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ABSTRACT  

This paper presents an experimental and theoretical study on the energy 
absorption characteristic of thin–walled glass woven roving reinforced polyester (GRP 
0o /90o and ±45o) square tubes and Kevlar woven roving reinforced polyester (KRP 
0o/90o) tubes under quasi- static axial crushing load. Eight square tubes with dimensions 
of (100 × 100 × 1000) mm were manufactured using hand lay-up method and specimens 
were cut and fabricated from these tubes according to L/W ratio. All the tubes were 
tested using the Instron 4507 Testing Machine with maximum load cell of 200 kN. 
Load-displacement curves were obtained during the tests of specimens. In addition a 
description of the deformation processes of the tubes was discussed. It was concluded 
that a considerable energy was dissipated during the crushing of the tubes. Regular, 
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mixed and irregular fracture modes were observed. Loads carrying capacity of GRP 
tubes were found to be similar to those of KRP tubes while the mean load carrying 
capacity and energy absorption were lower in the case of GRP tubes.  
 
KEYWORDS: Composite; Fiber glass; Kevlar; Energy absorption; Load; Crush.  

INTRODUCTION 
Energy absorption in field of automotive structures is very important when one 

considers the effect of human life and safety in general.  The design and development of 
energy absorbing devices have received much attention for engineers. One of the 
developments is the use of fiber reinforced composite materials as alternative to the 
traditional materials in the design of energy absorbing structures [1-3]. The fiber 
reinforced plastic composite has become an important class of materials because of its 
unique properties which include high specific strength, specific Young's modulus, high 
corrosion resistance, light weight and easy manufacturing processes [4]. The growth in 
the use of fiber reinforced composite material in structural crashworthiness has created 
the need to analyze and understand the behavior of composite structures under crushing 
loads. Considerable amount of research has been undertaken in recent years [5-7]. 

Energy absorption capability of composite tubes depends on the mechanism of the 
collapse mode which is a function of several factors such as arrangement of fibers, 
properties of the fiber-matrix interface geometry of the structures and others related to 
the test methods such as crushing speed and type of loads.  These parameters have been 
investigated by many researches, for example Russell et al [8] undertook axial 
compressive tests on composite tubes to study the effects of parameters such as 
compression rate, thickness and filling foam on the crushing behavior and energy 
absorption capability. Price and Hull [9] studied the crushing behavior of square 
composite tubes made from random fiber glass reinforced polyester resin under static 
load and they found that the tubes crushed in progressive manner and their crushing 
mode depended on the geometry of the section, thickness and length of the tubes. 
Specific energy is defined as the energy absorption of the structure divided by mass.  It 
can be also expressed in terms of other factors related to the instability of the structure 
[1]. Recently Sivakumar et al [10] expressed the energy observed in terms of specific 
energy in their study and they found that the most important parameter was the specific 
energy absorption (SEA). This study investigated experimentally and theoretically the 
energy absorption of glass fiber reinforced polyester composite square tubes under 
quasi-static compressive load.  
 
THEORTICAL ANALYSIS 

In order to deduce a theoretical analysis of crushed composite tubes, it was 
assumed that the material of the tube is rigid up to failure. The fracture bending moment 
depends on the characteristic behavior of the composite material. The ends of the tubes 
are free to deform. The fold mechanism of regular mode is similar to the fold 
mechanism which was described by Wierzbicki and Abramowicz [11] for a thin walled 
metal tube. Figure (1) shows a schematic view of a composite square tube subjected to 
the quasi static load. The load is assumed to be uniformly distributed around the sides of 
cross-section.  When the load gradually increases, a critical condition is reached and the 
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The change in length of the tube can be described in terms of the instantaneous 
fold length (H) and the angle of bending (subtended angle (α) [13] as: 
 
ߜ  ൌ ሺ 1 ܪ2 െ cos  ሻ                (1) ߙ
The central angle (β) at the section D' E'F' in Figure (2-b) by the following expression 
[13]: 
 
ߚ  ൌ tanିଵሺ√2 tan  ሻ               (2)ߙ
 

Wierzbicki, and Abramowicz, [11] reported that for metal tubes there are three 
rate of energies dissipated must equal to the external work done in compression the 
basic fold mechanism as:  

