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Abstract

The current study aimed to examine an experimental investigation on the energy absorption capability of glass/carbon intraply
hybrid filament wound composite pipes subjected to quasi-static lateral compression loading. The composite pipes with
different fiber orientation angles were fabricated for both hybrid and non-hybrid to systematically analyze the performance
of intraply hybridization process. At least 5 samples of each composite pipe configuration were tested to obtain the load—
displacement curves and fracture patterns. The failure modes and fracture mechanisms of crushed samples were discussed
to establish the influence of hybridization on crashworthiness parameters through load—displacement response. Separation
between the layers (delamination) was occurred as the main damage mechanism in all samples. Hybridization with glass
fiber significantly increased the energy absorption capability and load carrying capacity of carbon fiber-reinforced composite
pipes. Their crushing values were found as between the values of pipes made of glass fiber and carbon fiber as expected.
Furthermore, hybridization provided to opportunity of more stable load—displacement response for crushing process. An
increment in fiber orientation angle was also led to increase in energy absorption capability and load carrying capacity. The
pipe made of glass with higher fiber orientation had the best specific energy absorption.

Keywords Intraply fiber hybridization - Lateral crushing - Filament winding

1 Introduction in meeting the requirements of new or changing regulations

on safety standards and emission legislations with the use

The use of thin-walled composite structures, featuring high
strength and lightweight in high tech-industries such as aero-
space, defense, automotive and marine, has become one of
the most distinctive and promising structural component
forms to improve overall performance by reducing mass
and cost. The use of composite materials in those indus-
tries is generally based on the superior strength-to-weight
ratio, high corrosion resistance, promising fatigue life and
better vibration-damping characteristics compared to those
of conventional monolithic engineering materials [1-3]. In
recent years, passenger vehicle industry is facing difficulties
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of traditional metallic structural materials. These challenges
have brought up the use of composite materials for the devel-
opment of crashworthy structures in vehicles through the
absorption of impact energy in a controlled manner during
an impact event. In this regard, in spite of their brittle nature,
composite materials with proper design have also been pro-
posed as a superior alternative to classical metallic-based
engineering materials like steel and aluminum [4, 5] and are
stated as significant structural energy absorbing components
for the possible impact events [6].

