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Abstract: In this paper, an investigation on crushing behavior of kenaf fiber/wooden stick reinforced
epoxy hybrid composite elliptical tubes is presented. Kenaf fiber reinforced epoxy elliptical composite
tubes, unsupported and supported by wooden sticks (4, 6 and 8), were fabricated using hand lay-up pro-
cess. The crushing tests were performed at a constant speed of 20 mm/s to explore the potential effect of
wooden sticks on the specific energy and mechanical behavior of kenaf fiber reinforced epoxy compos-
ite elliptical tubes. As a result of the study, it was found that the load carrying capacities of kenaf fiber
reinforced epoxy composite tubes were gradually increased with the number of wooden sticks. Gener-
ally, the investigation showed that kenaf fiber reinforced epoxy composite elliptical tubes supported
by wooden sticks demonstrated superior specific energy absorption and crashworthiness compared to
the composite tubes unsupported. Further, the results also revealed that all specimens have failed in
longitudinal failure modes. In this regard, an elliptical composite tube supported by 8 wooden sticks
exhibited the best energy absorption capability.

Keywords: kenaf fiber mat, biocomposites, specific energy absorption, epoxides, crushing behavior,
wooden sticks.

Wytrzymalos¢ na zgniatanie rur eliptycznych z ,,zielonych” kompozytow
epoksydowych wzmacnianych wiéknami kenafu i pretami drewnianymi

Streszczenie: Przedstawiono wyniki badan odpornosci na zgniatanie eliptycznych rur wykonanych
metoda laminowania recznego z hybrydowych kompozytéow zywicy epoksydowej z widknami kenafu,
wzmacnianych 4, 6 lub 8 pretami drewnianymi. Testy zgniatania prowadzono przy statej szybkosci
20 mm/s, w celu oceny potencjalnego wplywu wzmacniajacych pretéw drewnianych na energie wia-
$ciwa oraz wlasciwosci mechaniczne kompozytéw. Stwierdzono, ze zdolnos¢ do przenoszenia obcia-
zen przez rury kompozytowe zwiekszala sie¢ ze wzrostem liczby pretow wzmacniajacych. Badania wy-
kazaty, Ze wzmocnienie pretami drewnianymi rur eliptycznych z kompozytéw zywicy epoksydowej
z wtoknami kenafu wplywa na zwiekszenie zdolnosci absorpcji energii oraz odpornosci na zderzenia.
Wszystkie probki ulegaty zniszczeniu w kierunku wzdtuznym. Najwieksza zdolno$¢ pochtaniania
energii wykazywata rura kompozytowa wspierana przez 8 pretow drewnianych.

Stowa kluczowe: mata z witdkien kenafu, biokompozyty, absorpcja energii, epoksydy, odpornos¢ na
zgniatanie, prety drewniane.

In recent years, interest in polymer composite mate-
rials has increased due to their advantages over mono-
lithic materials [1]. Composite materials are defined as
engineering materials that exist as a combination of two
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or more materials that provides better properties than
individual components alone can be done [2]. Reinforce-
ment is generally responsible for reinforcing the com-
posites and improves their mechanical properties. All
the different fibers and methods of support in the fiber
reinforcements have influence on the properties of the
composite materials. Natural fibers such as kenaf, jute,
banana, hemp, bagasse, and oil palm are superior to syn-
thetic fibers in terms of renewability, cost, density, bio-
degradability, efc. [3]. In addition, natural fiber compos-
ite materials have the potential to be widely applied to
energy absorption structures and in defense industry
[4]. The main application areas of natural fiber compos-
ites are the automotive and building industries in which
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they are used in structural applications as fencing, deck-
ing, outdoor furniture, window parts, roofline products,
door panels, etc. [5-9]. In this study a natural fiber (kenaf
fiber) is used as reinforcement for elliptical cone epoxy
composites.

The energy absorption capacity of composite materials
is important for improving the safety of human beings in
the event of a car crash. Energy absorption depends on
many parameters such as fiber type, matrix type, fiber
structure, specimen shape, processing condition, fiber
volume fraction, test speed, etc. Changes in these param-
eters can cause subsequent changes in the specific energy
absorption (E,) of the composite material up to tow [10].

