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Abstract: An experiment study of fiberglass (E-400) composite tubes subjected to quasi-static
compression loading is presented. The main objective of this study is to increase the understanding of
the behavior of deformation and failure mode of composite tubes under axial loading. Three different
types of shapes had been selected; which are circular, triangular and square. These composite tubes
have been fabricated with 4, 6, 8 and 10 layers, using 0/90° fiber orientation angle. The tubes inner
diameter is 100mm and the height is 100mm for all the specimens. The results had been observed
including the experimental results of the load-displacement curves, the initial failure load, the
maximum failure load and the average failure load. From these results, the crashworthiness parameters
were calculated. It was found that the initial failure load and the total energy absorption are increasing
when the number of layers increased for the specimen at the same condition.
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INTRODUCTION

In the recent years, composites are widely used in engineering fields because of its high specific strength
and specific modulus. Some cases required its special electrical properties as well. This combination of
properties make advanced composites very attractive, and become a competitive potential substitution for metal,
and becoming an important class of engineering applications, such as athletic equipment, automotive, aircraft
and aerospace structural parts, transportation, oil and nuclear industries, owing to their good properties such as
excellent corrosion resistance, high strength to weight ratio, High impact resistance properties, Design
flexibility. This entire properties make the industry recognized the ability of composite materials to produce
high-quality, durable, cost-effective products. Mallick, (2007) pointed out that composite materials have been
classified in many ways depending on the ideas and concepts that need to be identified. Derek, (1990) found that
the composite idea can be related to the macro scale. The major structural applications for fiber -reinforced
composites are in the field of commercial aircrafts, for which weight reduction is critical for higher speeds and
increased payloads. Currently a large variety of composite components are used in aircrafts, Daniel et al., (2003)
found out that automotive parts represent an immense market for composites. Both the volume of the
automotive market and the potential automotive uses for composite materials are very large. Brend, (1991)
proposed that there are several composite automobile parts are now in production, and many others are being
planned. These parts include suspension springs, space frames, body panels, and entire assemblies. Lee et al.
(2008). make An experimental investigation to study the energy absorption characteristics of thin-walled square
tubes subjected to quasi-static axial loading to develop the optimum structural members of the vehicle that can
secure the safety of passengers at the time of collision The result of the static collapse test showed that the
amount of energy absorption and mean collapse load of the thin-walled tubes is increasing and it depends on the
thickness width ratio. Jose et al., (2007) They fabricated tubes of circular and square cross sections and they use
polyester resin and plain weave E-glass with fibers oriented at 0/90 and they used steel molds for making the
specimens they make a quasi-static compression test on the specimens and the results shows that among the
conditions, tubes of circular cross

Fabrication of Tubes:

Several fiberglass tubes were fabricated according their shape (circular, square, triangular) by using the
hand lay-up method.

Section fabricated display the highest level of specific energy absorbed, when we compare it with the
square cross section specimens.

There are several steps for each shape of tube fabrication. Preparing the mandrel is an easy way to shape the
fiberglass/epoxy into desired shapes. For circular shape, the circumference of each mandrel is calculated in
order to know the exact length of fiberglass that needs to provide, where the width is fixed for all the specimens
is 300 mm. Then the length of specimen can be defined as below:

Circumference=n x D
Length = circumference x N
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Where D is the circular tube diameter, N is number of layers.

For the square and triangular tubes, it can be found by multiplying the length of one side by the number of
sides. As shown in the equations below.
Circumference of the triangular = 3 x side length
Circumference of the square = 4 x side length

After the desired length of fiberglass is ready, then the hand lay-up process is started. Then the mandrel is
used to roll the fiberglass through the length by putting the mixture epoxy/hardener simultaneously. The mixture
must be followed the ratio 4:1 by weight. By rolling the fiberglass with the exact length which is calculated
before, it can be produced the desired layers of laminated tube.

Fig. 1: shows the process of preparing the mandrel and fiberglass lay-up method.

After the solidation process for the epoxy/hardener, the mandrel is removed apart from the fiberglass tube.
The fiberglass tube is ready for finishing into the desired geometry by using the cutting machine.

