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Abstract.This research aims to investigate the performance of crashworthiness parameters and behavior of bamboo fibers 
reinforced epoxy matrix composite tube with chamfering angle 45o at one end. The quasi-static compression testing was 
applied axially on the specimen to investigate the response of force-displacement during progressive collapses. The 
machine used in this experimental testing was the Shimadzu concrete compression testing machine with capacity 2000 
KN. The load-displacement curve and the history of the crushing mechanism are presented and discussed. The result 
shows that bamboo fibres reinforced epoxy matrix composite tube with chamfering angle 45o at one and can absorb 
energy amount 6.03 KJ for 50 mm displacement of cross-head. The others parameters, such as peak load, average load, 
crush force efficiency, and specific energy absorption was with values 170 KN, 117.43 KN, 0.69, and 21.91 KJ/kg, 
respectively. Besides those findings, the failure mechanisms show the combination modes, i.e. progressive failure and 
catastrophic failure modes. 

INTRODUCTION 

Our modern lifestyle has been creating an active life of commuter peoples. They need a safer mode of 
transportation to support this dangerous way of life. Given this pattern, the number of vehicles is increasing 
exponentially. The impact is the number of accidents which are occurring is increasing significantly. As a result, the 
number of passengers of these vehicles who are injured and killed in vehicle collisions increases proportionally 
every day. 

Safety is currently becoming a crucial issue. Many governments have recently released new regulations to reduce 
the increasing number of accidents. One of the rules states that the automotive industry must care about the safety of 
passenger vehicles in the designing process. EU implemented standard EN 12767 [1], and the New Car Assessment 
Program (NCAP) was created by the National Highway Traffic Safety Administration (NHTSA) for every newly 
manufactured vehicle [2]. Besides that, the current ‘Green’ consumerism concerned about the environment and the 
global warming issue also are forcing the automotive industry to produce eco-friendly and more environmentally 
safe products economically. 

The safety devices in vehicles are namely active and passive. The active devices provide protection directly to 
the passenger in collision events, while the passive devices will protect the passenger by converting the crash energy 
into changes of structure shapes [3]. Crush box is one of the passive devices. The design of crush box is usually 
made of thin-walled structures. 

The evolution of the material used to design this component has been growing from steel [4], mild steel [5], and 
magnesium alloy [6], into hybrid aluminium tubes and foam [7], and also composite materials. The research of crush 
box design has been conducted to improve the ability of this component to absorb energy due to axial load. Studies 
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in the irregular and regular shape of crush box, such as square, circular, and the elliptic shape have been extensively 
performed to improve this essential safety feature in vehicle design [8]. 

Currently, intensive research has been done to improve the quality of crush box with alternative materials. The 
composite material is interesting to use as crush box material because it has a greater weight-strength ratio, is 
cheaper, and eco-friendly.However, to design new composites made for increased energy absorption requires a new 
understanding of the material response to crash events. Different than the crushing effect of metals, composite 
materials absorb energy by fragmentation and splaying, which can arise in various modes. Besides that, the overall 
energy absorbing capabilities are dependent upon some characteristics, such as structural geometry, material system, 
layups, and velocity. The composite materials also absorb energy through the controlled failure mechanisms and 
modes. 

In this research, the performance of unidirectional bamboo-fibres reinforced epoxy composite tube with 
triggered chamfering angle 45o at one end is investigated. These composite tubes are made manually without the 
vacuum infusion process. The testing to evaluate the safety performance of this specimen used quasi-static 
compression testing. 

The purpose of this research is to manufacture a new type of crash box with natural fibre reinforced epoxy 
composite, to substitute for the regular crush box used as a local car component that is made from a mild steel thin-
walled structure. 

THE QUASI-STATIC COMPRESSIVE TESTING RESPONSE 

The typical pattern of quasi-static compression crushing response is shown in Fig.1. The three zones can be 
identified in this event. There are the pre-crushing zone, crushing zone, and compacting zone. The elastic behaviour 
of structures usually occurs in the pre-crushing zone, while the peak load and non-linear response happen in the 
crushing area, where the energy of crushing is absorbed by the structure. The compacting zone is when there is no 
energy absorbed anymore. It is indicated by high increasing of the load after initial displacements. 
 

 
FIGURE 1. Quasi-static compressive testing response 

The parameters of crushing performance consist of the peak load, the average load, the energy absorbed, the 
specific energy absorbed, and the crush forced efficiency. All of the parameters obtained are listed below 

1. The peak load, FMAX is the highest load in the crushing zone. 
2. The average load, FAVG is the mean value of loading 
3. The energy absorbed, U is the area under the curve load-displacement 
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0

d
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Where F is reaction force, ds is a differential of the displacement variable, d max is maximum displacement 
before compacting zone, and d0 is displacement at first crushing zone 

4. The specific energy absorption, SEA is the ratio between the energy absorbed and the mass 

 
m
USEA  b) 

Where m is a mass of the crusher component, and U is the total energy absorbed. 
5. The crush forced efficiency, CFE is the ratio between peak load, FMAX and average load, FAVG 
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MATERIAL PREPARATION 

The bamboo fibres strips were supplied by the bamboo craft centre, Ngoro, Jombang, Jawa Timur, Indonesia. 
The dimension of bamboos strip is length 210 mm, wide 10 mm, and thickness 1 mm. It is shown in Fig. 2. 

