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In this study, the longitudinal and hoop tensile strengths of an industrial +55° Glass Reinforced
Epoxy (GRE) pipe with eighteen layers as well as the associated failure mechanisms are deter-
mined. To obtain the longitudinal and hoop tensile strengths values, three specimens are cut from
the studied GRE pipe in each direction. A comparison is done between both the strength values,
and the fracture pattern of the specimens is studied. Determining the different failure mecha-
nisms which are created during both of the tests, the acoustic emission technique is used. The
acoustic emission energy as an important damage parameter in determining the different failure
mechanisms of the specimens is depicted for both of the tests and is related to the obtained re-
sults from the stress-time curve. A high magnification camera is used to verify the failure mecha-
nisms characterized by the acoustic emission method.

© 2015 Published by Semnan University Press. All rights reserved.

1. Introduction

Nowadays, filament-wound GRE pipes are used
in a number of industries such as aerospace, oil and
gass etc. due to the good corrosion resistance and
high strength to weight ratio. Thus, determination of
the longitudinal and hoop tensile strength and char-
acterization of the failure mechanisms of these pipes
are important issues.

A number of researches have been done in the
field of longitudinal and hoop tensile strenghth of
the composite pipes up to now. Choen [1] investi-
gated the influence of the filament winding parame-
ters on the composite vessel quality and strength.
Choen et al. [2] explored the fiber volume fraction
effect on the composite pressure vessel strength.
Xia et al. [3] analyzed the multi-layered filament-
wound composite pipes under the internal pressure.
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They obtained exact solutions for distribution of the
hoop and axial stresses through the non-
dimensional radius distance. Hwang et al. [4] exam-
ined the size effect on the fiber strength of the com-
posite pressure vessels using analytical and exper-
imental approaches. Baranger et al. [5] propose a
computational strategy for the analysis of damage
that is caused by manufacturing defects in the com-
posite pipes. Melo et al. [6] investigated the mechan-
ical behavior of Glass Reinforced Polymer (GRP)
pipes by adding the quartz sand filler experimental-
ly throughout the short-time hydraulic failure pres-
sure tests. Rafiee [7] calculated the hoop tensile
strength of the GRP pipes with different geometry,
number of layers, and filament-wound angle using
experimental, theoretical, and numerical methods.
The acoustic emission is often defined as “the re-
lease of transient elastic waves produced by a rapid
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redistribution of stress in a material [8]. Curtis [9]
concludes that the energy in the acoustic waveform
is proportional to the energy of the associated de-
formation. As a result, the larger cracks emit higher
energy than the micro-cracks. Groot et al. [10] inves-
tigated the different failure mechanisms of the car-
bon/epoxy composites using the acoustic emission.
Yu et al. [11] studied the failure detection of the
composite materials using the acoustic emission.
Bourchak et al. [12] tested the carbon fiber rein-
forced plastic composite laminates under the static
and fatigue loading. They use the acoustic emission
technique for failure mechanisms detection and
conclude the acoustic emission energy is an im-
portant parameter in evaluating the failure mecha-
nisms of the specimens. Bussiba et al. [13] explored
the damage evolution and fracture events sequence
in uniform and notched composite specimens under
the quasi-static loading in uniaxial and bending
modes using the acoustic emission. De Rosa et al.
[14] presented a literature review of AE applications
in the studies on the natural fiber composites. Liu et
al. [15] studied the failure mechanisms of the carbon
fiber/epoxy composite laminates with different lay-
up patterns and central hole size arrangements us-
ing the acoustic emission technique. Aggelis et al.
[16] studied the characterization of the damage
state in cross ply laminates using the acoustic emis-
sion and ultrasonics. Zarif Karimi et al. [17] moni-
tored the residual tensile strength of the drilled
composite laminates using acoustic emission.
Belalpour dastjerdi et al. [18] investigated the initia-
tion and growth of the delamination in the compo-
site materials using the acoustic emission. Saeedifar
et al. [19] classified the damage mechanisms during
the delamination growth in the sandwich compo-
sites using acoustic emission. Ben Ammar et al. [20]
used the mechanical behavior and acoustic emission
method for detecting the damage in the sandwich
composite materials. Navid Zarif Karimi et al. [21]
analysed the damage mechanisms of the composite
materials in the drilling process using acoustic
emission. However, according to the knowledge of
the authors, no serious study has been done in the
field of failure mechanisms detection of the compo-
site pipes by analyzing the acoustic emission energy
values. The main objective of the present study is to
determine the longitudinal and hoop tensile
strengths of an industrial filament-wound GRE pipe
as well as the associated failure mechanisms. To
characterize the failure mechanisms of the speci-
mens, the acoustic emission technique is used. The
acoustic emission energy in the longitudinal and
hoop specimens is recorded during the tests in
terms of the time and is compared with the stress-
time curve. The relevant failure mechanisms created

