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Abstract

The study presents an understanding of the tube crushing behaviour modified with multiple geometrical configurations.
Along with the foam-filling technique, the modifications in a tube geometry are configured in the form of multiple number
and shapes of cut-outs. In order to understand the initial buckling behaviour, modified tube structures are subjected to impact
loading using finite element (FE) numerical model of split-Hopkinson pressure bar (SHPB) apparatus. The FE analysis of
tube deformation is carried out using ABAQUS/Explicit®. Later on, aluminium foam is filled in hollow tube structures with
cut-outs to enhance its energy absorption capacity. Various crashworthiness parameters such as load—deformation profile,
peak crushing load, crush load reduction, energy absorption capacity, and energy efficiency are computed and discussed.
Tube deformation behaviour is studied on the basis of force transfer rate through the tubes. Tubes with diamond cut-outs are
found to be having least force transfer rate value. Foam-filled tubes with cut-outs have shown excellent performance in terms
of energy absorption capacity and energy efficiency. Approximately 80% of energy efficiency is achieved in the foam-filled
tubes with cut-outs, which is nearly 36.7% and 42.37% higher than the foam-filled tube and hollow tubes without cut-outs,
respectively. Moreover, the positive effect of interaction ratio has been observed between the tube and foam material.

Keywords Aluminium foam - Crashworthiness - Cut-outs - Energy absorption - Impact velocity - Interaction effect - Peak

Load

1 Introduction

Tubes are used as an energy absorbing device in various field
applications of automotive, aeronautical, and defence sector,
where the structure and its components are subjected to high
velocity impact conditions. This high velocity impact con-
dition is observed during collision of vehicles, where large
amount of kinetic energy is imparted to vehicle body, and
the loading can be due to frontal, lateral, or oblique impact.
Thin-walled tubes are considered to be of great importance
during such collision events. These tubes have the ability
to reduce the transfer of force along with the absorption of
imparting kinetic energy on to the tube walls, either in axial,
oblique, or lateral direction.
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Thin-walled tubes have been explored as an energy
absorbing device since 1960, owing to pioneers such as Pug-
sley and Macauley [1] and Alexander [2]. They understood
the deformation mechanism of thin-walled tubes under axial
loading phenomenon, and derived the empirical equations
for the peak load and mean load bearing capacity of tubes.
Later on, Andrews et al. [3] presented the classification of
cylindrical tubes subjected to quasi-static axial loading and
developed a classification chart for deformation modes of
tubes on the basis of their L/D and t/D ratios. Many sub-
sequent research papers have emphasized the importance
of this categorization chart in determining tube geometry.
Along with this chart, Abramowicz and Jones [4-7] inven-
tion of the half fold length formula has made a significant
contribution to the research of axial crushing of thin-walled
tubes. Reid [8] presented a comprehensive idea of the avail-
able research literature with detailed discussion on the defor-
mation mechanisms of metal tubes used as energy absorbers
under axial impact loading. Energy absorption characteris-
tics are very crucial for the tubes subjected to dynamic load-
ing. Sudden change in loading from quasi-static to dynamic
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can change the overall material and deformation character-
istics of tube. Accompanying to these changes in thin-walled
tubular structures, many other factors like inertial effects,
strain hardening effect, loading conditions, and stress wave
propagation play a significant role in the research of thin-
walled tubes subjected to dynamic loading. The effect of
inertia, stress wave propagation, and loading pulse under
dynamic elastic—plastic buckling of tubes is studied by Kara-
giozova et al. [9—-14].

Other factors which can affect the loading and energy
absorption characteristics of the tube include the different
types of geometrical modifications which can be devel-
oped in the tube geometry. These modifications are mainly
observed of 5 different types, i.e. chamfering (or indenta-
tions), corrugations (or grooves), external triggers, cut-outs,
and multi-cell tubes [15].

In order to modify the tube deformation mode in a con-
trolled manner and to maximize the enhancement of energy
absorption capacity of tubes under axial loading, cut-outs
in the tube geometry are found to be the most efficient type
of geometrical modifications among all the others. Along
with the reduction in tube weight, providing cut-outs in tube
geometry helps in peak load reduction and controlling the
deformation pattern of the tube. Gupta and Gupta [16] ini-
tially analysed the mild steel and aluminium tubular struc-
tures in as-received and annealed condition by providing
cut-outs on the tube surface. They observed the reduction in
peak load as well as the possibility of stabilizing the longer
length tubes into stable deformation mode other than Euler
bucking. Moreover, researchers [17-22] studied the effect of
single cut-out on the tube surface at different locations and
with different shapes of cut-outs like circular, square, rectan-
gular, elliptical, and slotted type. One of the most common
conclusions drawn by these research studies is the reduction
in peak load value of tube with the deformation of tube into
stable mode of collapse rather than deforming into global
bending mode. Another group of researchers [23, 24] stud-
ied the effect of cyclic axial loading on the strain hardening
behaviour and hysteresis loop characteristics of the mate-
rial due to provision of single cut-out at different locations
along the tube length. They concluded that the provision
of the cut-out in tube smoothens the deformation behav-
iour of tube and increase in the size of cut-out significantly
affects the hysteresis loop characteristics of tube material.
Further, research work is carried out on the multiple num-
ber of cut-outs having square, circular, and elliptical shape
and located at different locations along the length and cir-
cumference of a tube [25-28]. From these studies, the tube
behaviour showed the reduction in peak collapse load along
with the optimization in energy absorption capacity of tubes.
Rouzegar et al. [29] performed quasi-static axial crushing on
aluminium and composite wrapped aluminium tubes. These
tubes were provided with multiple circular perforations on
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the tube surface. Ozbek et al. [30] carried out crashworthi-
ness analysis on GFRP composite pipes with different num-
ber and size of cut-outs. They concluded that as the size of
cut-out increases, the peak collapse load of the composite
pipes reduces significantly. Other researchers used different
tube geometries and materials as well as different shape of
cut-outs on the tube surface to optimize the load and energy
absorption characteristics of the tubular structure [31-35].

Other than the above-mentioned geometrical modifica-
tions, filling of energy absorbing material into the thin-
walled tubes is also been considered as the modification in
the energy absorbing structure. Reid et al. [36] developed the
composite structure of foam filled in the sheet metal tubes of
mild steel material filled with polyurethane (PU) foam. The
static and dynamic crushing of foam-filled sheet metal tubes
showed a controlled deformation mode of crushing in long
tubes. And, the interaction between foam and tube was stud-
ied with the help of theoretical formulae developed. Later
on, researchers tried different techniques of filling the typical
energy absorbing structures (i.e. tube structures, sandwich
structures, etc.) with materials like PU foam, polyvinyl chlo-
ride (PVC) foam, aluminium foam, polymeric auxetic foam,
agglomerate cork, and different geometric lattice structures,
to enhance the crashworthiness characteristics like reduc-
tion in peak collapse load and increase in energy absorption
characteristics [37-47].

