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Abstract: The study of the behavior of thin metal sheets subjected to external loads has always been
a matter of great interest due to its numerous theoretical and practical implications. The present
analysis aims to investigate how to improve the predictions offered by a numerical model based
on the finite element method by considerations on the material properties. Specifically, different
modeling alternatives are compared, assessing these choices both with the similar assumptions made
by other researchers in the past and with measurements from our own experimentation. The case
under consideration consists of a slender, aluminum crash-box structure (a bumper) with a truncated
pyramid shape subjected to a concentrated load on the top (axial crushing) up to a 46% reduction
in its height. The system is characterized by high deformations (>15%) and large displacements.
This presents a complex situation with various nonlinear effects, where the chosen assumptions in
material modeling can have significant implications for the results, both in terms of accuracy and
computational time. Among the investigated aspects, of no less importance are those related to the
appropriate modeling of the elasto-plastic-hardening behavior of the metallic material.

Keywords: crash-box structure; thin sheets; high deformations; large displacements; material models;
elasto-plastic-hardening behavior; stress–strain state

1. Introduction

Slender structures, such as columns or long beams, exhibit specific behavior when
subjected to compression loads, experiencing a combination of compressive stress and
bending [1]. As the load increases, the structure starts to deflect laterally due to the
bending action and to be charged with strain energy [2]. If the compressive load is further
increased, the structure undergoes a phenomenon of instability, resulting in sudden and
uncontrollable lateral deflection [3]. This lateral deflection is usually in the form of a
buckling mode shape, which can be a single wave, multiple waves, or a combination of
different shapes depending on the structure’s geometry and boundary conditions [4].

The phenomenon is influenced by several factors, including the material properties,
cross-sectional shape, dimensions of the structure, end conditions, and the presence of
any imperfections or eccentricities. This structural behavior can be complex, and accurate
analysis and design considerations are crucial to ensure their stability and structural
integrity. For the scope, it is customary to use numerical methods to support the possible
estimates through a more theoretical approach (often based on simplified formulas).

Numerical analyses allow offering an answer with respect to complex geometries, not
easily simplified to bring them back to known cases [5]. Furthermore, simulations allow
for relatively simple management of non-obvious load and constraint conditions, as well
as material properties that are not only elastic. All of this, however, introduces a general
complexity into the calculation, difficult to be properly managed at times. As will be seen,
in fact, apparently minimal changes in the computational model can provide very different
outputs as well as longer and divergent calculations.
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Hence, the present article aims to discuss the development of a finite element method
(FEM) for the study of the behavior of slender structures subjected to compressive loads.
Many details are here provided to understand the effect of different alternatives used to
simplify the numerical modeling. As an application case, a crash-box structure made of
thin aluminum sheets and used as an automotive bumper was chosen.

Crash-box structures play a crucial role in automotive safety, specifically in absorbing
and dissipating energy during collisions [6]. These sacrificial components are typically
designed to protect the vehicle’s occupants by minimizing the impact forces transmitted to
the main body structure during a crash. When a collision occurs, the crash-box structure
absorbs a significant portion of the kinetic energy, deforming and crumpling in a controlled
manner [7]. This deformation process helps to extend the time duration of the crash, thereby
reducing the peak forces experienced by the vehicle and its occupants. By absorbing and
dissipating energy by plastic deformation, crash-box structures contribute to enhancing
occupant safety and reducing the potential for injuries [8].

This paper is structured on two levels. In the first, the numerical simulations were
performed with respect to a representative model of the system used as a baseline. Starting
from its assumptions, which were already able to offer convincing results, changes were
discussed to achieve an enhanced model of simulation. The basis for comparison was the
force/displacement curve as measured by dedicated experiments.

Main topics here concern (a) the modeling of metallic materials across the non-elastic
regimes (plastic and hardening); (b) the presence of non-linearity conditions (related to
large displacements, large deformations, and contact problems); (c) the uncertainty in the
application of external conditions (loads and constraints); (d) opportunities and limits of
the computational model (e.g., type of analysis or discretization). The scientific literature is
mostly integrated in the discussion to have a direct correspondence between the considered
assumptions and what was previously achieved by other authors.

The results, which add to other previous works by the authors on the study and
modeling of thin sheet metal [9–11], intend to represent both a methodological basis for the
study of slender structures and a practical guide to the simulations of slender structures
made of metal alloys.

2. Materials and Methods
2.1. Samples and Experiments

Two samples were considered with the same shape but different thicknesses: 1.2 and
1.5 mm. The geometry consists of a truncated pyramid tube, 150 mm height, with four
walls and inclined sides, also known as four tapered or ‘Frusta’. The top surface, smaller,
was 180 × 100 mm, and the lower surface, larger, was approx. 206 × 126 mm (Figure 1a).
Shape and dimensions were chosen considering similar investigations [12,13], where it was
revealed how the structural response (obviously) depends on the geometric characteristics
of the structure in a relevant way without however being able to propose the ‘best shape’
(as this response also depends on other factors [14]).