Composite materials have popularly used in different
structural forms such as beams, columns, plates, shells,
tubes, etc. and a great number of scientific studies related
with the mechanical, dynamical and thermal properties of
composite materials are found in the literature [7-13]. A
certain part of these researches has been devoted to the
mechanical properties of composite pipes and especially
focused on filament wound composite pipes. The most
common properties investigated are burst performance [14,
15], tensile and compressive characteristics [16—19], fatigue
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behavior [20-22] and impact response [23-25]. Gemi et al.
[26] analyzed the effects of various drill types on drilling
performance of glass fiber-reinforced composite pipes. Drill-
ing experiments were assessed for 5000 rpm spindle speed
and different feed rate parameters such as 25, 75, 125, 175,
225 and 275 mm/min. Rafiee et al. [16] performed experi-
mental and numerical investigations on the damage progres-
sion and the failure mechanism of glass fiber-reinforced
pipes under transverse compressive loading. The level of
diametric deflection at which failure beginning was deter-
mined, and simulations using FE analysis were evaluated for
intralayer and interlayer failures. A good agreement between
experimental and numerical observations was observed,
and progress of damage was studied for various diametric
deflection levels. Maleki et al. [27] examined the influence
of geometrical parameters, in terms of delamination size
and its position, on the stiffness of composite pipes sub-
jected to compression loading in accordance with ASTM
D2412 standard. Using cohesive zone method, FE analysis
was used to simulate behaviors of pipes. It was stated that
the existence of delamination which depends on size, at the
interface of adjacent layers resulted with reduction in stiff-
ness values of pipes. In the literature, numerous studies have
been devoted to the crashworthiness of composite materials
[28-30]. However, despite the importance of the crushing
response of the structure under low-velocity lateral impact
for passenger safety in various passenger vehicles [31], most
of these studies have mainly focused on crushing proper-
ties under axial compression load [32—35], and the limited
number of studies has been carried out on the lateral crush
response of polymer-based composite materials. The lateral
compression studies have dealt with the factors that affect
the crashworthiness of a material such as cross-sectional
geometry [36, 37], fiber types [6, 38], fiber orientation angle
[38, 39] and filler material [4, 40, 41]. Among them, due
to its decisive influence on the failure mechanisms and the
crushing modes, the fiber reinforcement type has a crucial
role on the crashworthiness. Abosbaia et al. [42] investigated
the effects of segmentation on the lateral crushing response
of the laminated composite tubes reinforced by carbon fiber,
cotton fiber and glass fiber. It was stated that low energy
absorption levels of the lateral crushing caused from the
unstable load—displacement response of the materials. Also,
efficient crush responses of carbon and cotton fiber-rein-
forced samples were reported. Sebaey et al. [36] examined
the crashworthiness of hybrid hexagonal/octagonal cellular
composites made of carbon/epoxy fiber reinforcement by
laterally compressing at 5 mm/min crosshead speed. The
samples having closed cells showed the better peak load,
mean crushing loads and energy absorption, while worse in
stability of load—displacement response compared to open
cells samples. Sar1 et al. [43] assessed the residual failure
pressures and fatigue life of composite pipes subjected to
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lateral impact. Samples having glass fiber reinforcement
with +(55°)¢ winding angle were exposed to three differ-
ent energy levels for impact tests. They revealed that failure
pressure of non-impacted pipe has higher than the impacted
one at 5.0 J energy level about 34% and 40%. Hafeez and
Almaskari [44] carried out an experimental fiber or study
related to scaling laws in laterally indented filament wound
tubes supported with V-shaped cradles. The scaling factors
of the tubes having glass fiber reinforcement and epoxy
matrix were determined by using Buckingham Pi theorem
for geometric dimensions of the samples. Abdewi et al. [37]
analyzed the effect of corrugation cross-sectional geometry
on the crashworthiness of woven roving glass fiber-rein-
forced laminated composite tubes. It was reported that the
samples subjected to lateral compression was not influenced
by corrugation geometry and was fractured due to formation
of longitudinal fracture lines. Li et al. [45] performed an
experimental and numerical studies devoted to comparison
of lateral crushing responses of circular aluminum, carbon
fiber-reinforced pipes (CFRP) and glass fiber-reinforced
pipes (GFRP) subjected to lateral compression loading. It
was seen that the aluminum pipes exhibited the best lateral
crashworthy performance due to its ductile characteristics.
It was also reported that GFRP exhibited marginally better
performance than CFRP samples.

To the best knowledge of authors to date, there is no
published work in the open literature on the lateral crush-
ing characteristics of glass-carbon intraply fiber-reinforced
filament wound composite pipes. Hence, the motivation of
the present work is to experimentally evaluate the influence
of intraply glass fiber hybridization on the crashworthiness
performance of carbon fiber-reinforced filament wound
composite pipes in terms of energy absorption, peak and
mean crushing loads, specific absorbed energy and failure
modes. In order to gain a better insight into the influence of
intraply hybridization on the lateral crushing, the samples
with different fiber orientation angles (£(40°)s, +(55°),
+(70°)¢) and six layers were also prepared and subjected
to quasi-static compression loadings, laterally. The energy
absorption, peak and mean crushing loads, specific absorbed
energy and failure modes of hybrid samples were compara-
tively analyzed with those of non-hybrid ones.

2 Materials and method
2.1 Materials

Glass fiber roving of 2.4 K tex (Plasto A. S., Turkey), car-
bon fiber roving of 12 K tex (Dost Kimya A. S., Turkey),
EPIKOTE MGS LR160 resin (Dost Kimya A. S., Turkey),
and EPIKURE MGS LH260S Curing Agent (Dost Kimya
A. S., Turkey) were used for the reinforcement and matrix
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Table 1 Mechanical and

- . Material Tensile Tensile Elongation  Filament Specific Size content (%)
phy51.ca1 properties of the strength modulus at break (%) diameter density (g/
constituents (MPa) (GPa) (um) cm?)
Glass fiber 1970 79 35 17 2.56 0.55+0.15
Carbon fiber 3950 238 1.5 7 1.77 1.25+£0.25
Epoxy (neat) 70-80 3.2-35 5.0-6.5 - 1.18-1.20 -

Carbon fiber
Glass fiber

Guide

Fig. 1 Filament winding process (glass/carbon intraply fiber hybridi-
zation)

system of composite pipe samples. The mechanical and
physical properties of the constituents were given in Table 1.