Crushing Test Set Up:

The crushing test had been performed on to all the specimens by using an electrical computer-controlled
servo-hydraulic INSTRON machine type 4469. The speed was set at constant 15 mm/min. The specimens were
axially crushed between two steel flat platens; one is static and the other one moving with constant speed. The
type of failure modes has been observed such as debonding, delamination, fiber pullout and matrix cracking.
Figure 2 shows the INSTRON machine

Fig. 2: shows the INSTRON machine.

RESULTS AND DISCUSSION

Load Displacement Curves:

Load-displacement curve can be classified into two main zones the first zone represent the elastic behavior
stage which is called the pre-crushing stage of the specimen then the initial failure will observed (P;), after the
initial failure the plastic zone starts and it’s the second zone of the load displacement curve and it’s called the
post-crushing stage. The load displacement curve as shown in Figure 1 shows the maximum load (P,.x), average
load (P,y) and the displacement of the failure. From here, the other crashworthiness parameters can be also

calculated.
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Fig. 3: Example of load-displacement curve.
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(A) Circular Specimens:

Figure 3 shows the load-displacement curve for fiberglass E-400 circular tubes in same fiber orientation
angle (0/90°) and same height 100 mm. The Figure shows that P; increase gradually from the lowest number of
layers or thickness (CG-4L-0/90°) to the highest number of layers (CG-10L-0/90°) and the P, also increased
gradually. As shown in the Figure, the CG 4L-0/90° specimen, the curve dropped due to the wall buckling of the
specimen. Then the structure recovered the failure so the curve growth again until the cracking appeared causing
dramatic reduction in the curve then after this the curve start to growth again but the multiple failure between
fiber breakage and the cracking of the structure prevent the recovering of the specimen and the specimen crack-
up until the end of the crushing and from the plastic zone the slight fluctuation of the curve. It is because of the
micro-cracking of the epoxy, Appendix A-1 shows the process of the crushing of this specimen. In CG-6L 0/90°
the elastic part ends at 29.85kN initial failure load at 1.33mm crushing displacement then after that the plastic
zone begin, the curve drop due to the wall cracking of the specimen as shown in Appendix A-2, then the curve
increase because of the fiber recovery then the curve decrease because of fiber breakage occurs, after that the
curve increase slightly to a specific point to decline again with slight fluctuation and this because of the multi
failure observed between fiber debonding and matrix deformation. CG 8L-0/90° the curve drop because of the
wall cracking of the specimen and matrix deformation, the curve increases again until it reach the maximum
failure load then the curve drop dramatically because of the cracking and the wall buckling of the specimen,
moreover the curve fluctuate because of the structure recovering until it fall sharply because of the combined
failure mode between fiber debonding, and matrix deformation and the crushing progress shown in Appendix A-
3. CG 10L-0/90° which is the highest number of thickness the curve drop very sharply as a result to the cracking
of the specimen the curve increases because of the spaceman recovering structure then the curve drop due to the
cracking and fiber breakage then the curve increase with fluctuating until a determine point which is the
maximum failure load (Py,,,) 37.41 kN due to the micro cracking in the epoxy, after that the curve decline with
a slight fluctuating because of the multi failure mode between splaying of the specimen walls, fiber debonding
and fiber breakage, and its continue decreasing until the end of the test and Appendix A-4 shows pictures of the
crushing process of this specimen. Table 1 shows the exact calculations for the specimens shown in the same
Figure.
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Fig. 4: load displacement curves of the specimens CG -0/90° (E-400).
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(B) Triangular Specimens:

The maximum crushing load and the initial failure load is directly proportional to the number of layers,
which can be seen from Figure 5 this Figure illustrate the triangular specimens with different number of layers
and with 0/90° orientation angle by using fiber E-400. From Table 2, the maximum values of the initial load and
maximum load can be produced by TG-10L-0/90°. This specimen with 10 layers shows that the curve fluctuates
until it drops sharply due to the cracking of the specimen and buckling. The curve increases again because of the
spaceman recovering structure, after that the curve drop due to the fiber breakage, and delamination and this is
the end of the crush, but the curve increase again because the specimen become west so this part of the curve is
neglected, and Appendix A-8 shows the process of the crushing of this specimen. The curve of the TG-4L-0/90°
shows the elastic part which ends at 16.76 kN initial failure load (Pi) at 1.96 mm crushing displacement (Di),
after that the plastic zone begin, the curve drop sharply due to the buckling of the specimen walls and the drop
of load continue until the displacement became 60 mm then the curve starts rising due to the cumulative
materials of the specimen, not to mention that maximum failure load is the same to the initial load and the
crushing process is shown in Appendix A-5. TG 6L-0/90°, The final crushing displacement in this specimen is
26.64 mm that’s mean the curve ended before reaching 80 mm of the crushing test. Appendix A-6 shows the
process of the crushing of the specimen with the triangular glass fiber with 6 layers and 0/90° orientation angle
and by using E-400 glass fiber. the curve drop in this specimen because of folding observed in the specimen
wall then the curve increase because of the structure recovering then the curve start decreasing until the load
become zero and this because of a complex failure modes between folding and fiber brakeage. The load
displacement curve of the specimen with the triangular glass fiber with 8 layers and 0/90° orientation angle and
as mentioned in Figure 3 the curve divided into two main zones the elastic part which ends at 24.45 kN initial
failure load at 1.96 mm crushing displacement then the plastic zone begin, a big drop of load observed which
shows the start of matrix deformation and cracking, then the curve increases with tiny fluctuating until a specific
point then the curve decrease slightly because of the buckling and fiber breakage, then the curve increase a little
bit with a very slight fluctuating then the curve decrease slightly due to the fiber debonding and folding,
Appendix A-7 shows the process of the crushing of this specimen.

45
40 TG-10L
5 TG -4L
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Fig. 5: load displacement curves of the specimens TG -0/90° (E-400).

(C) Square Specimens:

In this Figure 6 four specimens shown with the same type of materials, same orientation angle, same height
100 mm and same geometry which is square the only different between these 4 specimens is the number of layer
or the thickness. From the results shown in Table 3, the thickness of the specimen effect on the crashworthiness
parameters.

The crushing in SQG-4L-0/90° specimen ends at 38.76 mm crushing displacement and this because the load
become zero, at 8.54 kN initial failure load occurs which is it the same to the maximum failure load, at 1.48 mm
crushing displacement then the plastic zone begin, a sharp drop occurs on the curve because matrix deformation
and fiber breakage in the top of the specimen wall observed. Then the curve rise because of the structure
recovery of the specimen, then it drop again due to the multi failure mode between fiber breakage and buckling
and we can see also debonding in the last picture in Appendix A-9. The load displacement curve of the
specimen with the square glass fiber with 6 layers and 0/90° orientation angle and as mentioned in Figure 3.1
the curve divided into two main zones the elastic part which ends at 22.81 kN initial failure load at 4.66 mm
crushing displacement then the plastic zone begin, the curve increase until it reach a specific point this increase
of the curve because of the recovering structure of the specimen, then the curve drop because of buckling, then
the curve increase until it reach the maximum failure load after that a dramatic drop occurs due to the buckling
Table 3 shows the maximum load occurs and the average load with their displacements in addition to the load
ratio. Appendix A-10 shows the process of the crushing of this specimen. For the Square geometry with 8
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layers and 0/90° orientation angle, the plastic part begins at 32.89 kN initial failure load at 2.005 mm crushing
displacement when the curve reaches this point a dramatically drop occurs to the curve with slight fluctuation
because of fiber breakage, wall cracking of the specimen and matrix deformation, the curve then increase with
fluctuation until it reach the maximum failure load which is the same value of the initial failure load because of
the recovering structure of the specimen, after that the curve decrease with slight fluctuation due to the complex
failure mode that represents folding, fiber breakage and delamination in one of the specimen sides, moreover the
curve increase again that because the specimen become west. Appendix A-11 shows the process of the crushing
of this specimen. Appendix A-12 shows the process of the crushing of the SQG-10L 0/90° the load
displacement curve of this specimen start decreasing dramatically in the plastic zone due of matrix deformation,
cracking and fiber breakage the breakage absorbed in the middle of the specimen and at the bottom of one side
of the specimen, then the curve nearly become stable until the curve increases little bit and almost stay stable for
10 mm, this increase of the curve is because the recovering structure of the specimen, after that the curve drop
due to the multi failure mode between cracking and fiber breakage. The highest value of the initial failure load is
produced by SQG-10L-0/90°.
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Fig. 6: load displacement curves of the specimens SqG-0/90° (E-400).

