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This paper describes the acoustic emission (AE) monitoring of multiaxial ultimate
elastic wall stress (UEWS) tests of filament wound glass fibre-reinforced epoxy
composite pipes under hydrostatic, pure axial and pure hoop loadings at room tem-
perature. The purpose of AE monitoring is to quantitatively identify and characterise
damage inception and evolution, which leading to different failure mechanisms via
an analysis of AE parameters. AE parameters such as counts and energy released
were plotted against time, and changes of these AE activities were monitored. A 3D
correlation plot between AE amplitude and duration against time for each loading
condition was produced and analysed. The AE measurement of both hydrostatic and
pure axial loading suggested that matrix cracks were initiated early in the tests and
possible had progressed into delamination failure just before UEWS point was
reached at 200 MPa of hoop stress and 63 MPa of axial stress, respectively. No clear
damage initiation and progression was observed for pure hoop loading condition.
Significant AE events were only noted when buckling induced delamination and
debonding failure, which followed by fibre fracture at the outer surface of the pipe.

Keywords: polymer-matrix composites (PMCs); strength; acoustic emission;
filament winding; matrix cracking; ultimate elastic wall stress (UEWS)

1. Introduction

During the biaxial loading of glass fibre reinforced epoxy (GRE) pipes, Hull [1]
reported that minutes before weepage was observed, the formation of white streaks was
always accompanied by a creaking noise. This creaking sound is an acoustic emission
(AE) indicating the cracking process involved.

Composite materials, as do many other materials, emit acoustic signals under load
if elastic stresses are reduced by plastic deformation or the initiation of cracks. These
emissions correspond to the strain energy due to microstructural changes. Once these
emissions reach a threshold level, they can be detected and converted into a voltage
signal by a piezoelectric transducer. The signals can then be amplified and measured to
produce data such as frequency, energy release and duration of the signals. Each signal
emitted is recorded in real time and associated with a specific event over time. The AE
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Figure 1. Basic principal of AE.[24]

and detection process is illustrated in Figure 1. A typical AE signal or event is shown
in Figure 2. Each event can be described by several parameters such as amplitude,
counts, energy counts, duration and rise time.

The study of failure mechanisms of composite materials by means of AE has
increasingly been becoming of interest in recent times due to its potential to be
employed in safety application in marine, automotive and especially in aerospace indus-
tries. William and Lee and Guild et al. [2,3] were one of the earliest researchers to have

Persisting time

Ascending time Energy envelop Counting

Amplirude

Figure 2. Common parameters from acoustic signals.[13]
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suggested AE as mean for monitoring the damage mechanisms in composite materials.
Giordano et al. [4] conducted the quantitative failure analysis on polymer-reinforced
composites via analysis of AE parameters to investigate the types of damage in com-
posite laminates. More recently, Yu et al. [5] conducted damage detection in composite
laminates through characterisation of the real-time acoustic frequency. Others include
work by Huguet et al. [6] and Godin et al. [7] who studied extensively the use of AE
procedure to determine the inception and progression failure modes in glass/polyester
composites.

Of late, there has been increasing interest in the prospect of using AE monitoring
to detect the fatigue performance of GRE pipes. This is due to the presence of multiple
failure mechanisms of matrix cracking, delamination and fibre breakage all of which
generate specific distinguishable frequencies. Hence, the technique is not only of poten-
tial use in determining the point of failure, but also in determining its nature. Barre and
Benzeggagh [8] tested glass fibre-reinforced polyester and concluded that AE ampli-
tudes vary with different failure modes. They found that AE amplitudes in the range of
40-55 dB correspond to the matrix cracking, 60—65 dB to debonding, 6585 dB to fibre
pull-out and 85-100 dB to fibre fracture.

Barnes and Ramirez [9] conducted a study of static and fatigue loading on carbon
fibre-reinforced pipes and used correlation plots of event duration and amplitude to
characterise the damage mechanisms. They reported that low-amplitude events are
normally characteristic of matrix cracking, high duration, low/intermediate amplitude
events with debonding and delamination, while high amplitude with short duration is
typically attributed to fibre breakage. Czigany [10] through his investigation has
demonstrated that it is possible to correlate AE parameters such as number of events,
amplitude and energy to the mechanical properties during various applied loadings. A
very comprehensive literature review was conducted by Rosa et al. [11] on the applica-
tion of AE technique for damage mechanisms detection and progression for natural
fibre composites.

