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Abstract

A numerical and experimental investigation is carried out in this study to evaluate the
crashworthiness behavior, the energy-absorbing parameters, and the failure mode of
thermoplastic composite energy absorbers under axial loading. The energy absorbers are
thin-walled circular tubes made of woven polyphenylene sulfide carbon composite and
have a bevel trigger on the top. Finite element analysis are conducted to predict the
structural behavior of the tubes. To validate the numerical model, four specimens are
manufactured and tested under an axial compression load. During the tests, the load and
displacement are measured by a load cell, the evolution of the longitudinal strains is
captured by digital image correlation, and the progression of the failure is recorded by a
high speed camera. The tubes show a progressive failure mode, with delamination be-
tween the middle plies. A stable damage propagation is observed throughout the tests,
where the bevel trigger plays an important role in increasing the stability and failure
progression of the thin-walled tubes. The test results are compared to the numerical
prediction, with good agreement for both crashworthiness parameters and delamination
behavior. The thermoplastic composite energy absorbers achieved specific energy ab-
sorption values of up to 70 kj/kg, indicating an adequate crashworthiness performance.
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Introduction

Composite structures have become integral in the aerospace sector given the growing
concern over energy resource consumption and environmental protection. There has been
a significant focus on aerospace lightweight technology, with the aim of achieving fuel
efficiency and reducing emissions. The application of composites in primary components
offers lighter and stronger designs compared to traditional materials. In contrast to metal
structures that dissipate crush or impact energy through buckling and folding with
significant plastic deformation, composite structures achieve energy absorption through
progressive failure mechanisms.' > Hence, the development of energy absorption devices
using composite materials has gained more attention in recent years.*°

However, primary components like wings and fuselage predominantly rely on thin-
walled designs crafted from thermoset composite materials, so a substantial amount of
research has been conducted on the impact behavior of this composites in the aeronautical
industry.”'* In contrast, thermoplastic materials are gaining traction in aerospace ap-
plications due to their inherent advantages but have yet to be integrated into primary
aircraft structures. The application of thermoplastics in primary structures presents
promising advancements in sustainability and weight reduction. This however requires a
complete understanding of the structural behavior of these materials in dynamic con-
ditions, field that is not yet fully investigated.

The behavior of composite materials during a crash is quite complex, making it
difficult to strike a balance. Furthermore, compared with metal materials, they are quite
costly to produce, have greater challenges in high-precision numerical simulation and
material design and little knowledge is available regarding the crashworthiness, indicating
a lack of systematic and comprehensive study.!' Recent studies using advanced FEA
simulations have provided valuable insights into the damage mechanisms of composite
materials.'>'? For instance, Rozylo et al.'"* conducted experimental-numerical failure
analysis of thin-walled composite columns, highlighting the limitations of certain damage
models in predicting crashworthiness. Similarly, Debski et al.'” investigated the stability
and load-carrying capacity of composite columns under eccentric compression loading,
demonstrating significant improvements with advanced modeling techniques. However,
these studies primarily focus on thermoset composites or specific loading conditions and
do not extensively address the dynamic crashworthiness of thermoplastic composites.

Apart from that, the efficient design of thermoplastic composite structures poses a few
challenges which have to be overcome for them to be widely used in industrial appli-
cations. An overly conservative design could lead to unnecessary weight, while a less
conservative approach could prove fatal if the structure does not absorb enough energy
during a collision.

Thermoset and thermoplastic composites exhibit distinct processing and mechanical
performance characteristics. Thermoset composites are easier to process as the initial resin
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is in a liquid state whereas thermoplastic composites necessitate higher heat and pressure
during processing. On the contrary, thermoplastic composites offer the advantage of
reshaping and reforming, allowing recycling and making them a more environmentally
friendly option,'®™' unlike thermoset composites which cannot be reformed after curing.
Another advantage of thermoplastic materials lies in their ability to join without the need
for rivets. Recent studies®® leverage this advantage to explore the static behavior in
primary structures.

These differences have ignited considerable research efforts aimed at addressing the
challenges associated with the fabrication and characterization of thermoplastic com-
posites. Advancing the knowledge in this area is likely to enhance the utilization of
thermoplastic composites in engineering applications, particularly in fields that require
impact resistance due to the ductile nature of thermoplastic matrices.

Jang et al®' investigate the damage mechanisms of thermoplastic and thermoset
composites subjected to repeated low-velocity impacts. Experimental results obtained from
an instrumented falling-dart impact tester reveal that delamination occurs above a threshold
incident impact energy, leading to a reduction in stiffness and strength of the composite. The
observed failure mechanisms differ between epoxy and polyphenylene sulfide (PPS)
composites, and an elastic strain energy approach successfully predicts the threshold in-
cident energy values. In fact, for energy absorption applications, it is crucial to avoid the
global buckling mode, as it absorbs very little energy compared with the local buckling
mode.”? Liu et al.>® investigate the crashworthiness of thermoplastic woven fabric re-
inforced composite tubes. The quasi-static axial compressive tests performed under dif-
ferent temperatures reveal three crushing modes: progressive folding, splaying, and weld
seam cracking. The results demonstrate the influence of fiber orientation, tube length-
diameter ratio, and testing temperature on peak and mean load, specific energy absorption,
crush efficiency, and the observed crushing modes. Chen et al.** experimentally and
numerically investigate the quasi-static compressive response and failure deformation
modes of thermoplastic composite sandwich panels, considering different layer numbers
and core configurations. The results showed that the perpendicular configuration exhibited
optimal specific energy absorption (SEA) and crushing force efficiency (CFE), while the
regular configuration demonstrated the highest peak crushing force (PCF). Increasing the
layer number enhanced the SEA and mean crushing force (MCF) by inducing interlayer
face sheet bending. Kim et al.>® present the experimental investigation results of round-hat-
shaped crash tubes made with glass long-fiber-mat/PA6 laminates. The crash tubes ex-
hibited progressive splaying mode failure in dynamic tests, with a specific energy ab-
sorption (SEA) of around 52 J/g, an improvement from the quasi-static tests with a SEA of
42.0J/g. The dependency of crash tube performance on test speed was observed at relatively
low speeds (up to 1 m/s), but performance remained steady at higher impact speeds.

