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Abstract

This study presents a hybrid experimental-numerical methodology for the preliminary
design and optimization of a CFRP crash box intended for high-performance automo-
tive applications. An initial experimental campaign was conducted on frustum-shaped
crash boxes manufactured by Pagani Automobili S.p.A., comparing constant and variable
thickness configurations through drop tower impact tests to evaluate energy absorption,
crushing stability, and failure mechanisms. A lightweight finite element model was devel-
oped in Abaqus/Explicit using shell elements and Hashin-based damage criteria, achieving
calibration errors below 10% for most parameters and under 15% for peak forces. Geo-
metric enhancements, including continuous flanges, removal of the top surface, and an
internal cruciform reinforcement, significantly improved energy absorption (up to 110%)
but introduced trade-offs in stroke efficiency and mean force levels. To mitigate these
effects, a genetic algorithm was employed to optimize laminate layup by varying ply
orientations, resulting in improved stroke efficiency and reduced peak and average forces
while maintaining crushing stability. The proposed approach demonstrates that integrating
experimental validation with efficient numerical modeling and optimization accelerates
the development of lightweight, high-performance crash absorbers, offering a robust
framework for motorsport and automotive applications that balances safety, efficiency,
and manufacturability.

Keywords: impact absorption; crashworthiness; high-performance automotive; composite
crushing; crushing modelling

1. Introduction and Objectives

Passive safety represents a fundamental pillar in motorsport engineering, where
vehicles operate under extreme speeds and dynamic loads that pose significant risks to
drivers. Continuous advancements in crash structures, energy-absorbing composites, and
restraint systems have markedly reduced the probability of severe injuries during high-
impact events. Beyond safeguarding professional drivers, these innovations serve as critical
platforms for validating novel concepts of structural integrity under extreme conditions.

In this context, composite crash absorbers play a decisive role in mitigating the con-
sequences of high-energy impacts in racing vehicles. The most common examples are
the nose, side, and rear crash boxes, each specifically designed to protect critical areas of
the vehicle and the driver. The nose cone, mounted at the front, is engineered to crush
in a controlled manner during frontal collisions, dissipating energy before it reaches the
survival cell. Side structures are optimized to absorb loads from lateral impacts, which are
particularly dangerous due to the limited energy absorption stroke available. Rear crash
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boxes, positioned behind the gearbox, mitigate the forces generated in rear-end accidents,
preserving both the car’s integrity and the driver’s safety. All these components are engi-
neered with geometries and material layouts that guarantee a progressive and predictable
collapse mechanism.

The effectiveness of composites in these applications lies in their unique crushing be-
havior. Unlike ductile metals, which primarily absorb energy through plastic deformation,
fiber-reinforced composites dissipate energy through a complex sequence of damage mech-
anisms. These include matrix cracking, fiber breakage, delamination, and the frictional
sliding of crushed plies, all of which contribute to the highly efficient and progressive
absorption of kinetic energy. By tailoring the fiber orientation, laminate stacking sequence,
and wall thickness, engineers can design crash boxes that fail in a stable and controlled
way, avoiding brittle fracture and ensuring consistent performance across different impact
scenarios. Moreover, composites offer an exceptional strength-to-weight ratio, allowing
safety structures to remain lightweight without compromising their protective capacity.

A comprehensive review of the state of the art of automotive crash boxes was pub-
lished in 2017 [1]. Recent research works focus on innovative manufacturing techniques for
composite crash boxes such as UV-pultrusion [2], 3D-printed structures with CFRP rein-
forcement [3], and 3D printed composites [4]. Research on different composite materials,
such as glass-fiber [5,6], thermoplastic [7], graphene-filled materials [8], and multi-material
laminates [9], was performed, as well as on different filler configurations like foam-filled
crash boxes [10] or metamaterial or lattice-based [11], chiral [12], strut-based [13], or with
cellular section [14]. Different geometries and topologies were investigated such as multi-
corner [15], origami [16-18], or bio-inspired [19]. A parametric study on geometry and
layup were performed in [20].

The design and optimization of composite crash absorbers greatly benefit from explicit
finite element (FE) simulations, which allow engineers to capture the highly dynamic and
nonlinear response of these structures under impact. Explicit solvers are particularly suited
for modeling progressive crushing, as they can reproduce the complex sequence of failure
mechanisms and energy dissipation observed experimentally. This capability enables the
virtual assessment of different geometries, layups, and boundary conditions without the
need for extensive physical testing, accelerating the development process. However, the
numerical modeling of composite crushing poses several challenges. Accurate predictions
require fine mesh discretization, robust failure criteria, and advanced material models
capable of representing intralaminar and interlaminar damage, frictional effects, and contact
instabilities. These aspects make simulations computationally expensive and sensitive to
modeling assumptions. Furthermore, ensuring numerical stability while avoiding artificial
energy contributions remains a delicate task, demanding a careful balance between model
fidelity and efficiency. Two reviews on the numerical methods for composite crushing
modeling were published in 2022 [21,22]. The modeling techniques can be classified
depending on the fidelity level. Low-idealization-level high-fidelity approaches have
been developed that model the intralaminar and interlaminar damages at the level of
single ply [23,24], also in the case of thermoplastic matrix [25], for tubes [26] and wave
beams [27,28], showing extremely accurate modeling capacity. Conversely, low-fidelity
approaches are characterized by a higher degree of idealization, which results in lower
accuracy but offers a significant advantage in terms of computational efficiency. These
models typically rely on shell elements to approximate the behavior of the laminates or
portions of them. Stacked shell models incorporate the behavior of each interlamina in
a single cohesive property (elements or contacts) between two layers of shell elements,
which represent half of the laminate each [29]. Single-shell models do not directly model
delaminations but consider their energetical contribution by artificially increasing the in-
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plane fracture toughness. As a part of this family, it is worth mentioning the CZone module
for Simulia/Abaqus [27,30,31]. This tool exploits a calibrated contact law that reproduces
the force experienced by the structure during crushing without inducing actual element
deformation, thereby avoiding distortion issues that are typical of single-shell approaches.

