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ABSTRACT

Energy absorbers are'of particular importance today due to their extensive application in industry, and they
are recognized asskey elements in enhancing safety and reducing damage resulting from impact. These
absorbers dissipate the impact caused by axial loads through plastic deformation and buckling. In this paper,
impact loading on foam-filled"grooved conical absorbers has been investigated using analytical and numerical
simulation methods. Initially, a novel analytical model for calculating the mean crushing force and the amount
of energy absorption in absorbers is presented. This model is based on elastic and plastic energy absorption,
which includes hinge bending and deformation between hinges. Numerical simulation of progressive dynamic
crushing in these absorbers has been performed using the Abaqus, and the results have been compared with
the analytical model and experimentaluresults. The aim of this comparison was to evaluate the accuracy of the
analytical model in predicting the actual behavior of the absorbers. Finally, the effect of various parameters
such as cone angle, number of grooves, and foam density of the absorber on the amount of energy absorption
has been investigated. The results of this investigation can<be a useful guide in the optimal design of this type of

energy absorbers.
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1. Introduction

The control of impact energy is a key factor in
designing lightweight and safe structural components
for automotive, aerospace, and railway applications.
Thin-walled metallic tubes are widely recognized as
efficient energy absorbers due to their ability to undergo
plastic deformation and progressive buckling. Conical
absorbers«~are “of particular interest because of their
stable /collapse mode and relatively low initial peak
force.

Wang et al. [1]‘reported significant enhancement in
energy absorption, of foam-filled tubes under axial
loading. Lig et al. [2]investigated the quasi-static and
dynamic collapse of <Circular, foam-filled tubes and
showed the criticalrole of temperature and strain rate on
energy dissipation. Hoseini et al. [3]analyzed hollow
and foam-filled aluminum tubes”considering different
damage models, highlightingsthe accuracy of advanced
constitutive  descriptions.  Azarakhsh “and Rahi
[4]examined bi-tubular conical absorbers and confirmed
their superior crashworthiness compared to_single-wall
designs. Similarly, Ghamarian etval. [5]demonstrated
that foam-filled conical absorbers exhibit greater energy
absorption than empty counterparts. Finally, Ahmad and
Thambiratnam [6]validated the use of numerical
simulation for predicting the crushing response of foam-
filled cones under dynamic impact, providing reliable
benchmarks for analytical and FE-based models.

Despite these advances, the combined effect /of
grooves and foam filling under dynamic axial impact
has not been sufficiently addressed in analytical models.
This paper aims to fill this gap by developing a novel
analytical formulation for grooved conical absorbers
filled with foam and validating it through numerical
simulations and experimental comparisons.

2. Elements of the Extended Abstract

The analytical model divides the crushing process
into three stages:

1. Elastic deformation stage — governed by dynamic
equilibrium equations:
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2. Plastic hinge formation — grooves trigger hinge

lines where plastic bending occurs. The energy

absorbed in hinge bending (Egq. (4)) and tensile
deformation between hinges (Eq. (5)) is derived.
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3. Foam contribution — foam energy absorption is
modeled as a function of densification strain and density
change (Eg. (6), Eq. (7)).
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The total absorbed energy is expressed as :
3
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Dynamic effects are incorporated by applying the
Abramowicz—Jones strain-rate correction[7], providing
the dynamic mean crushing force.

3. Numerical Simulation

Numerical simulations were carried out using
Abagus/Explicit to model the progressive collapse of
grooved foam-filled conical absorbers. The tubes were
meshed with/solid elements, while rigid plates with
prescribed mass and velocity represented the striker.
Contact interactions.included surface-to-surface
contacts and self-contact to capture folding and
densification.

The foam core was'modeled,with a crushable foam
constitutive law. Simulations of bath hollow and foam-
filled cones were validated against experimental data
[25], showing excellent.agreement=The.:average error in
predicting mean crushing force was less than 5%
(Figure 1).
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Figure 1..Force—displacement curve of a foam-filled,
without grooved conical absorber under dynamic loading,
comparing numerical and experimental results[6].

4. Results and Discussion

The results of the analytical model were compared
with numerical simulations'and experimental data, and a
good agreement was obtained inpredicting both the
mean crushing force and the absorbed energy. The
comparisons confirmed the validity ofthe proposed
formulation in capturing the overall erushing behavior
of foam-filled grooved cones.