Moreover, substantial effort is currently being directed towards the development of
numerical models to predict the behavior under dynamic and impact loads of reinforced
thermoplastics. But despite simulations being considered first-principles or fully pre-
dictive methods and can provide even more information on the structure’s behavior than
the equivalent experiment, experimental testing for calibration and validation is still
necessary to certify components before being used.
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In that regard, Falzon and Tan®® highlight recent progress and challenges in the
development of finite-element-based predictive modelling tools for assessing impact
damage, residual strength, and energy absorption capacity of both thermoplastic and
thermoset composites, with a focus on their application in crashworthiness assessments.
The same authors®’ present the manufacturing, testing, and modelling of self-supporting
corrugated-shaped thermoplastic composite specimens for crashworthiness assessment,
demonstrating a 57.3% higher specific energy absorption compared to thermoset com-
posites. The proposed mesoscale composite damage model, incorporating nonlinear shear
constitutive laws, accurately captures the material response under crushing, offering a
promising approach to reduce the reliance on physical testing in crashworthy structure
development. Raponi et al.?® present a numerical optimization approach for an innovative
thermoplastic composite material model used in a vehicle impact attenuator. The results
demonstrate the effectiveness of the proposed methodology in characterizing the com-
posite material and improving the efficiency of the numerical model. Furthermore, Wang
et al.*” present a novel notch-shaped design of carbon fiber reinforced polypropylene
plastic (CFRPP) composite specimens with different fiber orientations and explore the
failure mechanism and failure criteria during the stamping process at room temperature.
The proposed failure criteria based on forming limit curves outperform the conventional
maximum strain and maximum stress criteria, offering better prediction results and
potential application in CFRPP structure failure assessment under different service
conditions.

Due to the aforementioned reasons, intense research in the area of replacement of
thermoset composites by fiber reinforced thermoplastic composites (FRTP) is on the rise,
evidencing the need to research the crashworthiness of thermoplastic composite com-
ponents. But while there is substantial evidence highlighting their positive static per-
formance, there is still a significant knowledge gap in comprehending their dynamic
response. Understanding its behavior in dynamic conditions and characterizing its
performance in progressive crushing are crucial for safe utilization in primary aircraft
structures.

To address these gaps, this study seeks a comprehensive evaluation of thermoplastic
composite energy absorbers, investigating their progressive failure mechanisms and
energy-absorbing capabilities under axial loads at different loading rates. For that, the
present research focuses on the numerical and experimental characterization of the
crashworthiness performance of thin-walled circular tubes made from thermoplastic
composite. Thus, this work aims to provide novel insights into the behavior of woven
polyphenylene sulfide carbon composite tubes seeking significant advancements in the
application of thermoplastic composites for primary aerospace structures.

In this work, the progressive damage behavior of 5-harness satin weave carbon/PPS
composite tubes through numerical and experimental analysis is investigated. A three-
dimensional finite element model is developed in ABAQUS/Explicit, incorporating a
Hashin damage criteria and a cohesive surface to simulate delamination. An experimental
test campaign is performed on specimens subjected to a displacement-controlled load at
different rates to validate the numerical model. The tests are conducted on four circular
tubes, two of which are tested with a loading rate of 10 mm/min, and the other two at
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600 mm/min. The damage initiation and its progress are registered via a high-speed
camera. The objective is to give insights into the energy absorption capabilities of
thermoplastic composites, contributing to the understanding of composite behavior and
informing design considerations for composite energy absorbers subjected to impact
loads.

Thermoplastic energy absorbers

Geometry and material properties

The specimens investigated in this work consist of thin-walled circular tubes man-
ufactured from a balanced 5-harness-satin (SHS) woven composite with a poly-
phenylene sulfide (PPS) matrix. The reinforcement consists of T300JB 3K carbon
fibers, and the fiber volume fraction of the consolidated laminate is approximately
56.65%. PPS is a semi-crystalline polymer that belongs to the family of high-
performance thermoplastics. The circular shape is chosen because it exhibits supe-
rior energy absorption capacity in comparison with other profiles.’® The tube is
designed with a quasi-isotropic layup [45/0/45/0],. This specific layup has been
extensively utilized in energy-absorbing structures, as evidenced by its good per-
formance demonstrated in previous studies.®' > Woven composites that possess a
cross-ply orientation offer numerous advantages, including high strength, excellent
load-bearing capacity, and exceptional dimensional stability.

The tube’s length is 250 mm, with a diameter of 120 mm, and a nominal thickness
of 2.48 mm. The specimens are designed with a bevel trigger in the last 5 mm of each
tube, in order to avoid load transfer to the whole structure and achieve a stable crush
regime, by concentrating the applied force on specific localized areas, ensuring
controlled and predictable deformation patterns. The material properties are supplied
by the manufacturer, based on internal characterisation, and are reported in Tables 1
and 2. Note that there is no available data regarding strain rate dependency. These
properties provided by the manufacturer predominantly represent quasi-static
conditions.

Table I. Mechanical properties of TCI100/PPS carbon UD ply.>

Eiy Eaz Es3 G2 Gi3 Ga3 P oy
(MPa) (MPa) (MPa) Vi2 vi3 = 3 (MPa) (MPa) (MPa) (kg/m3) (mm)

58000 56000 10530 0.07 04l 4360 3900 3900 1550 0.31

Table 2. Strength properties of TCI100/PPS carbon UD ply.3

X" (MPa) X& (MPa) YT (MPa) Y< (MPa) S, (MPa) St (MPa)

754 618 734 621 56 56
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Numerical model

A three-dimensional finite element (FE) model is created to simulate the com-
pression test of the 5-harness satin weave carbon fiber composite tube. All sim-
ulations are carried out using the ABAQUS FEA 2022 package®’ with an explicit
time integration scheme. Two rigid plates are included in the model to simulate
boundary conditions: one is fixed at the lower part of the tube, while the other is
positioned at the upper part, allowing movement only in the axial direction at a
constant velocity. The interaction between the rigid plates and the tube is defined by
employing hard contact conditions, ensuring zero penetration under compression
and the potential for separation under tension. Additionally, a penalty Coulomb
friction coefficient of 0.2 is applied.

In modeling woven laminates, it is commonly assumed that they can be treated as
orthotropic continua.*® To accurately capture the mechanical behavior of these laminates,
constitutive relations are formulated in a local Cartesian coordinate system, whose vectors
align with the warp and weft directions.

Four FE models are considered herein to explore the ability of different finite element
typologies to model the delamination behavior. These models progress from simpler to
more complex representations. An overview of their main characteristics are outlined in
Table 3. First, two distinct configurations are utilized, both incorporating single shell
layers (type S4R), with four-node quadrilateral shell elements and reduced integration.
The first configuration (referred as FEM1) comprises a single-layer structure, while the
second incorporates a two-layer configuration with a cohesive surface interposed between
them (referred as FEM2).

Thereafter, two models with continuum shell elements using reduced integration
(SC8R type) are developed. These elements are characterized by an 8-node quadrilateral
in-plane shape and include hourglass control. Each model incorporates distinct modi-
fications to study the delamination behavior. The initial delamination is induced in the first
model (referred as FEM3) by manipulating the bevel trigger, as shown in Figure 1. The
second model (referred as FEM4) involves modifying the crushing plate geometry in
order to achieve the splaying mechanism, as seen in literature.**** A detail of the crushing
plate modification is presented in Figure 2. The idea is to use an artificial plug-initiator in
the finite element model to initiate delamination properly and simulate the debris wedge
formation during testing.

Table 3. Features of the four numerical models considered in the study.