Recently, data-driven and machine learning approaches were adopted in the perfor-
mance optimization of crash boxes. For example, in [32], Physically Informed Neural
Networks were used to optimized the geometry of an origami crash box, but also Gaussian
Process Regression [15] and the Mapping Method on polynomial surrogate model [33],
compared with the Radial Basis Function [34], were adopted for the same scope. Multi-
Design Optimization [35] was used to improve the energy absorption of tubes filled with
honeycomb or foam [36-39].

This work aims to assess a hybrid experimental-numerical procedure for optimizing
the performance of a CFRP energy-absorbing structure, representative of the rear crash
box in a high-performance vehicle. The goal is to validate a lightweight computational
model for optimizing the geometry and lamination sequence of the structure. Data from
the initial experimental impact tests will be used to develop a highly idealized numerical
model, capable of delivering reliable predictions with a reduced computational cost. This
calibrated model will first be employed to explore potential geometric improvements
and subsequently to perform a genetic algorithm-based optimization of the lamination
sequence. Finally, the complex interplay among performance parameters, such as the
specific energy absorption, mean force, and stroke efficiency, will be analyzed to identify
an optimal configuration.

2. Experimental Testing
2.1. Methods and Specimens

An experimental impact testing campaign was carried out using a vertical sled on
frustum-shaped composite crash boxes with a linearly variable rectangular cross-section
and a closed upper end. The specimens, manufactured by Pagani Automobili S.p.A. (San
Cesario Sul Panaro, Italy), are meant to be representative of a real crash box, thus incorpo-
rating all the functional elements but with a simplified shape, to reduce the manufacturing
complexity in the preliminary testing phase. They were investigated with two main objec-
tives: (i) to assess the energy-absorption capacity, crushing behavior, and dominant damage
mechanisms of different absorber configurations; and (ii) to calibrate a numerical model for
subsequent geometric and layup optimization.

For the initial characterization, a total of five specimens were tested: three with a
constant thickness along the height, consisting of eight plies, and two with a tapered
configuration, featuring a gradual reduction in the number of plies through the thickness
along the length. In the tapered specimens, the base section comprises eight plies, while the
third, fifth, and seventh plies are terminated at 110 mm, 120 mm, and 130 mm from the base,
respectively. The crash box base includes two lateral flanges, each with two holes designed
to accommodate screws for fastening the specimen to a steel plate, ensuring proper fixation
during testing. The specimen geometry and a schematic of the tapering configuration are
shown in Figure 1c.

The specimens were manufactured using two types of commercially available car-
bon/epoxy prepreg fabrics, adopting an IMP503Z-HT epoxy matrix, and subsequently
molded through an autoclave process. The two fabrics differ in their weave architecture:
the first fabric, referred to as “A”, features a 2 x 2 twill weave resulting in a cured ply
thickness of 0.42 mm, whereas the second, referred to as “B”, adopts a plain weave weave
resulting in a cured ply thickness of 0.32 mm. The stacking sequences for the specimens
with constant (C) and variable (V) thickness configurations are reported in Tables 1 and 2,
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respectively. It is worth noting that the orientation angles are defined, in each case, with
respect to the projection of the longitudinal axis on the corresponding ply plane.
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Figure 1. Original geometry of constant and variable-thickness specimens. All dimensions are
reported in mm. (a) External shape, (b) top view, and (c) lateral view with tapering detail.

Table 1. Constant thickness specimens lay-up, from outer to inner layers.

Region Fabric Orientation
Ply-1 Total (with flanges) A 45°
Ply-2 Total (with flanges) B 0°
Ply-3 Total (with flanges) B 45°
Ply-4 Total B 0°
Ply-5 Total B 0°
Ply-6 Total B 0°
Ply-7 Total B 45°
Ply-8 Total A 45°
Table 2. Variable thickness specimens layup, from outer to inner layers.
Region Fabric Orientation
Ply-1 Total (with flanges) A 45°
Ply-2 Total (with flanges) B 0°
Ply-3 From flanges to 110 mm B 45°
Ply-4 Total B 0°
Ply-5 Up to 120 mm B 0°
Ply-6 Total B 0°
Ply-7 Up to 130 mm B 45°
Ply-8 Total A 45°

A six-meter-tall drop tower was employed to perform the impact tests (see Figure 2a),
using a 300 kg impact mass accelerated by gravity and guided by two lateral rails. The
mass was raised with an electric hoist and released upon receiving the trigger signal,
which simultaneously initiated the acquisition from two Phantom VEO-E 310L high-speed
cameras, one for the frontal view and one for a lateral view, and the accelerometer mounted
on the impacting mass. This accelerometer was acquired with a frequency of 20 kHz and
filtered with a 1000 Hz low-pass filter to avoid spurious frequencies. A photocell was used
to measure the impact velocity. A picture of the setup is shown in Figure 2b. To compare
the performance of the different specimens and to evaluate the effectiveness of energy
absorption, four key quantities were considered: Specific Absorbed Energy (SEA), Crush Force
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Efficiency (CFE), Stroke Efficiency (SE), and Maximum Force (MF). While the definition of the
last one is straightforward, the first three are defined as follows:

SEA = Absorbed Energy/Crushed Mass

CFE = Maximum Force/ Average Force

SE = Crushed Stroke/ Available Stroke

Figure 2. Impact test setup: (a) drop tower and (b) example of an impact test configuration. Post-
impact specimens: (c) C1, (d) C2, and (e) C3.

Absorbed Energy is defined as the integral of the force vs. displacement curves. Crushed
mass, needed to compute the SEA, was obtained by measuring the mass of the non-crushed
residual of the crash box after the impact and subtracting it to the original mass.