 
ߜܲ ൌሶ ሶܧ  ଵ +  ܧሶଶ +   ܧሶଷ               (3) 
 
Where P is the compressive load and. ܧሶଵ ,  ሶଷ  are the rate of absorbed energies byܧ ሶଶ andܧ
horizontal, inclined and travel hinges respectively. By adapting the analysis procedure 
of the energy absorption  calculations given by Reid and Reddy [13] and using the 
above equation, the equilibrium load at any stage of compression for a composite square 
tube can be defined by (α) for complete tube section made up for quadrants is shown as: 

 

ఈܲ ൌ  ସ

ୱ୧୬ ఈ
 ሾ ଵ݂ ܯଵ



௧
 ଶ݂ܯଵ  ௐ

ு ଷ݂ܯଶ
ு


ሿ            (4) 

 
Where:  

ଵ݂ ൌ  8√2 ቀ 1  sin ఉ

ଶ
െ  cos ఉ

ଶ
ቁ cos  (5)             ߙ

 
ଶ݂ ൌ 2                  (6) 

 

ଷ݂ ൌ 2 cos 1√  ߙ   (7)                 ߙଶ݊݅ݏ
 
Where (M1) is the average fracture bending moment per unit width of fixed hinges of 
GRP 0o/90o tubes and assumed to be equal to fracture bending moment of a laminated 
plate of 0o/90o. The value of (M2) is the average fracture bending moment per unit width 
at inclined hinges and is assumed to be equal the value of fracture bending moment for 
laminated plate of ±45. (W) and (t) are the width and thickness of the element 
respectively. (H) and (r) are the instantaneous values of half fold length and radius of 
toroidal surface respectively. Reid and Reddy [13] stated that the values of (H) and (r) 
vary with the bending angle (α). However, Wierzbicki, and Abramowicz [11] showed 
that the mean value of (H) and (r) were found to be constant during the deformation 
process.  The mean load carrying capacity (Pm) can be found by integration the equation 
(4) as: 
 

ܲ ൌ  
ସ
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௧
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ௐ
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 ]           (8) 

 
Where: 
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݇ଵ ൌ  ଵ݂
ఈబ

  (9)                ߙ݀ 

݇ଶ ൌ  ଶ݂
ఈబ

  (10)               ߙ݀ 

݇ଷ ൌ  ଷ݂
ఈబ

  (11)               ߙ݀ 

 
The mean value of (H) and (r) can be found by minimizing the Pm with respect to (H) 
and (r) as follows: 
 
డ

డு
ൌ 0 ൌ  െ ܯଵ݇ଶ

ௐ

ுమ  ଶ ݇ଷܯ
ଵ


            (12) 

 
డ
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ଵ

௧
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Solving the equation (12 and 13), the values of (r) and (H) are: 
 

ݎ ൌ ට
మయ

మ
భ

  ெమ

ெభ
ଶయݐܹ 

              (14) 

ܪ ൌ ට
మ

మ

భయ
  ெభ

ெమ
 ܹଶݐ

య
              (15) 

 
Takingߙ ൌ  గ

ଶ
 , the values of ݇ଵ ൌ 4.44 , ݇ଶ ൌ 3.14 and ݇ଷ ൌ 2.2956 [13].  The mean 

values of (r), (H) and (P) can be found by substituting these values in equations (8), (14) 
and (15) as: 
 

ݎ ൌ 0.715 ට  ெమ

ெభ
ଶయݐܹ 

             (16) 

 

ܪ ൌ 0.989  ට  ெభ

ெమ
 ܹଶݐ

య
             (17) 

 

ܲ ൌ 38 ට ܯଶ
ଵܯଶሺ ௐ

௧
 ሻ

య
             (18) 

The fracture bending moments per unit width (M1 and M2) can be determined in terms 
of fracture stress per unit width [14] as: 

ଵܯ ൌ  ௧మ

ସ
 ସହ               (19)ט ߪ  

ଶܯ ൌ  ௧మ

ସ
 /ଽ              (20)ט ߪ  

 
By substitute equation (19) and (20) in equation (21) leads to: 
 

ܲ ൌ 9.5 ටݐଶܹ൫ߪטସହ ൯
ଶ

 ൫ߪ ט/ଽ൯   
య

          (21) 

 
Where: 
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W is the width of the tube 
t is the thickness of the tube 
 
  ସହ is the fracture strength per unit width of the ±45o composite laminateט ߪ
 /ଽ is the fracture strength per unit width of ±0/90o composite laminateט ߪ
 
MATERIALS AND EXPERIMENTS 
Materials 

The specifications of the materials used to manufacture the composite square 
tubes and plates are shown in the Table (1). 