Two quasistatic compression tests (axial crushing) were performed using an Italsigma
FPF100 universal testing machine. Force and displacements were recorded at 10 Hz, using
a LVDT Messotron W50 displacement sensor and a HBM U2 100 kN load cell, respectively.
The samples were positioned between two rigid plates, with the upper plate gradually
being lowered in displacement control mode.

The testing procedure maintained a constant forward speed of 0.5 mm/s for 175 s
until a displacement of 87.5 mm, which corresponded to more than half of the sample’s
height. The experimental force vs. displacement curves were detected and used as a basis
for comparison to study the impact of changes in the numerical model.
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Figure 1. Numerical model definition: (a) shape and dimensions (four tapered sides); (b) discreti-
zation by shell FEs (2D QUAD4); (c) imposed displacements and constraints. 

2.2. Explicit Solver 
The numerical analysis was performed by Ansys Workbench 2023 Ver. R1, (as in 

[15–17]), powered by the AUTODYN explicit solver, not different from the LS-Dyna 
solver, which may represent the most selected explicit calculation algorithm.  

An explicit analysis was preferred (as in [18–20]) due to the need of calculating 
highly complex and nonlinear problems where rapid changes are involved, such as large 
deformations or material failures. In general, explicit dynamics serves as a valuable time 
integration technique that prioritizes speed in dynamic simulations. It excels in captur-
ing rapidly changing scenarios or abrupt events, including free falls, high-speed im-
pacts, and applied loads. By seamlessly incorporating these nonlinear dynamics into the 
simulation, explicit dynamics becomes the preferred method for simulating extremely 
transient physical phenomena [21].  

2.3. Geometrical Discretization Model 
The 3D (Frusta) geometry was modeled and discretized by finite elements (FEs). An 

explicit mesh was generated by four-node quadratic shell elements (QUAD4), of the 
SHELL181 type (as in [22]), thickened at 1.2 or 1.5 mm. Globally, 1927 nodes and 1845 
EFs, characterized by a (representative) size of 10 mm (Figure 1b).  

SHELL181 is a computational tool specifically designed for analyzing shell struc-
tures, ranging from thin to moderately thick. It employs a four-node element with six 
degrees of freedom at each node, encompassing translations in the (local) x, y, and z di-
rections as well as rotations about the x, y, and z-axes. This versatile tool is well-suited 
for a wide range of applications, including linear analysis, large rotation analysis, and 
large strain nonlinear analysis. Moreover, it excels at effectively handling variations in 
shell thickness during nonlinear analyses. 

Different meshes were also considered and investigated. To ensure mesh uniformity 
and minimize energy errors, the Multizone Quadri/Tri method was employed. A check 
on the EFs’ deformation (by hourglass energy [23]) allowed for monitoring the discreti-
zation. 

To accurately represent the tests, the system was constrained to the base through a 
fixed constraint on the bottom edge. Loading was applied via an infinitely rigid plane in 
initial contact (i.e., bonded contact) with the upper surface (Figure 1c).  

This plane was gradually lowered by 87.5 mm at the same constant speed (0.5 
mm/s) as in the experiment. Additional hypotheses in the modeling of the physical sys-
tem were examined. The resulting load/displacement curve, as mentioned, served as the 
primary outcome for direct comparison between simulations and experimental data.  

  

Figure 1. Numerical model definition: (a) shape and dimensions (four tapered sides); (b) discretiza-
tion by shell Fes (2D QUAD4); (c) imposed displacements and constraints.

2.2. Explicit Solver

The numerical analysis was performed by Ansys Workbench 2023 Ver. R1, (as in [15–17]),
powered by the AUTODYN explicit solver, not different from the LS-Dyna solver, which may
represent the most selected explicit calculation algorithm.

An explicit analysis was preferred (as in [18–20]) due to the need of calculating highly
complex and nonlinear problems where rapid changes are involved, such as large de-
formations or material failures. In general, explicit dynamics serves as a valuable time
integration technique that prioritizes speed in dynamic simulations. It excels in capturing
rapidly changing scenarios or abrupt events, including free falls, high-speed impacts, and
applied loads. By seamlessly incorporating these nonlinear dynamics into the simula-
tion, explicit dynamics becomes the preferred method for simulating extremely transient
physical phenomena [21].

2.3. Geometrical Discretization Model

The 3D (Frusta) geometry was modeled and discretized by finite elements (FEs).
An explicit mesh was generated by four-node quadratic shell elements (QUAD4), of the
SHELL181 type (as in [22]), thickened at 1.2 or 1.5 mm. Globally, 1927 nodes and 1845 EFs,
characterized by a (representative) size of 10 mm (Figure 1b).