2.2. Results—Constant Thickness

The first two specimens with constant thickness, C1 and C2, were tested in their
as-manufactured condition. Their mass and test parameters are reported in Table 3. It is
relevant to note the difference in weight between specimen C1 and C2, which have the same
geometry and the same lamination sequence. This difference in mass should be addressed
to undesired uncertainties and variabilities, in the manufacturing process, so that C2 has
probably incorporated more resin than C1.

Both specimens exhibited quite stable crushing behavior, although it initiated from
the bottom of the structure (inverse mode). The impact images (Figure 2c,d) suggest
that this crushing mode was triggered by stress concentrations at the junction between
the main body and the flanges. The composite progressively crushed, generating debris
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ranging from fine powder to horizontal strips a few centimeters wide. This behavior
may indicate the occurrence of local buckling at the crushing front, possibly related to
the slightly inclined walls of the crash box. Indeed, a small inclination between the wall
and the impacting surface introduces a bending moment within the wall, which could
promote local buckling. Nevertheless, no evidence of global collapse, extensive cracking,
or large-scale buckling was observed, confirming the effective energy absorption capability
of the structure (Figure 2c,d).

Table 3. Constant-thickness specimens testing conditions.

Specimen Mass Impact Mass Impact Speed
8 kg m/s
C1 990 300 8.2
C2 1030 300 8.2
C3 880 300 8.2

From these experimental observations, it was noted that the upper surface of the
crash box had a limited contribution to the overall crushing behavior. In fact, its presence
may even be detrimental to the performance, as it increases the bending stiffness of the
uppermost portion of the lateral walls, thereby promoting the onset of inverse crushing. For
this reason, the upper surface of specimen C3 was removed with a CNC milling machine,
leaving a 10 mm wide frame only (see Figure 2e), thus reducing its mass from 1020 g to
880 g. Then, it was tested with the same configuration used for C1 and C2. The removal of
the top surface did not alter the test outcome, which once again resulted in a quite stable
and effective energy absorption but still exhibited inverse crushing, indicating that this
change in configuration was effective only in reducing the weight. However, it was also
observed that the contact between the specimen and the support plate was not uniform, as
the flanges were not perfectly aligned with the lower section of the frustum cone due to the
manufacturing complexities, leaving a small air gap between this edge and the plate. This
misalignment produced stress concentration at the flange joints, which could trigger the
inverse crushing.

The acceleration and force curves from the first three tests are shown in Figure 3a as a
function of displacement and Figure 3b as a function of time. As before, the CFC60 filter
was applied. The curves show quite a repeatable behavior with a first elastic response,
followed by a recognizable crushing plateau, followed by the final load drop when the
impactor is completely arrested.

Constant Thickness Specimens
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Figure 3. Deceleration curves of constant-thickness specimens, C1, C2, and C3, as a function of
(a) displacement and (b) time.

The average crushing acceleration/force, together with the four performance parame-
ters (SEA, MA, CFE, and SE), are summarized in Table 4. To obtain a reliable and repeatable
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estimate of the average crushing force, a consistent criterion for defining the averaging span
was adopted. In this study, the first inflection point of the acceleration curve, corresponding
to the onset of the derivative decrease, was selected as the starting point, while the last
local maximum before the final load drop was taken as the endpoint. The averaging span
of the three curves are specified in Figure 3a.

Table 4. Performance parameters of constant-thickness specimens, C1, C2, and C3.

Specimen Avg. Crushing Force Max F SEA CFE SE
pecime kN kN KJ/kg KN/KN mm/mm

C1 74.67 +12.58 92.21 13.77 0.810 0.70

C2 90.35 + 18.52 111.32 16.52 0.812 0.58

C3 82.07 +15.32 104.94 19.92 0.782 0.67

The three specimens, C1, C2, and C3, showed a repeatable behavior in terms of these
performance parameters too. Nonetheless, some points are interesting to note: the average
crushing force of C1 is lower than the other two specimens. This could be related to the
difference in mass among them (see Table 3), which could act on the crushing force both in
terms of additional inertia and in thicker walls, thus higher buckling loads. C2, which has
the higher average force, has, as a consequence, a lower Stroke Efficiency SE. Comparing
the SEA, C2 showed a 20% increase compared to C1. If, as suggested by its higher mass, C2
had a higher resin content, then, the role of it in the increased SEA could be hypothesized.
C3 showed a 20% higher SEA than C2, confirming the low relevance of the top surface in
the energy absorbing mechanisms.

2.3. Results—Variable Thickness

Specimens V1 and V2 featured a variable number of plies and thus a variable thickness
in their lateral surfaces, as shown in Figure 1c. This configuration was originally intended
to have a reduced thickness in the top region of the absorber to reduce the initial force
peaks, typically observed in the first phase of crushing, and ensuring a proper trigger.
Specimen V1 was tested in its as-manufactured condition, while for V2, the upper surface
was removed, as previously done for specimen C3. The test configuration parameters are
reported in Table 5.

Table 5. Variable-thickness specimen testing conditions.

Specimen Mass Impact Mass Impact Speed
g kg m/s
Vi 845 300 8.2
V2 751 300 7.0

Despite the tapering, the test of specimen V1 again resulted in inverse crushing,
initiating at the flange joints. Furthermore, the structure collapsed in an unstable manner:
one of the two larger lateral walls fractured into two large pieces due to a crack that
appeared to originate a few centimeters above the tapering, as clearly visible in Figure 4b.
Such inefficient crushing, characterized by large cracks instead of progressive composite
fragmentation, led to inadequate energy absorption. As a result, the specimen was unable
to stop the impactor, which caused its complete compaction and a severe deceleration peak.
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Figure 4. Crushing behavior of variable-thickness specimens, V1 and V2: (a) crushed V1 specimen
and (b) primary collapse of its front face, (c) crushed V2 specimenand (d) collaps of its rear face.