Alkateb et al. [11] experimentally examined the behav-
ior of a composite elliptic thin-walled cone subjected to
quasi-static axial crushing. They concluded that the col-
lapse behavior of elliptical cones is very sensitive to ver-
tex angle change. Alkbir et al. [12] studied the effect of
geometry on the impact resistance parameters of natural
kenaf fiber reinforced composite hexagonal tubes. Dif-
ferent hexagonal angles were used during the process-
ing of composite with kenaf fiber mat into a hexagonal
shape. Experimental results revealed that the tubes with
an angle of 60° had the highest energy absorption per-
formance due to the local buckling mode. Misri et al. [13]
reported experimental and simulation studies to investi-
gate the behavior of composite hollow shafts. It focuses
specifically on the different winding angles and the max-
imum torsional capacity of the composite hollow shaft
for aluminum reinforcement. The results showed that the
maximum static torsional capacity of the fiber-reinforced
unsaturated polyester composite with kenaf yarn wound
at 45° performed better compared to the yarn wound at
90° and that the presence of aluminum significantly im-
proved torsional properties of the composites.

Most studies on the crashworthiness parameters have
focused on determining the effects of type and fiber ori-
entation [14], structural applications [15] and low veloc-
ity impact [16]. Mahdi et al. [17] examined the effect of
conical angle on fiber type and its crushing behavior
and performance. The crushing mechanism strongly de-
pends on the fiber type different from the cylinder cone
vertex angle changed to failure mode. Warrior et al. [18]
studied the influence of tube geometry on the crashwor-
thiness performances of composite tubes. In their study,
randomly orientated non-woven kenaf fibers were hard-
ened into hexagonal tubes. They found that changes in
hexagonal tube angle affect impact crashworthiness pa-
rameters in various different failure modes. Davoodi et
al. [19] checked the mechanical properties of a hybrid ke-
naf/glass reinforced epoxy composite for bumper bars for
traveller autos. They discovered preferences as far as me-
chanical properties contrasted with other normal bum-
per bar materials. However, the effect properties are still
beneath the coveted level. Eshkoor ef al. [20] found that
the value of energy absorption decreases irrespective of
the trigger mechanism as the length of the tube increases,

they conducted a comparative study on the impact re-
sistance of the natural silk/epoxy composite tube of the
fabric and used twelve layers of silk fabric and took into
consideration the length of the three tubes.

A study was conducted on quasi-statically crushed
composite in the transverse direction. It was found that
orientation of fibers is not an important key factor in in-
creasing the specific energy absorption rate and force ra-
tio [21]. The number of layer was increased, the absorbed
energy was also increased, through test crushing coaxial
to obtain the force-displacement curves, and analysis of
the test results showed that varying fiber orientations for
a single layer of fibers had no significant effect on the en-
ergy absorption performance. Kenaf yarn fiber was also
hybridized with steel tubes [22]. Generally, composite
materials have demonstrated the ability to retain impor-
tant safety capabilities during vehicle crash.

The previous studies concerned crashworthiness per-
formance of the composite tubes fabricated using non-
-woven, mat, woven and yarn kenaf fibers for crash-
worthiness applications. However, there is still lack of
work on the crashworthiness of mat kenaf fiber compos-
ites with the use of additional supports such as wood-
en sticks. In this research, quasi-static tests under axial
compression were performed and the energy absorption
capacity of kenaf mat reinforced epoxy composite ellipti-
cal tubes unsupported and supported by wooden sticks
was investigated. The parameters measured include the
maximum crushing load, the maximum stress, the total
absorbed energy, the specific absorbed energy, and the
crushing force efficiency.

EXPERIMENTAL PART
Materials

The as-received kenaf fiber mats with the thickness of
3.5-4.0 mm were supplied by Tazdiq Enterprise, Malay-
sia. A set of wooden sticks for supporting kenaf mats was
purchased from a local hardware store. Figure 1 shows
kenaf mats and wooden sticks used in this study and
how to install wooden sticks.