SHELL181 is a computational tool specifically designed for analyzing shell structures,
ranging from thin to moderately thick. It employs a four-node element with six degrees of
freedom at each node, encompassing translations in the (local) x, y, and z directions as well
as rotations about the x, y, and z-axes. This versatile tool is well-suited for a wide range of
applications, including linear analysis, large rotation analysis, and large strain nonlinear
analysis. Moreover, it excels at effectively handling variations in shell thickness during
nonlinear analyses.

Different meshes were also considered and investigated. To ensure mesh uniformity
and minimize energy errors, the Multizone Quadri/Tri method was employed. A check on
the EFs’ deformation (by hourglass energy [23]) allowed for monitoring the discretization.

To accurately represent the tests, the system was constrained to the base through a
fixed constraint on the bottom edge. Loading was applied via an infinitely rigid plane in
initial contact (i.e., bonded contact) with the upper surface (Figure 1c).

This plane was gradually lowered by 87.5 mm at the same constant speed (0.5 mm/s)
as in the experiment. Additional hypotheses in the modeling of the physical system were
examined. The resulting load/displacement curve, as mentioned, served as the primary
outcome for direct comparison between simulations and experimental data.
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2.4. Constituent Material

Samples were made by bending and welding sheet metal in EN AW 6082 (or AA
6082), used as delivered (without pre-heat treated, no annealed). This is a direct extrusion
aluminum (Al) alloy, typically used to produce medium-complexity extrusions with a
structural function. Its chemical composition also includes silicon (Si), magnesium (Mg),
and manganese (Mn) as main constituents (Table 1, Ref. [24]).

Table 1. EN AW 6082 chemical composition in % by weight (Ref. EN 573-3 [24]).

Si Fe Cu Mn Mg Cr Zn Ti Others Al

0.70–1.30 0.50 max 0.10 max 0.40–1.00 0.60–1.20 0.25 max 0.20 max 0.10 max 0.05 tot balanced

The AA 6082 is characterized by a density (ρ) of 2700 kg/m3, an elastic coefficient
(E) = 69,000 MPa, yield tensile strength (Rp0.2) > 230 MPa, and ultimate tensile strength
(Rm) > 270 MPa. These and other typical values are summarized in Table 2 and are
representative of an open profile extrusion, made as hardened and artificially aged (T6), as
reported in standards (EN 755-2 [25] and EN485-2 [26]) and here assumed.

Table 2. AA 6082-T6 main mechanical characteristics (Ref. EN 755-2 [25] and EN485-2 [26]).

Characteristics Unit EN755-2 EN485-2 Used

Density ρ km/m3 2700 2700 2700
Poisson’s ratio ν --- 0.33 0.33 0.33

Modulus of elasticity E Mpa 69,000 69,000 69,000
Tangential modulus Et Mpa 26,000 26,000 26,000

Tensile strength (min) Rm Mpa 270 310 360
Yield strength (min) Rp0.2 Mpa 230 260 230

Elongation at break (min) A50mm % 6 6 15

The AA 6082-T6 is a high-strength alloy for highly loaded structural applications [27].
It finds common usage in various applications such as scaffolding elements, rail coach parts,
offshore constructions, containers, machine building, and mobile cranes. Its fine-grained
structure provides excellent resistance to dynamic loading conditions, while also allowing
for easy workability through plastic deformation during bending and welding processes.
For such reasons (i.e., strength, lightness, workability, etc.), AA 6082-T6 emerged as a valid
material choice for the design of slender structures able to withstand high deformations
(e.g., bumpers). This material was also part of similar investigations, as in [28], where shell
elements were used to model welded beam-to-column joints in AA 6082-T6 and the results
were compared with experimental data from the literature.

2.5. Material Model

Aluminum (Al) is an excellent material for engineering applications (and not only).
In addition to being plentiful and easily recyclable, it is much lighter and more ductile
than steel. This makes it particularly interesting for the construction of deformable pro-
tective structures (crashworthiness). The addition of specific chemical elements (such as
Cu, Si, Mg, Zn, and Mn) as well as the use of specific processes and treatments (hardening)
allow the alloy to have extremely advanced characteristics. There are more than 1000 alu-
minum alloys on the market, with mechanical properties ranging from Rp0.2 = 30 MPa and
Rm = 80 MPa in the case of Al 1050, an alloy with Al ≥ 99%, to Rp0.2 = 80 MPa and
Rm = 580 MPa in the case of Al 7075, a zinc alloy for typically aerospace uses.