Khalifa and co-workers [12] performed mechanical characterisation of glass/viny-
lester composite pipes under axial loading by AE technique and tension test. The AE
responses were found to distinctly correspond to the four damage modes observed in
tension test: matrix cracking, interface debonding, delamination and fibre breakage.
Most recently, Liu et al. [13] used AE technique to investigate the damage mechanisms
and progression of carbon fibre-reinforced epoxy laminates. They found that the
amplitude for matrix cracking, fibre/matrix interface debonding, delamination and fibre
pull-out and breakage is about 40-60, 50—70, 60—80 and 80-110 dB, respectively.

Prevorovsky et al. [14] recorded acoustic signals from multiaxial tests on GRE
pipes combining internal pressure and axial tensile loading. Highest AE activity was
recorded during tension cycles while pressure testing. They went on to identify matrix
microcracking and delamination as the main damage mechanisms in the test. Later
work by Ramirez et al. [15] investigated the endurance limits to weepage for GRE pipe
under internal pressure using AE techniques and static pressure tests. Their results sug-
gest that AE monitoring can be used to predict the long-term cyclic loading perfor-
mance of GRE products from a single short-term test. If this were proven, it would
potentially reduce the amount of fatigue testing required to qualify products. In addi-
tion, AE can also be used for a rapid evaluation of the factors that affect fatigue perfor-
mance, such as changes in raw materials, fabrication processes or fitting design.
Nevertheless, the implementation of such technique requires a clear understanding of
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relationships between the AE parameters recorded and the associated damage
mechanisms.

In this work, the damage mechanisms took place during the ultimate elastic wall
stress (UEWS) tests were characterised via AE technique. In order to produce a full
service condition at room temperature (RT), acoustic data were recorded from three
UEWS tests: pure axial loading (0:1), giving a negative transverse to shear stress ratio;
hydrostatic pressure (2:1) which results in a high transverse to shear stress ratio; and
finally, pure hoop loading (1:0) which yields a high shear to transverse stress ratio.

2. Experimental

GRE pipes for the UEWS tests conducted in the experiments were provided by Future
Pipe Industries (FPI) from their standard range of Wavistrong wound pipes. The pipes
were manufactured from glass fibre impregnated with aromatic amine (MDA) cured
epoxy resin.[16] Table 1 shows the physical and mechanical properties of the tubes.
The pipes were manufactured by a conventional automated winding machine with a
winding angle of +55° for optimum working conditions under internal pressurisation.
The wall of the pipes is protected on the outer side by the resin topcoat. Figure 3(a)
shows the dimensions of the specimen agreed with (FPI) for this investigation for
hydrostatic, pure axial and pure hoop tests at RT. The parallel length of the pipe used
in the test, not including the fitting region, was about 1600 mm. The pipes were
designed with built-up, tapered end reinforcement.

The UEWS test involves the application of groups of 10 one-minute hydrostatic
pressure cycles at increasing pressure levels. The strain at the end of the first and the
last cycle of each 10 cycle group is measured, and these values are plotted against pres-
sure (or hoop stress). If zero or negligible damage occurs at a particular pressure level,
then a linear relationship is observed between strain and hoop stress, and the strain
after the 10th cycle in the group is the same as at the first cycle. As the UEWS is
approached, a deviation in strain can be seen between the first and the last cycle, and
the relationship begins to become nonlinear. This nonlinearity in the stress—strain rela-
tionship will then be used to indicate the UEWS point, which corresponds to first ply
failure in the pipe. Further details on the UEWS test procedure and the calculations
involved are given in recent paper by Abdul Majid et al. [17]

Table 1. Mechanical and physical properties of the GRE pipes provided for this investigation
by FPL[16]

Internal diameter 200 mm
Average wall thickness 6 mm
Length 2000 mm
Liner n/a

Density 2000 kg/m®
Number of plies 10

Glass volume fraction 59%

Axial tensile modulus 11.5 GPa
Hoop tensile modulus 19.0 GPa
Shear modulus 11.0 GPa
Major Poisson’s ratio, 0.65
Coefficient of linear thermal expansion 2% 107> mm/mm °C
Thermal conductivity 0.29 W/m.K