in the specimens are characterized using the high
magnification camera, too.

2. Experimental Procedure

An industrial (£55°%)9 filament-wound GRE pipe
with eighteen antisymmetric layers is used for stud-
ying. The inner diameter and total thickness of the
studied GRE pipe are 209 mm and 6.3 mm, respec-
tively. The ASTM D-3039 standard is used for de-
termination of the longitudinal tensile strength of
the specimens [22]. According to this standard,
three specimens are cut in the longitudinal direction
from the studied GRE pipe. The width and thickness
of the specimens are 25 mm and 6.3 mm, respective-
ly. Based on the standard, the following equation is
used to calculate the longitudinal strength [22]:

Sy = Fp/(wt) (1)

In the above equation, S; (MPa), Fr (N), W (mm)
and t (mm) are the longitudinal strength, failure
load, width, and thickness of the specimens, respec-
tively. The ASTM D-2290 standard is used for de-
termination of the apparent hoop tensile strength of
the specimens [23]. This standard proposes a meth-
od for determination of the apparent hoop tensile
strength of the composite pipes. The reason for us-
ing an apparent hoop tensile strength rather than a
true hoop tensile strength is the imposed bending
moment during the tests [23].

Fig. 1 shows the imposed bending moment in the
hoop specimen. It is necessary to mention that the
design of the fixtures for appling the load is in a
manner that the bending moment is reduced [7, 23].
Based on the ASTM D-2290, three ring specimens
are cut from the mentioned GRE pipe using the mill-
ing machine with overall width of 24 mm [23]. In
addition, two reduced areas are created at the angle
of 180° from each other with width of 14 mm [23].
According to this standard, the hoop strength of the
specimens is calculated using the following equation
[23]:

Sy = Fr/ (2wt) (2)

In the above equation, Sy (MPa), Fr (N), W (mm)
and t (mm) are hoop strength, failure load, width,
and thickness of the specimens, respectively. Fig. 2
shows the cut in the longitudinal and hoop speci-
mens. The fiber volume fraction is determined in
accordance with the ASTM D-2584 standard using
the burn-off test [24]. For this purpose, an element
of the GRE pipe is cut with the specific weight and is
placed in an oven. The element is heated up to
600°C until all its resin content is burnt. After the
test, the fiber volume fraction is found to be 49.09%.
The mechanical properties of the glass fiber and
resin are stated in Table 1 [25].
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Figure 1. The induced moment in the hoop specimen
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Figure 2. The hoop specimens (left picture) and longitudinal
specimens (right picture)

Table 1. The mechanical properties of the glass fiber and resin

[25]
Material E(GPa) ou(MPa) p (g/cm3) Emax
E-Glass 72.3 3445 2.58 4.8
Epoxy 2.75 69 1.16 3

The tensile tests are conducted in a 30 KN Shijin
wdw.300e universal testing machine with the hy-
draulic clamping fixtures. The displacement control
mode is accepted for both of the tests. The rate of
loading is set at 2 and 3 mm/min in the longitudinal
and hoop specimens, respectively [22, 23]. In addi-
tion, according to the shape of the hoop specimens
and limitations of the testing machine, a specific
fixture is designed which is called split disk.

The acoustic emission signals are recorded with
Vallen AMSY-6 system. Two wideband sensors are
attached to the longitudinal and hoop specimens
using REF 1171-002 ultrasonic gel as coupling. The

sensors have an operating frequency range of 20-
450 kHz with a peak frequency of 275 kHz. The sig-
nals are amplified using the AEP4 preamplifiers
with a gain of 40 dB. The ambient noise is filtered
using a threshold of 38.1 dB.