This variability is extremely convenient, allowing for selecting the most appropriate
alloy with respect to each specific use, but it often adds complexity in the phases of
structural design and numerical verification. In fact, all the properties necessary to make
an accurate simulation are not always known (nor is it always possible to know them).
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In the given case of AA 6082, the literature describes an intermediate aluminum
characterized by an elastic and plastic behavior, with an evident hardening regime at higher
stresses (e.g., [29,30]).

Instead of oversimplifying the analysis by limiting it to the elastic zone (which does
not make sense for functional elements relying on high plasticization), the material’s
tensile stress (σ)–strain (ε) curve can often be effectively approximated by considering an
elastic-to-plastic hardening behavior, described by the following equation:

ε =


σ
E , σ < σ0
ε1−ε0
σ1−σ0

(σ− σ0) + ε0 , σ0 ≤ σ ≤ σ1

ε0 +
σ01
E

(
σ
σ01

)1/N
, σ > σ1

(1)

in terms of the yield strain ε0; initial hardening strain ε1; yield stress, σ0; initial hardening
stress, σ1; initial stress at the beginning of the nonlinear part of the approximation curve,
σ01; and strain-hardening exponent, N.

Such material behavior, shown in Figure 2a, can be embedded in the Ansys numerical
model in terms of true stress/true strain by a user’s defined multilinear isotropic hardening
(Figure 2b), using nine discretization points or simplified by the bilinear hardening model.
In this second case, it is sufficient to introduce the four material parameters of yield
strength (σ0), modulus of elasticity (E), tangential modulus (Et), and Poisson’s ratio (ν).
Both material representations were here considered and compared.
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The assumed AA 6082 stress–strain curve is shown in Figure 3, with data taken
from [31], where experimental values were provided for different strain rates: both bilinear
and multilinear trends are displayed, together with their relevant/discretization points.
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3. Results
3.1. Experiments

Figure 4 illustrates the progressive deformation of the slender structure during the
compression, including the start from an unloaded configuration (a), the yielding (b), the
large plastic displacements (c,d), and the unexpected reoccurrence of stiffness (e) probably
due to secondary contacts between deformed zones, with an effect that continues on
and off (f,g). The characteristic buckling of the sheet metal boxes due to sheet instability
to thin sheets can be observed in Figure 5 and Table 3, where the measured load vs.
displacement curves in the cases of 1.2 and 1.5 mm sheets (by also highlighting the moments
when the previous images were captured) are shown. As expected, the results confirmed
the following:

• A structure made with thicker sheets (+20%) better resists compressive loads: incre-
ments in the maximum load (from 24.4 to 27.8 kN, +12.2%) and related displacement
are evident (from 6.5 to 10.1 mm, +35.6%).

• The initial structural response remains substantially unchanged, as closely linked
to the material elasticity: the curves have a similar slope until the moment when
conditions of plates’ instability/plasticity emerge.

Table 3. Notable points detected during the experiments.

Thickness Parameter Offset Max b c d e f g h Residual

1.5 mm
Displacement mm 1.2 8.6 12.5 25.0 37.5 50.0 62.5 75.0 87.5 7.0

Load kN 1.6 27.6 24.9 14.3 11.5 11.2 11.3 10.8 9.9 0.0

1.2 mm
Displacement mm 1.6 6.4 12.5 25.0 37.5 50.0 62.5 75.0 87.5 6.6

Load kN 0.9 24.1 14.8 8.8 7.0 10.1 8.3 8.9 10.4 0.0
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mentioned baseline of conditions for the results of Figure 7. There, it is possible to see 
how the simulation was able to acceptably reconstruct the load vs. displacement curve in 
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Figure 5. Load vs. displacement curve (in the case of structures made by 1.2 and 1.5 mm sheets) at
(a) 0; (b) 25; (c) 50; (d) 75; (e) 100; (f) 125; (g) 150 and (h) 175.

The crashing structure, just as it was designed, is destined to present a high residual
deformation. Figure 6 shows its deformed shape at the end of the compression test (in the
case of 1.5 mm thickness). Specifically, from Figure 6c it is possible to observe a residual
height of about 70 mm, higher than that present at the end of the compressive test, equal to
62.5 (i.e., 160 mm of height reduced by 87.5 mm for compression), which shows an elastic
recovery of the deformed structure.
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plastic deformation. For instance, in the case of 1.5 mm, the simulation allowed for iden-

Figure 6. Residual deformation (in the case of 1.5 mm sheets): (a) perspective; (b) top and (c) lateral views.

