study demonstrated
relevant information regarding accuracy, simulation time, and computational cost, making it suitable for supporting
decision-making in engineering environments.

Furthermore, it is also important to consider the limitations of experimental tests, such as material variability
and boundary conditions. Given the discrepancy between the experimental results and others, future work could
incorporate models with material properties obtained directly by spectrometry and metallographic characterization,
or tests performed with greater regulatory compliance, to increase the fidelity of the overall analysis.
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