Specific heat 921 J/kg.K




Downloaded by [University Town Library of Shenzhen] at 12:45 28 December 2015

Advanced Composite Materials 5

In hydrostatic (2:1), pure axial (0:1) and pure hoop (1:0) loadings of UEWS tests at
RT, the AEs were monitored and recorded using an AE instrument manufactured by
the Physical Acoustics Corporation with 150 kHz resonant sensors. Two sensors were
placed on the outer surface of the pipe with a layer of silicone grease and secured using
Sellotape. The signals picked up by the sensors were strengthened to higher voltage
using a preamplifier, which was placed close to the sensors in order to minimize elec-
tromagnetic interference. The AE set-up is shown in Figure 3(b). After the sensor was
fixed and connected to the acoustic software, simple ‘lead break’ calibration was car-
ried out to ensure that the signal received was consistent and the sensor properly
secured to the pipe surface. The process involved breaking a lead pencil near the sensor
to verify the response from the acoustic sensors. If the latter were properly attached,
the lead breaks should give a reproducible signal throughout. To eliminate background
noise and unrelated signals from the data, the acoustic signal threshold was set at 40
dB, which meant that only events with hits above 40 dB were recorded. The AE data
were continuously recorded throughout the UEWS test, and line marks were made to
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Figure 3. (a) dimensions (in mm) of the GRE pipe used in the UEWS tests and (b) schematic
drawing of test rig for conducting UEWS test showing the set-up of acoustic sensors.
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differentiate the cycle groups of increasing pressure. AE monitoring was continued until
weepage failure was observed.

3. Results and discussion

UEWS tests under three conditions were chosen for this AE investigation; pure hydro-
static loading at 2:1 hoop to axial stress ratio and pure axial and pure hoop loadings at
0:1 and 1:0 stress ratio, respectively, to achieve full service condition. These test condi-
tions also represent failure mechanisms that were governs either by transverse tensile
stress (0:1) or shear stress (1:0) or combination of both (2:1). Table 2 gives the UEWS
results of the aforementioned conditions. Details such as changes in the appearances of
the surface of the pipe, fracture orientation or matrix failure were meticulously
recorded. Types of failure modes observed could be categorised into three different
modes: tensile axial failure in pure axial loading, weepage failure in pure hydrostatic
loading and localised leakage failure in pure hoop loading. Details of these failure
modes observed and its mechanisms were discussed in detail from previous paper
published by the author in [17].

3.1. Pure hydrostatic loading (2:1)

Figure 4 shows the recorded AE response with respect to the number of counts and
cumulative energy against time during the UEWS test at the 2:1 loading ratio. The wall
stress (MPa) applied in each cycle group is indicated at the top of the plots. Figure 5
shows the weepage failure and the micrograph image of the pipe wall after weepage fail-
ure showing the transverse matrix cracking. As illustrated in Figure 4(a), the AE counts
started very early in the low pressure cycle groups. Activity then slowly increased as the
pipe was loaded in the next cycle group with increased pressure. Notable increases in
AE counts were observed in the 4th cycle group with pressure at 48 bars, which
corresponds to 74 MPa indicating the first significant change in AE activity. This is
believed to be the result of the initiation of matrix cracking. In the next three cycle
groups, AE counts more or less stabilised, which suggests a constant rate of damage
progression. Another significant increase in AE counts was noted in the 7th cycle group
with a wall stress of 130 MPa where the event counting reaches about 12,000 at roughly
11,000 s. This sudden increase in AE count is likely to correspond to substantial trans-
verse matrix cracking and the progression of interface debonding, which then possibly
led to a change in damage mechanism from matrix cracking to delamination.

Figure 4(b) shows the cumulative energy plot against time with the corresponding
wall stress indicated at the top of the plot. The AE activities recorded suggest that
damage initiation and progression were taking place in close proximity to transducer 2.

Table 2. UEWS test results for 2:1, 0:1 and 1:0 loading ratios.[17]

UEWS experimental results

Room temperature

Stress ratio (hoop:axial) Hoop stress (MPa) Axial stress (MPa)
0:1 0 63
2:1 200 100
1:0 265 0
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Figure 4. (a) change in AE counts and (b) cumulative energy counts throughout the UEWS test
under hydrostatic loading (2:1).