3.2. Simulations vs. Experiments

The numerical analysis considered different modeling hypotheses, starting from the
mentioned baseline of conditions for the results of Figure 7. There, it is possible to see how
the simulation was able to acceptably reconstruct the load vs. displacement curve in both
cases (i.e., the structures made by 1.2 and 1.5 mm sheets), especially during the plastic
deformation. For instance, in the case of 1.5 mm, the simulation allowed for identifying the
maximum peak of load (25.1 vs. 27.5 kN) and the displacement at which this peak occurs
(9.2 vs. 8.8 mm) with an accuracy of approx. 93% and 96%, respectively.
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3.3. Stress vs. Strain

The numerical analysis also provided further insights, such as stress and strain states,
as shown in Figures 9 and 10, respectively.
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Thanks to the simulation, it was possible to detect the zones entering plasticization 
where stresses exceeded the yield strength (Rp0.2 = 230 MPa) but also to verify that the ul-
timate tensile strength (Rm = 360 MPa), was never achieved. In Figure 11, the stress and 
strain curves (vs displacement) are visible for the different regimes (elastic, plastic, and 
hardening), while Figure 12 shows the related stress distributions (for displacements of 
2, 15, and 40 mm, respectively). 
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and (h) 175.
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Figure 10. Predicted (transversal) strain sequence at (a) 0; (b) 25; (c) 50; (d) 75; (e) 100; (f) 125; (g) 150
and (h) 175.

Thanks to the simulation, it was possible to detect the zones entering plasticization
where stresses exceeded the yield strength (Rp0.2 = 230 MPa) but also to verify that the
ultimate tensile strength (Rm = 360 MPa), was never achieved. In Figure 11, the stress and
strain curves (vs displacement) are visible for the different regimes (elastic, plastic, and
hardening), while Figure 12 shows the related stress distributions (for displacements of 2,
15, and 40 mm, respectively).
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tic behavior of materials. One of the most common models is the associated plastic flow 
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late stress in a plastic material, it is necessary to consider the specific behavior of the ma-
terial being used. 
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• The experimental curves exhibit a slight offset (<2 mm), making it challenging to 

accurately replicate them through simulation (indicated as ‘a’ in Figure 7). This off-
set is likely attributed to the existence of small gaps, misalignments, or non-
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gradual recovery of this offset slightly alters the curve’s slope, leading to a slightly 
lower value compared to the simulation, it seems to be a minor concern. 
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It should be conveniently noted that the (von Mises) equivalent stress is shown (in
Figures 9, 11 and 12) as a simplistic way for representing the stress increase. However,
when a material surpasses the elastic regime and exhibits plastic behavior, this criterion is
no longer applicable. Instead, more complex approaches are required to evaluate stress in a
plastic material. There are several theories and models for modeling the plastic behavior of
materials. One of the most common models is the associated plastic flow model, such as
the Tresca or Coulomb–Mohr model (not here discussed). These models consider the effect
of plastic deformation and the material’s resistance to yield. To calculate stress in a plastic
material, it is necessary to consider the specific behavior of the material being used.

4. Discussion
4.1. Preliminary Considerations

There are evident differences between experimental and simulated trends, highlighting
the need for comprehensive investigation and intervention in the numerical model.

• The experimental curves exhibit a slight offset (<2 mm), making it challenging to
accurately replicate them through simulation (indicated as ‘a’ in Figure 7). This offset
is likely attributed to the existence of small gaps, misalignments, or non-planarity
in the samples and clamping systems (e.g., Figure 13a,b). Although the gradual
recovery of this offset slightly alters the curve’s slope, leading to a slightly lower value
compared to the simulation, it seems to be a minor concern.
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• In line with typical numerical investigations, the geometry in this study was simplified,
disregarding the impact of sheet bends resulting from plastic deformation or welding
(as depicted in Figure 13c). However, it is well established that these factors can
considerably influence the system’s response to external loads. Such alterations arise
not only from changes in the geometry [32,33], which encompass increased material
thicknesses, but also from variations in the material properties [34].

• A peculiar discontinuity in the simulated trends also appears (at 15–17 kN, indicated
as ‘b’ in Figure 7). This is attributed to the sudden transition of material characteristics
from the elastic to the plastic regime, occurring in the initial steps of the calculation.
While such a discontinuity in material behavior does exist, as seen in Figures 2a and
3, its effect is magnified due to the rapid traversal of the entire elastic increase ramp
within a few time steps. This issue should be mitigated with a higher number of
time discretization points, as that allows for a finer resolution. However, in explicit
analyses, it is uncommon to directly control the discretization time, as it is determined
algorithmically based on factors such as stress propagation (linked to the sound speed
in the material) and finite element size. Although the literature provides interesting
insights (e.g., [35]), it was decided not to change these auto-setting parameters but to
indirectly optimize them by refining the mesh instead.

• The simulation shows an expected increase in load slightly past the midpoint of
the observed interval (‘c’ in Figure 7). This occurrence coincides with the moment
when the folds encounter each other (as shown in Figures 4d and 14), resulting in an
apparent stiffening of the system. This behavior is likely attributed to an inaccurate
interpretation of the contact conditions by the numerical model, which deserves to
be investigated.
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Figure 14. Large secondary contacts between the surfaces begin to emerge: (a) whole and (b) cutaway
geometry.