 
Table 1: Specifications of the fibers and resins 

Material Description 
Glass fiber E- 290 g m-2 woven roving fiber cloth  
Kevlar fiber 190 g m-2 woven roving  fiber cloth 
Resin  Scott-Bader, crystic 491 pa.  pre–accelerated chemical resistant 

isphthalic polyester resin 
Hardener Catalyst, methyl ethyl ketone peroxide 50% in phlegmatizer.  

 
Manufacturing and Preparing of Tube Specimens  

Eight square tubes (100 mm ×100 mm ×1000 mm) were manufactured by hand 
lay-up method using a collapsible wooden mandrel. The hand lay-up method of a tube 
manufacturing was started by cleaning and covering the mandrel by a polyester film in 
order to get a smooth internal surface and easy removal of the tube from the mandrel. 
Woven roving clothes of glass 0o/90o, glass ± 45o and Kevlar 0o/90o were cut to layers 
according to the dimension (400 mm ×1000 mm for one lyre) and then wetted by a 
mixture of resin and catalyst, ratio (1:100). After that the wetted layers were carefully 
wrapped on the mandrel.  The mandrel was placed between wood backing boards and 
whole assembly was clamped and left to cure at room temperature for approximately 12 
hours. After curing, a tube was removed from the mandrel and then cut into desired 
specimens according to the ratio length to the width of the tube (L/W). 
 
Preparation of Tensile Test Specimens  

In order to determine the material properties of the GRP and KRP tubes, several 
tensile test specimens were cut from composite plates having the same layers and 
materials as the tubes. All the specimens were prepared to their final dimensions (25 
mm x 250 mm) according to the British Standard 2782, part 10: method 1003: 1977 
[14]. The specimen's ends were reinforced with (25 mm x 50 mm) aluminum tabs using 
Araldite 2005 adhesive. All the specimens were strain gauged to measure the 
longitudinal and lateral strains.  
 
Experiments 

The tests on the tubes were carried out using the Instron 4507 Test Machine with 
100 kN and 200 kN load cells (Figure 3). The specimens were crushed by an axial load 
applied through flat parallel steel platens at a constant cross-head speed of 20 mm/min. 
The measured data of load and displacement were fed to the computer through the data 
logging system to obtain load-displacement curves. The tensile tests were carried out on 
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the specimens using the same machine with a 5 mm/min cross-head speed. Plots of 
stress versus strain can be obtained from the machine through the computer. Burn – Off 
test was implemented on samples to determine the volume fraction of the composite 
tubes according to the standard method [15].  

 

 
Figure3: A photograph of the compressive test 

 

RESULTS AND DISCUSSION 
Mechanical Properties 

Table (2) shows the experimental results of the mechanical properties of the 
composite tubes. It can be seen that the failure strength and modulus are considerably 
affected by fiber orientation where the orientation 0o /90o exhibited high values than the 
±45o and vise versa for fracture strains. 
 

Table 2: Mechanical Properties of composite tubes 
Materials σf 

(MPa) 
E 

(GPa)
εf ν12 vf 

(%)
Mass of fiber 

(%) 
GRP 0o /90o 299.5 17.7 0.02 0.165 40 56.6 
GRP ±45o 115 11.6 0.2 0.57 40 56.6 
KRP 0o /90o 332 19.5 0.02 0.11 40 44.5 
KRP ±45o 108.9 5.31 0.14 0.475 40 44.5 

 

Experimental and Theoretical Results of GRP and KPR Composite Tubes 
Tables (3-a) - (3-h) show the experimental and theatrical results of maximum load 

carrying capacities (Pmax), mean load carrying capacities (Pm), final compression 
percentage of the crushed tubes (C%), Energy absorption (Etotal) and fracture modes of 
crushed tubes.  It can be noted that there are small variations in the thickness in all the 
groups of layers due to the method of tube manufacturing (hand-layup method).  The 
energy absorption was estimated by calculating the area under the curve of load-
displacement curves and the fracture modes were identified by visual inspection of the 
crushed tubes after the tests.  The compression percentage (C %) is the ratio of the final 
compression distance to the original length of the tube.  The amount of energy 
absorption and the manner of fracture modes depend on the instability of the tubes 
under loads.  