Table 1: Shows factors and parameters of the crushworthiness of the circular glass fiber specimen with 0/90°.

1D P (kN) Pax (KN) P, (KN)
CG-4L-90° 7.54 7.59 5.12
CG-6L-90° 29.72 29.72 22.25
CG-8L-90° 30.82 36.40 24.38
CG-10L-90° 34.13 37.41 22.97
Table 2: Shows factors and parameters of the crushworthiness of the triangular glass fiber specimen with 0/90°.
ID P, (kN) Pax (KN) P, (KN)
TG-4L-90 16.76 16.76 4.13
TG-6L-90 18.54 22.55 12.33
TG-8L-90 24.45 24.45 7.74
TG-10L-90 33.12 37.46 21.15
Table 3: Shows factors and parameters of the crushworthiness of the square glass fiber specimen with 0/90°.
D Pi(kN) Pinax(kN) P, (kN)
SqG-4L- 90 8.54 8.54 3.06
SqG-6L- 90 11.72 25.32 11.56
SqG-8L- 90 32.89 32.89 18.34
SqG-10L-90 39.04 39.74 15.97

Crashworthiness Parameters:

3.2.1 Initial Failure Load (PI):

The initial failure load is the boundary between the elastic zone and the plastic zone and its can be defined
as the first point where the load abruptly decreases after the elastic linear increases. It is useful to find the range
of the temporary deformation region which is the pre-crushing zone (elastic) and the permanent deformation
region of the structure which is called the post-crushing zone (plastic).

The initial failure loads for the specimens with different geometers; circular, triangular and square by using
fiber E-400 and with different number of layers or thickness and with 0/90° orientation angle, as shown in the
Appendix mentioned it’s clear that the number of layers effect on the initial failure load and it increase gradually
from the lower number of layers to the highest number of layers for all the specimens shown. The highest initial
failure load comparing with all the specimens shown is produced by the 10 layer specimen with square
geometry and the lowest initial failure load is produced by the 4 layer specimen with circular geometry, Table 2
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shows the P; for the triangular geometry with the initial displacement. Table 3 shows the P; for the square
geometry.

3.2.2 Maximum Failure Load (Pyax):

The maximum failure load (Pn.) is the peak load or the highest load that can carried by the specimen
during the crushing process. The lowest value produced by CG-4L-0/90°. This means after the initial crushing
load, the specimen will not pruduce resistance towords the crushing either equal or more than the initial
crushing load, as shown in Table 1.

3.2.3 Average Failure Load (Pay):

P, is a very important factor of the crashworthiness parameters to the crushing energy absorbed by the
structure. The equation of the average load is that take the sum of all the results for each specimen then divide it
on their number. It is clear that the lowest average load is produced by the specimen SQG-4L-0/90° and the
highest average load is produced by the CG-8L-0/90°. The CG-10L-0/90° is less than the CG with the 8 layers
and the average load value for the specimen with the 10 layers is almost the same to the CG-6L-0/90° as
illustrated in Table 1. This means that the thickness or the number of the specimen layers dose not effect on the
average load. In the other geometries shown also the number of layers doesn’t effect on the P,,.