• The assumption of confining the system between two plates serves as an initial approx-
imation, significantly simplifying the analysis. However, it is important to recognize
that this assumption deviates from reality. As depicted in Figure 10e, the bottom
surface, in particular, is prone to slippage. Therefore, it becomes essential to consider
other boundary conditions, even if it compromises efficiency, in order to accurately
capture the system’s behavior.
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Considering the combination of these phenomena, it may be advantageous to develop
two separate numerical models. The first model would focus on providing a more accurate
estimation of the elastic-plastic zone (0–15 kN). This initial phase is characterized by rapid
changes, with the material transitioning to a plastic state in less than 1 s. Consequently,
this phase resembles a crash analysis rather than a quasi-static analysis. On the other hand,
the second phase involves slower changes, with the structure gradually deforming due to
plasticization and hardening. In this case, the modeling complexity arises not from rapidly
changing phenomena but rather from significant deformations and displacements, multiple
contact points, and potential failures resulting from exceeding the ultimate strength, even
though they may not be apparent in the specific scenario being studied. Additional details
on the numerical model are provided below.

4.2. Material Data

It is evident that the behavior of the crash box structure is heavily influenced by the
material properties. In the specific case at hand, the issue of material knowledge becomes
even more significant due to a combination of factors:

• Despite aluminum being a very well-studied metal, some of its mechanical properties
are quite variable considering the alloys on the market. Once the alloy family and the
treatment have been fixed, aspects such as density (ρ), Poisson’s ratio (ν), modulus of
elasticity (E), and tangential modulus (Et) remain substantially constant. For instance,
their values, as reported in Table 2, are truly representative of AA 6082-T6. However, it
is not the same for tensile strength (Rm), yield strength (Rp0.2) and elongations, which
are expressed only as minimum values assured by standards.

• In the case of axial crushing, little changes in properties can have a strong influence.
The ability to absorb energy, as well as to counteract an excessive force peak, is
dependent on the yield strength, which identifies, essentially, when the stress/strain
curve bends to enter the plastic regime. The plasticity permits absorbing great amounts
of energy while also reducing the peaks of loads.

Figure 15 shows the relevance of material properties on the load vs. displacement
curve comparing two materials that are very similar to each other: AA 6088 and AA 6061,
both cases being T6. From Figure 15a, it is possible to observe the curves of (real) stress vs.
(real) strain which confirm the similarity between the two alloys. Material data for AA 6061
were derived from [36], despite this material representing one of the most investigated
aluminum alloys and very accurate information already available in the literature ([36–40]).
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Alternative options of system modeling were investigated: 

• The physical system (i.e., the bumper) is subjected to a quasistatic load during test-
ing. In a quasi-static analysis, the application of loads is time-dependent but occurs 
at a slow pace (i.e., mm/s), allowing for the neglect of inertial effects. In other 
words, the specific timing and inertial forces associated with the loading process are 
considered irrelevant. The focus is primarily on the equilibrium state and the pro-
gressive response of the system under gradually applied loads. The simulation of 
these situations should be carried out through an implicit analysis, more suitable 
for stationary problems or with loads gradually applied over time, offering greater 
numerical stability. At the same time, the explicit analysis was here preferred since 
it can offer several advantages such as (a) the accuracy in considering non-
linearities (contacts, large displacements, and large deformations); (b) the possibil-
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In particular, it can be noted that the behavior of the two materials practically corre-
sponds in large part, starting from 300 MPa and 0.02 mm/mm, but this does not prevent
doubling the maximum load (50 vs. 28 kN for AA 6088 and AA 6061, respectively).

4.3. True vs. Engineering Stress/Strain

As mentioned, the simulation has the need to incorporate material properties repre-
sented by true stress versus true strain curves. However, it is commonly observed in the
literature that this critical information is not explicitly provided, indicating a tendency to
overlook its significance. It is important to emphasize the importance of including accurate
and comprehensive material property data in simulations, as it directly influences the
reliability and validity of the results obtained. Properly accounting for the true stress–strain
behavior of the material enhances the fidelity of the simulation and enables more accurate
predictions and analyses. Equation (2) reports the well-known relationship existing (before
necking) between true stress (σtr) and engineering stress (σE), and between true strain (εtr)
and engineering strain (εE):

εtr = ln(1 + εE)σtr = σE(1 + εE) (2)

Minimal consequences are awaited within the elastic regime, as shown in Figure 15
where AA 6082 stress/strain curves for both true and engineering values are represented.
The two trends are equal until the start of the plasticization zone (about 200 MPa and
0.02 mm/mm), but they then progressively differentiate themselves up to ~12–14%. This
difference in values could be important in the physical problem investigated here since, as
mentioned several times, the material exceeds its elastic limits almost immediately. In the
specific case, however, it undergoes rather marginal changes (e.g., <5 KN on loads).