 

Table 3-a: Results of two layers GRP ±45º tubes 
L/W M 

(g) 
t 

(mm) 
C 
% 

Pmax (exp) 
(N) 

Pm (exp) 
(N) 

Pm (theo) 
(N) 

Etotal 

(J) 
Fracture 

Mode 
0.25 12 0.71 88 7920 2447 2447 46 Regular 
0.5 26 0.8 92 6400 2650 2650 126 Regular 
1 54 0.85 92 6350 2760 2760 294 Irregular 
2 97 0.7 96 5000 2425 2425 379 Irregular 
3 153 0.68 40 3540 2378 2378 180 Irregular 

Electric voltmeter 

Cross-head  

Specimen  

Steel platen 
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Table 3-b: Results of four layer GRP ±45º tubes 

 
Table 3-c: Results of six layers GRP ±45º tubes 

 
Table3-d: Results of two layers GRP 0º /90º tubes 

 
Table 3-e: Results of four layers GRP 0º /90º tubes 

 
Table 3-f: Results of six layers GRP 0º /90º tubes 

 
Table 3-g: Results of two layers KRP 0º /90º tubes 

 
 
 

Fracture 
mode 

Etotal 
(J) 

Pm (theo) 
(N) 

Pm (exp) 
(N) 

Pmax (exp) 
(N) 

C 
% 

t 
(mm) 

M 
(g) 

L/W 

Irregular 128 5851 10770 31000 86 1.36 28 0.25 
Regular 166 5079 3680 14840 94 1.12 40 0.5 
Regular 471 5260 5185 21000 92 1.3 95 1 
Irregular 806 5965 4270 21000 95 1.44 188 2 
Irregular 811 6439 4430 12630 61 1.57 299 3 

Fracture 
Mode 

Etotal 
(J) 

Pm (theo) 
(N) 

Pm (exp) 
(N) 

Pmax (exp) 
(N) 

C 
% 

t 
(mm) 

M 
(g) 

L/W 

Irregular 46 12290 10050 62830 80 1.9 30 0.25 
Irregular 126 11855 9320 38600 88 1.8 63 0.5 
Regular 294 12719 11930 41000 92 2. 133 1 
Regular 379 12290 12350 36000 89 1.9 301 2 
Regular 180 12719 12000 33350 95 2 447 3 

Fracture 
Mode 

Etotal 
(J) 

Pm (theo) 
(N) 

Pm (exp) 
(N) 

Pmax (exp) 
(N) 

C 
% 

t 
(mm) 

M 
(g) 

L/W 

Irregular 45 4176 2110 5670 86 0.82 13.8 0.25 
Regular 112 3000 2410 4820 95 0.5 21.28 0.5 
Irregular 165 3835 1770 6780 97 0.78 52 1 
Regular 386 3835 3000 4500 95 0.78 102 2 
Irregular 437 3391 1580 4050 92 0.6 145 3 

Fracture 
Mode 

Etotal 
(J) 

Pm (theo) 
(N) 

Pm (exp) 
(N) 

Pmax (exp) 
(N) 

C 
% 

t 
(mm) 

M 
(g) 

L/W 

Irregular 151 4030 7350 21360 82 1.5 24.5 0.25 
Regular 222 4380 4860 18210 94 1.7 46 0.5 
Regular 374 4294 4050 19270 93 1.65 101 1 
Irregular 1224 4367 6520 19000 94 1.69 207 2 
Regular 473 3663 3570 13840 94 1.3 277 3 

Fracture 
Mode 

Etotal 
(J) 

Pm (theo) 
(N) 

Pm (exp) 
(N) 

Pmax (exp) 
(N) 

C 
% 

t 
(mm) 