2.2 Sample fabrication

A wet filament winding technique was used to fabricate all
considered samples. The fabrication process of fiber-rein-
forced composite pipes can be categorized into three dis-
tinct steps as preliminary preparations, winding procedure
and curing process. Firstly, release wax was applied on the
mandrel and release agent film was wrapped. Afterward,
release wax was again implemented on the release agent
film to easy pull out the mandrel from the pipe at the end
of the winding process. The glass wool was implemented to
obtain smooth surface on inner surface of the pipe samples.
Resin tank was filled with the resin system (a mixture of
epoxy and hardener) to wet the fiber reinforcements. Fiber
reinforcements were connected to the mandrel by passing
through the tank with a series of rollers guide placed in front
and behind the resin tank. After the preliminary preparations
were completed, the filament winding process was started
by uploading the required motion codes to the machine. A
bundle of direct roving comprising of 2 strands with a cer-
tain bandwidth is impregnated with unsaturated epoxy resin
and then wound around mandrel (bandwidths: 3.8 mm for
glass fiber, 3 mm for carbon fiber). Carbon and glass fibers
were simultaneously wound onto the mandrel in the desired
orientation angle as shown in Fig. 1. In the curing stage,
composite pipe preform was wrapped with a heat shrink tape
and left to cure at room temperature for 24 h. Following the

wwr €9y

-a +a, winding angle (fiber
orientation angle)
Guide <4&=4

Carbon fiber Glass fiber

Fig.2 Schematic illustration of intraply fiber hybridization

curing, the composite pipe was exposed to heat at 40 °C for
2 h to perform post-curing process.

Fiber hybridization is one of the promising strategies to
tailor the properties of composite materials [46]. Interply
and intraply are two different fiber hybridization structures
that are commonly used in the literature [28, 47]. Interply
fiber hybridization is based on the use of different fiber
materials in different layers of composite laminate, while
intraply fiber hybridization is based on the use of different
fiber reinforcements in the same layer. The intraply fiber
hybridization, by co-winding of glass and carbon fiber rein-
forcements at the same layer, as shown in Fig. 2, has been
employed in this study. All manufactured hybrid and non-
hybrid composite pipe samples were composed of six layers
with constant winding angles of +(40), +(55),, and +(70);.

The examples of hybrid and non-hybrid pipe samples
were shown in Fig. 3 and the detailed information like nam-
ing, fiber mass fractions, mass and thickness, were presented
in Table 2. The length and inner diameter of all the sam-
ples are the same and are equal to 170 mm and 46.3 mm,
respectively. To determine fiber mass fractions, ignition loss
experiments were conducted in accordance with the ASTM
D2584 standard [48].

2.3 Lateral compression tests

A computerized servo universal testing machine (Shimadzu
AG-X Series) having a frame capacity of 300 kN was used
to determine the lateral crushing properties of the samples.
The experimental tests were performed as a continuation of
stiffness tests based on ASTM D2412 standard [49] which
is a useful source to examine stiffness characteristics of
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Fig.3 Samples for lateral compression test

plastic pipes in lateral direction. The lateral compression
tests were carried out by compressing the sample between
two flat platens (one stationary and one moving) at a con-
stant crosshead speed of 12.5 mm/min until 75.6% diamet-
ric deflection (35 mm stroke), as seen in Fig. 4. After that
value, the compression loading were stopped owing to the
beginning of densification phase which implies load values
increase sharply caused by almost complete compaction of
tested pipe. During the test procedure, the load—displace-
ment curve and the photographs of samples at different
compression stages were recorded to follow the crushing
process. The tests were repeated for at least five samples of
each composite configuration and the values were averaged.

In general, the materials showing the brittle nature have
the three main stages as pre-crushing, post-crushing and
densification entire the crushing process [50]. Pre-crushing
stage, also called as elastic region, is directly related to
safety protection of the occupants. Only initial peak load
should be noted to understand which crushing event are
happening (catastrophic or progressive) by comparing with
mean crushing load. Crashworthy phenomenon is concerned
with post-crushing is started with small inter- or intrala-
minar cracks nucleating with local stress concentration
immediately after the initial peak load point. Lastly, mate-
rial densification begins where the load increases sharply.
The crashworthiness parameters of composite materials are
calculated as follows:

12.5 mm/min

Fig.4 The lateral compression test

Total energy absorption, E, is the area under load—dis-
placement curve between crush distances and is calculated
by integration of load, P, as seen Eq. (1);

S
E = [ P(s)ds @)
S;

where §; and S, represents the initial and final stroke val-
ues in post-crushing stage, respectively. Also, mean crush-
ing,P,,, load is obtained from the integration of each load
value depending on stroke, P(s) as in Eq. (2);

S
S P(s)ds
p, =" " @)
Sy

Crushing load efficiency, s which is a measure of the
crushing process stability, is the ratio of mean crushing
load per initial peak load and is calculated as follows,

n; = 100(P,,/P;) A3)

where the peak load (P;) is the initial peak load in the
load—displacement curve.