Number of through-thickness

Model  Element type  elements Cohesive surface  Modification
FEMI S4R | No No

FEM2 S4R 2 Yes No

FEM3 SC8R 2 Yes Bevel trigger
FEM4 SC8R 2 Yes Crushing plate
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Figure |. Bevel trigger modification in FEM3 (dimensions in mm).

Figure 2. Crushing plate modification in FEM4.

The crushing plate geometry considered in FEM4 is not representative of the ex-
perimental flat platen, yet the purpose of this plate modification is to assess whether ply
splaying could be achieved, and to identify the necessary changes which could help this
model to be more accurate and realistic. The formation of the wedge is essential in causing
all the plies to splay, even the central ones.

To prevent excessive element distortion and consequent error termination of analysis in
simulation, deletion criterion is set as 0.95 to delete failed elements from the finite element
model. Through a mesh sensitivity study, it is determined that an element size of 2 mm in
both the longitudinal and transverse directions provides an optimal balance between
computational efficiency and result accuracy. Coarser meshes (3 mm) show acceptable
performance in capturing the initial response but significantly underestimate the pro-
gressive failure phase, while finer meshes (1 mm) offer slightly improved accuracy at the
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expense of prohibitive computational cost. The 2 mm mesh provides sufficient resolution
to capture both the onset of damage and the evolution of progressive failure, with a
reasonable computational time of approximately 9 hours.

Despite the inherently nonlinear behavior of composites, a linear elastic formulation is
adopted in this study due to the limited availability of reliable experimental data for the
specific material under investigation. This simplification is partially mitigated by in-
corporating a progressive damage model based on Hashin’s failure criteria,*' which
allows simulating the degradation of material stiffness and the onset of failure
mechanisms.

Specifically, the progressive damage of the composite material is modeled by con-
sidering three features into the numerical formulation: damage initiation, damage evo-
lution, and damage stabilization. Damage initiation refers to the onset of material
degradation at a given point. Each damage initiation criterion is formulated based on the
respective tensile and compressive strengths in the fiber and matrix directions, as well as
the longitudinal and transverse shear strengths. These properties are provided in Table 2.
The onset of damage is detected by evaluating the effective stress tensor, which accounts
for the material’s current damage state through internal variables and damage operators.
Prior to damage initiation, the damage operator is equal to the identity matrix, and the
effective stress coincides with the nominal stress. Once damage initiates and evolves, the
damage operator modifies the stress field to reflect the material degradation.

Once damage has initiated, its progression is governed by an energy-based damage
evolution law. A linear softening law under mixed-mode conditions is employed, with
fracture energies associated with different failure modes listed in Table 4. The damaged
stiffness matrix is updated as the internal damage variables evolve for fiber, matrix, and
shear modes. The values from Table 4 are adopted from previous investigations involving
similar carbon-fiber-reinforced thermoplastic laminates. In Ref. 42, these fracture en-
ergies were initially approximated as four times the elastic energy stored in each failure
mode, derived from numerical simulations calibrated against experimental low-velocity
impact results. This estimation approach has been successfully used in other research
works addressing similar materials.****

To enhance numerical stability, damage stabilization is introduced using a viscosity
coefficient of 10, ensuring convergence by preserving the positive definiteness of the
tangent stiffness matrix.

The interlaminar damage, i.e. delamination between the middle plies is modelled in
FEM2, FEM3, and FEM4 using a surface-based cohesive approach. Unlike cohesive
elements, this formulation does not require a finite thickness for the interface; instead, the
traction—separation law is applied through interaction properties defined between the

Table 4. Damage properties of carbon UD ply.*?

Gt (N/mm) Gy (N/mm) G (N/mm) Gme (N/mm)

127 94 | 8
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contact surfaces of adjacent plies. The damage is introduced by progressively degrading
the stiffness of these interfaces based on a mixed-mode damage evolution law, without
internal integration points across an element thickness. After degradation of the cohesive
surfaces, contact between the delaminated plies is maintained through a hard-contact
formulation, which prevents penetration under compression while still allowing tan-
gential sliding with a friction coefficient of 0.2.

The cohesive properties used in the model are reported in Table 5 and were adopted
from,** in which the authors employed trial values based on literature data for other
composite materials, given the lack of dedicated fracture tests for the specific material
investigated. Despite the approximate nature of these parameters, the simulations
showed good agreement with experimental results, supporting the use of such values
for similar modeling purposes. These parameters have also been employed in other
works involving thermoplastic composites, such as.** In light of the current limi-
tations and technical challenges associated with experimentally characterizing co-
hesive properties in thermoplastic laminates, the adoption of these literature-based
values was considered a suitable approach for modeling interlaminar damage in this
study.

A constant velocity of 1 m/s is assigned to the moving upper plate, while the lower
plate is clamped in all directions, as shown in Figure 3, where an overview of the
FEM3 model with the boundary conditions is presented. Note that in the numerical
simulation a significantly increased loading rate is employed, while ensuring that kinetic
energy does not exceed 5% of internal energy. Adopting an increased loading rate in the
numerical simulation serves a twofold purpose: it enhances computational efficiency
while still maintaining adequate precision. This expedited loading rate allows for a more
efficient completion of simulations without compromising the accuracy of the obtained
results. As Mamalis et al.*® underscore, this approach strategically balances computa-
tional time with precision, thereby ensuring the attainment of reliable outcomes within a
reasonable timeframe.

Test specimens and test set-up

Four nominally identical specimens are manufactured at the National Institute of
Aerospace Technology (INTA) with the aim to evaluate the experimental crashworthiness
of thermoplastic composite components, as shown in Figure 4. Furthermore, the ex-
perimental test results are used to validate the numerical analysis.

The manufacturing process of tubes initiates with the lamination procedure, in which
the individual plies are spot-welded together, by precisely aligning and stacking

Table 5. Properties of the cohesive interface.*®

0 (MPa) 8 = 3 (MPa) G} (N/mm) Gy = GJ (N/mm)

45 35 0.3 1.0
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Figure 3. Overview of FEM3 model for TCI| I00/PPS tubes.

Bevel trigger Composite tube

Fixed rigid plate

Figure 4. Toray TCI100/PPS* thermoplastic composite tubes before the tests.

individual layers atop a central metallic cylinder. Subsequently, three pre-consolidation
stages are undertaken in an oven at a temperature of 180°C for a duration of one hour each.
After that, the curing process is carried out within an autoclave by gradually heating the
materials to 380°C, maintaining this temperature for a specific period, and then slowly
cooling them down, all while maintaining a vacuum.

The bevelled shape of the trigger is achieved by omitting the laminate’s symmetry, so
that specimen’s thickness is halved in the last 5 mm of the tube height, as it is shown in

Figure 5.
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Figure 5. Detail of bevel trigger.

Minor geometrical imperfections are also detected in the cross-section of the speci-
mens, such as wrinkles and variation in thickness, as a consequence of the manufacturing
process of the tubes. These imperfections are shown in Figure 6. During the compaction
process in the autoclave, wrinkles appear axially, causing variations in the thickness of the
material. These variations lead to deformations of approximately 2 mm in the circular
geometry. The bevel trigger helps to avoid undesired collapse modes caused by this fact.