M 
(g) 

L/W 

Irregular 361 7767 18200 95450 80 2.06 32.5 0.25 
Regular 332 8061 7300 55800 83 2.2 55.32 0.5 
Irregular 959 7742 10009 40900 88 2.07 133.4 1 
Irregular 1805 8593 10000 47100 90 2.42 299 2 
Irregular 3109 8434 11170 40990 93 2.26 422 3 

Fracture 
Mode 

Etotal 
(J) 

Pm (theo) 
(N) 

Pm (exp) 
(N) 

Pmax (exp) 
(N) 

C% t 
(mm) 

M 
(g) 

L/W 

Irregular 58 3836 2810 7390 85 0.81 10.5 0.25 
Irregular 85 3600 1900 5920 91 0.73 21.3 0.5 
Regular 308 3409 3320 5660 93 0.7 0 47.6 1 
Irregular 509 3560 2640 4910 97 0.72 79.9 2 
Irregular 345 3560 1650 3950 80 0.72 115 3 
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Table 3-h: Results of four layers KRP 0º /90º tubes 

 

Mean Load Carrying Capacity 
Figures (4) and (5) show the theoretical and experimental results of mean load 

carrying capacity of GRP±45o, GRP 0o /90o ±45o and Kevlar 0o/90o crushed tubes versus 
thickness respectively. The theoretical values were calculated using equation (21) for 
tubes, which exhibited the regular folding mode.  This is because of difficulty in 
indentifying the irregular folding mode with fold mechanism on which the analysis [11] 
is based.  

 
Figure 4: Mean load carrying capacity versus thickness for GRP ±45ºand GRP 0˚ /90˚ 

tubes 
 

 
Figure 5: Mean load carrying capacity versus thickness for KRP 0˚ /90˚ tubes 

 
It can be seen that the both mean loads increase with increase of tube thickness.  

The experimental values of mean load for GRP 0o /90o tubes are less than the 
theoretical values and this is probably related to the instability of the tubes during the 
crushing process. On the other hand, the GRP ±45o and Kevlar 0o/90o tubes show 
relatively reasonable agreement between theoretical and experimental values. The 

Fracture 
mode 

Etotal 
(J) 

Pm (theo) 
(N) 

Pm (exp) 
(N) 

Pmax (exp) 
(N) 

C% t 
(mm) 

M 
(g) 

L/W 

Irregular 221 8590 10850 46230 82 1.89 24.7 0.25 
Regular 276 6246 9500 15440 94 1.5 38.7 0.5 
Regular 861 7313 8650 24240 90 1.9 98.4 1 
Regular 1674 7313 9150 20720 92 1.9 185 2 
Regular 1926 7001 9600 15920 92 1.7 257 3 
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difference may be related to the same reason of the GRP 0o /90o tubes or to the rigidity 
of the composite materials. 
 

Load-Displacement Curves 
Figure (6) shows the load- displacement curves of the GRP ±45o tube with L/W of 

0.25 and GRP 0o/90o crushed tube with L/W of 3 respectively. It can be seen that the 
curves show a large initial peak load corresponding to the initial collapse followed by 
rapid decrease in load due to instability of the tube. After this stage, the load reduced 
gradually and the curves becomes nearly flat in the short tubes with L/W of 0.25. This 
behavior was exhibited by all the short tubes. As the ratio of L/W increases, the curves 
exhibit a series of fluctuations about the mean load as shown in Figure (6b). The 
fluctuations consist of peaks and troughs corresponding to the deformation and folding 
of the tube. Figure (7) shows a comparison between the load – displacement curves for 
four layers GRP 0o /90o square tubes with L/W = 0.25, 0.5, 1, 2, and 3.  Clearly it can be 
observed that the curves have similar manner and the mean loads carrying capacity are 
approximately comparable. The main function of the load-displacement curve is to 
estimate the energy absorption by calculating the area under the curves and to record the 
crushing history of the tubes.  

