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Protecting occupants or payloads in crashes and blasts is of utmost importance in both moving and
immobile structures. One way of achieving this is by using a sacrificial energy absorber. Composite tubes
have been studied as potential energy absorbers due to their ability to fail progressively under axial
compression. In this study, the energy absorption capability of these tubes is enhanced by adding hollow
glass particles to the matrix. Drop-weight tests are performed on composite tubes, and a digital image
correlation (DIC)-based technique is used to capture their load-displacement behaviour. This eliminates
the use of electronic data acquisition systems, load cells, and accelerometers. The load-displacement
curves of the tubes are obtained from the DIC-based technique and examined to understand their
crushing behaviour. Although the mean crush load shows a drop, an increase in crush length is noticed.
The specific energy absorbed by the tubes improves with an increase in GMB volume fraction. The
addition of 0.1, 0.2, 0.3 and 0.4 vol fractions of GMB results in the specific energy absorption increasing by
6.6%, 14.7%, 24% and 36.6%, respectively, compared to neat glass fibre-epoxy tubes. Visual examination of
the tubes and comparison with tubes subject to quasi-static compression is also performed.
© 2023 China Ordnance Society. Publishing services by Elsevier B.V. on behalf of KeAi Communications

Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
1. Introduction

In most accidents or disasters, the phenomenon of impact, in
one form or the other, generally causes the maximum damage.
Protecting lives is the main priority in moving objects, such as ve-
hicles that carry humans, and in stationary structures, such as
buildings. In most cases, this protection is provided at the cost of a
part of the structure. This part may absorb the impact energy
imparted to the entire structure by deforming itself plastically or by
other energy-absorbing mechanisms. These are called collapsible
or sacrificial energy absorbers. A thorough review of such energy-
absorbing structures is given by Alghamdi [1]. Elements of
different shapes, such as tubes, frusta, and sandwich structures, are
studied. Tubes have been used widely for this purpose as they are
the commonly used structural members. Lateral compression of
metal tubes has been studied by Gupta et al. [2], while Reid [3]
investigated the failure modes during axial compression of
).
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seamless mild steel tubes. Axial compression of tubes ensured a
steady, progressive failure due to axial buckling, external wall
inversion, and axial splitting. Despite its availability and ease of
manufacturing, metals are heavy and not suitable for marine,
aerospace, and defence applications where weight saving is of
extreme importance. The increase in the use of composites has
made them a substitute material for these metal energy absorbers
due to their light weight and high strength.

The axial crushing behaviour of polymer-based fibre-reinforced
tubes has been studied since the 1980s [4,5]. Composite tubes also
exhibit progressive crushing, but the modes of energy absorption
and failure are very different from those of metal tubes. The
application of composite tubes to protect civil engineering struc-
tures from the effect of blasts has been discussed by Van Paepegem
et al. [6]. Several studies have been carried out on the quasi-static
compression of composite tubes to understand the failure me-
chanics. The progressive crushing mechanism of such tubes has
been described by Hull [7]. Unlike metals which deform plastically,
composite tubes deform progressively by the mechanism of petal
formation. In this process, the fibre layers in the laminated com-
posite delaminate and splay inwards and outwards. This leads to
of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-
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axial splitting of the splayed walls, which leads to the formation of
petals inside and outside the tube. Various fibres such as carbon,
kevlar and glass have been studied and their respective failure
mechanisms have been discussed [8]. Different shapes of tubes
have also been proposed and analysed. Mamalis et al. [9] have
studied the crushing of square tubes reinforced with carbon fibre.
The modes of failure of the tubes are found to be strongly depen-
dent on the geometry of the tube and the materials used. Longer
tubes result in global buckling and some tubes fail catastrophically.
Palanivelu et al. [10] report that glass-polyester tubes of varying
shapes with a thickness-to-diameter (t/d) ratio of less than 0.015
fail catastrophically, while the tubes fail progressively when this
ratio is between 0.015 and 0.25. Modifying the tube edge to initiate
petal formation is also done in most cases. This reduces the chances
of catastrophic failure of the tubes. Chamfering of the tube end at a
predetermined angle is one of the widely used trigger mechanisms.
Other shapes, such as a tulip-shaped end, have also been studied
[10]. Numerical studies on the behaviour of corrugated tubes sub-
ject to axial impact have also been performed in prior Refs. [11,12].
These show that the geometry of the tube plays an important role
in the damage mechanisms and the energy absorption capability of
the tubes. Studies on tubes with circular and square cross-sections
generally conclude that circular tubes show better energy absorp-
tion [10,13,14].