Axial crushing tests are conducted for all components to characterize the crushing
behavior of the thermoplastic tubes. The tests are performed in the Aerospace Structures
and Materials Laboratory at the Delft University of Technology.

The specimens are subjected to a compressive load between two flat steel platens under
displacement-controlled conditions and at room temperature. A MTS servo-hydraulic
testing machine with a load cell of 250 kN is adopted for all the tests. For the comparative
purposes, two different rate of loading is adopted throughout the tests. The specimens
identified as T1 and T2 are tested in compression with a loading rate of 10 mm/min, while
specimens T3 and T4 are tested at 600 mm/min. Considering the initial specimen height,
these loading rates correspond approximately to nominal strain rates of 6.67 x 10™* 5!
for T1 and T2, and 0.04 s~' for T3 and T4. The final crushing displacement for axial
compression is set to be 150 mm for each specimen (i.e. 75% of the overall specimen’s
height). Load and displacement data are recorded directly in the testing machine.

The experimental configuration used for the tests is depicted in Figure 7, with a close-
up view provided in Figure 8. The specimens do not require any supporting fixture. The



744 Journal of Thermoplastic Composite Materials 39(2)

Uneven compaction
in the autoclave

Wrinkles

Thickness
variation

Figure 7. Test set-up at the aerospace structures and materials laboratory at the Delft University
of Technology.

acquisition system collects the reaction force of the specimen. The measurement of the
strains is performed with a Vic3D digital image correlation (DIC) system, equipped with
two cameras. For that, three tubes (T1, T2 and T3) have to be painted with a black speckle
pattern over white background. This system is adopted to retrieve strain distribution on the
tubes, obtain more accurate displacement data that is not affected by machine compliance
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Figure 8. Detailed view of the test frame.

and to check that no global or local buckling occurs. The tube T4 is intentionally left
unpainted to facilitate a more detailed observation and analysis of the failure mechanism
within the material. A high-speed camera is also used to capture the collapse initiation and
the progression of the tube crushing, recording the experiments at 2000 fps.

In the context of designing crashworthy structures, the primary objective is to min-
imize occupant injury by optimizing the structure’s ability to absorb impact energy and
mitigate peak impact loads.*” Therefore, standard crashworthiness parameters are cal-
culated in order to assess the crash performance and facilitate the direct comparison.
These parameters are: peak crushing load (Ppeak), mean crushing load (Py,), absorbed
energy (E,), specific energy absorption (SEA) and crush force efficiency (CFE).

Results and discussion

This section presents an analysis of the behavior of thermoplastic tubes. The study
includes a discussion of numerical and experimental results, and the comparison between
them, focusing on load-displacement curves, crashworthiness parameters, and strain
fields observed on the surface. Through this analysis, a detailed understanding of the
material’s response under various loading conditions is obtained.

Numerical results

The results of the numerical models analyzed are presented and discussed, through which
the effects of key parameters on results are analyzed in detail. All the force values are
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subjected to a SAE600 filter in ABAQUS, providing a refined representation of the force-
displacement curve.

Figure 9 shows the force-displacement curves predicted by the four FE models
developed. It is observed that the models meshed with S4R elements (FEM1 and
FEM2) inadequately captured the behavior of the material, as the deformed shape
deviated significantly from the expected outcome, revealing limitations in the capacity
of that type of element to replicate the tube behavior. The development of the force-
displacement curve is closely linked to the gradual buckling pattern and damage
observed in circular tubes subjected to axial crushing. Consequently, the deformation
mode of the tube is intricately associated with its energy dissipation mechanism,
playing a crucial role in regulating the overall energy efficiency of these
components.*®

On the other hand, the models meshed with SC8R elements (FEM3 and FEM4)
successfully demonstrate the capacity for delamination, resulting in a more stable
progression of crushing, while FEM2, despite also incorporating a cohesive surface
between the middle plies, did not capture the delamination process as effectively.
Figure 10 shows the deformation during the crushing process of model FEM3.
Figure 11 shows a more detailed view of the initial delamination due to the bevel
trigger.

However, achieving numerical stability remains a challenge since continuum shell
elements subjected to loading in the thickness direction are affected by extensive
hourglassing.>” Additionally, the cohesive elements exhibited a tendency to undergo

200
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Figure 9. Comparison of force-displacement curves between the different models.
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(a) Specimen before test. (b) 10.21 mm - 81.54 kN (c) 27.63 mm - 105.52 kN (d) 69.10 mm - 95.26 kN

Figure 10. Initiation of the delamination process in FEM3.

s
T
T

(a) Specimen before test. (b) 2.31 mm - 33.90 kN (c) 4.95 mm- 22.62 kN

(d) 8.23 mm - 94.32 kN (e) 11.28 mm - 93.80 kN (f) 19.75 mm - 90.02 kN

Figure 11. Detail of the delamination process in FEM3.

abrupt or excessive damage. Therefore, a study is conducted using model FEM3 to
analyze the variables influencing the evolution and stabilization of damage within the
Hashin damage model.

To address the convergence challenges associated with damage evolution laws in the
finite element code,”’ a damage stabilization factor (referred to as f) is adopted in all the
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simulations. To identify the most suitable value for f, a parametric study is conducted, and
the subsequent results are presented herein. The peak force of the tubes is studied using
the Hashin model across five different f values, ranging from zero to 10>, As depicted in
Figure 12(a), a correlation is observed between the damage stabilization factor and the
peak force. It is observed that the omission or nullification of the damage stabilization
factor in the model prevents it from converging to a valid solution, since excessive
distortion of elements take place. Moreover, the peak force increases with the increase of
the stabilization factor. This sensitivity to the damage stabilization factor is particularly
notable within the range of 10> < f< 10~ but appeared to stabilize within the range of
107% < f< 10>, Furthermore, a smaller value of f tends to a more precise estimation of
Ppeak~

The choice of the stabilization factor (f) also influences computational time, notably
shooting up for values below 10~°. This factor significantly impacts the convergence of
the simulation and, therefore, computational efficiency. Values below 10> might lead to
divergent or excessively long computations, compromising computational efficiency and
overall productivity. In light of the considerations regarding the impact of f on the ac-
curacy and efficiency of predicting Ppca, @ consistent choice of 102 is used for the
stabilization factor.