In general, the acoustic emission energy is com-
puted as the integral of square of the signal ampli-
tude measured in volts (Vi(t)) over the signal dura-
tion (t;-tp) measured in second according to the fol-
lowing equation [26, 27]:

E; = [, VA(Ddt (3)

In the above equation, i, ty, and t; have the follow-
ing meanings:
i= the recorded voltage transient V(¢t) of a channel
to=the starting time of the voltage transient record
t;= the ending time of the voltage transient record
It is necessary to mention the channel word is rep-
resentative of the single acoustic emission sensor
and the related measurement and processing in-
strumentation [28]. Fig. 3 shows the necessary
equipment for the acoustic emission test. The at-
tached sensors to one of the test specimens and the
split disk test fixture, as well as the universal testing
machine are shown in Fig. 4 (a,b).

3. Results and Discussion

In this section, at first, the obtained results are
presented for the longitudinal specimens, and then
the results of the hoop specimens are stated. In
both specimens, the obtained strength of three tests
is proposed, and the corresponding average value
and the standard deviation are reported. The AE
data results are expressed for one of the three test
specimens. Also, some of the relevant failure mech-
anisms characterized in the longitudinal and hoop
specimens are presented.

3.1. The longitudinal specimens

The obtained results of the three tests for the
longitudinal strength are depicted in Fig. 5. Accord-
ing to the figure, the obtained strength values for
the specimens are 76.73, 74.04, and 74.18 MPa, re-
spectively.

According to the strength values, the average
and standard deviation are calculated to be 74.94
MPa and 1.74, respectively. Fig. 6 shows the stress-
strain curves for the longitudinal specimens. Based
on the figure, a relatively bilinear behavior is seen in
the specimens.

Fig. 7 shows the obtained stress-time behavior
and the recorded acoustic emission energy during
the test for the specimen with the strength of 74.04
MPa. For a better interpretation of the results, the
recorded acoustic emission energy axis is scaled.
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Figure 4. The longitudinal and hoop specimens: (a) Longitudinal
specimen, (b) Hoop specimen
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Figure 5. The strength values for the longitudinal specimens
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Figure 6. The stress-strain curves for the longitudinal specimens

According to the figure, the damage evolution
can be classified into three stages: at the first stage
(0-159 s), no noticeable damage is detected, and the
significant damage is commenced at the end of this
stage, i.e. in 159 s. At this moment, the applied stress
to the specimen is found to be 32.23 MPa, i.e. 44%
ultimate strength of the specimen, and the induced
strain in the specimen is equal to 0.00152. Also, the
energy is about 2.16e7 attojoule (1 attojoule = 1e-18
joule). This stage of damage can be considered as
the damage initiation stage, in which some micro-
scopic cracks are created in the matrix and fiber and
matrix interface (matrix microcracking). At the se-
cond damage stage (159-255 s), a steady state in the
energy is observed until 255 s. In 255 s, a significant
increase is observed in the energy level represent-
ing the formation of a new damage level in the spec-
imen prior to the final failure. The corresponding
induced stress and strain in the specimen are esti-
mated to be 65.76 MPa, i.e. 0.89% ultimate strength
of the specimen and 0.00368, respectively. It is nec-
essary to note that the energy reaches about 2.15e7
attojoule, i.e. about 1.16 times energy level at the
end of the first damage stage. This stage can be con-
sidered as the damage propagation stage, in which
the created cracks in matrix and interface of fiber
and matrix are joined together. Consequently, the
density of the cracks reaches to a saturation state,
and the conditions are provided for creating the
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delamination damage mode (delamination). At the
third or final damage stage (255-300 s), the severity
of damage levels increases significantly, and finally,
the fracture of the specimen happens corresponding
to the maximum applied load releasing the huge
amount of energy i.e. 3.66e° attojoule (fiber pull-out
and breakage) (it isn’t observed in the graph due to
change of the scale of the curve). This fact shows the
crack density role in the released acoustic emission
energy level [9].

