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Abstract—This paper investigates the energy absorption response of winding kenaf fiber composite 
tubes when subjected to an axial quasi-static crushing test. The square composites were prepared firstly 
by submerging the kenaf yarn into resin bath before it is warped around the mould for different number 
of layers and fiber orientations. The parameters measured were peak load, mean load and specific energy 
absorption. Collapse mechanisms during the progressive collapses were observed as a function of tube 
length. It is found that as-expected, number of layers played an important role in increasing the energy 
absorption performances. However, fiber alignments have insignificant effect on the absorbed energy. A 
surface bulge appeared on the one side of the tube walls responsible for premature failure of the 
composite prior to the progressive collapse. 
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I. INTRODUCTION 

Natural fiber is recently given an opportunity to replace a synthetic fiber to reinforce composite materials. 
Generally, this fiber is used as a reinforcing tool to strengthen the composites for non-load bearing applications 
[1]. The advantages of natural fibers such as low price, low density, unlimited and sustainability. Furthermore, 
natural fibers are recyclable and biodegradable [2]. A number of works have been carried out to investigate the 
potential use of natural fibers as reinforcement in polymers. Most of the results have shown that natural fiber 
can be used as reinforcing tool for plastics. However, their mechanical strength is relatively lower than the 
synthetic fiber composites [3].  

Tremendous amount of works have been found on the investigations of mechanical strength of natural fiber 
composites. However, lack of information found study the crashworthiness aspects of natural fiber reinforced 
composites [4-7]. Most of the studies have been carried out to determine the effects of geometries [4], fiber 
orientations and types [2] and material hybridization [5] on the crashworthiness parameters. Mahdi et al. [5] 
studied the effect of fiber types and conical angles on their crushing behavior and performances. It is found that 
the crushing mechanisms are strongly dependent on the cone vertex angles and different fiber types altered the 
mode of failure. Warrior et al. [8] recently investigated the influence of tube geometry on the crashworthiness 
performances. In their study, randomly orientated non-woven kenaf fibers were hardened into hexagonal tubes. 
They found that the change in the hexagonal tube angle affects the crashworthiness parameter with various 
distinct failure modes. 

Based on the literature survey [1-13], there are lack of works reported on the use of natural fiber especially 
for energy absorbing materials. Most of the reported works discussed more on the basic mechanical behavior 
such as tensile [11] and impact [2] behavior. Additionally, some works use natural fibers to reinforce plastics are 
available [2, 5, 6]. However, most of these papers implemented randomly oriented fiber reinforced composites 
to fabricate their materials.  In this paper, an experimental work was conducted to study the response of winding 
kenaf yarn fiber composite tubes subjected to axial compression forces. Two important parameters are used such 
as fiber orientations and number of layers. Then, energy absorption and crushing mechanisms are discussed and 
analyzed in term of these two parameters. 

II. METHODOLOGY 

Kenaf fiber is used in this present study. It is in the form of as-received yarn as shown in Figure 1. An 
average diameter of the kenaf yarn is 1 mm. The fabrication process of the composite is shown in Figure 2 
where the kenaf yarn bundle is firstly wetted with the polyester resin. A special attention is paid in order to 
ensure the wetting process is uniformly distributed on the whole kenaf surfaces. Then, the process is continued 
where the fiber is properly warped around the square steel mould assuming that the fiber tension is constant. The 
square steel mould is specially designed so that it can be easily removed once the composite is fully hardened as 
shown in Figure 3. Two important parameters are considered when fabricating the square composites such as 
fiber orientations (θ = 0, 5 and 100) and number of layers (L = 1, 2 and 3 layers). Once the composites are 
removed from the mould, both ends of the composites are trimmed to remove any excessive resin and fibers. In 
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order to investigate the crushing behavior, the composites are vertically aligned and then they are quasi-
statically compressed using a constant cross-head displacement 1.5 mm/min as revealed in Figure 4. Force-
displacement curve for each sample is recorded automatically and the area under the curve represented the 
energy absorption performances. During the progressive collapses, the crushing mechanisms are observed for 
different crushed distances. Several important crashworthiness parameters such as peak and mean forces and 
specific energy absorptions are studied on the effect of fiber orientations and number of fiber layers. 

 
Fig. 1. A bundle of an as-received kenaf yarn fiber. 

 
Fig. 2. Schematic diagram of the winding process of the kenaf yarn fiber. 
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Fig. 3. (a) Design assembly, (b) Hardened composite, (c) End cap is removed and (d) Exploded assembly. 

 
Fig. 4. Composite is vertically positioned before quasi-static compression loading. 