 

 
 
Figure 6: Load- displacement curves (a): GRP ±45o crushed tube with L/W of 0.25,  

(b): GRP 0o/90o crushed tube with L/W of 3 
 

 
Figure 7: Load-displacement curves for four layers GRP 0o /90o tubes  
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of the first fold or lobe at the bottom end.  The other photos show continuation of the 
deformation in uniform manner. Photos 5 and 6 show fractures at the corners and at 
horizontal hinges more clearly   

 

 
 

Figure11 Deformation process of a six layer Kevlar tube with L/W = 3. 
 

Figure (12) show the fracture mode for two layer GRP 0o/90o tubes with L/W = 1 
and 3 respectively. For the short tube, it can be seen that it deformed by inextensional 
collapse.  However, because the material is rigid and brittle, fracture hinges appear and 
grow in a random manner through the sides of the tube (Figure 12-a). For tubes with 
ratio of  L/W = 3, the tubes tended to buckle globally after the first lobe had formed and 
crumpling started due to the fracture hinges, which spread along the specimen in 
random manner (Figure 12- b).  

 
 

Figure: 12: Fracture modes for two layer GRP tubes, 
 
Figure (13) shows the crushing process of the GRP 0o/90o six layer tube with L/W 

= 4. It can be seen that the tube started to buckle with half sine wave on each faces (see 
photograph 2). As the load increased owing to the differences in rigidity and strength of 
corners and faces, the circumferential fractures started at the middle length of the tube 
with formation of a fold as shown in photograph (3) and (4). Photograph (5) shows the 
interpenetration failure of the tube. This type of failure has been observed by Thornton 
and Edwards [16] in some graphite and glass square tubes. Photograph (6) shows the 
completion of interpenetration failure mechanism, where the two halves of the tube 
enter into each other.  
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4 
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Figure 13: Crushing process for GRP 0o/90o six layer tube with L/w =4 
 

Effect of Wall Thickness on the Crushing Behavior 
The increase in maximum load and energy absorption, have been observed in all 

cases with increase in tube thickness. The specific energy which is related to the 
increase in the stability of tube under loading, increases with increase in the wall 
thickness for all ratios examined as shown in Figure (14).  

 
Figure 14: Specific energy versus thickness for square tubes with L/W= 3 

 

The effect of the thickness on the fracture modes is absorbed in all cases except 
for W/L<1. The latter did not exhibit much variation in fracture modes, where some 
specimens exhibited regular deformation and others deform in random manner as shown 
in Figure (15) 
 

 
 
 
 

 
 

Figure 15: Fracture modes for GRP and KRP crushing square tubes with L/W = 0.5 
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the crushing of square tubes. Most of the KRP tubes with L/W > 1 tended to exhibit the 
regular mode whereas most the GRP tubes tended to exhibit the irregular modes. The 
values of maximum load, mean load carrying capacity and energy absorption of the 
GRP 0o/90o tubes were similar to that for GRP ±45o tubes and were lower than those for 
KRP 0o/90o tubes. The load displacement curves were similar and showed maximum 
peak load corresponding to the initial collapse followed by rapid decrease in load and a 
series of serrations and peaks about mean values.  The thickness, type of fiber and fiber 
orientation had considerable effects on the mean load carrying capacity, crushing modes 
and energy absorption of the tubes. 
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NOMENCLATURES  
E         Young's Modulus 
, ሶଵܧ  ሶଷ    The rate of absorbed energies by horizontal, inclined and travelܧ ሶଶ andܧ

hinges respectively.  
ଵ݂,ଶ,ଷ Coefficients in equation (4) 

݇ଵ,ଶ,ଷ Coefficients in equation (8) 
H, Hm Instantaneous and mean fold lengths 
Mଵ,ଶ,ଷ Bending moments per unit width 
L Length of the tube  
P, Pm Compressive load and mean load carrying capacity 
P Compressive load at a given compression defined by α 
r, rm Instantaneous and mean radii of troidal surface  
t Thickness of the tube 
ε Fracture strain 
v Volume fraction 
W Width of the square tube 
α Angle defining instantaneous compression of the tube  
β Angle defined the geometry of fold mechanism 
δ change in height of a fold unit  
ν12 Initial poission, s ratio 
  ସହ Fracture stress of ±45o composite laminateט ߪ
 /ଽ Fracture stress of 0o/90o composite laminateט ߪ
GRP Glass reinforced plastic 
KRP Kevlar reinforced plastic 