 

 
FIGURE 2. Bamboo fibres strip 

 
We used Bakelite EPR 174 Liquid Epoxy Resin base on bisphenol-A, and Versamid 140was usedas a hardener. 

The epoxy resin matrix was supplied by PT. Justus Kimia Raya, Semarang, Indonesia. It is shown in Fig. 3. 

 
FIGURE 3. Bakelite EPR 174 liquid Epoxy resin and hardener Versamid 140 

FABRICATION 

Bamboo fibres reinforced epoxy matrix composite tube with chamfering angle 45o at one end was fabricated 
using a manual method. The fabrication is described below: 

1 The preparation of bamboos strip 
The bamboo fibre strip was cut with length 210 mm, wide 10 mm, and thickness 1 mm. Next, this bamboo 
fibre was dried under the sun (± 32o) for five days and then stored in a dry box. Then the fibres were ready 
to be prepared in PVC moulding. 

2 The  preparation of fibres in PVC moulding 
The bamboo fibres were arranged in PVC moulding as shown in Fig. 4b. Then, it was inserted to second 
moulding, as shown in Fig. 4c. In this stage, the matrix was ready to pour into the second moulding.  

3 The matrix preparation 
We used Bakelite EPR 174 Liquid Epoxy Resin base on bisphenol-A and Versamid 140as hardener with 
composition 2:1. All were mixed and slowly stirred for 5 minutes. Then it was poured into the second 
moulding, and we waited until it became solid.  

4 Demoulding specimen 
Finally,demoulding and trimming the specimen done at the last stage. The specimen is shown in Fig. 4d 
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FIGURE 4. The fabrication of bamboo fibres reinforced epoxy composite tube 

THE TESTING PROCEDURE 

The testing procedure followed the ASTM D 3410/D 3410M-03. This testing is using concrete compression 
machine with capacity 2000 KN. This machine is shown in Fig. 5. 

 
FIGURE 5. Concrete compression machine type 

The set-up for testing of bamboo fibre reinforced epoxy matrix composite (BFRC) with 45o chamfering angle at 
one end of the tube was performed by aligning the tube axis with the axis of the cross-machine head, to avoid 
bending when loading, as shown in Fig. 6 below.  

 
FIGURE 6. Set-up for testing of bamboo fibres reinforced epoxy matrix composite (BFRC) tube 

The quasi-static compression testing for the BFRC was done with the rate 5 mm/minutes. The measurement of 
the load was done at every 2 mm displacement of cross-head. The test data is taken up by thecross-head switch of 70 
mm. 

THE CRUSHING HISTORY 

The load-displacement curve of bamboo fibres reinforced epoxy matrix composite (BFRC) tube with 
chamfering angle 45o at one end is shown in Fig. 7 below. 
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FIGURE 7. Load-displacement curve bamboo reinforced epoxy composite tube 

The crushing analysis on BFRC made without infusion can be described as follows. First, the load-displacement 
curve can be divided into eight areas, as shown in Fig. 8 below. 

 
FIGURE 8. History crushing of bamboo reinforced epoxy composite tube 

 
In the region number one, the specimen still behaves with elastic behaviour and is followed by peeling off a part 

of the matrix from the specimen at displacement 2 to 4 mm. Meanwhile, the loading is continuing to increase 
reaching value 120 KN at displacement 10 mm, and the cracking started occurring, as shown in Fig. 9 below. 

 
FIGURE 9. Elastic behaviour at region one and peeling off a part of matrix at 8 mm displacement 

 
The sharp drops in load were occurring in area 3 to 90 KN at 12 mm displacement. This failure mode is because 

of the matrix was peeling off and the cracking growth was taking place in some area of the specimen, as shown in 
Fig. 10 below. 
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FIGURE 10. A part of the matrix was peeling off and the cracking growth occurring 

 
In region four, the load was increasing significantly from 90 KN at displacement 10 mm, to 160 KN at 

displacement 16 mm. This mode was happening because no more matrix peeling off occurred in this area, just the 
cracking showed growth, as shown in Fig. 11. 
 

 
FIGURE 11. The cracking growth 

 
One phenomenon occurred in the displacement 16 mm to 18 mm, when there was no rising in load. It was 

caused by no crack growth but only swelling. The rising of load occurred again at displacement 20 mm with load 
value 170 KN.  The buckling then started followed by the sharp drop load to value 90 KN at displacement 22 mm.  
At this moment, there were only the cracking growth and matrix peeling off visible at the centre of the specimen, as 
shown in Fig. 12. 