Although several studies have been performed to investigate the
crush properties of composite tubes under quasi-static conditions
to understand the various failure modes involved, very few studies
have been performed on the tubes subjected to impact loading.
Palanivelu et al. [15] performed drop weight tests on pultruded
glass fibre-polyester/vinyl ester tubes from varying heights. The
tubes were either chamfered or cut in a tulip shape at the impacting
end. Square and circular tubes were tested, and the circular tubes
with chamfered ends were found to have the best energy-
absorbing capacity. The load-displacement plots of the tubes are
obtained using digital image correlation (DIC) techniques using a
high-speed camera which records the impact event [16]. This is a
better method of data acquisition compared to using load cells,
accelerometers, and the electronic data acquisition system.

Attempts to improve the energy absorption capabilities of
composite tubes have been undertaken in the past. Studies such as
stitching of the fabrics [17,18] and filling the tubes with polymeric
foams [19] have been tried in order to improve their performance.
While stitching increases the weight of the tubes, filling the tubes
with a filler prevents petal formation, which is the mechanism
which causes progressive failure. Bio-inspired bi-tubular structures
have been proposed in Refs. [14,20,21] to improve energy absorp-
tion characteristics. Including a foam in the region between the two
walls in a bi-tubular structure has also been studied by Goel [13]
and Yang et al. [22]. To achieve the required crush properties while
maintaining lower weights, tubes fabricated with glass fibre mats
and glass microballoon (GMB)-filled epoxy matrix have been used
in a previous study by the authors [23]. Hollow particle-filled
polymer systems, commonly known as syntactic foams, have
been used in several applications where the basic requirement is
less weight. These foams are very efficient in compression and their
light weight enables them to have better specific properties
(properties per unit weight) [24]. The addition of GMB to thematrix
of composite tubes is found to improve the mean crush load and
energy absorption under compression. This is attributed to an
improvement in the interlaminar shear strength and fracture
toughness of the fibre-reinforced composites due to the addition of
GMB. It has been shown that an increase in fracture toughness of a
fibre-reinforced composite plate improves its resistance to crushing
[25]. It is also found that the addition of GMB is found to improve
the crush properties in the hollow tubes.
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In this study, drop weight impact tests are performed to inves-
tigate the performance of hollow composite tubes with the addi-
tion of hollow glass particles. The tubes are fabricated with glass
fibre mats and epoxy. Chamfering of the impacting end is done to
promote petal formation and ensure progressive failure. A digital
image correlation (DIC)-based technique is used to acquire the data
during the test from which the load-displacement curves are
extracted. The effect of the addition of glass particles and other
geometric effects are studied.

2. Fabrication of the samples

2.1. Material used

The material used for the fabrication of the composite tubes are
as follows:

� Araldite LY556: Bisphenol A diglycidyl ether (DGEBA)-based
epoxy resin

� Aradur HY951: Triethylenetetramine (TETA)-based hardener
� Bidirectional woven glass fibre mats having an areal density of
600 gsm (grams per square metre)

� K15-type glass microballoons (GMB): hollow glass particles
procured from 3 M Corporation having a mean diameter of 70 m
m, average wall thickness of 0.7 mm and a typical true density of
0.15 g/cm3 [26].A photograph and a micrograph showing the
GMB used are shown in Fig. 1.
2.2. Fabrication process