Furthermore, the study on enhancement of tube behav-
iour and characteristics is carried out by providing multiple
modifications in the tube geometry. Montazeri et al. [48]
studied the behaviour of tube by implementing cut-outs and
grooves on the surface of mild steel and aluminium tubes.
These multiple modifications showed that the tubes with
cut-outs behave with an enhanced crushing characteristic as
compared to the tubes with grooves and tubes without any
modifications. Goel [49] considered the multi-cell tubular
structure for crashworthiness which showed the increase in
energy absorption capacity of the structure. Estrada et al.
[50] considered multi-cell tubular structures with cut-outs.
Similarly, Pirmohammad and Esmaeili-Marzdashti [50]
adopted the bi-tubular square and octagonal cross section
tubes with cut-outs of square, hexagonal, elliptical shapes.
This extensive study showed the enhancement of 60% and
42% in bi-tubular structure with hexagonal cut-outs as com-
pared to the bi-tubular structures without cut-outs. Booth
et al. [52] investigated the behaviour of multi-cell tubular
structure with circular cut-outs on the tube surface which
led to significant increase in the energy absorption charac-
teristics. Sarkhosh et al. [53] experimentally investigated
the behaviour of composite tubes filled with aluminium
honeycomb and PU foam under quasi-static loading condi-
tion. The results of the investigation showed that composite
tubes filled with both PU foam and aluminium honeycomb
are able to deform into stable mode of collapse with the
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significant increase in energy absorption characteristics due
to infill materials. Moreover, study on behaviour of tubes
with multiple modification was extended to the foam-filled
tubular structures developed with geometrical modifications.
Sarkabiri et al. [54] conducted a quasi-static multi-objective
crashworthiness analysis on frusta cones by providing cir-
cumferential grooves on tube surface and filling of PU foam
inside the modified tube geometry. Foam filling is observed
to be improving the tube’s deformation and crashworthi-
ness characteristics [15]. Xie et al. [55] performed dynamic
analysis on the AA 6063-T5 square tubes having multiple
holes and filled with aluminium foam. The holes are distrib-
uted along the length of the tube on one side of the square
tube. The results showed that provision of holes affects the
load—deformation characteristics of the tube significantly
and the effect of foam filling helps in enhancement of energy
absorption.

Review conducted in the present study is based on the
behaviour of tubular structures and the enhancement in their
performance characteristics through implementing geomet-
rical modifications and foam-filling technique. However,
extensive research has been carried out and the structures
were modified to a significant extent in many of the studies.
But, the comparative crashworthiness study on tubes with
different types of multiple cut-outs has not been conducted.
Additionally, the placement or arrangement pattern of tube
also plays a very crucial role in its deformation behaviour.
Many researchers have tried to place the cut-outs on tube
surface in a longitudinal direction. When it comes to dif-
ferent shapes of cut-outs, the effect of cut-out placement in
circumferential pattern still remains unexplored. This study
covers these research gaps by providing multiple modifica-
tions to the similar tube geometry of circular cross section
as considered by Sankar and Parameswaran [27]. Sankar
and Parameswaran [27] carried out a study on the buck-
ling behaviour of stubby shells which led to the reduction
in initial peak load value of tube structure with circular cut-
outs. The present study is carried out by keeping the same
modification criteria, the tubes are provided with square and
diamond shapes of cut-outs on their surface and compared
with the tubes having circular cut-outs [27]. Further, these
tubes are filled with aluminium foam material to enhance
the energy absorption characteristics of tubes with cut-outs.
These tubular structures with multiple modifications are
studied under the impact loading condition, using ABAQUS/
Explicit® [56], to understand the behaviour of parameters
like peak collapse load, crush load reduction, energy absorp-
tion capacity, and energy efficiency. These parameters are
estimated for the 30% deformation length of the tube. Fur-
ther, varying trend in slope behaviour of load—displacement
profile and the interaction effect due to foam filling is also
studied which helped in better understanding of the initial
buckling behaviour of tube structure under impact loading

condition. Thus, the current work attempts to understand
the initial buckling response of circular AA6061-T6 tubes
subjected to axial impact loading by employing a multi-
objective optimization technique with different cut-out
configurations and filling aluminium foam in the modified
tube geometry.

2 Specimen geometrical details

Aluminium alloy tubes of material grade 6061 and T6 tem-
per and the infill of aluminium foam material are chosen
for the current study. Geometry of tube material is circular
in cross section with mean diameter of 14.5 mm, 0.5 mm
thickness, and 10 mm length. As per Andrews et al. [3] clas-
sification chart for collapse mode of aluminium alloy tubes,
if the L/D and #/D ratios of tube are approximately 0.6 and
0.03, then the tube is expected to collapse into concertina
mode of deformation. This concertina mode of deformation
is said to be the effective mode in terms of crashworthiness
characteristics of tube. Further, the length of tube was kept
as 10 mm such that after the complete collapse of tube under
compression, it would be able to form a single complete
fold for the understanding of its collapse characteristics. The
calculation of tube length required for a one complete fold
depends upon the thickness (%) and mean radius (R) of tube,
and is calculated as per Eq. (1) given by Abramowicz and
Jones [5] as under,

H h 1/2
z= 1.73(ﬁ) (1)

Here, ‘H’ is the half fold length of the circular tube under-
going compression. The value of H comes out to be 4.66 mm
and thus the length required for one complete fold would be
approximately 10 mm. Further, the aluminium foam is con-
sidered as an infill material for the tube. The diameter and
length of foam material will be same as the inner diameter
and length of the tube, respectively. Figure 1 shows the geo-
metrical illustrations of hollow tube and infill foam material.

The geometry of tubes is modified further by providing
cut-outs on its surface. These cut-outs are varied in shape
and size by keeping a constant weight reduction of 10% in
each of the sample. Three different shapes of cut-out are
chosen to control the deformation behaviour of tubes, as
represented in Fig. 2c, d, and e. These shapes of cut-outs are
provided over hollow tube (HP) and foam-filled tube (FP)
as shown in Fig. 2a and b, which will produce 30 different
configurations of tube specimens.

The shape and dimensions of cut-outs for the particu-
lar specimen along with its nomenclature are summarized
in Table 1. The nomenclature of a particular specimen can
be read as ‘HP-C-2-12°, where H or F in HP/FP stands for
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Fig. 1 Geometrical illustrations of hollow aluminium alloy tube (7)) and aluminium foam (F)
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Fig.2 Cut-out configurations for different tube specimens

hollow and foam-filled tubes, respectively. C/S/D stands for
circular, square, and diamond shape of cut-outs, respectively.
Number 2 stands for dimension ‘X’ of cut-out as shown in
Fig. 2. Number 12 stands for number of cut-outs lying along
the circumference of tube in a single line. The centre lines
of cut-outs are provided at the mid-high level of tube, i.e.
5 mm from the end of tube.