Specific energy absorption, E;, is one of the crucial
parameters that evaluates crushing characteristics of a
structure taking its mass into consideration. Simply, it is

Table 2 Naming, thickness,

Fiber/epoxy composite pipes Naming Number  Thickness (mm) Mass (g) Fiber mass
mass and fiber amounts of . -
. of plies fraction
filament wound composite pipes (Wt%)
Glass/epoxy FRP GFRP 6 3.67+£0.08 108.4+50  71.5+0.25
Glass-carbon/epoxy FRP GCFRP 6 3.25+0.07 93.8+7.5  53.8+0.90
Carbon/epoxy FRP CFRP 6 2.58+0.08 63.5+35  56.9+0.32
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the absorbed energy per unit mass of crushing sample and
is calculated as follows,

S,
S P(syd
R L Rehnd 4
m m

crush crush

3 Results and discussions
3.1 Load-displacement history and failure modes

The load versus displacement curves and the crushing his-
tory of the lateral loading application at different fiber ori-
entation angles of the hybrid and non-hybrid composite
pipes were given in Figs. 5 and 6, respectively. For the all
examined samples, mid-surface of samples were observed as
damage region beginning with a behavior of buckling of the
vertical walls encouraged by delamination [27]. This buck-
ling allowed and encouraged the cells to readjust its posi-
tion which causes a vertical crack at the samples mid-plane
[6]. Furthermore, first failure mode can be given as matrix
cracking that triggers delamination of the layers. Most of the
samples showed the fiber debonding failure mode by splay-
ing outward as lateral loading continued. Furthermore, pro-
gressive collapse was observed from all considered samples.

The load—displacement curves of the samples having the
considered fiber orientations were given in Fig. 5a—c, respec-
tively. There were irregular ups and downs in the graphs,
caused from individual breaks in each layer. The sudden
drops in loads were caused from delamination evolution that
results with energy dissipation as a result of damage pro-
cess [27]. They were associated with delamination failures
due to damage initiation [51, 52]. As the surface contact
with the load was worse than the cross-sectional flatness,
cyclic load—displacement graphs could not be obtained as
in axial crush. CFRP had the lowest load carrying capacity
because of its thinner structure. Also, higher fiber orienta-
tion angle resulted with the increase in load carrying capac-
ity as reported in Ismail’s study [38]. GFRP with +(70°)
fiber orientation had the maximum initial loading peak
value and the most regular curve for the crushing applica-
tion. Hybridization process fixed the unstable behavior of
the GFRP response that shows the irregular load—displace-
ment. Furthermore, the area under curve of the CFRP was
increased by fiber hybridization.

The crushing histories of the samples with the fiber
orientation of +(40°), +(55°) and +(70°) were presented
in Fig. 6a—c, respectively. For all samples, the separation
between layers (delamination) after matrix fragmentation
was seen as predominant failure mode particularly in GFRP
and GCFRP samples. These delamination failures were
formed in adjacent hoop layers that all layers separated

from each other [16]. Similar findings were obtained from a
comparison study devoted to lateral crushing of aluminum,
GFRP and CFRP pipes performed by Li et al. [45]. It was
also reported that delamination failures were the main fail-
ure mode for thicker composite pipes (GFRP), indicating
the more energy absorption through the delamination fail-
ure. The fiber breakage was followed the delamination layer
by layer. Additionally, stable lateral crushing process with
buckling was obtained. The standard stable failure process
as change in cross section from circular to elliptical was
happened on all samples [53]. Fiber debonding as failure
mode was seen on samples in mostly since weak interfacial
adhesion between layers, especially in intraply ones.