The second variable-thickness specimen (V2) was tested under reduced impact energy
compared to V1, to assess the effect of tapering while avoiding the full densification of the
specimen. Moreover, the top surface was removed as for specimen C3. Despite the reduced
thickness of the upper portion and the removal of the top surface, crushing was again
initiated at the flanges. Consistently with the behavior observed in V1, following an initial
stable crushing of the lower section, a major fracture developed at mid-height, just above
the tapering (see Figure 4d) and propagated towards the top, eventually separating the
specimen into two parts and damaging the upper edge as well. Overall, the introduction of
variable thickness induced complex buckling patterns and stress concentrations near the
thickness transition, weakening the structure as crushing progressed from the lower edge.
As a result, crushing initiated in the thicker lower region, while the thinner upper walls
fractured abruptly once the lower section was severely damaged.

The acceleration and force curves from the first three tests are shown in Figure 5a: as a
function of displacement and Figure 5b as a function of time. As prescribed by the LMPH
2020 regulation [40], a CFC60 filter was applied, to have a reasonable estimation of the load
felt by the pilots, after the propagation of the stress waves in the structures, which acts as a
filter. In this case, poor energy absorption is evident in the curves of both the specimens. In
particular, as crushing initiated, the load profile rapidly decreased due to the destabilization
of the lateral walls. Finally, a pronounced deceleration peak was observed for specimen V1,
corresponding to its full compaction. For specimen V2, two initial peaks can be identified,
which could be associated with the destabilization of the two larger lateral walls collapsing
at different times.

The average crushing acceleration/force, together with the four performance param-
eters (SEA, MA, CFE, and SE), are summarized in Table 6. For V2, the averaging span
was again defined by the first inflection point of the acceleration curve, corresponding to
the onset of the derivative decrease by the last local maximum before the final load drop
was taken as the endpoint. Differently, in the case of V1, the averaging span is limited to
200 mm of stroke to avoid mixing the results related to crushing and the one related to the
compaction phase. The averaging span of the two curves is specified in Figure 5a.
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Figure 5. Deceleration curves of variable-thickness specimens, V1 and V2, as a function of
(a) displacement and (b) time.
Table 6. Performance parameters of variable-thickness specimens, V1 and V2.
Specimen Avg. Crushing Force Max F SEA CFE SE
P kN kN KJ/kg KN/KN mm/mm
Vi1 68.10 = 49.63 194.50 12.83 0.419 0.98
V2 49.45 4 24.98 93.93 12.78 0.494 0.74

The average crushing force of specimen V2 was consistent with those of C1, C2, and
C3, whereas a considerably higher value was observed for V1, clearly associated with the
complete compaction of the specimen and the corresponding high deceleration peak. For
both V1 and V2, a low Crushing Force Efficiency (CFE) was obtained, indicating poor
stability of the crushing behavior. Conversely, the higher Specific Energy (SE) values can be
attributed to the lower force levels.

Concluding, the constant-thickness crash boxes exhibited stable energy absorption
but were consistently affected by inverse crushing, triggered at the lower edge due to local
stress concentrations at the flange joints. The removal of the top surface proved effective
only in reducing the mass, without improving the crushing initiation. Furthermore, the
introduction of variable thickness promoted detrimental failure mechanisms, such as
large fractures and unstable collapse, thereby reducing the overall effectiveness of energy
dissipation. Nevertheless, this experimental characterization of the crash box crushing
behavior provides a valuable basis for the calibration of a numerical model.

3. Numerical Modeling

Finite Element (FE) modeling of composite crushing is well known to be a challenging
task due to the presence and combination of multiple damage mechanisms, both intra- and
interlaminar, associated with the fibers, the matrix, or their interface. Different length scales
and levels of idealization can be adopted depending on the desired outcome. Consider-
ing the objective of implementing an optimization procedure that requires hundreds of
analyses, a modeling approach that is computationally efficient yet capable of effectively
capturing the behavior associated with different layups and macroscopic geometric varia-
tions is required, such as single-shell element modeling. This technique provides several
advantages for the simulation of composite crushing. Its main strength lies in compu-
tational efficiency, requiring significantly fewer degrees of freedom than solid elements,
which enables large-scale parametric studies and optimization procedures. Additionally,
shell elements allow for a convenient representation of thin-walled structures, effectively
capturing the global load-displacement response and energy absorption behavior for dif-
ferent layups and geometries. Nevertheless, some limitations should be considered. Shell
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models do not provide through-thickness resolution, making the direct simulation of inter-
laminar failure modes, such as delamination, not possible. They are also sensitive to the
calibration of material properties, failure criteria, and contact definitions, which require
careful validation to ensure accurate predictions. Moreover, progressive damage mecha-
nisms, including crack initiation, fiber breakage, and matrix cracking, are represented in
a simplified manner, potentially reducing fidelity in capturing the detailed sequence of
failure. Despite these limitations, shell modeling is a robust and practical approach, and its
drawbacks can be mitigated through appropriate parameter calibration, damage modeling
techniques, and experimental validation. Indeed, any modeling strategy involving a solid
or cohesive element would bring a prohibitive computational cost.

3.1. Model Setup

The FE model was developed in the Simulia/Abaqus 2023 environment using the
explicit solver. The specimens were modeled by simplifying the original three-dimensional
CAD geometries into two-dimensional surfaces corresponding to their external shapes.
Two versions were prepared: the first included the top surface, representing specimens
C1, C2, and V1, while the second excluded the top surface, representing specimens C3 and
V2. The entire geometry was meshed using S4R elements with an average size of 4 mm.
Concerning the mesh size, it should be noted that when material softening is introduced
in the FE model, the solution becomes mesh-dependent, with no convergence upon mesh
refinement. Therefore, an average element size of 4 mm was chosen as a compromise
between computational efficiency and the characteristic length scale of the curved edges
and of the observed damage phenomena. Moreover, since all phenomena occurring at
length scales smaller than the laminate thickness are already approximated by the adoption
of shell elements, further mesh refinement below would not yield additional meaningful
information. A picture of the meshes is shown in Figure 6. For the sake of completeness, a
mesh sensitivity study was performed comparing the reference 4 mm mesh with versions
of 2 mm and 6 mm. The results of the comparison are reported in the Appendix A, and they
show how the variation of the performance parameters remains under 10% and that the
primary failure mode is captured in the same way. The steel fixture plate and the impactor
were modeled as rigid analytical surfaces, with a concentrated mass of 300 kg assigned to
the latter.