Each of the specimen tabulated above is illustrated with
the help of 3D model in Fig. 3. Here, the specimens are
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(c¢) Circular Cut-out (d) Square Cut-out (e) Diamond Cut-out

divided mainly into 3 groups on the basis of cut-out shapes,
i.e. circular, diamond, and elliptical. Each configuration
of hollow tube is replicated as a foam-filled counterpart,
as it is filled with aluminium foam throughout its length.
For dynamic compression analysis, specimens are grouped
together on the basis of equal weight reduction criteria and
equal net section perimeter criteria.



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:483

Page50f21 483

Table 1 Nomenclature of

- . Specimen nomenclature  Cut-out shape Cut-out dimen- Number of Mass (g) Net circum-
specimen for different shape and sion (X) (mm)  cut-outs ference (mm)
size of cut-outs

HP - - - 0.634 45.5
F - - - 0.462 44.0
FP - - 1.096 45.5
HP-C-2-12% Circular cut-out 2 12 0.570 21.5
HP-C-3-5% 3 5 0.573 30.4
HP-C-4-3* 4 0.569 334
HP-C-2-6* 2 0.605 33.5
HP-C-3-4* 3 4 0.597 33.5
FP-C-2-12 2 12 0.975 21.5
FP-C-3-5 3 0.981 30.5
FP-C-4-3 4 3 0.975 33.5
FP-C-2-6 2 1.026 335
FP-C-3-4 3 4 1.000 335
HP-S-2-12 Square cut-out 2 12 0.485 21.5
HP-S-3-5 3 0.493 30.5
HP-S-4-3 4 0.485 335
HP-S-2-6 2 0.550 335
HP-S-3-4 3 0.518 335
FP-S-2-12 2 12 0.947 21.5
FP-S-3-5 3 0.955 30.5
FP-S-4-3 4 0.947 335
FP-S-2-6 2 1.012 335
FP-S-3-4 3 4 0.980 335
HP-D-2-12 Diamond cut-out 2 12 0.485 11.6
HP-D-3-5 3 5 0.493 24.3
HP-D-4-3 4 3 0.485 28.6
HP-D-2-6 2 6 0.550 28.6
HP-D-3-4 3 4 0.518 28.6
FP-D-2-12 2 12 0.947 11.6
FP-D-3-5 3 5 0.955 24.3
FP-D-4-3 4 3 0.947 28.6
FP-D-2-6 2 6 1.012 28.6
FP-D-3-4 3 4 0.980 28.6

*Values are taken directly from the literature of Sankar and Parameswaran[27]

3 Finite element modelling and simulation

The present study carries out dynamic explicit analyses
on tube specimens under compression using ABAQUS/
Explicit®. Split-Hopkinson pressure bar (SHPB) is used
to analyse the dynamic compressive behaviour of materi-
als under high strain rates (10>-10% [57]. The incident and
transmitter bars are used to create a FE model of the SHPB,
and the tube specimen is dynamically compressed between
these two bars. The incident bar is initially dynamically
loaded with the help of a high velocity impacting striker.
This impact will generate a stress wave to go from one end
of the incident bar to the other. The incident bar's opposite

end is in contact with the specimen. As a result, the stress
wave travelling through the bar will be partially transferred
into the specimen, with the remainder being reflected back
into the incident bar. The stress wave that strikes the speci-
men is referred to as the incident wave (g;), and the wave
that is reflected back is referred to as the reflected wave (eg).
The transmitted wave (e1) will be the stress wave that enters
the transmitter bar via the bar-specimen contact, after the
specimen is unloaded. The testing section of the SHPB is
shown in Fig. 4, where the incident wave impacts on the
specimen, and part of this incident wave is reflected back,
while the other part is transmitted through the specimen
into transmitter bar. During the loading stage, the specimen
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Tubes with Circular Cut-outs Tubes with Square Cut-outs

o e

FP-5-4-3

HP-C-3-4 FP-C-3-4 HP-S-3-4 FP-5-3-4
Tubes with Diamond Cut-outs

HP-D-4-3

-~

FP-D-2-12 FP-D-3-5 FP-D-4-3 FP-D-2-6 FP-D-3-4

Fig.3 Tube specimens with different cut-out configurations considered in the present study
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Fig.4 Stress wave propagation in SHPB apparatus using X- diagram—a schematic representation

will experience dynamic compression. This causes the tube
specimen's dynamic buckling behaviour. In order to exactly
simulate the aforementioned event, the present SHPB FE
model is developed.

Moreover, Fig. 4 shows the schematic illustration of X-¢
diagram during a stress wave propagation in SHPB bars. X-¢
diagram correlates the stress wave propagation as an estima-
tion of stress at any point X along the bar length at a given
time #. This diagram helps to keep a track on the movement
of stress wave in the SHPB system.

3.1 FE modelling details

Incident and transmitter bars in SHPB apparatus are defined
as linearly elastic solid homogeneous bars with an 8-noded
C3D8R linear solid brick element. The incident bar is kept
long enough, up to 3000 mm, to eliminate wave dispersion
caused by reflected waves from the bar-specimen contact.
The length of the transmitter bar, on the other hand, is mod-
elled as 2000 mm. Each bar has a diameter of 20 mm. The
linearly elastic bars are made of aluminium alloy 7075-T6
with a Young's modulus of 70 GPa and a Poisson's ratio of
0.3. An elastic—plastic homogeneous shell element is used
to simulate the cylindrical hollow tube. This entire shell
section is represented by a 4-noded S4R reduced integra-
tion element with 5 integration points along its thickness.
The tube is made of aluminium alloy 6061-T6 grade. In
ABAQUS/Explicit®, the Johnson-Cook material model
[58] is employed to account for the material's strain rate

sensitivity. The von-Mises flow stress in the material is
defined by the constitutive model as,

o = [A+Be"|[1 + Clng*][1 — T*"] )

where A, B, and C are the parameters related to yield
strength, strain hardening, and strain rate hardening of the
material, respectively. n and m are the strain hardening and
temperature softening exponent, respectively. 7% is the
homologous temperature at the reference strain rate, é=1.
The values of these material model parameters for AA6061-
T6 material are referred from [27], as mentioned in Table 2.

The aluminium foam filled in tubes is modelled using
the crushable foam plasticity model with a material den-
sity of 300 kg/m®. The material is modelled as isotropic,
elastic—plastic, and volume hardening model. The yielding
behaviour of the foam material is governed by the yield sur-
face in the p-q plane. This p-q plane is defined in between
pressure stress and Mises equivalent stress, as shown in
Fig. 5. The yield surface of material in initially governed by
the ratios 6,%p ” and p/p . The ratio 6,%p ° defines the ratio
of initial yield stress of material under uniaxial compression
to hydrostatic compression. The ratio p/p,’ defines the ratio

Table2 Material model parameters for AA6061-T6 alloy material
(27]

Parameter A (MPa) B (MPa) n C m

Value 324 114 0.42 0.002 1.34
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of yield stress in uniaxial tension to the initial yield stress in
hydrostatic compression [56]. The properties of the param-
eters used to model foam are tabulated in Table 3 below.
The curve depicted in Fig. 6 defines the strain hardening
behaviour of foam material under uniaxial compression. This
curve is separated into three parts: the linear elastic zone,
the plastic collapse region, and the densification region. The
linear elastic zone concludes at a material yield point. The
plateau region where the cells of foam deform plastically,
compact, and begin to collapse with a very gradual increase
in stress is known as the plastic collapse region. The cells of

Fig.5 Yield surface in p-g
plane of crushable foam model
[56]

compacted foam material collapsed completely in the densi-
fication zone, and the material densified even more.

