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Bi-axial behavior of glass/epoxy pipe subjected to internal pressure
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Abstract. Composite structures are considered as the auxiliary to the conventional metallic
materials. However, a thorough understanding of the material behaviour is required to replace the
materials in use with scientific evidence for design rather than the designing based on high safety
factor. The behaviour of filament wound E-glass/epoxy pipes of different helix angles exposed to
internal pressure are studied. The sample GFRP pipe of different helix angles namely [+450],
[£550] & [+£700] were subjected to open end pressure until the sample failed due to burst(pressure)
and the corresponding strains were recorded using the strain smart 5000 data acquisition system
(DAQ). The theoretical first-ply failure and burst pressure were determined using (i) Maximum
stress theory, (i1) Maximum strain theory and (iii) Tsai Hill theory and were later compared with
the experimental results. The first ply failure of the samples was observed by the whitening
phenomenon. Later, the damage initiated by the formation of pine holes that act as a micro crack
and which later grows to a macro crack in the fiber direction until final failure. A nonlinear relation
between the longitudinal stress and strain was observed.

1. Introduction

Fiber reinforced polymeric (FRP) composites are considered analogues to the conventional
materials such as metals for a specific advantage as these materials possess high strength to weight
ratio. Among the few automated processing techniques used in the production of FRP components,
filament winding method is the forthwith methodology that is available for production units where
in a continuous fiber is carefully arranged in controlled direction. Predominantly, the filament-
wound structures are axisymmetric shells, where the fibers are wound with £6 helix angle with
respect to the symmetric axis. The properties like High strength to low weight ratio, provision for
tailoring the material properties and corrosion resistance, has led to the use of these fiber reinforced
structural components in many engineering applications. In general, these structures are subject to
complex loading conditions and the mechanical performance of these structures depends on the
helix angle used to develop the structures. The Contemporary advancements in the computer-
control system and the design software has facilitated the designer to generate multiple winding
sequences depending on specific requirement. Generally, to improve the productivity intermediate
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angles between 0° and 90° are selected. However, the design procedure in specifying the lay-up
depends on (a) the selection of fiber and matrix, (b) fiber layup in each layer, (c) the thickness of
each lamina and (d) overall laminate thickness. While FRP pipes are tested under different
mechanical loadings and pressures, the designer should note that the mechanical properties
measured are affected by the internal pressure applied [1]. In general, the stress and failure analysis
are normally carried out deprived of considering (i) the internal liner and (ii) the outer cover. It is
assumed that these two parts, the inner liner and the outer cover would not contribute in resistance
to deformation [2]. Composite pipes under internal pressure are exposed to both hoop and axial
stresses with hoop-to-axial stress of 2:1. In the case of open ends tubes the axial stress produced
in the structure due to the applied pressure is zero. Furthermore, auxiliary stresses may upshot due
to installation, weight, external pressure, etc.

A preliminary structure to regulate the failure of GRE pipes in its function, which was imperiled
to hydrostatic internal pressure was considered by Roham and Farshid [3] in order to inquire about
the factures such as (i) winding angle and (ii) fibre volume fraction on the failure. Five distinct
fiber volume fractions ranging from 50%-60% with and increment of 2.5% along with three
specific winding angles, (1) £52.5°, (ii) £57.5°, and (iii) £60.9° were considered to resolve the first
ply failure (FPF) and burst pressures. Failure test of a composite tube at normal ambient
temperature and at the higher temperature of 100 °C was conducted by P. Mertiny et al [4]. This
failure test basically a leakage was done by means of a permeability-based and fluid volume loss
methodology. In the course of the analysis, the leakage in the tube was found based on two
phenomenon, (i) the aggregate loss in the volume of the fluid and (ii) the active permeability
established with reference to the average fluid flux. A composite tubes with the +60° winding
angle was pressurization by a hydraulic oil in a closed ended condition. The pressure was
perpetually augmented under three steps of the loading, and later it was reported that the leakage
stress had a direct relation with the loading rate.

Rosenow [5] tested the pipes made of GRP individually under different loading cases (i) biaxial
pressure (i1) tensile and (ii1) hoop pressure. The samples with a diameter of 50.8 mm were made
of six different winding angles ranging between 15° - 85° with an increment of 15 degrees. The
axial and hoop strains were measured using strain gauges which were later contrasted with the
strain values calculated based on classical lamination theory (CLT) and a good similitude was
reported. The optimum winding angle for the pipe under the biaxial pressure loading was 54.75°
and 75° for hoop pressure loading was concluded. It was quantified that CLT could be reliable
until the nonlinearity point is obtained.

Spencer and Hull [6] has considered GRP with four winding patterns namely £35°, +£45°, £65°
and £75° with an internal diameter of 50 mm for the study under internal pressure. And the study
strongly demonstrated that the failure mechanism and the deformation are intensely influenced by
the winding angles. The failure structure from weepage to the burst was along with the deformation
characteristic were decided using strain gauges which were mounted along the hoop and axial
directions of pipes.