On the other hand, Figure 12(b) shows the force-displacement curve during the
crushing process with different values of fracture energies in model FEM3. Despite
all the simulations developed approximately the same deformation mode, it is
observed a positive correlation between the fracture energies in each direction and
the crashworthiness parameters. As the fracture energies increase, the values of peak
force, mean force, absorbed energy and SEA, also exhibit an increase. Compara-
tively, the experimental values obtained from* correspond most closely to the
expected material behavior when compared with the simulation results,
reflecting a more accurate representation of the behavior of the material under
consideration.
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Figure 12. Effect of damage stabilization factor and fracture energies of the Hashin model on the
numerical force-displacement curves in FEM3.
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Experimental results

The force-displacement curves obtained from the four axial crushing tests are shown in
Figure 13. In light of the curves, there is little difference between the tubes tested at
different loading rates. The tubes tested at 10 mm/min obtain slightly higher peak and
mean forces than the tubes tested at 600 mm/min. The standard crashworthiness pa-
rameters obtained from the force and displacement data of each test are summarized in
Table 6. The consistent trend in the results across the four tests is notable, revealing a
minimal deviation in parameters such as specific energy absorption (SEA), mean crushing
load (Py,), and peak crushing load (Ppcak). The high values of SEA indicate an efficient
energy-absorbing capability of the tubes. Furthermore, the closeness between P,, and
Ppeax suggests a stable and controlled crushing behavior, resulting in high values of CFE.
This consistency among the experiments underscores the robustness of the results,
implying that they are less affected by any inherent imperfections or variability in the
testing conditions and contributing to the reliability of the outcomes.

All the tubes present a stable progressive crushing mode, where both splaying and ply
fragmentation are observed. All relevant effects of specimen T4 are depicted in Figure 14.
The crushing process of the composite absorber is characterized by progressive failure.
Point 1 marks the initiation of tube failure and the onset of breakage. Subsequently, at
point 2, the tube reaches the end of the bevel trigger until it finally culminates when the
damaging processes end upon reaching the peak force at point 3. This is followed by a
slight decrease to the stable crushing force. At point 4, the damage then progressively
spreads throughout the tube, leading to a split into external and internal fronds due to fiber

150
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=60
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0 T T T T
0 35 70 105 140 175

Displacement [mm]

Figure 13. Experimental force-displacement curve of thermoplastic tubes.
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Table 6. Crashworthiness parameters of the tested tubes: peak crushing load (Pycax), mean
crushing load (P,,), absorbed energy (E,), specific energy absorption (SEA) and crush force efficiency

(CFE).
Parameters Units TI T2 T3 T4
Crushing length mm 144.51 145.56 150.76 147.24
Crushing mass kg 0.21 0.21 0.22 0.22
Loading rate mm/min 10.00 10.00 600.00 600.00
Ppeak kN 140.07 145.67 131.48 132.52
P kN 94.52 103.30 82.65 92.75
E, ] 13.66 15.04 12.46 13.66
SEA k)/kg 64.29 70.94 56.15 63.20
CFE % 67.48 7091 62.86 69.99
2.60 mm 8.90 mm 15.10 mm 89.90 mm
73.10 kN 123.63 kN 132.52 kN 86.22 kN

30

T
60 90

Displacement [mm)]

120

150

Figure 14. Crush sequence and force-displacement curve at relevant points of specimen T4.
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failure. The behavior of the inner-most plies is similar to that of the outer-most plies, but
they splay inwards. The inner plies generally experience more damage due to the internal
constraints that generate a significant amount of debris. This failure mechanism offers the
advantage of high energy absorption, as most of the tube is damaged over a large de-
flection range while maintaining an average crushing force.

Some sequential pictures captured by the high speed camera during the testing of T3,
showcasing the collapse mode, are presented in Figure 15. It demonstrates a behavior akin
to that of tube T4, highlighting the consistency in the crushing mode observed throughout
the displacement.

The damage details of T1 after the axial test are presented in Figure 16. The de-
lamination starts with the initial fragmentation of plies, forming a central debris wedge
that extends around the entire circumference of the tubes, initiated by the trigger.
Subsequently, the outer plies begin to splay outward. Once all eight plies have splayed, a
steady-state crushing process develops. The failure mode of all the specimens is consistent
as it can be appreciated in Figure 17, where a photo of the tubes after testing is reported.

Regarding the results obtained by DIC, Figure 18 shows the longitudinal strain
distributions across the tested tubes. It is notable that tubes subjected to lower testing
speeds (T'1 and T2) display comparatively higher strain levels than the one tested at higher
speed (T3).

This can also be observed in Table 7, where it is summarized the average longitudinal
strain values recorded at various displacements conducted across the different tests. It can
be appreciated that the longitudinal strain outcomes for the tube subjected to 10 mm/min

(b) 8.3 mm - 128.8 kN. (c) 13.3 mm - 131.5 kN. (d) 40.3 mm - 92.0 kN

(e) 67.2 mm - 78.0 kN. (f) 94.1 mm - 76.5 kN. (g) 121.0 mm - 77.3 kN. (h) 147.9 mm - 73.6 kN.

Figure 15. Sequential images from the test of specimen T3 at 600 mm/min.
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Internal fronds

External fronds
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Interlaminar i B Curvature of the
damage e T : frond zone

Figure 16. Damage details of T| after testing.

Figure 17. Photo of the specimens after testing.

exhibit higher average values of longitudinal strains at each displacement than the tube
tested at 600 mm/min.

Finally, Figure 19 shows the longitudinal strains over time of four selected pixels in
each specimen. The graphical representations derived from the DIC analysis data
maintain a consistent correlation with the load cell data for each respective test. While the
behavior of longitudinal strains appears notably similar across all tubes, the values
obtained differ depending on the speed of the test, being higher with lower load rates.

The variations in longitudinal strains exhibited across different test speeds present
notable implications for the mechanical behavior of the specimens. The differences
observed in strain values between tests conducted at varying speeds underscore the
sensitivity of the material response to loading rates. This sensitivity can significantly



Lépez et al. 753
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(e) T2 - 10 mm. (f) T2 - 15 mm.

-1500
-1792
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(i) T3 - 10 mm. (j) T3 - 15 mm. (k) T3 - 20 mm. (1) T3 - 30 mm. -5000

Figure 18. Longitudinal strains [ue] at different displacements during each test.

Table 7. Average longitudinal strain values across displacement in each specimen.

Displacement

Specimen Load rate 10 mm I5 mm 20 mm 30 mm
TI [ue] 10 mm/min —3703.86 —4042.67 —3982.69 —3017.83
T3 [ue] 600 mm/min —3257.08 —3485.93 —2542.45 —2628.09

influence the energy absorption capacity and structural integrity of the composite tubes
under different loading conditions. Furthermore, the uniformity in longitudinal strains
across all tubes indicates a consistent failure mode, predominantly by delamination,
observed consistently despite variations in test speeds.

Numerical-experimental comparison

The load measured from the load cell of the test machine is compared to the prediction
from the numerical models in Figure 20 for T1. Both single shell layer models exhibit
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Figure 19. Tracking of longitudinal strains across test at various points of specimens TI, T2 and
T3.
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Figure 20. Comparison of force-displacement curves between the different models.

limitations in representing the observed delamination failure during testing. This high-
lights a fundamental constraint associated with the use of shell elements, as they are
unable to faithfully replicate the energy absorption failure mechanisms. Notably, the
FEM2 model underestimates the crushing load observed in the experiments. Overall, it is
apparent that the simulations employing single shell layer models fails to accurately
capture the energy-absorbing mechanisms, resulting in significant disparities with the
experimental results.