Closer observation of the plot indicates that there are distinct three sharp rises in cumu-
lative energy, firstly in the 4th cycle group at 74 MPa wall stress, secondly at 130 MPa
wall stress and finally at the start of the 12th cycle group with a wall stress of 223
MPa. These correspond well with the previous AE count plot, confirming the onset and
progression of damage. However, in order to characterise the damage mechanisms
involved, the AE signal durations from transducer 2 were plotted against the signal
amplitude, which afterwards generated into a 3D correlation plot against time as given
in Figure 6. From Figure 6(a), most of the AE events were of low duration and low/
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Figure 5. (a) Weepage failure of GRE pipes and (b) optical micrograph of transverse matrix
cracks from polished weepage failure sample.

intermediate amplitude ranging from 45 to 85dB as indicated in zone 1. This was
attributed to the combination of matrix cracking and matrix—fibre debonding, and a 3D
correlation in Figure 6(b) plot of these AE parameters against time suggests that these
damage mechanisms took place throughout the test.

Small numbers of higher duration AE events were noted with amplitudes from 55
to 80dB, as shown in zone 2. These events were suspected to be associated with
friction between crack surface or resulting from fibre pull-out.[9] The 3D correlation
indicates that, towards the latter stages of the test, events of low/intermediate duration
were observed at high amplitudes between 90 and 120 dB (zone 3), which is likely to
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Figure 6. Plot of (a) AE duration against AE amplitude and (b) 3D correlation plot of AE
duration vs. amplitude vs. time for UEWS test under hydrostatic loading (2:1).

be associated with delamination failure. All of these events were noted prior to
weepage failure. The plot also suggests the possibility that fibre breakage might have
taken place in zone 3, indicated by the low duration of high amplitude AE events
(115-120 dB),[8] although this would have to be to a limited extent otherwise bursting
would have happened instead of weepage. These failure mechanisms deduced from the
AE data correspond well with the failure sequence prior to weepage as observed by
previous researchers.[18-23]
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Figure 7. Plots of (a) change in AE counts and (b) cumulative energy throughout the UEWS
test under pure axial loading (0:1).

3.2. Pure axial loading (0:1)

Figure 7 shows the AE counts and cumulative energy released during the UEWS test
under pure axial loading (0:1). Similar to the results for hydrostatic loading, AE counts
were observed from the first cycle group at a wall stress of 9 MPa, and these gradually
increased with increasing pressure up to the 3rd cycle group of 27 MPa wall stress. A
significant increase in AE counts was noted from the 4th cycle group at 36 MPa and
this stabilised until the next cycle group at 45 MPa. This change in AE activity is
believed to correspond to the onset of matrix-fibre debonds and matrix cracking. The
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AE counts then increased considerably between the 6th and 7th cycle groups indicating
the evolution of damage with counts reaches near 5500 although less than recorded in
2:1 loading test. Finally, the highest peak of AE counts was observed in the 8th cycle
group as a result of fibre fracture due to tensile axial failure. A helical crack is evident
along the fibre direction, extending along the middle section of the pipe and further
pressurising caused the cracks to propagate parallel to the winding angle, and the pipe
then subsequently fractured.

The cumulative energy plot also shows that most of the AE signals were captured
by probe 1, suggesting that damage initiation and evolutions were taking place closer
to this probe. Two distinct rises in cumulative energy were noted, first at 36 MPa wall
stress and second in the final cycle group corresponding to tensile axial failure at 72
MPa. The change in cumulative AE energy showed a similar trend to the previous AE
count plot, confirming the onset of damage and its progression in pure axial loading.

Plots of AE event durations against amplitude and the 3D correlation plot of these
parameters against time are given in Figure 8. Since most AE events were detected
near to transducer 1, these plots were generated from the signals gathered by this trans-
ducer. The plots show that most of the AE events were of low duration and low ampli-
tude in the range of 45-80 dB similar to those observed with pure hydrostatic loading.
These events can be seen in zone 1 and were normally associated with matrix cracking
and matrix-fibre debonding. Intermediate/high duration events from 60-75 dB in zone 2
correspond to further debonding process and the rapid progression of matrix cracking
which, according to the 3D correlation, were taking place between 6000 and 13,000 s.
This means that the surge observed in the cumulative energy plot during this period
can now be attributed to this debonding process. Some of the low-amplitude events of
higher duration recorded here might also result from friction effects at the crack
surfaces.[24] As indicated in [17], the final failure observed in this type of loading was
tensile axial failure in the form of macro helical cracks, where obvious fibre breakage
had taken place. Hence, high amplitude events between 85—110 dB of low/intermediate
duration indicated in zones 3 and 4 can now be attributed to delamination failure and
fibre breakage, respectively. The 3D correlation plot generated was also in conformity,
indicating that these events occurred right at the end of the test just before final failure.