The matrix used was a combination of D.E.R.™ 331™
liquid epoxy resin and Joint Mine 950-35 as hardener/cur-
ing.

a)

Fig. 1. a) Kenaf mats, b) kenaf mats and wooden sticks, c) instal-
ling of wooden sticks
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Fig. 2. Schematic diagram of the winding process of kenaf mat
composite elliptical tube

Fabrication process of elliptical composite tubes

Initially, kenaf mats were cut to a desired size. The
kenaf fiber mats containing moisture were dried under
the sun at 25 to 35 °C for one hour. The polymer matrix
was prepared by mixing epoxy resin and hardener at the
ratio of 2 : 1 and they were thoroughly mixed for 5 to
10 minutes before being applied to the fiber mats. The
composite tubes were fabricated by hand lay-up process
using a hand-held machine. Figure 2 shows schematic
diagram of the winding process for the composite tubes,
both supported with wooden sticks and unsupported,
the wooden sticks were placed evenly on the kenaf fi-
ber mats. The hand lay-up process was carried out using
a roller to squeeze out excess resin with both resin and
kenaf fibers wound around an elliptical tube mold. As
soon as the composite tubes were fully hardened, they
were removed from the mold. The process of fabricating
the composites was continued until the composites were
dried and cured by leaving them at room temperature
for approximately 48 hours. Stages of manufacturing and
processing test samples as shown in Fig. 3.

Both top and bottom bases of the composite tubes were
trimmed to remove the unnecessary fibers and hardened
resin. In this work, twelve composite tubes with the length
of 230 mm and the thickness depended on the number of
layers were produced. Mat kenaf fiber reinforced epoxy
composite elliptical tubes were made in two layers of kenaf
fiber mats with the thickness of 9 mm. Different numbers
of wooden sticks (4, 6 and 8) were used for supporting the
composites tubes, denoted respectively as (KRCET-Ows),
(KRCET-4ws), (KRCET-6ws) and (KRCET-8ws). For each
test, three samples were replicated.

Methods of testing
Quasi-static compression tests

The quasi-static crush test was conducted between
parallel steel plates of a universal testing machine (In-
stron AG-IS, 25 tones). The elliptical composite tubes
were placed vertically and compressed quasi-statically
under a constant cross-head displacement of 20 mm/min.
About 70 to 80 % of the height of the tube was crushed.
The load versus displacement curve for each compound

E I

Fig. 3. a) Wet and wrapped kenaf mat around the mold, b) sample
left for a while to dry well, ¢) sample extracted from the man-
drel, d) finishing the sample, e) hardened kenaf mat composite
elliptical tube

condition was automatically recorded when the area un-
der the curve represents energy absorption performance.
Other important quasi-static test parameters such as av-
erage crushing load (P ) and initial crushing load (P)
loads were examined. Initial crushing load (P) was de-
fined as the maximum load of elastic deformation before
the composite showed signs of initial failure. The average
crushing load (P, ) was obtained by averaging the maxi-
mum and minimum loads around the variable region,
and a typical elliptical tube under investigation is shown
in Fig. 4.

Fig. 4. Typical composite elliptical tube under investigation
Crashworthiness performance

From the load-displacement response of the compos-
ite sample, crashworthiness resistance parameters were
obtained. They are useful for comparing different com-
posites for their load carrying capacity and energy ab-
sorption capacity with various number of wooden sticks
(0,4, 6 and 8). Table 1 shows the quasi-static crush test pa-
rameters of a mat kenaf fiber reinforced epoxy composite
elliptic tubes (KRCET-xws) with respect to the following
important parameters: crush force efficiency (CFE), mean
crushing stress (0), initial failure indicator (IFI), specific
energy absorption (E,), volumetric energy absorption ca-
pability (E,).
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Table 1. Important crushing performance parameters of composite elliptical tubes
Sample p, kN P, kN P, kN IFI CFE E, o KJ/(kg - m?) o, MPa E, MJ/m3
KRCET-0ws 19.19 13.72 6.99 1.40 0.51 309.09 1.69 0.31
KRCET-4ws 10.67 9.40 8.78 113 0.81 413.33 213 043
KRCET-6ws 11.87 10.86 9.26 1.09 0.98 429.98 2.24 0.41
KRCET-8ws 13.83 11.01 12.40 1.26 1.13 570.73 3.00 0.57
Crush force efficiency (CFE) is the ratio between the 1 NI s —s
initial crush failure load and the average crush load [23]. Ns = > P 8)
It is calculated as: AThe = 2

CPE= 1 1
P @
where: P, P — the initial and the average crushing
loads, respectively.
The mean crushing stress (0, MPa) — average crushing
load P divided by the original material cross-sectional
area A (mm?):

o=— 2

" @)

Initial failure indicator IFI should be as close as pos-
sible to 1, which is actually difficult to achieve:

IFI= 2 3
“p ®)
where: P_ - the critical crushing load.