III. RESULTS AND DISCUSSION 

A. Force-Displacement Diagram 

The force-displacement diagrams of the square composite tunes under quasi-static compressive loading is 
shown in Figure 5 for different number of layers. The force-displacement responses of the square tubes are 
almost similar to each other where it can be divided into three stages; linear elastic deformation, plateau stress 
and densification stages. For a linear stage, the displacement is linearly increased when the force is increased. 
Once, the damages initiated at the end or just below the tube upper edge line, the force started to have a sudden 
drop with insignificant force fluctuations indicating that the tubes are progressively collapses. At the end of the 
crushing process, the force increased again due to the collapsed composite densifications. Figure 5 also 
indicated that the effect of fiber orientations are not significantly affected the response of force-displacement 
curves. The role of fiber orientations can be clearly distinguished between three orientations used. When the 
numbers of layers are increased, the responses of force-displacement curves are also increased. However, the 
crushing distance is relatively shorter compared with the lower number of layers. 
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Fig. 5. Force-displacement curves of kenaf winding square composites for (a) 1 layer, (b) 2 layers and (c) 3 layers. 

B. Effect of Number of Layers and Fiber Orientations on the Energy Absorption Performances 

Figure 6 represents the effect of number of layers of winding fibers on the specific energy absorption for 
different fiber orientations. It is found that the absorbed energy increased when the numbers of fiber layers are 
increased. It is as expected where higher number of fibers capable to distribute the stresses across the tube wall 
and therefore toughening the composite materials. On the other hand, fiber orientations seem not to play an 
important role to increase the energy absorption capabilities. However when the fiber is slightly inclined to 50, 
higher absorbed energy can be seen compared with other type of fiber conditions. This is probably due to higher 
value of inclined angle capable to trigger the failure caused by shear stress. 
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Fig. 6. Effect of number of layers on the specific energy absorption. 

Figure 7 shows the effect of fiber orientations on the specific energy absorption for different number of fiber 
layers. As expected, number of layers played an important factor to increase the energy absorption 
performances. While, the fiber orientations affected insignificantly on the specific energy absorptions for each 
layer condition. However, energy absorption capability increased when the fiber alignment is increased from 0 
to 50. It is then decreased when the fiber orientation up to 100. This is probably once the angle is greater than 50, 
the shear forces are triggered and therefore shearing the fiber and thus lowering the energy absorption 
performances. 

 
Fig. 7. Effect of fiber orientations on the specific energy absorption. 

C. Collapse Mechanisms of the Composite Square Tubes 

The force-displacement for 100 fiber orientation square composite tube under compressive loading is 
represented in Figure 8 for a different crushed length. It is an identical force-displacement curve where it can be 
divided into three stages; (1) linear elastic, (2) plateau stress and (c) densification stages. The area under the 
curve is therefore represented the energy absorption performance of the composite under compressive loading.  

While, Figure 9 reveals the collapsing mechanisms of the square composite tubes. Figure 9(a) shows the 
initial condition of the tubes. Just after the peak load condition, a bulge appeared at one side of the composite 
(read arrow). Once the load increased, the bulge damage is more severe and a long crack started to propagate 
along the adjacent fibers as in Figure 9(c). Then, the composite wall is inward folded to represent the plateau 
stage as shown in Figure 9(d) until large wall fragmentation occurred (Figure 9(e)). Once, the wall totally 
collapse, the crushing force is again increased due to the fact that no more composite to be crushed as in Figure 
9(f). 
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Fig. 8. The force-displacement curve of the 100 fiber alignment. 

   

(a) (b) (c) 

   

(d) (e) (f) 

Fig. 9. Various stages of the crushed length of the composite square tubes. 

IV. CONCLUSION 

In this present paper, filament winding technique is used to fabricate the square composite tubes. During the 
process, two important parameters are used namely fiber alignment and number of fiber layers. These tubes are 
quasi-statically crushed until final stage. Then, the force-displacement diagram is obtained automatically and the 
area under the curve represents the energy absorption performances. There are several conclusions can be drawn: 

i. Varying fiber orientations for a single layer of fiber has no significant effect on the energy absorption 
 performances. As expected, if the number of layer is increased, the absorbed energy is also increased. 
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ii. Just after the linear elastic displacement, one side of the tube walls bulged and then long crack along 
 the adjacent fibers started to appear and propagate. Then, the crack wall folded several times before it 
 is experienced totally collapsed.  

iii. In the near future, several fiber alignments will be used and wound around the square mould. It is 
 expected to increase the performances of energy absorption. 
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