4.4. Exploring Modeling Assumptions

Alternative options of system modeling were investigated:

• The physical system (i.e., the bumper) is subjected to a quasistatic load during testing.
In a quasi-static analysis, the application of loads is time-dependent but occurs at a
slow pace (i.e., mm/s), allowing for the neglect of inertial effects. In other words, the
specific timing and inertial forces associated with the loading process are considered
irrelevant. The focus is primarily on the equilibrium state and the progressive response
of the system under gradually applied loads. The simulation of these situations should
be carried out through an implicit analysis, more suitable for stationary problems or
with loads gradually applied over time, offering greater numerical stability. At the
same time, the explicit analysis was here preferred since it can offer several advantages
such as (a) the accuracy in considering non-linearities (contacts, large displacements,
and large deformations); (b) the possibility of splitting, paralleling, and speeding
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up the calculation (especially on multiprocessor systems). Preliminary attempts at
implicit analysis were also made (using Ansys Workbench) without being convincing.

• In a quasistatic simulation, as stated, its time duration (also called ‘end time’) is
irrelevant since time should not exert any influence. However, an explicit analysis
is specifically designed to capture the dynamic behavior of problems, making the
application speed of loads relevant. Consequently, the selection of the simulation
interval carries a certain level of significance. Matching it with the actual duration of
the experimental test (175 s), even with a workstation equipped with 12 processors
(i.e., Intel R, Xeon Gold 6240R, 2.4 GHz), the calculation times would span several
weeks. Numerous attempts were made to strike a balance between calculation times
and accuracy by scaling down the time duration to 10, 5, 1, and 0.1 s, resulting in
corresponding calculation times of about 33, 11, 3, and 0.5 h, respectively.

• Modifying the end time has notable consequences for both the initial and final re-
gions of the load versus displacement curve (Figure 16). As expected, extending the
calculation period reduces the visibility of discontinuities in the trends. However,
the impact is more pronounced on deformed shapes that exhibit less closure, with
larger and more pronounced deformed surfaces as the end time increases. At the
same time, as the end time increases, the explicit analysis seems to lose the ability to
recognize the initial sharp peak, flattening the response curve against incorrect shapes
and values. All of this highlights the opportunity to optimize such a parameter on a
case-by-case basis.

• The conditions of application of loads and constraints deserve better attention due
to the relevant (potential) impacts on the study. In the specific case, the lower base
was fixed and the upper base with ‘bonded’ contact was here assumed; this was
in line with several similar studies [22,41–43]. However, a ‘frictionless’ contact was
also considered. As evident in Figure 17, despite minimal effect on the first part of
the load/displacement response, a better correspondence emerges elsewhere (e.g., at
30–70 mm/mm).

Metals 2023, 13, 1286 14 of 17 
 

 

ity of splitting, paralleling, and speeding up the calculation (especially on multipro-
cessor systems). Preliminary attempts at implicit analysis were also made (using 
Ansys Workbench) without being convincing. 

• In a quasistatic simulation, as stated, its time duration (also called ‘end time’) is ir-
relevant since time should not exert any influence. However, an explicit analysis is 
specifically designed to capture the dynamic behavior of problems, making the ap-
plication speed of loads relevant. Consequently, the selection of the simulation in-
terval carries a certain level of significance. Matching it with the actual duration of 
the experimental test (175 s), even with a workstation equipped with 12 processors 
(i.e., Intel R, Xeon Gold 6240R, 2.4 GHz), the calculation times would span several 
weeks. Numerous attempts were made to strike a balance between calculation times 
and accuracy by scaling down the time duration to 10, 5, 1, and 0.1 s, resulting in 
corresponding calculation times of about 33, 11, 3, and 0.5 h, respectively. 

• Modifying the end time has notable consequences for both the initial and final re-
gions of the load versus displacement curve (Figure 16). As expected, extending the 
calculation period reduces the visibility of discontinuities in the trends. However, 
the impact is more pronounced on deformed shapes that exhibit less closure, with 
larger and more pronounced deformed surfaces as the end time increases. At the 
same time, as the end time increases, the explicit analysis seems to lose the ability to 
recognize the initial sharp peak, flattening the response curve against incorrect 
shapes and values. All of this highlights the opportunity to optimize such a parame-
ter on a case-by-case basis. 

 
Figure 16. Effects of changes in the end time of the explicit simulation. 