(c)

Figure 6. Geometry and mesh of the specimen (a) before and (b) after the top surface removal, and

(b)

(c) the complete configuration of the model with the support and impacting surfaces.

The specimen was fixed to the rigid steel fixture by applying four constraints in the
flange regions corresponding to the screw holes. All degrees of freedom of the fixture
were constrained, while for the impactor only the vertical translation was left free, and
an initial vertical velocity equal to that measured in the experimental tests was imposed.
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A contact law was defined among all model parts, including self-contact, with a “hard”
normal behavior (infinite penalty stiffness) and a Coulomb friction tangential component
with a friction coefficient of 0.1, as many times used in literature [24,28,41].

A composite shell section was defined with several integration points stacked through
the thickness: each ply is represented by three of them. For the two composite materials
adopted, A and B, a plane-stress orthotropic stiffness matrix was defined. The elastic
properties were provided by the manufacturer, and they are in the typical range of commer-
cially available carbon/epoxy composites [42]. In the present case, the 2D Hashin damage
criterion was adopted to model the crushing of the composite. This model is actually the
composition of four damage initiation criteria: tensile Ff and compressive longitudinal
damage, tensile and compressive transversal damage, and each of them can be influenced
by the presence of shear stress. When one of them is met, the correspondent scalar damage
variable starts increasing, reducing the correspondent element of the stiffness tensor, such
that the maximum stress bearable by the material decreases linearly up to zero, when the
material is considered failed and the element is deleted. More details on the implementation
can be found in the Abaqus manual [43].

As experimentally observed, composites crush with a composition of damage mech-
anisms, intra- and interlaminar, related to the matrix, fibers, or interface between them.
As already mentioned, one of the main limitations of adopting a single-shell technique is
the impossibility of modeling interlaminar damage. Nonetheless, the energy-dissipation
contribution of this damage mechanism can be considered by artificially increasing the
fracture toughness of other damage modes, which can be captured by the single-shell
model, typically the in-plane compressive damage.

After a sensitivity study of the strengths and toughness, a set was adopted, which
is in line with the data available in the literature [42]. The elastic properties and Hashin
damage law parameters used are reported in Table 7. It must be specified that these
tuned parameters are not strain-rate sensitive, so they are calibrated assuming an constant
averaged strain-rate during the impact.

Table 7. Calibrated values of elastic properties and damage parameters adopted.

Material A Material B
E11 = E22 58 GPa 57.3 GPa
Elastic G2 4.3 GPa 4.5 GPa
Properties Gi3 = Go3 2.58 GPa 2.7 GPa
U1 0.047 0.041
Strength
s, = b, 710 MPa 897.8 MPa
s§ =55, 510 MPa 429.7 MPa
Hashin Damage Law 512 86 MPa 90 MPa
Fracture Toughness
Kl =kl 125]/m? 125] /m?
K§ =K, 245 ]/m? 245 J/m?

Tb.n.: where T and C apexes stand for Traction and Compression.

One of the main issues associated with this modeling technique is the frequent distor-
tion of elements located at the crushing front. When the scalar damage variable approaches
values close to one within a given element, its effective stiffness tends toward zero. As
a consequence, the element becomes unrealistically compliant and may undergo severe
distortion even under realistic load levels. To mitigate this issue, element deletion can be
triggered at damage values lower than one, so that elements are removed before becoming
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excessively compliant. The drawback of this approach is a reduction in the total fracture
energy, which may affect the accuracy of the simulation. Therefore, this technique must
be carefully calibrated to prevent non-physical results. In the present work, the damage
threshold for element deletion was set to 0.99.

3.2. Correlation

The average computational time necessary to run the analyses using 10 Intel(R)
Xeon(R) Gold 6338 CPUs @ 2.00 GHz was ~15 min. The correlation between the ex-
perimental results and the numerical curves obtained using the calibrated model (with
material properties reported in Table 7) is shown in Figure 7. As in the experimental setup,
a CFC60 filter was applied to the acceleration signals. The comparison was carried out in
terms of acceleration/force versus displacement and versus time, for both constant- and
variable-thickness specimens. In all cases, the numerical simulations reproduce the exper-
imental response with good accuracy. For constant-thickness specimens, the numerical
plateau exhibited a slightly less stable behavior, which may be attributed to the fact that the
adopted constitutive law neglects the viscous damping associated with material crushing.
Although this effect is not dominant, it can still influence plateau stability.

Constant Thickness Specimens
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Figure 7. Comparison between the experimental and numerical deceleration curves for constant-
thickness and variable-thickness specimens.

For the variable-thickness specimen (V1), the model overestimated the compaction,
both in terms of the stroke and reaction force. Nevertheless, this discrepancy is reasonable,
as a single-shell modeling approach cannot fully capture this effect without explicitly
accounting for the out-of-plane stress components.