To offer smooth sliding of tube folds over each other,
boundary conditions are provided in the form of general con-
tact to the tube section itself as frictionless. To induce tan-
gential contact behaviour between the surfaces of the bar and
the specimen, a frictional coefficient of 0.25 is introduced
between them. This will aid in the proper transfer of force
between the bars and specimen, as well as preventing one
face from sliding over another [12]. The incident bar's end
face in contact with the specimen receives an impact veloc-
ity of 9 m/s. Figure 3 depicts finite element (FE) simulations

Uniaxial compression

——————

(op P 3 ~ original
v i M. surface
N
\
\
_/ softened \ hardened
r/ T T~ / surface ‘\// surface
\ \
\ \
| 1 -
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Table 3 Material model
parameters for aluminium foam

Parameter Density (kg/m3) Young’s modulus (MPa) Poisson’s ratio Yield stress (MPa) aco/pco p/pco

material [59]

0.0 22 1.72  0.16
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Plastic Collapse
Region

Value 300 5.0
Fig.6 Stress—strain behaviour 6 . . .
of aluminium foam material o N
59
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of hollow and foam-filled tube samples with varying shapes
and dimensions of cut-outs. A mesh convergence study was
carried out in order to arrive at a specific mesh size, which
resulted in improved accuracy in results. To maintain the
aspect ratio of each element, each tube sample is modelled
with a mesh size of 0.2 mm. Furthermore, mesh size is opti-
mized in the vicinity of cut-outs to control distortion of ele-
ments near cut-outs.

3.2 FE validation

In order to present the validation of FE model, the model of
tube specimen without any cut-out is referred from the litera-
ture of Sankar and Parameswaran [27]. They have performed
the experimental test on tube without cut-out subjected to
impact velocity of 9 m/s. In this study, the FE model of
similar setup is prepared as shown in Fig. 4, to test the simi-
lar specimen of tube without cut-out. The geometrical and
material properties of the tube are considered similar to the
referred literature. After obtaining the results and plotting
the stress vs strain graph as shown in Fig. 7, the results of
present FE model are observed to be in well agreement with

the results from literature of Sankar and Parameswaran [27].
The parametric values of the model are compared with the
given experimental values from the literature of Sankar
and Parameswaran [27], and significant agreement is found
between the values tabulated in Table 4. The peak stress
(0,4 Value of referred experiment results and present simu-
lation results is having an agreement of 97.72%. Further,
the deformed shape of tube is also represented in the inset
of Fig. 7, for comparison in experimental and numerical
model results. The deformed images are almost identical
to each other. Thus, the present FE model can be said to be
validated.

4 Results and discussions

Numerical investigation is carried out in the present study
to understand the behaviour of hollow and foam-filled tubes
under impact loading condition. This behaviour is studied
with the help of load—deformation characteristics of the tube
with different geometrical modifications. The deformation of
tube is studied by determining the slope of load—deformation

Fig. 7 Validation of present FE 400 — 77777
results with the experimental .
results of Sankar and Para- Experlmental Results [27]
meswaran [27] Loso e Present Simulation 1
300
g
% 200
=]
5]
100
0 . [ I B [ | P I | P I | .
0 2 4 6 8 10 12 14 16 18
Strain (%)
Table 4 Comparison of
T f tub: . MPa (kN) E,, o (%)  SEA (kl/k
parametric values for validation ype of tube  Omax (e MP (AN) Eusorbea (/) Nencrgy (%) (ke)
Experimental results [27] P, 344 (7.8) 11.26 47.9 17.9
Present simulation P 352 (8.0) 12.13 52.1 19.7
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Table 5 Characteristics values of hollow and foam-filled tubes with-
out cut-outs and bare foam specimen

Peak load
(F peak) (kN)

Tube specimen Energy absorbed Energy effi-

(Eah.vorhed) (J) ciency (nenergy)

is carried out under the impact velocity of 9 m/s. The above-
mentioned output parameters are obtained from the numeri-
cal simulations and tabulated in Tables 5, 6 and 7 for hollow
and foam-filled tube specimens without cut-outs and with

(%) circular, square, and diamond cut-outs, respectively. Peak
HP .02 13.4 55.7 load (F ) value for each tube specimen in Tables 5, 6 and
Bare foam 0.23 0.26 37.8 7 is taken as the maximum load bearing capacity of each
FP 815 142 58.0 specimen before it starts to deform itself into fold. Crush

curve of a tube specimen. Furthermore, energy absorption
characteristics of the tube specimens are studied to optimize
the geometrically modified tube. The energy absorbed by
tube and foam separately and the energy absorbed by foam-
filled tube is used to study the interaction effect between tube
and foam material. To keep the consistency in analysis of
FE simulation results, tube deformation length (8) has been
restricted to 30% of the original tube length. Each simulation

load reduction (F4,..q) 18 calculated as the percentage ratio
of decrease in the peak load value for the specimen with
cut-out to the peak load value of tube specimen without
cut-out. For hollow tubes, the comparison is made between
the hollow tubes with and without cut-out specimens. Simi-
larly, for foam-filled tubes, the comparison is made between
the foam-filled tubes with and without cut-out specimens.
Energy absorbed by the specimen is calculated as the area
under load—displacement curve of that specimen. Energy

efficiency is estimated as the percentage ratio of actual

Table 6 Characteristics values

Tube specimen Peak load (F,,,) Crush load reduction  Energy absorbed Energy effi-
of holl.ow and foam-filled tubes (kN) (Froiuced) (%) (Epsorbed) 3 ciency (Ngergy)
with circular cut-outs (%) >

Cut-out modification criteria: equal mass reduction

HP-C-2-12* 4.50 423 9.2 68.0

HP-C-3-5* 5.30 329 8.7 55.0

HP-C-4-3* 5.50 29.7 8.5 51.2

FP-C-2-12 4.88 39.2 10.1 69.3

FP-C-3-5 5.82 27.3 10.3 59.2

FP-C-4-3 5.77 28.0 9.8 56.5

Cut-out modification criteria: equal net circumference

HP-C-2-6* 6.20 21.2 10.3 554

HP-C-3-4* 5.80 26.2 9.5 54.8

FP-C-2-6 6.12 23.7 11.7 63.6

FP-C-3-4 6.24 222 11.1 59.3

“Values are taken directly from the literature of Sankar and Parameswaran[27]