Composite tubes are fabricated by winding a fibre mat over a
mandrel and applying the resin with GMB included. A pre-
determined amount of glass microballoons are added to epoxy
depending on the GMB volume fraction. This volume fraction is
defined as the ratio of GMB to the weight of the matrix and filler
(resin þ GMB). The GMBs are dispersed in the resin by using a
mechanical stirrer. The glass fibre mats are cut to the required
lengths according to the number of layers needed in the tube. All
the tubes fabricated for the current study are four-layered with an
average wall thickness of 2.8 mm and an inner diameter of 36 mm.
The weight fraction of the fibre to the matrix is taken as 0.5. The
hardener is added to the resin-GMB mixture and stirred properly.
The fibre mat is wound around a cylindrical mandrel whose
diameter is equal to the required inner diameter of the tubes. The
mandrel is held on a device which rotates it axially. The resin
mixture is poured onto the mat and allowed to wet the mat
completely with a roller. Once the entire mat is wound, a plastic
sheet is wound over it and themandrel is allowed to rotate until the
resin cures. The rotation ensures that the resin does not collect on
one side of the tube and that the tube thickness is constant
throughout. After the composite tubes were allowed to cure for
24 h, the tube is extracted from themandrel and cut into samples of
length 72mmwhich corresponds to a length-to-diameter ratio of 2.
The samples of varying GMB volume fractions are shown in Fig. 2.
One end of the tube is chamfered to an angle of 45� to promote
progressive failure of the tubes. An image showing the chamfered
end of the tube is given in Fig. 3.

3. Experimental studies

3.1. Test methods

The impact tests are carried out on an in-house fabricated drop
weight setupwhich is shown in Fig. 4. Themaximumheight of drop



Fig. 1. (a) Photograph; (b) Scanning electron microscope image of the glass microballoons used.

Fig. 2. Composite tubes fabricated for impact tests.

Fig. 3. A photograph of the chamfered end of the tube. The angle of chamfer is 45� .

Fig. 4. The drop-weight setup.
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is 1.5 m. The impactor has a flat base and its weight can be varied by
adding or removing weights. The samples are placed on a metallic



Fig. 6. A visual representation of the terms involved in the second-order central dif-
ference approximation.
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bed and the impactor is lifted to a predetermined height using a
12 V DC electromagnetic lift and dropped. Image processing-based
technique is used for data analysis. The front face of the impactor
has a speckle pattern. The image of the speckle pattern on the
impactor before contact with the sample is shown in Fig. 5. The
impact event is recorded using a high-speed camera. The Phantom
V511, which can record up to 30,000 frames per second (fps), is
used for this purpose. The recorded frames are then analysed using
the digital image correlation (DIC) software, VIC-2D. In general, the
purpose of the speckle pattern is to enable the (DIC) software to
track and measure the deformation and strains developed in the
area of interest. However, in the current study, the measurement of
interest is the quasi-rigid displacement of themetal impactor. Thus,
the speckle pattern is analysed using the software to obtain the
impactor displacement as it comes into contact with the specimen.
As the specimen gets crushed, the impactor decelerates and this is
captured in a displacement-time plot. The velocity and acceleration
plots are obtained by numerical differentiation. A second-order
central difference approximation is used (Fig. 6). If s1, s2, …, si are
the displacement values at time instants t1, t2, …, ti, then the ve-
locity vi and acceleration ai are given as

vi ¼
�
ds
dt

�
i
¼ si�2 � 8si�1 þ 8siþ1 � siþ2

12Dt
(1)

ai ¼
�
dv
dt

�
i
¼ vi�2 � 8vi�1 þ 8viþ1 � viþ2

12Dt
(2)

where Dt is the time step between any two instants. Finite differ-
ences provide a good way to approximate a derivative. The second-
order differences give better approximations.

Differentiation of the displacement values using numerical
methods induces noise in the velocity plots. The data is smoothed
by using the spline curve fitting option in MATLAB. The spline is
useful in situations where a curve cannot be represented by a single
polynomial. It is essentially a piecewise polynomial function which
provides a smoother fit. It fits a few data points with a polynomial
fit and continues this for the entire curve. This gives a smooth ve-
locity plot which can be further differentiated to obtain the accel-
eration data. The load (Pi) is calculated from the acceleration as
Fig. 5. The speckle pattern on the impactor.
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Pi ¼mai (3)

where m is the impactor mass. From these values, the load-
displacement curves are plotted. These curves provide informa-
tion on various crush parameters, which are described below.