However, the numerical prediction from the continuum shell models suitably capture
the crushing load measured in the experimental test. The crashworthiness parameters for
T1 calculated from the force-displacement curve are summarized in Table 8, and
compared with the prediction from the numerical analysis.

It can be noted that the initial peak forces obtained from the simulations significantly
exceed those measured in the experimental tests, despite the fact that the numerical force
values are filtered, while the experimental force values are not. This may be attributed to
the fact that the delamination failure in the experiments resulted in a relatively lower initial
peak force. Despite those fluctuations observed in the load-displacement curve from the
numerical analysis, the overall trend is similar to the obtained experimentally, and more
important, the model is able to accurately predict the amount of energy absorption during
the entire crushing process.

Among the two continuum shell element models, the model featuring trigger mod-
ification (FEM3) is preferred over the model with plate modification (FEM4), due to its
higher fidelity to the actual test configuration. It is shown that the continuum shell model
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Table 8. Crashworthiness parameters of T| obtained from FE models and the experimental test.

Error Error Error Error
Parameter Units TI FEMI (%) FEM2 (%) FEM3 (%) FEM4 (%)
Crushing  mm 99.76 99.76 - 99.76 - 99.76 - 99.76 -
length
Crushing kg 0.146 0.148 - 0.148 - 0.148 - 0.148 -
mass
Poea kN 140.07 188.19 3435 143.01 209 17336 23.77 15540 10.94
P, kN 9798 109.07 1132 6332 3538 9525 2.79 103.83 5.97
E, k) 9.77 10.88 11.32 6.32 3538 9.50 279 10.36 5.97
SEA kj/kg 67.19 73.33 9.14 4257 3664 64.03 4.69 69.80 3.89

0.950
0.871
0.792
0.712
0.633
0.554
0.475
0.396
0.317
0.237
0.158
0.079
0.000

(a) Fiber tensile damage in the thermoplastic composite (b) Matrix tensile damage in the thermoplastic composite

model. model.

Figure 21. Output variables related to damage evolution in the fiber-reinforced composite
model.

is most suitable to predict the damage progression, the delamination and all the crash-
worthiness parameters of the specimen T1 with relatively high accuracy.

The overall deformation mode in terms of delamination failure shows good agreement
with those of the experimental test (see Figure 15). However, the primary challenge
encountered in the model is its inability to accurately replicate the crushing behavior and
the corresponding failure mechanism. As can be seen in Figure 10, the deformed shape
after the initial delamination does not align with experimental observations. The model
lacks the capability to accurately capture the post-failure behavior of the elements.
Consequently, it fails to replicate the characteristic curling phenomenon observed in the
experimental testing.

However, when analyzing the fiber tensile damage variable (see Figure 21(a)) and the
matrix tensile damage variable (see Figure 21(b)), it can be observed that while the
damage progression is visible along the axial directions, the deletion of the failed elements
does not occur in the numerical model. This complicates the characteristic bending and
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Figure 22. Comparison between numerical predictions and experimental results of longitudinal
strains in T1.

flaring behavior observed in the experimental tests since the numerical model, by not
removing elements, fails to accurately simulate the debris observed experimentally.
Consequently, this results in the absence of the distinct petal-like formations. This
observation in the numerical model explains the good adjustment of the force dis-
placement curves and the crashworthiness parameters, despite the differences in the
deformed shape.

The longitudinal strain contour plots, presented in Figure 22, show a comparative
analysis between the longitudinal strain outcomes of T1 derived from both numerical
simulations from FEM3 and the VIC-3D experimental system. The longitudinal strains
are reported at different values of the compressive load and vertical displacement, re-
spectively. A comprehensive correspondence is discerned between the results procured
via finite element modeling and the empirical measurements acquired during experi-
mental testing. This congruence is observed consistently across all data points of the
applied load, thereby affirming the validation of the numerical model.

Conclusions

In this study, thermoplastic composite circular tubes are analyzed and tested to evaluate
their crashworthiness behavior, energy absorption capability and failure mode. The
crashworthiness parameters such as peak crushing load (Ppcax), mean crushing load (Pp,),
absorbed energy (E,), specific energy absorption (SEA) and crush force efficiency (CFE)
are calculated and discussed. Numerical simulations are conducted using the commercial
finite element software Abaqus to predict the mechanical behavior of the tubes under axial
compressive loading conditions. The damage is modelled with the Hashin damage
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criteria. Based on the analysis carried out in this study, the following conclusions can be
drawn:

¢ The energy absorbers exhibit an adequate crashworthiness behavior, thereby being
of great potential for use in primary protective structures. All the tests present
similar crushing modes despite the loading rate, characterized by a stable pro-
gressive failure with delamination between the middle plies, lending robustness and
consistency to the study. This consistency hints at the material’s reliability and its
predictable behavior under compressive loading conditions. Moreover, the tubes
achieved specific energy absorption values of up to 70 kJ/kg and crush force
efficiency values of up to 70.91%, further indicating their adequate crashworthiness
performance.

¢ The introduction of the bevel shape trigger effectively affects the stability and
failure progression of the tubes, significantly improving energy absorption capa-
bility during the crushing process. The stable mean crushing load of up to 103.30
kN contributes to achieving high absorbed energy values ofup to 15.04  kJ. This is
attributed to the activation and propagation of delamination mechanisms triggered
by the introduced bevel shape.

¢ The structural behavior is predicted by the numerical model. A good agreement
between the numerical and experimental results in terms of the load-displacement
curves and the strain fields is achieved. The simulation based on continuum shell
elements with reduced integration, including a cohesive surface, is able to predict
the delamination mechanism and crashworthiness parameters obtained from the
experimental data, while the models with four-node quadrilateral shell elements and
reduced integration prove inadequate for this purpose. In quantitative terms, the
model FEM3, which uses continuum shell elements, showed an error in the mean
crushing load and absorbed energy of 2.79% and an error in the specific energy
absorption of 4.69% compared to the real test. This indicates that the established
methodology stands as a reliable instrument for the conceptualization of novel
aeronautical structures using thermoplastics.

® Regarding stabilization of damage, it has been observed that the stabilization
factor greatly influences the behavior of the material and the convergence
capabilities of the model. The omission or nullification of the stabilization factor
in the model prevents it from converging to a valid solution, since excessive
distortion of elements take place. It is also observed that this phenomenon is
independent of the selected mesh size. The increase of the values of the damage
stabilization factor causes the convergence of the model, but it exhibits incorrect
behavior, resulting in inaccurate outcomes. Hence, higher values of viscosity
coefficients do not ensure reliable results. It has been found that a stabilization
coefficient value of 10> provides the best balance between computational time
and result accuracy.