Table7 Characteristics values Tube specimen Peak load (F),,,) Crushload reduction  Energy absorbed Energy effi-

of hollow and foam-filled tubes
with square cut-outs

@ Springer

(kN) (Freduced) (%)

(Eahsurbed) (J)

ciency (nenergy)
(%)

Cut-out modification criteria: equal mass reduction

HP-S-2-12 4.29 46.54 9.4 73.4
HP-S-3-5 5.08 36.67 8.3 54.6
HP-S-4-3 5.74 28.37 8.9 51.5
FP-S-2-12 4.50 43.81 10.7 79.3
FP-S-3-5 5.65 29.55 8.7 51.5
FP-S-4-3 5.74 28.40 9.6 55.6
Cut-out modification criteria: equal net circumference

HP-S-2-6 5.87 26.72 10.8 61.5
HP-S-3-4 5.56 30.59 9.4 56.5
FP-S-2-6 6.05 24.53 114 62.7
FP-S-3-4 5.89 26.56 10.1 57.5
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energy absorbed by the specimen to the theoretical energy
(i.e. Fcy-0) absorbed by the specimen undergoing deforma-
tion. The effect of shape and size of cut-outs on each param-
eter is discussed in detail in further sub-sections.

4.1 Load-deformation characteristics

The load—deformation characteristics of a tube are crucial
for examining the axial crushing behaviour of tubes under
impact loading. For the current investigation on single fold
formation in tube, peak load (F),,), reduction in peak load
(Freduced)> and the tube deformation behaviour are studied.
Peak load is the maximum load carrying capacity of the tube
subjected to impact. Peak load reduction is the difference
between the peak load value of tube without cut-outs and the
peak load value of tube with cut-outs, in terms of percentage.
Deformation behaviour of tube is studied by observing the
gradual decrement in the load value after reaching the peak.
After reaching the peak load, if the load value decreases sud-
denly then it will cause a significant jerk transferring at the
far end of the tube (other than impact end). Thus, the gradual
decrement in load value will lower the jerks coming onto the
far end of tube, and it will transfer the load smoothly which
is a requirement of an effective crashworthiness component.

4.1.1 Load bearing characteristics of tube

Figure 8a shows the graphical representation of load—dis-
placement profile for the hollow and foam-filled tubes with
circular cut-outs. The results of hollow tube with circular
cut-outs configuration are taken from the numerical work
carried out by Sankar and Parameswaran [27]. Further,
these similar tubes are filled with an aluminium foam
material to efficiently control the deformation of tubes

10 T T T T T
——HP

—a— HP-C-2-6 [27] —— HP-C-3-4 [27] —— HP-C-4-3 [27]
FP-C-2-6  —x— FP-C-3-4

——FP

—— FP-C-4-3

Load (kN)

0 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Displacement (mm)

(a) Equal Net Circumference Criteria

with absorption of high amount of energy. However, the
load—deformation characteristics of foam-filled tubes show
higher peak load value as compared to the peak load value
of their hollow counterparts. But the energy absorption
of foam-filled tubes is observed to be higher than hollow
tubes. The HP-C-2-12 tube configuration was observed
to be the most efficient cut-out configuration among all
the others in case of equal weight reduction criteria [27].
When these tubes are filled with aluminium foam, they
showed approximately 5-9% of increase in peak load value
and 9-16% of increase in energy absorption value than the
hollow tubes. Among the tubes with equal mass reduc-
tion criteria in Table 6, the FP-C-3-5 configuration gives
the highest energy absorption value of 10.3 kJ. However,
the same configuration also yields the highest peak load
value of 5.82 kN. Another tube configuration among these
criteria, i.e. FP-C-4-3 yielded the least increment in peak
load value of 5.77 kN. This peak load value of foam-filled
tube is only 4.7% higher than its hollow tube configura-
tion, whereas the energy absorption value is observed to
be increased by 13.26%.

Further from Table 6, on comparing the hollow and foam-
filled tubes among equal net circumference criteria, three
configurations are to be compared, i.e. HP-C-2-6, HP-C-3-
4, and HP-C-4-3. These configurations are compared with
their foam-filled tube configurations, i.e. FP-C-2-6, HP-C-
3-4, and HP-C-4-3. Among all the six tubes, the increase in
peak load and energy absorption values of foam-filled tubes
is 1-7% and 12-15%, respectively, as compared to that of
hollow tubes as shown in Table 6.

Apart from the peak load value, load—deformation curve
in Fig. 8a and b shows the complete deformation behaviour
of tube to form a single fold over the complete tube length.
This formation of fold is due to the absorption of kinetic

10 T T T T T

——HP

—s+— HP-C-2-12 [27] —+— HP-C-3-5 [27] —s— HP-C-4-3 [27]
FP-C-2-12  —— FP-C-3-5 —=— FP-C-4-3

——FP

0.5 1.0 1.5 2.0 2.5 3.0
Displacement (mm)

(b) Equal Mass Reduction Criteria

Fig.8 Load—displacement profile of hollow and foam-filled tubes with circular cut-outs a equal net circumference criteria, and b equal mass

reduction criteria
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energy generated due to the transfer of force applied at the
time of impact. From Fig. 8a, FP-C-2-6 specimen shows
the largest area covered under the curve, i.e. highest energy
absorption capacity as compared to other modified specimen
results. Similarly, from Fig. 8b, FP-C-3-5 tube specimen
covers the largest area under the curve and absorbs maxi-
mum kinetic energy at the time of impact as compared to
other tube specimens in equal mass reduction configuration.
The increase in peak load value of foam-filled tubes is due to
the presence of larger material availability in the tube’s cross
section, which transfers the load on to the far end. Larger the
material area available across the particular cross section of
tube, higher will be the peak load value getting transferred
to the far end. Thus, the peak load values are observed to be
higher for foam-filled tubes in Fig. 8a and b.

Similar to Fig. 8a and b, the load—displacement charac-
teristics are plotted in Figs. 9a and b, and 10 a and b, for
two different shapes of cut-outs on the tubes surface, i.e.
square and diamond shape. Similar nature of observations
is recorded for the square as well as diamond shape cut-outs.
While taking observations from Fig. 9a and b, the 2 mm
square cut-out tubes, i.e. the smallest size of cut-outs have
shown the most efficient energy absorption capacity than
other square cut-out tube, in both the hollow and foam-filled
cases.