� Peak crush load: The maximum load the composite tube can
withstand under axial compression.

� Mean crush load: The mean load experienced by the composite
tube as it undergoes crushing. It is calculated using the
expression.

Pmean ¼

Pn
i¼2

½Piðli � li�1Þ�

lmax
(4)

where n is the number of time steps analysed, Pi is the load at the
ith instant, (li-li-1) is the crush length between instants i-1 and i, and
lmax is the maximum crush length of the tube.

� Crush force efficiency: The ratio of the mean crush load to the
peak crush load.

� Energy absorbed: The energy absorbed by the sample is
measured from the area under the load-displacement plots
obtained from experiments.

� Specific energy absorbed: This is the ratio of the energy
absorbed to the corresponding weight of the sample.
3.2. Results and discussion

Drop weight tests of the samples with varying GMB volume
fractions are performed using a drop mass weighing 35 kg from
heights of 0.5, 1 and 1.5 m. A photograph of one of the failed
samples impacted from a height of 1 m is shown in Fig. 7(a).
Prominent petal formation is seen in all the samples. This is due to
the chamfering of the tube end coming into contact with the



Fig. 7. (a) Top view of a compressed composite tube due to impact; (b) Top view of a compressed composite tube due to quasi-static loading [23].

Fig. 8. Load-displacement plots of samples with varying GMB volume fractions
impacted from a height of 0.5 m.
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impactor, which ensures progressive failure. The failure of the tubes
begins at the chamfered end subject to impact and gradually
propagates until the entire impacting energy of the impactor has
been absorbed. In the absence of a chamfered end, the tubes will
fail catastrophically at a point in the tube wall which reaches a
critical stress value.

The kinetic energy of the impacting plate is absorbed by the
tubes due to the various deformation phenomena which occur
during the crushing. The major energy-absorbing modes are

(1) Energy absorbed by delamination.
(2) Energy absorbed by axial cracking.
(3) Energy absorbed by bending of the petals.
(4) Energy absorbed by interlaminar shear deformation in the

petals during bending.
(5) Energy dissipated by friction between the petals and the

loading plates.

Fig. 7(b) shows the top view of a tube subjected to quasi-static
compression on a universal testing machine at a crosshead speed
of 2 mm/min [23]. On visually comparing the samples due to
impact loading (Fig. 7(a)) with tubes crushed by quasi-static
compression, it is seen that the tubes crushed by impact show a
larger extent of cracking in the longitudinal direction. The extent of
petal bending is lower and distinct petals are not seen. Thematrix is
seen to have been damaged in a more brittle fashion. This might be
due to the impact event taking place in a very short duration
compared to a quasi-static loading. Glass fibre-reinforced epoxy
composites show considerable strain-rate effects with their dy-
namic strengths considerably higher than their quasi-static prop-
erties [27]. This leads to the conclusion that the dominant property
in tubes subject to impact is the tensile strength of the composite
wall, while the tubes subjected to quasi-static compression are
mainly influenced by the interlaminar properties of the composite.
The addition of GMB to GFRP composites is found to improve the
interlaminar properties while the tensile and flexural properties
decrease [23]. This effect, coupled with the brittle failure of epoxy-
based composites at higher strain rates, is the reason for a larger
extent of longitudinal cracking in tubes subject to impact compared
to those crushed quasi-statically.

After the post-processing of the images captured by the high-
speed camera, the load-displacement plots are obtained for the
samples. The plots for the samples with varying GMB volume
fractions are presented in Figs. 8e10. These figures are for the tubes
5

of varying GMB volume fractions impacted from heights of 0.5, 1
and 1.5 m, respectively. All the plots show an initial linear region
which represents the elastic deformation of the tubewith the initial
peak being less than the other peaks due to the crushing of the
initial chamfered portion of the tubes. The region after this shows a
plateau region where the load oscillates around a mean crush load.
This is caused by the phenomenon of petal formation in the tubes.
These regions are not so distinct in Fig. 6 since the crush length is
very small for samples impacted from 0.5 m.