From a morphological standpoint, a satisfactory correlation between experimental
and numerical results was achieved, as shown in Figure 8. For all tests, the inverse
crushing mode observed experimentally was successfully reproduced by the numerical
model, along with the corresponding macroscopic failure patterns. For C1/C2 and C3, the
model accurately captured the stable inverse crushing behavior triggered by the flanges,
and the size and distribution of the fractured pieces were found to be comparable to the
experimental observations. In the case of V1 and V2, the numerical model effectively
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reproduced the initial inverse crushing phase, followed by the instability of the larger side
walls and the final collapse of the curved regions. Moreover, as highlighted in Figure 8, the
diagonal cracking observed on the lateral walls was accurately predicted by the simulation.
The contours of compressive damage in the outer composite layer, presented in Figure §,
suggest that, in C1/C2 and C3, the flanges are the first elements to fail, followed by an
instability in the lower part of the two larger walls, ultimately leading to a bending failure.
This may explain the formation of the stripe-shaped debris observed experimentally. In
Figure 8, two arc-shaped damage patterns can be seen on the larger walls at locations where
instability occurs. For V1 and V2, the damage patterns indicate an instability of one of the
four curved vertical edges, a few centimeters above the tapering, where the wall is thinner.
The figure shows a concentration of damage in this region.

Figure 8. Morphological comparison between the experimentally and numerically observed crushing
modes in specimens C1, C3, V1, and V2. On the right, the contours of the damage variable related to
compression in 0° direction (blue = 0.00, red = 0.95).

The correlation of performance parameters is presented in Figure 9, expressed in
terms of the errors between experimental and predicted values. The averaging spans
were determined in the same manner as for the experimental data and are reported in
Figure 7. As before, for specimen V1, the averaging span was interrupted at 200 mm of
stroke to avoid including the compaction phase. For specimens C1 and C3, all the calculated
errors were below 10%, which represents a remarkable agreement, considering the level of
approximation introduced by the adopted modeling strategy. The largest deviations were
observed for V1 and V2, which overestimated the initial peak force. This discrepancy may
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be attributed to the simplified modeling of the tapering geometry, potentially leading to a
slight overprediction of material strength. Overall, when averaging across all specimens,
errors below 10% were obtained for all performance parameters, except for the maximum
and average force, for which the errors remained below 15%.

Correlation of Performance Parameters

50
45 0C1/C2 Num
$40 [[OC3 Num
E gg OV1 Num
5 25 V2 Num
% 20 || OAvg Error
215
| w1
: ot} 1 L
Al I
AE SEA CFE MaxF Avg.F SE

Figure 9. Absolute percentual error between the experimental and numerical values of the perfor-

mance parameters.

To clarify the influence of the Hashin failure parameters, a sensitivity analysis was
conducted and is reported in Appendix A (see Figure Al). In this analysis, the accelera-
tion curves obtained by increasing and decreasing, by 10%, the tensile and compressive
strengths, s1; and s$; (equal to s, and s$,) and the tensile and compressive fracture tough-
nesses KI; and K§; (equal to K}, and KS,) were compared with the curve obtained using
the reference parameters listed in Table 7.

4. Optimization
4.1. Geometry

Once a reliable and lightweight numerical model was developed and validated against
the experimental results, it was employed to optimize the crash box geometry with the aim
of preventing the inverse crushing behavior consistently observed in previous tests, thereby
improving the overall crushing performance. To this end, three geometric modifications
were proposed. As previously discussed, both experimental and numerical results indicated
that the inverse crushing mode was initiated by stress concentrations in the region where
the flanges connect to the lateral walls. In fact, the contact between the lower edge and
the metallic support plate was not perfectly uniform. Therefore, in the first modification,
the flanges were made continuously along the entire perimeter of the crash box, ensuring
a full connection with the side walls in order to uniformly distribute the impact load
over a larger area. Secondly, the upper surface was completely removed, eliminating the
10 mm peripheral frame used in the C3 and V2 specimens, which could otherwise hinder
the initiation of crushing on the top face. In fact, the remaining flange could act as a
reinforcement against the delamination, thus the crushing, of the first millimeter of lateral
walls, where the crushing is desired. Finally, a cruciform reinforcement was introduced
inside the crash box. Its purpose was to increase the flexural stiffness of the lateral walls,
reducing their free deflection length, and thereby raise their instability load, promoting a
stable progressive crushing mode rather than a global buckling collapse. The geometry of
this new specimen, named O1, is presented in Figure 10a.
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Figure 10. Improved geometry with continuous flanges and cruciform, before and after the impact,
in the numerical case (a,b) and in the experimental case (c,d).

Based on the experimental results, a constant wall thickness was selected. Since the
presence of the cruciform reinforcement was expected to significantly increase the crushing
force, the number of plies in the lateral walls was reduced from eight to six. Three piles
were used for both the cruciform and the flanges. The complete stacking sequence of the
optimized specimen geometry is reported in Table 8.

Table 8. Optimized geometry specimen O1 lay-up, from outer to inner layers.

Region Fabric Orientation
Ply-1 Side walls + Flanges A 45°
Ply-2 Side walls + Flanges B 45°
Ply-3 Side walls + Flanges B 0°
Ply-4 Side walls B 0°
Ply-5 Side walls B 45°
Ply-6 Side walls A 45°
Ply-7 Cruciform A 45°
Ply-8 Cruciform A 0°
Ply-9 Cruciform A 45°

The new specimen was produced and tested following the same procedure described
previously. The quantitative results are reported in Table 9, while images of the specimen
before and after testing are shown in Figure 10c,d. As anticipated, the introduction of the
continuous flange enabled proper crushing initiation from the upper surface. The impacted
specimen exhibited stable crushing with delamination occurring through both the lateral
walls and the cruciform, splitting the panels into two layers that collapsed by bending.
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The presence of the cruciform increased the mass, the peak value and average crushing
forces, resulting in an improved SEA. Consequently, a shorter stroke was required to stop
the impactor.

Table 9. Performance parameters of specimen O1.

Avg. Crushing

Mass Force Max F SEA CFE SE
kg KN kN kJ/kg kN/kN mm/mm
o1 1044 14650 + 51.36 194.64 42,56 0.75 0.40
Variation with 15.7% 78.51% 85.48% 113.65% —4.09% —40.30%
respect to C3

The impact test on this new specimen was first simulated to verify whether the
numerical prediction confirmed the expected outcome. The numerical model was set
up following the same procedure adopted for the previous configurations. A picture
of the model, before and after the impact, is presented in Figure 10a,b. In light of the
intrinsic limitation of the numerical technique, namely its inability to capture delaminations,
the morphological outcome of the model appears satisfactory, faithfully replicating the
experimental observations.