3.2.4 Total Energy Absorbed (Tea):

The area under the load-displacement curve represents the total energy absorbed (TEA) and it can be
calculated from the equation:
TEA = IPav Dy =P,y (Df7 Dl)

Where the Pav is the mean crushing load, Dy is the final crushing distance and Di is the initial crushing
distance. The SI units for the TEA are kJ. To explain the calculations of the TEA, the area under the load-
displacement cure divided into two regions. The first one is the pre-crushing and it can be calculated by finding
the area under the triangle, so the area will be the %2 multiplied by the P; and D; where the SI units is kN .m (kJ).
The energy absorbed in the second (post-crushing) region can be calculated from the equation, where the factors
can be obtained from the Tables shown previously, then after that the total energy absorbed can be calculated by
finding the simulation of energy absorbed in the two regions (pre and post crushing). The highest value is
produced by the SQG 10L 0/90°.

3.2.5 Specific Energy Absorption (SEA):

The specific energy absorption (SEA) is the most important factor in the design of the parts that are needed
to reduce their weight, such as cars, airplanes and motorcycles, etc. The SEA is the energy absorbed per the
mass of the specimen and the ST units of the SEA is kJ/kg. It can be calculated from the equation:

SEA = TEA/Mass

CG-6L-0/90° produced the highest specific energy absorption and even the energy absorbed (TEA) of CG-
10L-0/90° is higher than the CG-6L, but the weight of CG-6L is less than CG-10L because the layers are less.
By applying the equation to find the SEA, the result of CG-6L will be higher than CG-10L, and the CG-6L-
0/90° produced the highest energy absorption comparing with all the specimens that I fabricate in this study.
This mean that the weight is an effective factor that effect on the SEA, so reducing the weight of the specimen
to get more SEA that will give more reliability to the parts by increasing the safety and reducing the fuel
consumption of the engine. (See Tables starting from Table 4 to Table 6 these Tables show all of the specimens
fabricated and the values of the crushworthiness parameters.

3.2.6 Crush Force Efficiency (CFE):

This is a very important parameter to evaluate the performance of the structure during the crushing process.
Crush force efficiency (CFE) is the ratio between the average crushing load (P,,) and the maximum crushing
load (Pay), and it can be obtained from the equation:

CFE = Pav / Pmax

From the Tables below it introduced all the specimens of the different three shapes. The performance of
CG-6L 0/90° is more efficient than other specimens, which proved that this specimen is the best choice in the
energy absorbing system design that deals with circular tubes structures, circular geometry tubes can be used in
any structure.

Table 4: Shows factors and parameters of the crushworthiness of the circular glass fiber specimen with 0/90°

1D TEA KJ SEA kJ/Kg CFE
CG-4L-90° 0.58 6.28 0.67
CG-6L-90° 2.31 18.26 0.75
CG-8L-90° 2.43 15.25 0.67
CG-10L-90° 2.68 13.89 0.61
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1D TEA kJ SEA kJ/Kg CFE

TG-4L- 90° 1.15 12.97 0.25

TG-6L- 90° 0.45 3.88 0.55

TG-8L- 90° 1.91 11.60 0.32

TG-10L- 90° 2.57 8.81 0.56
Table 6: Shows factors and parameters of the crushworthiness of the square glass fiber specimen with 0/90°.

ID TEA kJ SEA kJ/Kg CFE
SqG-4L- 90° 0.32 2.97 0.36
SqG-6L- 90° 0.92 5.38 0.46
SqG-8L- 90° 241 12.27 0.56
SqG-10L-90° 2.97 11.77 0.40

Conclusions:

The initial failure load, average load, maximum failure load and the total energy absorption were all
affected by the number of layers or the specimen wall thickness, by increasing the number of layer these
parameters will increase.

In the axial loading test it has been shown that the glass fiber E-400 with 8 layers and 0/90° produced the
highest specific energy absorption, but the total energy absorption for the 10 layers is higher than the specimen
with 8 layers as shown in Table 4.
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Appandix A:
Crushing Progress:

Fig. A-1: Progress of Crushing CG-4L-90° E-400.
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Fig. A-6: Progress of Crashing TG-6L-90°.
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Fig. A-11: Progress of Crashing SqG-8L-90°.
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Fig. A-12: Progress of Crashing SqG-10L-90°.
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