The extent of crushing and the mean crush load are both in-
dicators of the energy absorption of the tubes. To be used as energy-
absorbing structures, the tubes should be crushed at a desirable
load but fail progressively up to a large extent so that they can
absorb maximum energy from the impact loading. The crush pa-
rameters obtained from the experiments are tabulated in Table 1.
The kinetic energy on impact for the 0.5, 1 and 1.5 m drops are
approximately 157, 314 and 471 J, respectively. For all the cases, the
specific energy absorption increases with an increase in GMB vol-
ume fraction. The specific energy absorbed by the various tested
tubes is shown graphically in Fig. 11. Unlike quasi-static compres-
sion, where all the tubes were compressed up to a predetermined



Fig. 9. Load-displacement plots of samples with varying GMB volume fractions
impacted from a height of 1 m.

Fig. 10. Load-displacement plots of samples with varying GMB volume fractions
impacted from a height of 1.5 m.

Table 1
Crush parameters obtained from experiments (SEA ¼ Specific Energy Absorbed).

GMB volume
fraction

Density of tube/
(kg$m�3)

SEA in quasi-static tests/
(kJ$kg�1)

Height of
drop/m

SEA in dro
(kJ$kg�1)

0 1.6066 24.04 0.5 8.44
1 16.93
1.5 25.43

0.1 1.5077 28.77 0.5 9.02
1 18.00
1.5 27.08

0.2 1.4032 39.47 0.5 9.71
1 19.37
1.5 29.15

0.3 1.2924 44.05 0.5 10.48
1 21.00
1.5 31.48

0.4 1.1749 e 0.5 11.55
1 23.02
1.5 34.84

Fig. 11. Variation of the specific energy absorbed by the samples with varying GMB
volume fractions for weights dropped from different heights.
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displacement such that the energy input is the same for all cases,
the amount of crushing of the tubes under drop-weight impact
varies in proportion to the resistance offered by the samples. The
variation of the maximum crush lengths of the samples is shown in
Fig. 12. The maximum crush length is calculated from the
displacement data for each sample obtained from the DIC software.
It is found that samples with a higher proportion of GMB get
crushed to a larger extent, the maximum being the 0.4 vol fraction
samples impacted from a height of 1.5 m which get crushed to
around 34 mm. A photograph of the pure GFRP tubes impacted
from varying heights is shown in Fig. 13. This causes the specific
energy absorption to increase with the addition of GMB, even
though the mean crush load drops. The mean crush loads of the
samples tested are compared graphically in Fig. 14. The drop in
mean load upon the addition of GMB could be attributed to the fact
that cracking of the tube walls is seen to be the dominating failure
mode. This depends largely on the tensile strength of the tube
material. The tensile properties of GFRP composites tend to drop
upon the addition of GMB due to improper bonding between the
GMB and epoxy. This causes more cracks in the petals when
compared to tubes compressed quasi-statically. Another
p weight tests/ Equivalent quasi-static
SEA/(kJ$kg�1)

Mean crush
load/kN

Maximum crush
length/mm

5.08 16.20 10.56
8.77 18.80 18.25
10.79 22.60 22.44
6.76 14.97 11.74
10.89 17.27 18.92
13.75 21.57 23.89
8.86 14.37 11.23
15.67 16.73 19.85
20.82 19.56 26.38
10.51 14.33 11.93
18.97 15.91 21.53
24.62 18.37 27.94
e 13.76 12.44
e 14.30 21.83
e 15.34 34.05



Fig. 12. Variation of the maximum crush length of the samples with varying GMB
volume fractions for weights dropped from different heights.

Fig. 14. Variation of the mean crush load of the samples with varying GMB volume
fractions with weights dropped from different heights.