¢ Different loading rates significantly influenced the longitudinal strain profiles
across the tested tubes. This sensitivity highlighted how the material responded to
varying loading conditions and how it affected the energy absorption capabilities of
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the components. At 20 mm of crushing length, the average longitudinal strain
values of the tubes tested at a loading rate of 10 mm/min are 36.16% higher than
those of the tubes tested at 600 mm/min. Future research should prioritize in-
vestigating the strain rate dependencies of woven fabric composites in their
crushing behavior and consider integrating supplementary damage models to
enhance the component’s deformation performance.

The finite element model employed in this study has demonstrated reliable predictive
capability in terms of global crashworthiness metrics for the energy absorbing structures
subjected to impact loading conditions investigated herein. The simplicity of the model
results in relatively low computational cost. However, several aspects could be improved
to enhance its predictive accuracy.

First, the intralaminar response has been modeled using a linear elastic formulation
combined with the Hashin failure criterion, without accounting for plastic deformation or
strain rate sensitivity. These two factors could significantly improve the model’s ability to
predict material behavior under varying strain rates. In addition, progressive damage
evolution is described through a bilinear degradation law, which may not fully capture the
stiffness loss observed experimentally. A more realistic law, such as a nonlinear or
curvilinear degradation model, could more accurately represent the behavior of failed
elements. These simplifications inherently limit the model’s capability to reproduce
failure mechanisms in detail, particularly at the ply level.

Moreover, it should be noted that some material properties used in this study were
adopted from previous literature, due to the scarcity of dedicated experimental data for the
specific thermoplastic composite investigated. While this approach has been successfully
used in prior works and enables reasonably accurate predictions, a full experimental
characterization of the relevant material parameters would likely enhance the predictive
accuracy of the model even further.

Nevertheless, the resulting framework offers a balanced trade-off between accuracy
and efficiency, making it a useful tool for preliminary design stages or structural opti-
mization tasks, where numerous configurations must be assessed within reasonable
computational times. Future work could focus on improving the predictive capabilities by
incorporating more advanced material models, including plastic behavior, rate-dependent
effects, and refined damage evolution laws.

Acknowledgments

The first author would like to express her gratitude to TU Delft for their hospitality and the testing
facilities provided. The authors also wish to thank Maria De La Torre Lejarraga, head of the
laboratory of processes and technologies of composite materials at the Instituto Nacional de Técnica
Aeroespacial (INTA), for the manufacturing of the tubes.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/
or publication of this article.



760 Journal of Thermoplastic Composite Materials 39(2)

Funding

The author(s) disclosed receipt of the following financial support for the research, authorship, and/or
publication of this article: The research leading to these results has been conducted under Grant
PID2019108307RB-100 funded by MCIN/AEI/10.13039/501100011033. C. Lépez acknowledges
Grant PRE2020092703 funded by MCIN/AEI/10.13039/501100011033 and by “ESF Investing in
your future”. This research is also supported by the Galician Government through research grant
ED431C 2021/33.

ORCID iDs

Carmen Lopez @ https://orcid.org/0000-0001-7805-2490
Javier Paz @ https://orcid.org/0000-0003-3811-5092
Luis Romera @ https://orcid.org/0000-0001-7756-5024
Jacobo Diaz (© https://orcid.org/0000-0002-8063-485X

References

1. Farley GL and Jones RM. Analogy for the effect of material and geometrical variables on
energy-absorption capability of composite tubes. J Compos Mater 1992; 26: 78-89.

2. Farley GL and Jones RM. Prediction of the energy-absorption capability of composite tubes.
J Compos Mater 1992; 26: 388—404.

3. Farley GL and Jones RM. Crushing characteristics of continuous fiber-reinforced composite
tubes. J Compos Mater 1992; 26: 37-50.

4. Liang R, Liu X, Hu Y, et al. A methodology to investigate and optimise the crashworthiness
response of foam-filled twelve right angles thin-walled structures under axial impact. Compos
Struct 2023; 310: 116736.

5. Sun G, Chen D, Zhu G, et al. Lightweight hybrid materials and structures for energy ab-
sorption: a state-of-the-art review and outlook. Thin-Walled Struct 2022; 172: 108760.

6. Yang C, Chen Z, Yao S, et al. Quasi-static and low-velocity axial crushing of polyurethane
foam-filled aluminium/CFRP composite tubes: an experimental study. Compos Struct 2022;
299: 116083.

7. Bisagni C. Experimental investigation of the collapse modes and energy absorption char-
acteristics of composite tubes. Int J Crashworthiness 2009; 14: 365-378.

8. Bisagni C, Di Pietro G, Fraschini L, et al. Progressive crushing of fiber-reinforced composite
structural components of a formula one racing car. Compos Struct 2005; 68: 491-503.

9. Alkateb M, Sapuan SM, Leman Z, et al. Energy absorption of natural fibre reinforced thermoset
polymer composites materials for automotive crashworthiness: a review. In: Thermoset
Composites. Millersville PA, USA: Materials Research Forum LLC, 2018, pp. 1-32.

10. Mohamed M, Anandan S, Huo Z, et al. Manufacturing and characterization of polyurethane
based sandwich composite structures. Compos Struct 2015; 123: 169-179.

11. ZhangY, SunL, LiL, et al. An efficient numerical method to analyze low-velocity impact response
of carbon fiber reinforced thermoplastic laminates. Polym Compos 2020; 41: 2673-2686.

12. Falco O, Lopes C, Sommer D, et al. Experimental analysis and simulation of low-velocity
impact damage of composite laminates. Compos Struct 2022; 287: 115278.


https://orcid.org/0000-0001-7805-2490
https://orcid.org/0000-0001-7805-2490
https://orcid.org/0000-0003-3811-5092
https://orcid.org/0000-0003-3811-5092
https://orcid.org/0000-0001-7756-5024
https://orcid.org/0000-0001-7756-5024
https://orcid.org/0000-0002-8063-485X
https://orcid.org/0000-0002-8063-485X

Lépez et al. 761

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Rozylo P. Failure phenomenon of compressed thin-walled composite columns with top-hat
cross-section for three laminate lay-ups. Compos Struct 2023; 304: 116381.

Rozylo P, Falkowicz K, Wysmulski P, et al. Experimental-numerical failure analysis of thin-
walled composite columns using advanced damage models. Materials 2021; 14: 1506.
Debski H, Rozylo P and Wysmulski P. Stability and load-carrying capacity of short open-
section composite columns under eccentric compression loading. Compos Struct 2020; 252:
112716.

Barnett PR, Hulett BM and Penumadu D. Crashworthiness of recycled carbon fiber com-
posites. Compos Struct 2021; 272: 114232.

Hasan Z. Tooling for composite aerospace structures. Woburn, MA: Butterworth-Heinemann,
2020.

Barile M, Lecce L, lannone M, et al. Thermoplastic composites for aerospace applications. In:
Revolutionizing Aircraft Materials and Processes. Heidelberg, Germany: Springer Interna-
tional Publishing, 2020, pp. 87-114.