Figure 11 shows a comparison between the experimental and numerical acceleration
curves as functions of displacement and time. Compared to the previous specimens
(see Figure 3), the loads involved are considerably higher, and the impact duration is
approximately half. The numerical curves accurately reproduce the slope—reflecting the
stiffness—and the area under the curves but tend to underestimate the peak force. This
discrepancy can be attributed to the cruciform, whose crushing behavior is modeled as
almost pure bending, thereby neglecting the panel-splitting mechanism and the force
contribution arising from the self-interaction of crushing fragments at the delamination
front. For this reason, the correlation error of the maximum forces and CFE have an error
around 15%. All the other performance parameters remain below 10%, further validating
the numerical approach.
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Figure 11. Experimental and numerical curves for the impact test of O1 specimen, with correlation error.
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4.2. Layup

The proposed geometric modifications resulted in the desired crushing mode and
a significant increase in the specific energy absorption (SEA). Furthermore, the new ex-
perimental tests provided additional validation of the numerical model. However, the
higher SEA was accompanied by an increase in the mean crushing force and a reduction in
stroke efficiency. Therefore, the next step in improving the crash box performance was the
optimization of the laminate layup, aiming to exploit the maximum possible stroke while
minimizing the average crushing load.

The selected modeling technique presented some limitations due to the high ideal-
ization and approximation level, as it was previously discussed. Nonetheless it allowed a
lightweight model, which can be used for approaches that require hundreds of analyses.
For this reason, a genetic algorithm was implemented using the built-in Matlab® 2024
function, which varied the orientation of each ply in the crash box to identify the optimal
configuration. For the optimization to be effective, it was essential to define an appropriate
error function to be minimized. To achieve a more efficient energy absorber, the objective
function was defined as follows: =
SE

where SE is the maximum stroke efficiency, o is the standard deviation of the acceleration

e =

curve, and 0 is the o measured for the current configuration, normalized based on the ¢
of the initial reference configuration with all the orientation angles being 0°. In this way,
both SE and 7 range around [0,1] (to be noted: SE can be only inside [0,1], & can exceed
1 but should reasonably maintain values close to it), thus having a similar weight in the
optimization. By minimizing e, the best compromise between maximizing the stroke and
ensuring the stability of the crushing load is achieved, thus approaching the behavior
of an ideal energy absorber, for which o = 0 with the lowest possible average force. If
the absorber is unable to stop an impactor with kinetic energy K, the residual energy
leads to an impact with the rigid floor, producing a large force peak that significantly
increases 0 and penalizes the solution. If the absorber successfully stops the impactor,
energy conservation requires that the integral of the crushing force over the displacement
equals K. Under this condition, an optimal solution is characterized by the maximum
effective stroke, which corresponds to a lower average crushing force and reduced force
fluctuations. The genetic algorithm was initialized with a population of fifty individuals
and allowed to evolve for a maximum of eleven generations. It is important to note that
the stopping criterion was based on the maximum number of generations rather than on
convergence. This choice was made considering the high computational cost of explicit
finite element analyses, even for relatively lightweight models. The average time for a
single analysis was around 1.5 h, resulting in more than 800 h for the total procedure.
For this reason, waiting for full convergence of e would have resulted in unreasonably
long computation times. Therefore, it cannot be claimed that the obtained configuration
represents the absolute optimum. Nevertheless, after eleven generations, the solution
achieved a substantial improvement in performance.

For manufacturing considerations, the possible orientation angles of each ply were
limited to 0°, 15°, 30°, 45°, 60°, and 75°. Under the assumption of a transversely isotropic
stiffness matrix, the material response is invariant under 90° rotations. Therefore, the
selected angles effectively cover the entire 360° range. In Figure 12, the value of ¢ of each
individual in each generation is reported. Then, the evolution of the best solution for each
generation was indicated by the red line. After seven generations, a minimum value was
reached, which remained stable for the further four. In the end, a reduction of e of 10.53%
was obtained with respect to the minimum of the first generation, 4.04%, compared to the
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full 0° configuration, and 30.54%, compared to one obtained from the lamination sequence
of O1.
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Figure 12. Objective function e with the increasing number of generations.

The optimal lamination sequence is reported in Table 10. It is difficult to establish a
clear correlation between orientation angles and absorber performance, due to the inter-
action of complex elastic and inelastic effects. However, considering that 0° corresponds
to the longitudinal direction, the optimized specimen exhibits a stiffer layup with smaller
angles compared to O1, which may be associated with a more brittle response. It can be
hypothesized that the outer 0°-oriented plies are, to some extent, stabilized by the presence
of inner off-axis plies, acting synergistically.

Table 10. Optimal layup identified by the genetic algorithm.

Region Fabric Orientation
Ply-1 Side walls + Flanges A 0°
Ply-2 Side walls + Flanges B 0°
Ply-3 Side walls + Flanges B 0°
Ply-4 Side walls B 15°
Ply-5 Side walls B 30°
Ply-6 Side walls A 45°
Ply-7 Cruciform A 15°
Ply-8 Cruciform A 15°
Ply-9 Cruciform A 0°

The comparison among the deceleration curves of O1 specimens, of a reference con-
figuration Full_0° with only 0° plies, and the one with the optimal layup is presented in
Figure 13, clearly showing the improvement. The optimal curve shows a stable crushing
profile, lower than the ones of Full_0° and O1, with a longer stroke. Nonetheless, a slightly
descending profile slope signs that a further optimization margin is possible. In Figure 13,
the percentage variation of the performance parameters is reported, showing how both the
maximum and the average forces decreased, with an increase of the crush force efficiency
and stroke efficiency. It is relevant to note that, in this case, the decreased SEA is linked to
improved performance.