The average energy (E) absorbed as represented by the
areas (s under the load-displacement curve is a function
of specimen cross-sectional area, material density, and
the crush distance:

N5, s,
E= piw @)
i=1 2

The total work (W) or energy absorbed by crushing the
composite specimen in the area under the load-displace-
ment curve is as follows:

W, = [Pds )
s

where: P — a crushing load, ds — a small element of

crushed distance.

Wt = zpm dS = Pm(sb_si) (6)

where: s, s, — the crush distances, P, — the average
crush load as indicated.

The specific energy absorbed during the axial crushing
of the tubes, which is equal to the area under the load-
-displacement curve, is evaluated as:

1 p= 51178
° Aho ; b2 @

The effect of cross-section area on the energy absorbed,
the specific energy absorption equation can be normal-
ized as:

The volumetric energy absorption capability (i.e., en-
ergy absorbed per unit volume) is also an essential pa-
rameter for an energy absorbing system design, where
the volume is volume sample before crushing. The en-
ergy absorbed per unit volume (E ) can be calculated as:

E
E, =— 9
=" ©)
RESULTS AND DISCUSSION

Load-displacement curves

One of the main factors for measuring impact test is
the load-displacement relationship of the energy absorb-
ing device. In general, there are three different stages in
the history of curves: the crash initiation stage, the crush
propagation stage, and the material densification step. At
the beginning of the crushing stage, elastic strain energy
is accumulated in the specimen, as the load increased the
total failure did not occur. The pre-crash stage is domi-
nated by the local failure mechanism at the microscale,
such as microbuckling of the compression side fibers
and debonding at the fiber-matrix interface, and the wall
cross-sectional area plays the biggest role in the failure of
the specimen when a critical load value is reached. Nor-
mally, the fracture propagates in two ways: a catastrophic
“euler buckling” way, or a progressive way to continue to
absorb energy with the desired crush load.

Figure 5 shows the load-displacement curves of un-
supported mat kenaf fiber reinforced epoxy composite
elliptic tubes (KRCET) and the ones supported with dif-
ferent number of wooden sticks (ws) under quasi-static
compressive load. These curves show a typical load-dis-
placement diagram and can be divided into three main
regions. The first region is a linear elastic deformation
with the force linearly proportional to the displacement.
When the tubes collapsed, the composite experienced a
sharp descent. When the load was continued, the load
with which the composite gradually collapses fluctuated.
If the crushed length was about 170-180 mm, the load
increased again, but there was a slight displacement. El-
said et al. [23] reported that the square and hexagonal
shape were crushed catastrophically while circular shape
showed uniform and progressive crushing mode.
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Fig. 5. Load-displacement curve of the two-layer composite el-
liptical tubes

Composite elliptic tubes both unsupported and sup-
ported using 4, 6 and 8 wooden sticks were made. The sam-
ples containing 8 wooden sticks showed to have a high-
er load response compared to other samples. Composite
elliptic tubes with 4 and 6 wooden sticks (KRCET-4ws,
KRCET-6ws) exhibited similar load-displacement curves.
In other words, although the converged results were ob-
tained, they were better than the results obtained from
the unsupported samples (KRCET-Ows). However, it was
observed that the composite experienced catastroph-
ic failure, especially in the second stage. As the num-
ber of wood sticks (supports) increased, the response of
the load-displacement curve appeared to increase as ex-
pected. The effect of wood sticks supporting kenaf fiber
mat/epoxy composite elliptical tube was particularly pro-
nounced in the first region (initiation stage). The unsup-
ported composite elliptical tubes showed a low load at
the crushing propagation stage, thus reducing the area
under the curve, which affects the energy absorption. It
can be clearly seen from the load-displacement curve in
Fig. 5, where the highest value of the first load is observed.
As a result, lower impact test performance was obtained.
It was also revealed that there was no significant differ-
ence in load-displacement reaction with 4, 6 and 8 wooden
sticks (KRCET-xws).