Arikan [7.] evaluated the failure behaviour of filament wound pipes which possess an inclined
crack along the surface under internal pressure. The helix angle was maintained at [+55°] for all
the specimens was as the orientation of surface crack angles was varied from 0° to 90°, with an
increment of 15° along the longitudinal axis of the specimen. The failure was under three stages,
however, the pattern of failure that occurred is not reported. Hugo [8] implemented the European
standards, EN1447 and EN1227 to investigate the extended properties on a scale down test pool
of GFRP pipe. The Ultimate Elastic Wall Stress (UEWS) along with the strain to failure tests,
ascertains the first non-elastic behaviour, which furnishes a surrogate explanation to anticipate the
abiding hydrostatic pressure strength [9, 10]. Under the biaxial and hydrostatic loading conditions
filament wound glass fiber reinforced epoxy (GRE) composite pipes at varying temperatures up to
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95 °C were subjected to test by Majid et al [11.—15.]. Wherein they have used a UEWS test that is
a momentary test operated by the manufacturing companies in-order to assure the combat
protracted functioning of pipes under regression test as per the ISO 14692 through ASTM D2992.
However, the failure behaviour and the failure pattern of these materials are further needed to be
understood so that the designers could effectively utilizes these materials for further more
applications. Thus, the present paper aims at determining the internal burst pressure capacity of
glass/epoxy pipes for different winding angles required for pressure vessel applications. The
theoretical first-ply failure & burst pressure based on Tsai Hill theory, Maximum strain theory and
Maximum stress theory were used as baseline and compared with experimental results. The
filament wound GFRP pipes of different helix angles namely [+45°], [+£55°] & [£70°] are
pressurized until they burst with water as medium using hand operated pump and strains were
recorded using the DAQ.

2. Experimentation:

The experiments were conducted using a open-end burst test on the samples made from E-
glass/epoxy and the procedure of sample preparation and the testing is detailed in the sub section
below.

2.1. Sample preparation

The E-glass/epoxy pipe samples required for the present study were produced using the filament
winding facility available at CNC Techniques, Hyderabad, India. The pipes were of two-meter
length, 50mm internal diameter and 3mm thickness, with three different fiber orientations, [£45°],
[£55°] and [£70°]. The pipes after winding on the mandrel were allowed to cure under an IR heater,
which was maintained at a temperature of 1300C while the mandrel was rotating at very low speed.
After the samples were cured, a 600 mm length tubes were cut using a diamond dust cutter and the
ends were prepared for the open-end burst test. A small piece from each sample was take in-order
to determine the volume fraction using burn test and was found to be 58%. At the Centre of the
pipe sample, a rosette type strain gauge was bonded and care was taken during bonding so as to
form a perfect bond between the sample and the strain gauge.

2.2. Test Equipment

The experiments were conducted on the test set-up similar to that of the open- end burst test by P.
D. Soden, et al. [13], however instead of the hydraulic power pack a hand operated pump was used
to pressurize the system with trivial modifications. Figure 1 describes the test set-up used in the
nonce study for testing GFRP pipes under internal pressure. The test set-up comprises of (i)
Mechanical Structure and (ii) Strain measuring unit. The mechanical structure constitutes of a hand
operated pump used to pressurize the system that is connected to a non-return valve. The other
side of the non-return valve is connected to one of the two end caps that are used to firmly hold
the sample. The end caps are provided with a circular grove in them, so as to accommodate the
pipe and rubber seal. The sample is fixed using four tie rods which are of sufficient strength to
restrict the leakage at the plates. The strain measuring system consists of strain smart 5000 data
acquisition system (DAQ) from Micro Measurements which has an in-built compensation circuit
required for completing the bridge circuit, depending on the resistance of the strain gauge.
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Fig 1: Schematic diagram for pipe burst test.

3. Results and Discussion

The pipe samples with orientation mentioned earlier were subjected to burst test using the test
equipment described above. The system was pressurized until the sample fail due to burst and the
equivalent strains were logged using the DAQ system. The theoretical first-ply failure and burst
pressure were anticipated using (i) Tsai Hill theory, (i1)) Maximum strain theory and (iii) Maximum
stress theory which were later compared with the experimental results. The results obtained from
the experimentation and the theoretical prediction of first-ply failure and the burst failure are
tabulated in table 1. The experimental bust pressures for the sample with [£45°], [£55°] and [£70°]
fiber orientation is found to be 4.383 MPa, 7.71 MPa and 4.2762 MPa respectively. However, in
the present study the first ply failure of the samples was observed in the form of whitening
phenomenon which occurred on the sample during the test.