After crushing application, the samples returned back
a certain amount because of spring back effect. But they
did not take the original circular characteristics shapes
due to plastic deformation and failure inside the samples.
The damaged appearances of the hybrid and non-hybrid
samples were given in Fig. 7 as front and top views. The
macro- and micro-damages were monitored using a high-
resolution camera and a microscope, respectively. It is
seen that with the loading of pipes the top and bottom
sides contacted with platens are initially flatten out, and
the left and right sides bend outward. This has led to ten-
sion stress at outer surfaces of left and right sides, and
tension stress at inner surfaces of top and bottom sides.
When the local stresses at the outer surface of left and
right sides are started to exceed the stress capacity, the
matrix cracking failures were occurred on them. A further
increase in load caused inward bending of top and bottom
sides. The bending of right-left (outward) and top-bot-
tom (inward) sides caused to tensile/compression stress
developments at inner and outer surfaces which were led
to different stress levels at different layers. Afterward,
delamination between layers began and the separation of
layers was observed obviously in four regions of samples
as top, bottom, left and right. Hamouda et al. [37] also
reported much more evident delamination on the same
regions compared to other sections. It is believed that the
sudden drops in load—displacement curves are the result
of delamination which is evaluated as a kind of energy
dissipation mechanism in composite materials. The forma-
tion of delamination which means separation of layers at
circumferential direction led to decrease in load bearing
capability due to reduction in stiffness of the samples [27].
Therefore, the load-deformation has displayed a linear
behavior until separation of layers began. Delamination
(interlaminar damage) has occurred as the major mode
of failure. Furthermore, it is seen that the delaminated
regions at inner surface were larger than that of outer
surface, and the matrix cracking was more dominant at
outer surface compared to the delamination. Similar find-
ings were also reported by Gemi [7] in a study devoted to
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Fig.5 Load-displacement responses for a +(40°), fiber orientation, b +(55°), fiber orientation, ¢ +(70°), fiber orientation

effect of stacking sequences on the low velocity impact
and damage formation in hybrid composite pipes. It was
informed that the compression/tension stress at the outer
surface resulted with matrix cracking mostly while the ten-
sile stress at inner layers was caused the matrix cracking/
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delamination failures. Also, the formation of delamination
was ascribed to shear stresses caused by bending phenom-
ena in transverse direction.

The regions, where the separation of layers occurred, are
the beginning of longitudinal fiber fracture lines triggered
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Fig.6 Crushing histories; a (a)
+(40°), fiber orientation, b
+(55°)¢ fiber orientation, ¢
+(70°)¢ fiber orientation

GFRP

GCFRP

CFRP

5 mm 15 mm 25 mm 35 mm

(b)

GCFRP GFRP

CFRP

5 mm 15 mm 25 mm 35 mm

by fiber debonding intensification. As the increase in com-  finding that the intense of matrix cracking and debonding
pression continued, longitudinal fiber cracks especially in ~ damage areas ended with fiber fractures and fiber pull-out
the left and right side of samples were formed due to much ~ damage formations. Abosbaia et al. [42] also found parallel
more delamination. Madenci et al. [12] reported a similar  results, reporting the crack propagation on the diametrically
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Fig.6 (continued)

GCFRP

CFRP

P ey

B it

5 mm

25 mm 35 mm

opposite sides with a right angle from the contact lines with
platen as the main reason for sharp drop-off in loads which
means little energy absorption in the crushing process.

In summary, the failure process initiated with the matrix
cracking and followed with delamination. Fiber breakage
failures were generally achieved as longitudinal cracks which
happened left and right sides of the samples. Similarly, Li
et al. [45] also pointed out the force increased rapidly, then
bent resulted with delamination and finally longitudinal fiber
fractures at the self-contact stage. Lastly, the combination
of fiber debonding, matrix cracking, delamination and fiber
breakage was observed as the mode of failures in all crushed
samples.

3.2 Crushing load efficiency

The initial peak load and the mean crushing load, which
are references for the spring back values and the crush load
stability, were shown in Fig. 8. The maximum initial load
or load carrying capacity as 12.72 kN was obtained from
GFRP samples having +(70°) fiber orientation while the
minimum one is 3.32 kN of CFRP with +(40°) orientation.
There was no regular tendency for intraply samples, but their
values were in the range of combined materials as expected.
The mean crushing load values of CFRP were increased by
inclusion of glass fibers (GCFRP). The improvements for
+(40°), +£(55°) and +(70°) fiber orientations, respectively,

@ Springer

were 44.86%, 43.62%, 107.63% for glass fiber inclusion to
carbon fiber (GCFRP).