Parametric studies revealed the influence of
geometrical and material parameters on energy
absorption. Increasing the cone angle resulted in_higher,
mean crushing force and absorbed energy, with an
improvement of nearly 30% when the angle was raised
from 5° to 15° (Figure 2). Wall thickness was found to
be another critical factor; doubling the thickness from 1
mm to 2 mm increased the mean crushing force by more
than 70% (Figure 3). Foam density strongly affected the
absorber’s performance as well; raising the density from
0.22 to 0.71 g/lcm?® increased the absorbed energy by
almost 50% (Figure 4).
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Figure 2. Influence of cone angle on the energy absorption.
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Figure 3. Influence of cone wall thickness on the energy
absorption.
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Figure 4. Influence of foam density on the energy
absorption.

These results demonstrate that the combination of
grooves‘and foam filling provides a balance between
controlled collapse, reduced peak force, and enhanced
energy absarption.

5. Conclusions

A new analytical model for predicting the dynamic
progressive buckling of foam-filled grooved conical
tubes was developed and validated. The model showed
good agreement with finite _element simulations and
experimental data-“Foam filling improved stability and
energy absorption, wall thickness and foam density
significantly enhanced performance;=and grooves were
effective in reducing the initial peak, force. The
proposed method therefore offers a reliable tool for
preliminary design of advanced energy absorbers.
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Fig. 2. Grooved absorber subjected to impact loading.
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Fig.'5. Modeled rigid plate and grooved absorber.
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Table 1. Geometrical and mechanical properties of the steel absorber [24].
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Fig. 8. Force—displacement curve of a hollow conical absorber without groovesunder quasi-static loading, comparing
numerical and experimental results [24].
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Fig. 9. Force—displacement curve of a foam-filled, without grooved conical absorber under dynamic loading, comparing
numerical and experimental results [25].
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Fig. 10. Average collapse force and comparison of different methods.
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Fig. 11. Collapse force—displacement response of the foam-filled, grooved conical absorber: comparison between analytical
modeling and simulation.
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Table 2. Models proposed for parametric investigation of the foam-filled, grooved conical absorber under dynamic
loading.
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Fig. 12. Collapse force—displacement responses of the absorber: comparison between analytical and Abaqus simulation
results for models (a) E1, (b) E2, and (c) E3.
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Fig. 13. Average collapse force as a function of cone angle: comparison between analytical and numerical results.
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Fig. 14. Collapse force—displacement responses of the absorber: comparison between analytical and Abaqus simulation
results for models (a) E4, (b) E5, and (c) E6.
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Table 3. Average collapse forces from analytical and numerical simulations for models E4—E6.
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Table 4. Average collapse forces from analytical and numerical simulations for models E7—-E9.

M)d
Sl Gh32598 bawgie G955 S8l vy s Silwdard 53 B398 bawgte 950 e 53 (9,8 Lawgie (5950 olass oo
E7 Jae (KN) 8o (KN) JENES Sl
\VIf VYT YYV/EN I E7
AR \7Al \YAVY ARE4IN \ E8
14 £IY VY[V \RINA q E9

aS SWle 5o Jglatte dlowslafun Coond (ol 40 .l 00l cwy p bog e A ;3 00b § )5 pod acndls SIE12 g E11 g E10 Jow aw o

Jae yo ~/M‘f$ aiedls E11 Jow 0 w/\’\’cmi3 aicsls E10 Jaw 5o sl sadeslistnl canl o yiws o oyl gl p3Y slo sl )b

ORI is adls E12
cm

E12 G E10 sloJue 5o (598 (55w 9 (ks Joko (531398 bawgio (59 8 20l :0 Jour

Table 5. Average collapse forces from analytical and numerical simulations for models E10-E12.
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Dynamic progressive buckling of thin wall foam filled conical

tubes under impact loading
Saeed Feli™!, Erfan Makhsousse?, Seyed Sajad Jafari?
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ABSTRACT
Energy [absorbers are of particular importance today due to their extensive application in industry, and they are recognized as

key elements,in enhaneing safety and reducing damage resulting from impact. These absorbers dissipate the impact caused by
axial loads through plastic deformation and buckling. In this paper, impact loading on foam-filled grooved conical absorbers has
been investigated using analytical and numerical simulation methods. Initially, a novel analytical model for calculating the mean
crushing force and the amountiofienergy absorption in absorbers is presented. This model is based on elastic and plastic energy
absorption, which includes hinge bending and deformation between hinges. Numerical simulation of progressive dynamic crushing
in these absorbers has been performed using‘the Abaqus, and the results have been compared with the analytical model and
experimental results. The aim of this camparison'was to evaluate the accuracy of the analytical model in predicting the actual
behavior of the absorbers. Finally, the effect of various parameters such as cone angle, number of grooves, and foam density of
the absorber on the amount of energy absorption has been investigated. The results of this investigation can be a useful guide in
the optimal design of this type of energy abserbers.

Keywords:
Energy absorbers, Thin-walled grooved conical.tubes, foam, Analytical model, Simulation.
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