The stress — strain relation for the sample with [£45°], [+55°] and [£70°] fiber orientation is
represented in fig 2-4. A nonlinear stress — strain behaviour was witnessed intended for the samples
in the longitudinal direction, however for the sample with [+70°] fiber orientation the stress —strain
relation was in the positive side indicating a tensile stress state induced in the sample. A linear
stress strain relation is observed till the theoretical first ply failure for the sample with [+45°] and
[£55°] fiber orientations which later changes to nonlinear until the final failure. Moreover, the
nonlinear behaviour for the sample with [£45°] fiber orientation due to the sliding of the fiber the

strain changes its sign.

Table 1. Comparison between the experimental results and the failure theories.

Winding Burst Pressure
Angle First Ply Failu e
in MPa
Deg
Maximum Maximum Maxi Maxi
Stress Strain Tsai Hill theory| Experimental aximum e.mmum Tsai Hill theory
Stress theory| Strain theory
theory theory
[+459] 2.84402 2.36137 2.42798 4.38311 4.66024 4.66024 3.58222
[£559] 5.4781 3.31578 3.97099 7.70968 7.25047 6.26064 6.87799
[£709] 2.63801 2.11788 2.41895 4.27618 4.46159 4.17592 4.27333
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Fig 2: Stress — Strain distribution for [£45°] sample under S.R=1:0.
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Fig 3: Stress — Strain distribution for [£55°] sample under S.R=1:0.
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Fig 4: Longitudinal Strain distribution for [+70°] sample under S.R=1:0.
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Fig 5: Hoop Strain Distribution for [+70°] sample under S.R=1:0.

The failure pattern which is represented in the fig 6 indicates an outflow along the pipe body. The
close view at the middle of the pipe sample indicates the appearance of crack between fiber and
matrix when attitude to the pressure being applied. Furthermore, there are numerous cracks along
the axial direction at final failure position indicated in Figure 6(c), representing a larger stress
along the circumferential direction is being experienced by the outer wall of the sample which is
aresin-rich layer. These axial cracks are the typical mode of failure that the GFRP pipe experiences
due to the internal pressure. Two different types of failure patterns were typically found when the
crack morphology at the failure was observed with naked eye. The first one being the appearance
of fiberglass whitening along the area of failure and the second being a great number of cracks
along the circumferential direction. Besides the presence of the cracks along the circumferential
direction there are small pin holes which are also the axial cracks which can be seen in Fig 6(a).
These pin holes are found in large number on the sample which are caused owing to the fiber
fracture. Though these pin holes could be viewed as the part of the circumferential cracks that are
appeared along the sample which are the damage initiation sites. These damage initiation i.e., the
pine holes which form a micro crack, later grows into a macro crack to form a thin white line
parallel to the fiber direction, which is highlighted in fig 6(a&c). This whitening, originates to a
matrix crack fallowed by fiber—matrix de-bonding which are produced due to the shearing of
matrix which occurs parallel to the fiber. The whitening physical process has been even reported
by other investigators and was ascribe mainly due to the matrix cracking and local interface
debonding. A careful examination indicated that the damage or microcracked in a band form
proliferates about the fibres without effecting the interface between the fibre and matrix which is
represented in fig 7.
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Fig 6: Macroscopic Failure Morphology of the failed sample.

Fig 7: Morphology of failure along the fiber direction.

Conclusions

GFRP Tubular samples with three different fiber lay-up configurations, i.e. [+45°], [+55°] and
[£70°], were tested under internal pressure with open end burst test arrangement. Data in the form
of strains with respect to the applied stress were recorded using a strain smart data acquisition
system. Later the stresses at both the functional and structural breakdown, along with the stress—
strain relation were computed and following conclusions are drawn:

1. The experimental results signify that the samples with different winding angles failed at
different burst pressures. The sample with [+45°] fiber orientation failed under burst at 4.38311
MPa whereas the sample with [£55°] and [£70°] fiber orientation failed at 7.70968 MPa, 4.27618
MPa respectively.

2. The sample with [+45°] and [£55°] fiber orientation showed a nonlinear stress — strain
behaviour. However, the sample with [+70°] indicated an approximate linear relation between the
applied stress and the longitudinal strain.

3. The samples with [+45°] and [+55°] fiber orientation indicated a linear stress strain relation
until the theoretical first ply failure (both in longitudinal and hoops direction); later the behaviour
changes to non-linear. Moreover, the strain in the hoops direction decreases after the first ply
failure for the [+45°] sample indicating a strain reliving phenomena.

4. A micro crack is observed as pin holes on the sample just before the first fly failure which
later increases in number with an increase in pressure. These pin holes become unstable and
propagates along the fiber direction after the theoretical first ply failure. Theses micro cracks
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accumulate and grow in to macro cracks along the fiber direction and appear as white lines along
the fiber direction.
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