Failure mechanisms

From Fig. 5 the compression history of the mat kenaf
fiber reinforced epoxy composite elliptic tubes is shown

using different numbers of wooden sticks (4, 6 and 8). It
has been reported that a mat kenaf elliptical tube sup-
ported using a wooden stick fails in a different mode than
unsupported composite structure, but it is symmetrical.
The mat kenaf fiber reinforced epoxy composite elliptic
tubes undergo compression axial test, and it shows duc-
tile deformation without fragmentation afterwards. The
composite tube generates an initial crash fracture load
with the highest peaks (P) at 19.19, 10.67, 11.87, 13.83 kN,
respectively (see Table 1). The load has increased semi-
-linearly before the start of matrix micro cracking. This is
the highest peak (upper yield point). Fracture took place
in the central region because the fibers were torn with
sticks. Then, a transverse shear crack took place on the
left side of the composite tube. Next, the transverse shear
crack at the centre was almost faded, subsequently the
elliptic tube composite cracked, the load-carrying capac-
ity of the tube decreased, reaching a low value of (P ) at
13.72, 940, 10.86, 11.01 kN, respectively (as clearly seen in
Table 1), when a certain distance can be inferred from the
displacement axis. Also, from the typical load-displace-
ment curve and analysis of the results for the kenaf com-
posite tube with different number of wooden sticks the
average crushingload (P ) values were obtained, i.e., 6.99,
8.78, 9.26 and 12.40 kN, respectively. Figure 6 shows the
relationship between the number of wooden sticks and
the average crushing load (P, ), as one of the main factors
of energy absorption. The failure region has the largest
role in increasing the area under the curve, thus increas-
ing the average crushing load. Finally, the lock-up region

—
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[68) (@)}
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Number of wooden stics

Average crush load, kN
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Fig. 6. Graphical relationship between number of wooden sticks
and mean crush load
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Fig. 7. Different behavior of crushing: a) linear elastic, b) plateau stress, ¢) densification stages of composite tubes
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Fig. 8. Images taken during the crushing test, where the collapse
took place in kenaf mat supported by wooden stick in elliptical

composite tubes

25
20 B KRCET-0ws M KRCET-4ws
KRCET-6ws KRCET-8ws

Z 15 -
]
o 10 4
=

5 _

0 p

p i p cr p m

Fig. 9. Load bearing capacity for mat kenaf fiber epoxy composi-
te elliptical tubes with different number of wooden sticks

follows the drop, the load increases non-linearly (densi-
fication stages of elliptic tubes composite).

Figure 7 shows different behavior of crushing stages
of the composite tube samples; ranging from number 1
(linear elastic) until 3 (densification stage). Figure 8 shows
illustrative images taken during the crushing test, where
the collapse took place in kenaf mat supported by wood-
en stick in elliptical composite tubes.

Influence of wooden sticks on load-carrying
capacities

There are four different samples of kenaf fiber reinforced
epoxy composite elliptical tubes with different number
of wooden sticks, i.e, 0, 4, 6 and 8. All specimens were
crushed and analyzed for crushing behavior. The first data
of crushing failure load P, was taken and it was observed
that KRCET-Ows had the highest value of 19.19 kN com-

25
2) KRCET-Ows
20-

z
<15
5
(v
510

800 1200 1600 2000 2400

Displacement, mm

pared to other test specimens. Figure 9 is a bar chart show-
ing the effects of the number of wooden sticks (0, 4, 6, 8)
on the initial crushing load (P) compared with other load
values [critical crushing load (P ) and average crushing
load (P)] of elliptical composite tubes. Such effects of the
typical load-displacement curve in composite tubes had
also been studied by Elfetori et al. [24].

It indicates the effectiveness of energy absorption dur-
ing fracture, which may also provide some information
on the fracture mode of the cylinder tubes [25] unsup-
ported and supported by wooden sticks (4 and 6). A simi-
lar trend was found in the elliptic composite tube sup-
ported by 8 wooden sticks (KRCET-8ws) because of
crushing efficiency higher than that for unsupported one
(KRCET-0ws). Figure 10 shows the behavior of KRCET-Ows
and KRCET-8ws samples under the crushing test, to com-
pare the unsupported elliptic composite tube and the one
supported using the largest number of wooden sticks (8).

Mirfendereski et al. [26] conducted a parametric study
and numerical analysis of empty and foam-filled thin-
-walled tubes under static and dynamic loadings. They
found that the most energy absorption takes place by
a progressive fracture of composite tubes and cones
under axial load. Results show that the foam filler im-
proved the progressive crushing process, increasing the
maximum load and the absorbed energy. Fig. 11 presents
a graph showing the influence of the number of wooden
sticks on the values of crushing force efficiency (CFE) and
mean crushing stress (o). A clear and consistent trend not
associated with the fluctuation of crushing stress can be
observed. In general, it can be inferred that the average
crushing stress increases with the increase in the number
of wooden sticks. Of the specimens tested, the maximum
crushing stress value for the sample with 8 wooden sticks
(KRCET-8ws) was 3.00 MPa, and the elliptical test tube
without wooden stick (KRCET-Ows) had the lowest aver-
age crushing stress of 1.69 MPa. Reddy and Al-Hassani