Fig. 8 shows the surface image of the specimen
after the final fracture. According to the figure, the
final fracture of the specimen occurs at an angle of
55° with respect to the longitudinal axis, i.e. parallel
to the plies at an angle of 55° and perpendicular to
the -55° reinforced plies.

In Fig. 9, the captured images from some rele-
vant failure modes such as delamination, fiber pull-
out and fiber breakage are shown using a high mag-
nification camera.

3.2. The hoop specimens

After testing three hoop specimens, the values of
strength are found to be 261.48, 267.24, and
250.48MPa, respectively (average value=259.79 and
standard deviation=8.42) which are shown in Fig.
10.
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Figure 7. The obtained stress-time behavior and the recorded

acoustic emission energy for the specimen with strength of 74.04
(MPa)

Figure 8. The longitudinal specimen after a complete fracture

Fig. 11 shows the load-deformation curves for
the hoop specimens. According to the figure, a com-
peletely brittle behavior is seen in the specimens,
and by releasing the load to the maximum value, the
specimens are suddenly fractured.

In Fig. 12, the stress and energy versus the time
are depicted for the specimen with the strength of
261.48 MPa. The energy axis is scaled such the lon-
gitudinal specimen. Similar to the longitudinal spec-
imen, three damage stages can be considered. The
start of a significant damage is at the end of the first
damage evolution time, i.e. 75 s. At this time, the
applied stress to the specimen is found to be 153.2
MPa, i.e. 58% ultimate strength of the specimen. The
energy released from the specimen reaches 1.24e7
attojoule (matrix microcracking). At 126 s, a new
severe damage level is created in the specimen. The
applied stress in the specimen and the released en-
ergy from it reach to 246.53 MPa corresponding to
94% ultimate strength of the specimen and 6.14¢7,
respectively [9] (delamination). After this time, the
creation of the new damage levels is continued in
the specimen, and finally the specimen is fractured
(fiber pull-out and breakage).

L ol
Fiber pull-out |

Figure 9. The captured images from the fracture mechanisms of
the longitudinal specimens using a high magnification camera
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Figure 10. The strength values for the hoop specimens
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Figure 12. The stress and energy versus the time for specimen
with strength of 261.48 (MPa)

Fig. 13 shows the surface image of the specimen
after the final fracture. Based on the figure, the frac-
ture behavior of the specimen with respect to the
fracture angle is similar to the longitudinal speci-
men. The captured images from the relevant failure
mechanisms are shown in Fig. 14 (a,b).

Based on Figs. 13 and 14, it can be concluded
that the fracture of the specimens started with ma-
trix cracking and fiber-matrix interface deboned in
+55° reinforced plies continued by delamination,
and it is completed with a fiber pull-out and break-
age.

Figure 13. The hoop specimen after the complete fracture
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Figure 14. The captured images from the fracture mechanisms of
the hoop specimens using a high magnification camera: (a) the
delamination, (b) the fiber pull-out and fracture

4. Conclusion

In this study, the longitudinal and hoop tensile
strengths values of an industrial +55° GRE pipe with
eighteen layers are determined. The results show
the strength of the hoop specimens is about 3.5
times more than the longitudinal ones. A brittle be-
havior can be seen in the hoop specimens, while a
relatively bilinear behavior is seen in the longitudi-
nal specimens. The acoustic emission energy as an
important damage parameter is recorded in both of
the longitudinal and hoop specimens and is com-
pared with the stree-time curve. According to the
obtained acoustic emission energy values, the fail-
ure process is classified into three stages: damage
initiation, damage propagation, and final fracture.
The results show that in both of the longitudinal and
hoop specimens the significante damge is started in
a stress near to 50% ultimate strength and is propa-
gated in a stress corresponding to the 90% ultimate
strength of the specimens. The level of energy in
each stage of failure can be acceptably associated
with the density of the created cracks. Accordingly,
the different failure mechanisms such as the matrix
microcracking, delamination, fiber pull-out, and fi-
ber breakage are characterized. Also, both of the
specimens have a similar behavior from the damage
initiation, damage propagation, and final fracture
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points of view. The characterized failure mecha-
nisms observed using a high magnification camera
are acceptably in accordance with the obtained re-
sults from the acoustic emission energy analysis,
too.
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