 
FIGURE 12. The cracking growth and matrix peeling off under rising load 

 
Next, the constant load occurred until displacement 24 mm, followed by rising load to 170 KN as the response 

of no matrix peeling off. The specimen then experienced catastrophic failure at the centre by buckling, and the sharp 
drop load to 130 KN at displacement 32 mm occurred, as shown in Fig. 13.  
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FIGURE 13. The cracking growth and matrix peeling off at catastrophe 

 
After displacement 32 mm, the load kept constant until displacement 42 mm, with value 135 KN and a small 

rise at displacement 45 mm with value 140 KN. This phenomenon occurred because the specimen was only 
experiencing buckling in the centre and the matrix peeling off also the cracking wasbigger than before, as shown in 
Fig. 14. 

 
FIGURE 14. The cracking growth and matrix peeling off with buckling 

 
After displacement 70 mm, the shape of the specimen, as shown in Fig. 15, demonstrated the failure mode is a 

combination of catastrophic mode and progressive mode. The progressive failure mode at the crushing started at 
displacement 18 mm, and then the catastrophic mode occurred at the centre of the specimen. 

 
FIGURE 15. Catastrophic failure modes of bamboo fibres reinforced epoxy composite tube 

 
The total energy absorbed in this testing is 6.03 KJ for 50 mm displacement of cross-head. The peak load is 

showing at value 170 KN, the average load at value 117.43 KN, the crush force efficiency at value 0.69, and the 
specific energy absorption at value 21.91 KJ/kg. In comparison, the OEM crush box of a local car, as calculated in 
[9], have parameters for energy absorbed at value 5.91 KJ.  It also has the peak load with value 202.83 KN, the 
average load 108.78 KN, the crush force efficiency at value 0.54, and the specific energy absorption at value 21.53 
KJ/kg. 
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CONCLUSIONS 

In the comparison of this specimen with the OEM crush box of a local car, this specimen has better overall 
performance than the OEM crush box, but the catastrophic failure mode behaviour is unlikely to be used as a crush 
box component. This failure mode is likely to occur due to the methods employed to make this test specimen, which 
was without the vacuum infusion matrix method, causing the matrix to not spread evenly in all parts of the sample. 

ACKNOWLEDGMENTS 

The first author wishes to acknowledge Kemenristekdikti for financially supporting this research through Grant 
(Hibah Penelitian Desertasi Doktor)No. 01/SPP/LPPM/PL/IV/2017 and BPPDN-Dikti. The authors also thank the 
Material Laboratory of Civil and Environmental Department, Engineering Faculty Universitas Gadjah Mada for 
permission to use the testing machine facility. 

REFERENCES 

1. Passive Safety UK, “Passive Safety UK Guidelines for Specification and Use of Passively Safe Street 
Furniture on the UK Road Network.” pp. 1–24, 2010. 

2. D. O. T. Hs, The New Car Assessment Program Suggested Approaches for Future Program Enhancements, 
no. January. NHTSA, 2007. 

3. S. J. Cloutier, “Automobile Safety Technology.” Worcester Polytechnic Institute, pp. 1–47, 2011. 

4. F. Tarlochan, F. Samer, A. M. S. Hamouda, S. Ramesh, and K. Khalid, “Design of thin wall structures for 
energy absorption applications: Enhancement of crashworthiness due to axial and oblique impact forces,” 
Thin-Walled Struct., vol. 71, no. OCTOBER, pp. 7–17, 2013. 

5. Y. S. Tai, M. Y. Huang, and H. T. Hu, “Axial compression and energy absorption characteristics of high-
strength thin-walled cylinders under impact load,” Theor. Appl. Fract. Mech., vol. 53, no. 1, pp. 1–8, 2010. 

6. J. Marzbanrad and M. Khosravi, “Optimization of crush initiators on steel front rail of vehicle,” Int. J. 
Automotive. Eng., vol. 4, no. 2, pp. 749–757, 2014. 

7. S. K. Pr and H. R. Vitala, “Evaluation for Energy Absorbing Capacity of Concentric Aluminium Tubes 
Filled With Foam of Different Density,” Int. J. Mech. Ind. Technol., vol. 2, no. 1, pp. 113–124, 2014. 

8. J. Marzbanrad, M. Alijanpour, and M. S. Kiasat, “Design and analysis of an automotive bumper beam in 
low-speed frontal crashes,” Thin-Walled Struct., vol. 47, no. 8–9, pp. 902–911, 2009. 

9. H. Saputra, Jamasri, and H. S. B. Rochardjo, “The Prediction of Energy – Absorption on the Car Crush 
Box,” in 3rd International Conference on Science and Technology - Computer Symposium, 2017, pp. 51–56. 

030006-8

https://doi.org/10.1016/j.tws.2013.04.003
https://doi.org/10.1016/j.tafmec.2009.12.001
https://doi.org/10.1016/j.tws.2009.02.007