The hollow tubes with square shape cut-outs have
obtained less value of peak load in all the tube configura-
tions as compared to that of hollow tubes with circular shape
cut-outs. In Table 7, tubes with square cut-outs for equal
mass reduction criteria, the reduction in peak load is higher
for HP-S-2-12 and HP-S-3-5 as compared to HP-C-2-12
and HP-C-3-5 hollow tubes with circular cut-outs, respec-
tively. HP-S-2-12 tube configuration is found to be having
the highest amount of peak load reduction among all the

10 T T T T T T T T T T
——HP ——FP
——HP-S-2-6 ——HP-S-34 ——HP-S-4-3
FP-S-2-6 —— FP-S-34

—— FP-S4-3

0 L L L 1 L 1 n 1 " "
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Displacement (mm)

(a) Equal Net Circumference Criteria

tube configurations. This peak load reduction is 46.85% as
compared to tube HP without any cut-outs. Further from the
results tabulated in Table 7, foam-filled tubes with square
cut-outs are observed to be having slightly lesser reduction
in peak load value as compared to their counterparts in hol-
low tubes with square cut-outs.

Figure 10a and b shows the load—displacement profiles of
hollow and foam-filled tubes with diamond shape cut-outs.
The curve profile is similar to that of earlier configurations
of circular and square cut-outs. However, the peak load value
and the reduction in peak load value as compared to that of
tube without any cut-outs makes a significant impact on the
geometry of structure. After comparing the peak load val-
ues of HP-C-2-12, HP-S-2-12, and HP-D-2-12 tubes from
Table 8, the tube configuration of HP-S-2-12 yielded the
highest reduction in peak load, followed by HP-D-2-12 and
HP-C-2-12. The difference between peak values of HP-S-2-
12 and HP-D-2-12 is estimated to be 4.6%, and the differ-
ence between peak values of HP-S-2-12 and HP-C-2-12 is
found out as 9.8%. The difference between the peak values
changes significantly as soon as the shape of cut-out, i.e.
the distribution area of cut-out changes. Thus, it can be said
that the distribution area of cut-out plays a very significant
role in the reduction of peak load value of the tube under
deformation subjected to impact.

Further, other than peak load reduction Fig. 10a and
b illustrates the area under load—displacement curve for
each of the tube specimens with diamond cut-outs. Among
these specimens, tubes with 2 mm of diamond cut-outs are
observed to be the most efficient with larger area under the
curve, i.e. higher energy absorption capacity as compared
other cut-out modified tubes. Moreover, on comparing the
foam-filled diamond cut-out tubes with foam-filled circular
and square cut-out tubes, the configuration of FP-D-2-12

10 T T T T T
——HP ——FP
——HP-§-2-6 ——HP-S34 ——HP-S43
FP-S-2-6 —— FP-S34

—— FP-S43

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Displacement (mm)

(b) Equal Mass Reduction Criteria

Fig. 9 Load—displacement profile of hollow and foam-filled tubes with square cut-outs a equal net circumference criteria, and b equal mass

reduction criteria
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Fig. 10 Load—displacement profile of hollow and foam-filled tubes with diamond cut-outs a Equal Net circumference criteria, and b equal mass

reduction criteria

Table 8 Characteristics values
of hollow and foam-filled tubes
with diamond cut-outs

Tube specimen

Peak load (F,,,) Crush load reduction
(F, reduced) (%)

(kN)

Energy absorbed

(Eabsorbed) (J )

Energy effi-

ciency (Menergy)
(%)

Cut-out modification criteria: equal mass reduction

HP-D-2-12 4.19 47.69 9.1 72.6
HP-D-3-5 4.57 42.95 8.6 62.5
HP-D-4-3 5.20 35.14 9.3 59.6
FP-D-2-12 4.42 44.84 10.0 75.4
FP-D-3-5 4.82 39.93 9.1 62.9
FP-D-4-3 5.37 32.94 10.2 63.3
Cut-out modification criteria: equal net circumference

HP-D-2-6 5.49 31.47 10.4 62.9
HP-D-3-4 5.10 36.35 9.6 63.0
FP-D-2-6 5.70 28.86 11.5 67.0
FP-D-3-4 5.26 34.33 10.6 67.3

observed to be having least peak load value of 4.40, which
made the peak load reduction of 45.15%. This value of peak
load reduction was only 3% higher than that of FP-S-2-12,
and 13.2% higher than that of FP-C-2-12.

Tubes with square shape cut-outs have offered the most
optimized crashworthiness characteristics among all the
tested specimens in the present study. The difference in
peak load values and slope values in case of square and dia-
mond cut-out tubes is negligible. Both the cut-out tubes,
i.e. square and diamond cut-out tubes, have out-performed
the circular cut-out tubes. However, the distribution of area
in the vicinity of cut-out also plays a major role in deciding
the value of peak bucking load of tube specimen. This has
been mentioned and explained in Sect. 4.1.1 of the revised
manuscript. The area between two subsequent cut-outs can
be termed as critical area (CA) where the formation of fold
takes place, as shown in figure below for tubes with different

shapes of cut-outs. The critical area is least in case of square
cut-outs than circular and diamond cut-outs. Smaller critical
area would offer lower resistance against load and would
lead to an early deformation. Thus, the tube with square cut-
outs showed higher strain accumulation in its cut-out vicin-
ity leading to early initiation of tube deformation which can
be observed from the slopes of load—displacement profile
for these tubes (Fig. 12 of revised manuscript). The second
aspect corresponds to the shape of critical region. Studies
have reported that sharp corners cause higher strain accu-
mulation and are the reason for the initiation of failure in the
structures [60]. This further justifies the observation where
circular cut-out tube shows higher peak load than diamond
cut-out tubes and least peak load is obtained in square shape
cut-out tubes in addition to its gradual decrease in load—dis-
placement curve profile. Since square cut-out tubes accumu-
late more strain after the crash, they absorb kinetic energy
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considerably sooner than the diamond and circular cut-out
tubes, thus in turns reducing the transfer of force at the other
end of tube (Fig. 11).

4.1.2 Discussion on the slope of load-displacement curve

When the tube undergoes deformation due to impact load,
the developed load—displacement profile for the tube can
be as shown in Fig. 12. Point A on the profile curve shows
the peak load value or the peak load bearing capacity of the
tube. Beyond point A, the impact load applied on the tube is
getting converted into work done by tube in deforming itself
in the form of folds. When the tube starts to develop folds,
the value of load decreases. This value goes on decreas-
ing until the formation of first half fold. Again, the curve
starts to rise to complete the first fold formation. In case of
normal tubes without cut-outs, it is observed that the load

value decreases sharply after reaching the tube’s load bear-
ing capacity. However, in case of tubes with cut-outs, two
significant points are observed. First, the peak load value of
the tube decreases significantly as compared to peak load
value of tube without cut-outs. Second, unlike in the case
of tube without cut-outs, the load value in tubes with cut-
outs decreases gradually after reaching its peak load value.
To study the decreasing rate of curve, the slopes of differ-
ent curves generated for different tube configurations are
studied. Figure 12 represents the slope of load—displacement
profile where 1 in X is the slope of curve between points A
and G. The value of X is obtained by averaging the slope
between all the intermediate points. For example, slope X
is the slope between points B and C of the curve profile.
Similarly, the slope values of X, 5, Xc.p» Xp.p» Xppr Xp.G
are obtained and by averaging these slopes the value of X
can be obtained. As the value of X decreases, the drop in the

Fig. 11 Critical area region in tube specimens with each shape of cut-out

Fig. 12 Typical load—displace- 10 .

ment profile of HP tube
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curve decreases and the load value will decrease gradually.
If the value of X increases, the drop in the curve increases
and the load value will decrease rapidly.