• The conditions of application of loads and constraints deserve better attention due 
to the relevant (potential) impacts on the study. In the specific case, the lower base 
was fixed and the upper base with ‘bonded’ contact was here assumed; this was in 
line with several similar studies [22,41–43]. However, a ‘frictionless’ contact was al-
so considered. As evident in Figure 17, despite minimal effect on the first part of the 
load/displacement response, a better correspondence emerges elsewhere (e.g., at 
30–70 mm/mm). 

Figure 16. Effects of changes in the end time of the explicit simulation.



Metals 2023, 13, 1286 15 of 17Metals 2023, 13, 1286 15 of 17 
 

 

 
Figure 17. Effects of changes in the contact conditions. 

Specifically, from Figure 18, where displacements are reported, it emerges that the 
upper surface, no longer bonded to the loading plate, can be swallowed (inwards) in the 
central part. This also changes the deflection on the lateral surfaces. Indeed, it is possible 
to observe how the side surfaces also appear to bend in a different way in the two con-
tact cases (i.e., outward or inward for bonded or frictionless contacts, respectively, in the 
case of the larger lateral surfaces). This hypothesis (of frictionless contacts) is not correct 
in terms of outputs: during the test, in fact, the larger lateral surfaces bend outwards (as 
evident in Figure 4). For this reason, it was discarded with respect to a larger discussion. 
However, it was here introduced as an example of the aspects that could be differently 
considered within the scope of improving model accuracy. 

  
(a) (b) 

Figure 18. Effects of changes in contact conditions (displacements): (a) bonded; (b) frictionless. 

5. Conclusions 
The study of thin metal sheets subjected to external loads holds significant im-

portance due to its wide-ranging theoretical and practical implications. This becomes 
even more interesting in the case of structures used for protective purposes, such as 
bumpers. The general focus of the present analysis was to enhance the predictive capa-
bilities of a numerical model based on the finite element method through careful consid-
eration of material properties and models. By comparing different modeling approaches, 
we evaluated these choices in relation to previous assumptions made by researchers and 
our own experimental measurements. The specific case investigated involved a slender 
crash-box structure, resembling a truncated pyramid, made of Al6082 aluminum alloy in 
1.2 and 1.5 mm welded sheets and subjected to a concentrated load at the top (axial 
crushing), resulting in a significant (>45%) height reduction. This system exhibited high 
deformations (>15%) and displacements, presenting a complex scenario with various 
nonlinear effects. The research confirms that the chosen assumptions in material model-

Figure 17. Effects of changes in the contact conditions.

Specifically, from Figure 18, where displacements are reported, it emerges that the
upper surface, no longer bonded to the loading plate, can be swallowed (inwards) in the
central part. This also changes the deflection on the lateral surfaces. Indeed, it is possible
to observe how the side surfaces also appear to bend in a different way in the two contact
cases (i.e., outward or inward for bonded or frictionless contacts, respectively, in the case of
the larger lateral surfaces). This hypothesis (of frictionless contacts) is not correct in terms
of outputs: during the test, in fact, the larger lateral surfaces bend outwards (as evident in
Figure 4). For this reason, it was discarded with respect to a larger discussion. However,
it was here introduced as an example of the aspects that could be differently considered
within the scope of improving model accuracy.
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5. Conclusions

The study of thin metal sheets subjected to external loads holds significant impor-
tance due to its wide-ranging theoretical and practical implications. This becomes even
more interesting in the case of structures used for protective purposes, such as bumpers.
The general focus of the present analysis was to enhance the predictive capabilities of a
numerical model based on the finite element method through careful consideration of
material properties and models. By comparing different modeling approaches, we evalu-
ated these choices in relation to previous assumptions made by researchers and our own
experimental measurements. The specific case investigated involved a slender crash-box
structure, resembling a truncated pyramid, made of Al6082 aluminum alloy in 1.2 and
1.5 mm welded sheets and subjected to a concentrated load at the top (axial crushing),
resulting in a significant (>45%) height reduction. This system exhibited high deformations
(>15%) and displacements, presenting a complex scenario with various nonlinear effects.
The research confirms that the chosen assumptions in material modeling play a vital role
in determining the accuracy of results as well as computational efficiency. Among the



Metals 2023, 13, 1286 16 of 17

investigated aspects, the appropriate modeling of the behavior of the metallic material
emerged as a crucial factor. Considerations on the type of analysis (explicit and implicit), on
the natural variability of alloy properties, and on the calculation times were also discussed.

In conclusion, this study emphasizes the importance of carefully considering material
properties and appropriate modeling techniques in order to improve the predictions of
numerical models for analyzing the behavior of thin metal sheets under external loads.
Specifically, by proper considerations, it was possible to predict the peak loads with a
significant accuracy (>95%), but also to investigate the structural behavior both during the
initial elastic deformation and with respect to high plasticity.

The findings contribute to the broader understanding of complex structural systems
and pave the way for more accurate simulations in the crash-box structure’s design [44].
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