Figure 14 compares the damage morphologies in the first composite layer during
the initial stages of crushing for the Full_0°, O1, and Opt specimens. This comparison
highlights a clear concentration of damage at the flanges, associated with excessive
bending stresses. At the crush front, the dominant damage mechanism is tensile failure in
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the 0° direction. Although, under the adopted assumptions, the absorbed in-plane energy
also includes contributions from interlaminar damage—which the model cannot capture
explicitly—the observed trends remain meaningful. The higher performance of the Opt
specimen and partially of the Full_0° specimen, which is stiffer than O1, appears to be
related to a more distributed damage pattern in the lateral and cruciform walls (clearly
visible in the 0° compression and shear damage contours), together with a reduced
damage concentration at the flanges. In contrast, the flange damage concentration is
most pronounced in the O1 specimens.

Optimization Results
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Figure 13. Deceleration curves of the specimen with the optimal layup, compared with Ol and a
reference configuration Full_0°, and the performance parameter variation with respect to O1.
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90°- Tensile ~ 90°- Compressive

In-plane Shear

Figure 14. Contour of damage variables related to compressive, tensile, and shear in 0° and 90°
direction for Full_0°, O1, and Opt specimens (blue = 0.00, red = 1.00).

5. Conclusions

This work presented a hybrid experimental-numerical approach for the preliminary
design optimization of a CFRP crash box intended for high-performance automotive appli-
cations. The experimental campaign highlighted the influence of geometric features and
layup configurations on the crushing behavior and energy-absorption capability. Constant-
thickness specimens exhibited stable performance but were consistently affected by inverse
crushing, triggered by local stress concentrations at the flange joints. Conversely, variable-
thickness configurations promoted detrimental failure mechanisms, such as large fractures
and unstable collapse, reducing the overall efficiency.

A lightweight finite element model based on shell elements was developed and
calibrated against experimental results, achieving errors below 10% for most performance
parameters and below 15% for peak forces. Despite its intrinsic limitations, such as the
inability to capture delamination, the model proved effective in reproducing global crushing
behavior and served as a reliable tool for optimization.

Geometric modifications, including continuous flanges, removal of the top surface,
and the introduction of a cruciform reinforcement, successfully eliminated inverse crushing
and significantly improved specific energy absorption (SEA), even if at the cost of higher
mean crushing forces and reduced stroke efficiency. To address this trade-off, a genetic
algorithm was implemented to optimize the laminate layup. The resulting configuration
achieved a more stable crushing profile, reduced peak and average forces, and improved
stroke efficiency, confirming the potential of numerical optimization in enhancing crash
box performance.

Overall, the proposed methodology demonstrates that combining experimental val-
idation with computationally efficient modeling enables rapid design iterations and the
effective optimization of composite crash absorbers.
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Appendix A

In the table and figure below, the parameters and curves of the sensitivity study on
Hashin parameters are reported. In each set of analyses, a single parameter (in red) was
increased or decreased by 10% with respect to the reference configuration. This study is
intended to give to the reader awareness of the influence of each parameter on the curves.

Table A1l. Hashin damage law parameters for all the analyses performed in the sensitivity study. In
red the variation with respect to the reference configuration.

Compressive Strength (MPa)  Tensile Strength (MPa)

Compressive Toughness (J/m?)  Tensile Toughness (J/m?)

Material A B A B A B A B
Reference 710 897.8 510 429.7 245 245 125 125
Comp. Str. +10% 781 987.58 510 429.7 245 245 125 125
Comp. Str. —10% 639 808.02 510 429.7 245 245 125 125
Tens. Str. +10% 710 897.8 561 472.67 245 245 125 125
Tens. Str. —10% 710 897.8 459 386.73 245 245 125 125
fl%r;‘P' Tough. 719 897.8 510 429.7 269.5 269.5 125 125
(_:‘ir(;})}”' Tough. 719 897.8 510 429.7 2205 2205 125 125
;[fgi Tough. 710 897.8 510 429.7 245 245 137.5 137.5
ielnosc;/Tough‘ 710 897.8 510 429.7 245 245 112.5 1125
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Figure A1. Sensitivity on the deceleration curves of the Hashin strength and toughness parameters.
The parameters adopted for each analysis are reported in Table AT.

Even if, as explained in the Section 3, in a Finite Element problem like the present
one, which includes material softening behavior, the convergence of the result upon mesh
refinement is not guaranteed, a mesh sensitivity study is here reported to give the reader
the chance to evaluate the dependance of the result on the average element size. The
numerical model of the C1 specimen test was recreated with an average element size of
2 mm and 6 mm, to be compared with the reference one, which has a mesh size of 4 mm.
Key performance parameters were compared. The results are reported in Table A2 showing
how variation of the parameters never exceeds 10%. In Figure A2, decelerations and the
primary failure mode were compared showing comparable results.
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Table A2. Sensitivity of the mesh dimension on key performance parameters.
Reference—4 mm 2 mm % Var. 6 mm % Var.
Max F kN 120.28 108.83 9.52 116.09 3.48
Avg.
Crushing kN 96.90 92.00 5.06 87.65 9.55
Force
AE kJ 10.17 10.31 1.40 10.03 1.34
SE - 0.56 0.56 0.17 0.61 8.47
Mesh Sensitivity
60
—— 2 mm mesh
50 Ref - 4 mm mesh
—6 h
@ - mimn mes.
g
® 30
g 20 /
< \
10 | %
0 ' \\ S ,// Reference
0 50 100 150 A = W G E
Displacement (mm) - Avg. Mesh Size = 4mm
Avg. Mesh Size = 2 mm Avg. Mesh Size = 6 mm
Figure A2. Sensitivity of the mesh size on the deceleration curve and primary failure mode of
specimen C1.
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