The sudden drop in the load value in between the first
half fold and second half fold (or in between any subsequent
folds) will transfer the jerks to far end of the tube. This jerk
at the far end of tube can be taken by any object attached
on to that end of tube. For example, if the tube is used in
vehicle’s frontal crash frame, the jerk will get transferred to
the vehicle body, engine, or the occupant cell. This can lead
to harmful injuries and fatalities to the occupants inside the
vehicle. Thus, to reduce the amount of jerk on the far end
of tube, the slope of the load—displacement curve should
decrease gradually following the uniform and minimum load
transfer condition. Thus, the value of X in the slope of 1 in X
should be minimum, indicating the gradual rate of decrease
in peak load value.

Figure 13 (a) and (b) represents the trend in variation of
slope for each of the tube configurations presented in the
study. Figure 13 (a) shows the tube specimens with the cut-
out modification criteria of equal mass reduction. Here, the
foam-filled tubes with diamond shaped cut-outs are found
to be having least value of slope (X) for each size of cut-out
configuration, owing to significant reduction in the slope
of curve. Another trend can be seen in Fig. 13 (a), as the
size of cut-out increases the slope value (X) rises, and the
load—displacement profile becomes more critical.

Further, Fig. 13 (b) shows the trend in variation of slope
values for the tubes with cut-out modification criteria of
equal net circumference. The tubes in this configuration
criteria show a nearly constant values for different size of
cut-outs. Similar to Fig. 13 (a), foam-filled tubes with dia-
mond shape cut-outs have shown least values of slope for the
curves of each size of cut-outs.
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However, on comparing Fig. 13 (a) and (b), the least slope
value is obtained for FP-D-2-12 tube configuration. From
Table 8, the peak load value for this tube configuration is
obtained as 4.40 kN which is the least value of peak load
among all the foam-filled tubes with cut-outs. The peak load
reduction obtained for this configuration is 45.15% com-
pared to peak load value of tube FP.

4.2 Energy absorption characteristics

It is observed from earlier research studies that the tubes
with cut-outs yield lower peak load value but do not help
in increasing the energy absorption of tube [27, 61]. Thus,
an aluminium foam material is used in the present study to
increase the energy absorption of the tubes with cut-outs.
Foam filling has been done to observe the enhancement
in the crashworthiness characteristics of tubes by increas-
ing the energy absorption capacity of modified tube struc-
ture. When a foam-filled tube experiences axial compres-
sion, tube starts to buckle in a progressive crushing mode
or concertina mode due to presence of cut-outs and foam
will start to crush and will get filled in between the tube
folds, thereafter reducing the displacement and increasing
the resistance to deformation. Tube material attains plastic
stage and deforms into fold. However, foam filled inside the
tube attains its behaviour under plateau region where the
load bearing capacity of the material increases gradually.
This increase in the duration of one complete deformation
fold and gradual increase in the load bearing capacity of
material increases the area under load—displacement curve,
which leads to increase in energy absorption capacity of the
tube structure. Estimate of energy absorption capacity of
tube can be made by calculating the area under the load—dis-
placement profile of the tube while undergoing deformation.
Figure 8 (a) and (b), 9 (a) and (b), and 10 (a) and (b) shows
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Fig. 13 Variation trend in slope of load—displacement curve for tube specimens with a Equal mass reduction criteria, and b equal net circumfer-

ence criteria
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the load—displacement profiles of all the tube configuration,
and since the area under profile curve of foam-filled tube
seems larger than the hollow tube for each of the configu-
ration, thus it can be said that the foam filling in tubes has
helped a to increase the energy absorption capacity of the
tubes. For the negligible amount on increment in peak load
value of foam-filled tubes, significant amount of increase is
observed in their energy absorption capacity as compared to
hollow tube configurations.

4.2.1 Energy absorption capacity of tubes

The foam-filled tube configurations with different shapes
of cut-outs and having equal net circumference criteria, i.e.
FP-C-2-6, FP-S-2-6, and FP-D-2-6, have yielded the energy
absorption capacity of 11.7J, 11.4J, and 11.5 J, respectively.
It can be seen from Tables 6, 7, and 8 that these configu-
rations possess the highest energy absorption capacity as
compared to their peer configurations of respective cut-out
shapes. However, from Tables 6 and 8, in the case of hollow
tubes with cut-outs, the highest amount of energy absorption
is obtained in HP-S-2-6 tube configuration which is 10.8 J.
This value is 19.4% less than the energy absorption value
of hollow tube without cut-outs. But, in case of foam-filled
tubes with cut-outs, the highest amount of energy absorp-
tion, i.e. 11.7 J, is obtained in FP-C-2-6 tube configuration
which is 16.5% less than the energy absorption capacity of
foam-filled tubes without any cut-outs.

Further, Figs. 14 and 15 illustrate the bar chart of energy
absorbed by the hollow and foam-filled tubes with different
shapes of cut-outs having the equal mass reduction crite-
ria and equal net circumference criteria, respectively. On
X-axis, tube specimens are mentioned with their cut-out size

and number. On Y-axis, energy absorption capacity of tube
is plotted. From both the charts, it is observed that the foam
filling in tubes has enhanced the energy absorption capacity
of the modified tubes. In Fig. 14, the enhancement range of
4.6% to 15.5% has been achieved in the foam-filled modi-
fied tubes with equal mass reduction criteria as compared to
hollow modified tubes. Maximum increase in energy absorp-
tion of 15.5% is observed in FP-C-3-5 tube specimen. How-
ever, the minimum increase in energy absorption of 4.6% is
observed in FP-S-3-5 tube specimen. The increase in energy
absorption is highest for the FP-S-2-12 configuration among
all the other modified configurations.

In Fig. 15, the enhancement range of 5.26% to 14.41% has
been attained in the foam-filled modified tubes with equal
net circumference criteria. In this, the maximum and mini-
mum increase in the energy absorption capacity is observed
in the tube specimens FP-S-2-6 and FP-C-3-4, respectively,
as compared to their hollow counterparts modified with
cut-outs.