[27] studied the axial crushing behavior of thin extruded
tubes filled with wood. Reid [28] observed that filling
thin-walled metal tubes with foam improved their ener-
gy absorption capacity. Also, Hansen et al. [29] developed
an optimum design for energy absorption by a thin shell

o
~
(€8]
o
1

KRCET-8ws

Load kN
—_ = N N
o u o O

6)]
1

800 1200 1600 2000 2400

Displacement, mm

0 400

Fig. 10. Comparison of load-displacement curves and behavior of the two-layer composite elliptical tubes: a) KRCET-0ws, b) KRCET-8ws
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Fig. 11. Comparison of mean crushing stress (g, MPa) and crush
force efficiency (CFE) values for two layers of kenaf mat com-
posite elliptical tubes

of aluminum and filling of aluminum foam. For metal-
lic shells, it is interesting to state that the ratio of the wall
thickness to the radius is the dominant factor determin-
ing the failure mode of the fracturing mechanism.

The results show that the unsupported specimen has
higher crushing peak load (upper yield point) than the
specimen supported by 8 wooden sticks. The load en-
ergy below the graph of load-displacement for the speci-
men supported by wooden sticks is higher than for the
unsupported specimen. It has proven that the specimen
with 8 wooden sticks enables more energy absorption
[570.73 KJ/(kg - m?)] and shows the highest value of the av-
erage load (12.40 kN), as can be seen in Fig. 10. The energy
absorbed can be calculated from the area under the load-
-displacement curve. The crushing failure load increas-
es with increasing number of supporting wooden sticks.
A previous study by Eshkoor et al. [30] reported that the
failure mode was highly dependent on the geometry of
the composite tube and the manufacturing parameters.

Energy absorption capability

Figure 12 represents the effect of number of wooden
sticks on the energy absorption by structural composite
tubes for two layers (t =9 mm) of kenaf fiber mats wound
in one direction. It was found that the absorbed ener-
gy increased with an increase in the number of wooden
sticks. It is expected that wooden sticks toughen the com-
posite materials, being capable of distributing the stress-
es across the structural wall. However, when the number
of wooden sticks was increased from 4 to 6, there was a
slight drop in the absorbed energy, probably because the
shear forces triggered breaking the sticks, thus lowering
the energy absorption performance. However, in the case
of 8 wooden sticks the energy absorption capacity was
increased further.

By integrating the area under the axial load-displace-
ment curve of the crash behavior, the specific energy
capacity of the tube composite was obtained [30]. Also,
the specific energy absorption of natural fiber composite

absorption of composite elliptical tubes

tubes depends on the tube geometry and fiber reinforce-
ment [31-33].

Figure 12 illustrates the changes in the normalized spe-
cific energy absorbed by composite elliptical cones with
increasing numbers of wooden sticks.

The composite supported with 8 wooden sticks
(KRCET-8ws) gave the highest specific energy capability
[570.73 KJ/(kg - m?)] among the investigated samples. The
outcomes such as peak load, average load and specific en-
ergy absorption values of composite elliptical tubes are
displayed in Table 1. Similar results were also reported
in other studies [34, 35].

CONCLUSIONS

Quasi-static crushing behavior of various kenaf fiber
mat reinforced epoxy composite elliptical tubes were
studied in this paper. It has been proved that the addition
of supporting wooden sticks to kenaf fiber reinforced
polymer composite tubes can have a significant influence
on the energy absorption capabilities of the material. The
experiments showed that by increasing the number of
wooden sticks it is possible to change the mechanism of
crash, and therefore, control the energy absorption char-
acteristics of the composite. The main conclusions that
could be drawn from this investigation are:

- Addition of wooden stick reinforcement to kenaf fi-
ber/epoxy elliptical composite tubes leads to an increase
in energy absorption capabilities of the structure.

— The possible reason of this phenomenon was failure
mechanism started with the wall disintegration before it
was crumbled.

— The transition from brittle to ductile fracture mode
was clearly demonstrated as a main reason for the in-
creased energy absorption capability.

— The change in the number of wooden sticks in the
supported elliptical composite cones affects crashworthi-
ness parameters.
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