Tijs B, Davila CG, Turon A, et al. The importance of accounting for large deformation in
continuum damage models in predicting matrix failure of composites. Compos Appl Sci Manuf
2023; 164: 107263.

van Dooren K, Tijs B, Waleson J, et al. Skin-stringer separation in post-buckling of butt-joint
stiffened thermoplastic composite panels. Compos Struct 2023; 304: 116294.

Jang BP, Huang CT, Hsieh CY, et al. Repeated impact failure of continuous fiber reinforced
thermoplastic and thermoset composites. J Compos Mater 1991; 25: 1171-1203.

Farley GL. Energy absorption of composite materials. J Compos Mater 1983; 17: 267-279.
Liu M, Yan B, Peng X, et al. Crashworthiness of thermoplastic woven glass fabric reinforced
composite tubes manufactured by pultrusion. Fibers Polym 2020; 21: 416-427.

Chen L, Peng S, Liu J, et al. Compressive response of multi-layered thermoplastic composite
corrugated sandwich panels: modelling and experiments. Compos B Eng 2020; 189: 107899.
Kim J, Jeong M, B6hm H, et al. Experimental investigation into static and dynamic axial crush
of composite tubes of glass-fiber mat/PA6 laminates. Compos B Eng 2020; 181: 107590.
Falzon B and Tan W. Predicting impact damage, residual strength and crashworthiness of
composite structures. SAE Int J Mater Manf 2016; 9: 718-728.

Tan W and Falzon BG. Modelling the crush behaviour of thermoplastic composites. Compos
Sci Technol 2016; 134: 57-71.

Raponi E, Fiumarella D, Boria S, et al. Methodology for parameter identification on a
thermoplastic composite crash absorber by the sequential response surface method and ef-
ficient global optimization. Compos Struct 2021; 278: 114646.

Wang Z, Zhang W, Luo Q, et al. A novel failure criterion based upon forming limit curve for
thermoplastic composites. Compos B Eng 2020; 202: 108320.

Zhu G, Sun G, Li G, et al. Modeling for CFRP structures subjected to quasi-static crushing.
Compos Struct 2018; 184: 41-55.

Gong C, Bai Z, Lv J, et al. Crashworthiness analysis of bionic thin-walled tubes inspired by the
evolution laws of plant stems. Thin-Walled Struct 2020; 157: 107081.

Ma W, Li Z and Xie S. Crashworthiness analysis of thin-walled bio-inspired multi-cell
corrugated tubes under quasi-static axial loading. Eng Struct 2020; 204: 110069.



762 Journal of Thermoplastic Composite Materials 39(2)

33. LiS, Guo X, Liao J, et al. Crushing analysis and design optimization for foam-filled aluminum/
cfrp hybrid tube against transverse impact. Compos B Eng 2020; 196: 108029.

34. Zhu G, Wang Z, Huo X, et al. Experimental and numerical investigation into axial compressive
behaviour of thin-walled structures filled with foams and composite skeleton. Int J Mech Sci
2017; 122: 104-119.

35. Sokolinsky VS, Indermuehle KC and Hurtado JA. Numerical simulation of the crushing
process of a corrugated composite plate. Compos Appl Sci Manuf 2011; 42: 1119-1126.

36. T.A. Composites. Toray cetex TC1100: polyphenylene sulfide (PPS) composite. Datasheet
2021. https://www.toraytac.com/media/221a4fcf-6a4d-49f3-8371-9d85¢c3c34£74/smphpw/
TAC/Documents/Data_sheets/Thermoplastic/UD-tapes,-prepregs-and-laminates/Toray-
Cetex-TC1100_PPS PDSpdf

37. Dassault Systémes. ABAQUS 2022 Documentation. Simulia, providence road. Rhode Island.
2021.

38. Liu Z and Xia Y. Development of a numerical material model for axial crushing mechanical
characterization of woven CFRP composites. Compos Struct 2019; 230: 111531.

39. Engiil M and Ersoy N. From flat plates to sinusoidal structures: influence of geometry on the
energy absorption capability of carbon/epoxy composites. Journal of Composites Science
2023; 7: 56.

40. Dalli D. Experimental and numerical developments in predicting the crashworthiness of
Formula One composite structures. Ph.D. thesis. Belfast: Queen’s University, 2020.

41. Hashin Z. Failure criteria for unidirectional fiber composites. J Appl Mech 1980; 47: 329-334.

42. Sanchez RM. Mechanical behavior of hybrid 3D woven composites. Ph.D. thesis. Madrid,
Spain: Universidad Carlos III de Madrid, 2014.

43. Muiioz R, Martinez-Hergueta F, Galvez F, et al. Ballistic performance of hybrid 3d woven
composites: experiments and simulations. Compos Struct 2015; 127: 141-151.

44. Jebri L, Abbassi F, Demiral M, et al. Experimental and numerical analysis of progressive
damage and failure behavior of carbon woven-PPS. Compos Struct 2020; 243: 112234.

45. Chen J, Ravey E, Hallett S, et al. Prediction of delamination in braided composite t-piece
specimens. Compos Sci Technol 2009; 69: 2363-2367.

46. Mamalis A, Manolakos D, loannidis M, et al. The static and dynamic axial collapse of CFRP
square tubes: finite element modelling. Compos Struct 2006; 74: 213-225.

47. Paz J, Diaz J, Romera L, et al. Crushing analysis and multi-objective crashworthiness opti-
mization of GFRP honeycomb-filled energy absorption devices. Finite Elem Anal Des 2014;
91: 30-39.

48. Bhutada S and Goel MD. Crashworthiness parameters and their improvement using tubes as an
energy absorbing structure: an overview. Int J Crashworthiness 2021; 27: 1569-1600.


https://www.toraytac.com/media/221a4fcf-6a4d-49f3-837f-9d85c3c34f74/smphpw/TAC/Documents/Data_sheets/Thermoplastic/UD-tapes,-prepregs-and-laminates/Toray-Cetex-TC1100_PPS_PDS.pdf
https://www.toraytac.com/media/221a4fcf-6a4d-49f3-837f-9d85c3c34f74/smphpw/TAC/Documents/Data_sheets/Thermoplastic/UD-tapes,-prepregs-and-laminates/Toray-Cetex-TC1100_PPS_PDS.pdf
https://www.toraytac.com/media/221a4fcf-6a4d-49f3-837f-9d85c3c34f74/smphpw/TAC/Documents/Data_sheets/Thermoplastic/UD-tapes,-prepregs-and-laminates/Toray-Cetex-TC1100_PPS_PDS.pdf

	Numerical and experimental crashworthiness assessment of carbon
	Introduction
	Thermoplastic energy absorbers
	Geometry and material properties
	Numerical model
	Test specimens and test set

	Results and discussion
	Numerical results
	Experimental results
	Numerical-experimental comparison

	Conclusions
	Acknowledgments
	Declaration of conflicting interests
	Funding
	ORCID iDs
	References