4.2.2 Interaction effect in the composites

This section deals with the investigation of the effect of
foam filling in the hollow tubes and to understand the
change in its deformation behaviour. This study has been
carried out by investigating the interaction between the
two different materials, i.e. AA6061-T6 tube and alu-
minium foam. The effect of interaction can be observed
when the tube deforms into folds under compression and
the foam inside the tube also compresses along with the
tube. This filled foam will get compressed in the form
of tube’s internal structure during folding. Therefore, the
deformation rate of tube folding will be much slower in
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Fig. 14 Energy absorbed by tube specimens of equal mass reduction criteria
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Fig. 15 Energy absorbed by tube specimens of equal net circumference criteria

case of foam-filled tube as compared to the hollow tube.
This gradual deformation rate will increase the energy
absorbed by the composite structure, i.e. foam-filled tube.
Thus, increase in energy absorption capacity of the foam-
filled tube structure will be an additional advantage to the
modified tube structure provided with cut-outs and foam
filling. The interaction effect can be studied by estimat-
ing the energy absorbed by these two materials individu-
ally and in-together. Energy absorbed due to interaction
between two materials can be estimated as,

(Eabsorbed)interacl = (Eabsorbed)FP - [(Eabsorbed)HP + (Eabsorbed)Foam]
3)
In Eq. (3), (E_psorbed)interac; Stands for the energy
absorbed due to interaction effect between tube and foam
material. It is the extra energy absorbed by the composite
structure of foam-filled tube which cannot be absorbed by
the two components individually. It can be termed as the
interaction energy of the foam-filled tubes. (E . .1eq) rps
(Epsorped)ip> A4 (E 4 corbed) Foam A€ the energy absorbed by
the foam-filled tube, hollow tube and foam, respectively.
Figure 16 represents the energy absorbed by the hollow
tube, foam-filled tube, and the bare foam part, individually.
In order to further understand the interaction effect,
another parameter, i.e. interaction ratio (/R) can be defined
as,

IR = SEAFP - (SEAHP+F0am)
SEAHP+F0am

“

In Eq. (4), SEAgp and SEA p, rp.m are the specific energy
absorption of foam-filled tube and the sum of specific energy
absorption of hollow tube and bare foam individually. Spe-
cific energy absorption (SEA) of any tube specimen can
be calculated as the ratio of actual energy absorbed by the
specimen to the mass of the specimen. SEAp, ). Can be
calculated as,

(Eabsorbed ) HP + (Eabsorbed ) Foam
M HP + M, Foam

SEAHP + Foam — (5)

In Eq. (5), Myp and M, are the mass of hollow tube
and bare foam part, respectively.

Figure 16 (a) presents the comparison between energy
absorbed by the foam-filled tube and the tube and foam sepa-
rately. Energy absorbed by foam-filled tube is higher than
the sum of energy absorbed by tube and foam individually.
This extra amount of energy is absorbed due to the interac-
tion between tube and foam. Figure 16 (b) shows the grey
shaded region between the two curves which is the influence
of interaction due to foam filling in hollow tube without cut-
outs. Moreover, the interaction ratio (IR) for foam-filled tube
(FP) is 2.74%, which shows the positive influence of foam
filling on the energy absorption characteristics of tube.

Table 9 enlists the interaction ratio (IR) values for all the
foam-filled tubes with cut-outs. The value of IR for each
specimen is obtained as a positive value showing the positive
influence of foam filling on the tube with all the three differ-
ent shapes of cut-out. The present study has been carried out
considering the single buckling response of tube under impact
loading, and limiting the deformation length up to 30% of the
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Fig. 16 a Energy absorption comparison and b interaction effect of hollow tube (HP), bare foam, and foam-filled tube (FP)

Table 9 Interaction ratio (IR) values of foam-filled tube specimens
with cut-outs

Tube specimen SEApp SEAyp 4 Foam IR%

FP 12.79 12.45 2.74
FP-C-2-12 9.82 9.22 6.54
FP-C-3-5 9.99 8.65 15.50
FP-C-4-3 9.49 8.46 12.09
FP-C-2-6 10.94 9.86 10.91
FP-C-3-4 10.48 9.23 13.51
FP-S-2-12 10.38 9.41 10.37
FP-S-3-5 8.44 8.29 1.82
FP-S-4-3 9.29 8.86 4.96
FP-S-2-6 10.66 10.41 2.42
FP-S-3-4 9.58 9.16 4.64
FP-D-2-12 9.69 9.11 6.37
FP-D-3-5 8.78 8.53 291
FP-D-4-3 9.90 9.27 6.75
FP-D-2-6 10.74 9.97 7.76
FP-D-3-4 10.04 9.35 7.38

original tube length. Thus, the value of IR can show much
effectiveness due to foam filling in multiple buckling response
of tubes.

5 Conclusions
The present investigation is carried out to understand the

deformation behaviour of thin-walled tubes subjected to
impact loading. The comparison of tube buckling behaviour

@ Springer

is carried out in between tube without cut-outs and tubes
with different shapes of cut-outs. Further, the tubes are
filled with aluminium foam material and are compared with
the behaviour of their hollow counterparts. This study has
helped to understand the initial buckling behaviour of tube,
during the formation of first fold, by estimating the param-
eters like load—displacement curve profile, variation of slope
of the load—displacement profile, reduction in initial peak
load value, energy absorption characteristics of tubes, and
interaction effect between the tube and foam. Following are
the conclusions drawn from the present investigation:

1. Significant load reduction has been reported when
comparing tubes with and without cut-outs of various
shapes. Furthermore, the new proposed cut-out designs,
namely square and diamond shapes, demonstrated a
greater reduction in peak load value than tubes with
circular cut-outs. In terms of percentage, the maximum
peak load reduction in tubes with circular form cut-
outs is 42.3%, while the maximum reduction in tubes
with square and diamond shape cut-outs is 46.54% and
47.69%, respectively. As a result, the lower the magni-
tude of peak load, the greater the peak load reduction
and the lesser the force passed through the tube to its far
end.

2. The variance in slope of the load—displacement curve
profile is found to increase with the size of the cut-
outs. To guarantee a progressive transfer rate of force
through the tube, the slope of the load—displacement
curve should be as small as possible. This will result in
minimal jerks for the object or occupants.

3. The foam-filling technique in hollow tubes with cut-
outs has resulted in the development of a novel tubular
construction with numerous changes. Foam filling has
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shown an increase in energy absorption capacity of tubes
as well as an increase in energy efficiency of tubes up to
79.3%. This greatest gain in energy efficiency is almost
36.7% and 42.37% higher than the energy efficiency
of foam-filled tubes without cut-outs and hollow tubes
without cut-outs, respectively.

4. During deformation under impact loading, there is a sig-
nificant interaction effect between the foam and the tube.
The predicted interaction ratio based on the specific
energy absorption capacity of foam-filled tubes with
cut-outs and their hollow counterparts had a beneficial
influence, with the most significant interaction ratios in
foam-filled tubes with circular cut-outs.

Overall, this comprehensive study has provided a crucial
insight in understanding the buckling behaviour of tube with
different shapes of cut-outs under the influence of foam filled
in tubes. From the present study, it can be said that tubes
with square cut-outs have provided the most improved crash-
worthiness characteristics. However, estimations of an entire
tube behaviour cannot be inferred just from the tube's initial
buckling mode. Yet, it has significantly reduced the peak
load and slope value of the load—displacement curve profile.
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