Fig. 15. Comparison of the mean crush load variations of tubes crushed by quasi-static
and impact loads.
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observation from Fig. 14 is that the strain rate effect is more
prominent in samples with lower GMB volume fractions. This may
be attributed to the fact that epoxy is significantly more dependent
on strain rate than the glass particles among the two constituents of
the matrix [28]. Higher GMB volume fractions mean a lower epoxy
volume which could be the reason for this effect.

The values of mean crush load upon the addition of GMB to the
composite tubes subject to impact loads are compared to the cor-
responding values in tubes compressed quasi-statically and are
given in Fig. 15. The quasi-static data is obtained from an earlier
work by the authors [23]. It can be seen that the mean crush load
decreases in tubes subject to impact while it increases under quasi-
static loading. Visual examination shows that tubes subject to
impact (Fig. 7(a)) undergo more damage by axial cracking, which
depends on the tensile strength of the tube wall. GMB-filled epoxy
has lower tensile properties even though the weight reduction
causes the specific properties to rise. On the other hand, quasi-
static compression of these tubes results in neat petal formation
and splaying of the wall (Fig. 7(b)), which depend on the inter-
laminar properties. The addition of GMB to fibre-reinforced epoxy
is found to improve its interlaminar properties [29]. The mean
crush load of tubes under impact can be thus improved by
Fig. 13. Pure GFRP tubes after impact from varying heights (0.5, 1 and 1.5 m from left to right).

7



Fig. 16. Comparison of the specific energy absorptions of tubes crushed by quasi-static
and impact loads. The prefix QS denotes the quasi-static equivalent of the corre-
sponding impact test.
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enhancing their tensile properties. This can be done by either using
stronger microballoons or by improving the GMB-epoxy bonding.

Fig. 16 compares the specific energy absorption values obtained
in the drop weight tests to those obtained for the corresponding
GMB volume fractions in quasi-static tests. The values are tabulated
in Table 1. Since the quasi-static tests were displacement-
controlled, all the samples were subject to the same crush length
of 50 mm, and the load-displacement behaviour was analysed. On
the other hand, the crush length in the drop weight tests varies for
each sample and depends on the weight of the impactor, the height
of drop, and the sample properties. To aid in comparison, quasi-
static specific energy absorption values equivalent to each drop
weight test are found according to Eq. (5). These values are
compared to the drop weight results.

Eq: SEA¼
�

Quasi static SEA
Quasi staic crush length

�

*ðCrush length from drop weight testÞ
(5)

In Fig. 16, the first set labelled QS depict the specific energy
absorbed by samples subject to a quasi-static compression up to
50 mm. QS 3.13, QS 4.43, and QS 5.42 denote the equivalent quasi-
static values corresponding to the drop weight samples subject to
impact velocities of 3.13, 4.43 and 5.42 m/s, respectively. It can be
seen that the samples subject to impact absorb more energy than
the corresponding samples compressed quasi-statically for equal
crush lengths. This difference is seen to increase with increasing
velocity of impact.
4. Conclusions

The impact properties of composite tubes with GMB-filled ma-
trix subjected to axial compression are investigated in this study. A
drop weight setup is used to obtain the crush parameters experi-
mentally. A DIC-based technique is adopted to acquire the data
instead of using sensors and an electronic acquisition systemwhich
reduces the complexity of the setup. The effect of GMB volume
fraction on the crush properties is studied. It is found that the
addition of GMB to GFRP tubes increases their specific energy
8

absorption. The mean crush load is found to drop, which is caused
by lower tensile properties of GMB-filled fibre composites as the
tubes subjected to impact show lower petal bending and more
extensive axial cracking compared to samples crushed quasi-
statically. Axial cracking depends mainly on tensile properties.
The weights of samples with GMB volume fractions of 0.1, 0.2, 0.3,
and 0.4 reduce by 6.2%, 12.7%, 19.6%, and 26.9%, respectively. This
weight reduction is a major advantage of these particle-filled tubes,
making them useful in several applications.
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