The lateral crushing load efficiency values for FRP sam-
ples of +(40°), +(55°) and +(70°) fiber orientations were
presented in Fig. 9, respectively. In general cases of the lat-
eral crushing application especially for intraply hybridized
samples, mean load was greater than the initial peak load
values. Consequently, more than 100% load efficiency took
place on the results. It can be said that higher fiber orienta-
tion angle resulted in decrease for crushing load efficiency
for non-hybrid samples. This situation is suspected to be
a consequence of the higher initial peak load compared to
mean crushing load which led to progressive failures [40,
54]. Thus, it can be said that initial peak load values exhib-
ited the higher increments than mean crushing loads as fiber
orientation angle increased.

3.3 Energy absorption

Total absorption energy of the samples with different fiber
orientation angles was presented in Fig. 10. GCFRP intraply
samples had the behavior between the carbon and glass fiber-
reinforced pipes as expected. The maximum total energy
absorption by GFRP with +(70°) fiber orientation as 303.2 J.
Due to fact that of crushing load of GFRP was much higher
than CFRP counterparts at the crushing stage, the GFRP
pipes absorbed more energy throughout the test. Similar
results were also seen in a study of Li [45] in which it was
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Fig.7 Macro- and micro- (a) =
damages of samples; a GFRP, b Front View
GCFRP, ¢ CFRP

u

Top View

(b)

(o)

Front View

reported that although CFRP tubes dissipated more energy
at the elastic region of load—displacement curves, GFRP
tubes had the more energy absorption than CFRP owing to
higher mean crushing load. The improvements in the glass
fiber inclusion to carbon fiber (GCFRP) were 44.2%, 45.2%
and 114.3% for +(40°), +(55°) and +(70°) fiber orientation
angles.

The specific absorbed energy is a crucial and more
reliable to understand crushing response of the samples

Top View

Top View

Longitudinal

due to mass consideration. According to different fiber
orientation angles, specific absorbed energy values of the
all samples were given in Fig. 11. All intraply hybridized
samples remained the values between combined materials.
Also, hybridization process proved to show improvements
by inclusion a fiber type to weaker one. GCFRP had the
1.15, 1.10 and 1.13 times higher values than CFRP for
considered fiber orientation angles, so glass and carbon
fiber combination gave the better material in this manner.
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Fig.8 Loading characteristics (a) 7
for a +(40°), fiber orientation,

b +(55°), fiber orientation, ¢ 6
+(70°), fiber orientation
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3.4 Effect of fiber orientation

The lateral crushing parameters such as initial peak load, mean
load, crushing load efficiency, total energy absorption and spe-
cific energy absorption, of the laterally crushed samples were
examined as indicated in previous sections. It could be found
that the fiber orientation angle had a significant influence on
all parameters. As angle increased, initial peak load, mean
crushing load, total energy absorption and specific absorbed
energy of the samples displayed the increase trend while the
crush load efficiency showed the slightly decrease tendency
especially for hybrid samples as expected [38]. The increase
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GCFRP

in the spring back load values was 179.56%, 85.04%, 79.21%,
for GFRP, GCFRP, CFRP, respectively. GFRP with a value of
2.66 J/g absorbed the maximum energy in specific considera-
tion. Total energy absorption and the specific absorbed energy
tend to gradually increase trend because of the approaching
fiber orientation to loading direction which shows maximum
strength.
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Fig.9 Crushing load efficiency

All samples responded the progressive failure history
versus compression loadings. The separation between
layers (delamination) after matrix fragmentation was
seen as main damage mechanisms.

The standard stable failure process as change in cross
section from circular to elliptical was happened on all
samples.

The mean crushing load values and energy absorption
capabilities of CFRP were increased by inclusion of glass
fibers (GCFRP). Intraply samples proved to be excellent
reformative characteristics on the weaker component of
the pipes.

GCFRP intraply samples, in terms of load carrying
capacity, mean crushing load, energy absorption capa-
bility, had the behavior between the carbon and glass
fiber-reinforced pipes as expected.

Higher fiber orientation angle resulted in increase of ini-
tial peak load, mean crushing load and energy absorption
capability. This situation was related to direction of the
stronger component of the pipes approaching to loading
axis.

In the view of above results, intraply fiber hybridization
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Fig. 10 Total energy absorption

of carbon fiber with glass fiber provided improvements in the
amount of absorbed energy compared to non-hybrid carbon
fiber-reinforced composite pipe system.
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