3.3. Pure hoop loading (1:0)

Figure 9 illustrates the changes in AE counts against time and cumulative energy for
pure hoop loading (1:0) in the UEWS test. Similarly, the plot shows that AE activity
started very early in the test. However, one apparent difference compared to the previ-
ous AE plots for hydrostatic and pure axial loading is that the number of counts did
not gradually increase but instead remained fairly stable in distribution with no clear
indication of damage initiation and progression. This implies that the sequence of dam-
age mechanisms involved was somewhat different from those seen with 2:1 and 0:1
loading. The AE counts remained stable until the start of the 7th cycle group at 251
MPa wall stress when a sudden increase in counts was noted, reaches about 7000 at
9000 s, suggesting significant events had occurred. This is believed to correspond to
the buckling of the pipe after serious bending had taken place, especially near the
reinforcement ends where stress concentrations were at their highest.

The cumulative energy plot shows continuous rapid increments in energy released,
with no clear ‘knees’ observed. Higher cumulative energy was also released compared
to the hydrostatic and pure axial loading conditions, especially in the early cycle
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(a) [

Figure 8. Plot of (a) AE duration against AE amplitude and (b) 3D correlation plot of AE
duration vs. amplitude vs. time for UEWS test under pure axial loading (0:1).

groups. Once buckling failure took place in the 7th cycle group, fewer counts and
lower energy releases were observed. This is because, after buckling failure, the contin-
uing relatively high shear stress component caused shear deformation of the resin,
which then resulted in secondary failure mechanisms such as matrix cracking.

Figure 10 shows the AE duration vs. amplitude and its corresponding 3D correla-
tion plot of against time. The plots show that most of the AE events were of intermedi-
ate/high duration with intermediate/high amplitude ranging from 60-100 dB. These are
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Figure 9. Plots of (a) change in AE counts and (b) cumulative energy counts throughout the
UEWS test under pure hoop loading (1:0).

likely to correspond to the relatively high shear deformation of the resin matrix (zone
2). At about 9000 s into the test, massive delamination and debonding were generated
near the end reinforcement, due to the pipe bending. This was quickly followed by
buckling failure accompanied by the audible sound of fibre fracture on the outer surface
of the pipe. This can be seen from the correlation plot, indicated by the peak of highest
duration (due to friction) with a broad range of amplitudes up to 100 dB. The bending
of the pipe just before buckling failure induced fibre breakage, and this is represented
by the low duration, high amplitude AE events.[8] The plot also shows that, once buck-
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Figure 10. Plots of (a) AE duration against AE amplitude and (b) 3D correlation plot of AE
duration vs. amplitude vs. time for UEWS test under pure hoop loading (1:0).

ling failure occurred, secondary failure mechanisms followed represented by events of
low-amplitude and low/intermediate duration, which can be attributed to matrix crack-
ing (zone 1), and events of high duration, low/intermediate amplitude (zone 3) which
are normally associated with friction between crack surfaces.
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4. Conclusions

AE measurements were conducted during the UEWS tests under hydrostatic, pure axial
and pure hoop loadings at RT. The results for both hydrostatic and pure axial loadings
indicate that matrix cracks were initiated and possibly had progressed to delamination
immediately before the UEWS point was reached at 200 MPa of hoop stress and 63
MPa of axial stress, respectively. However, no clear damage initiation and progression
was observed for pure hoop loading. Almost stable AE measurements were recorded,
which is thought to be due to relatively high shear stress. Significant AE events were
only noted when the bending of the pipe just before buckling induced massive
delamination and debonding failure followed by fibre fracture on the outer surface of
the pipe. As specified earlier, the objectives of the AE measurements were to character-
ise damage mechanisms involved at different stages of UEWS tests and to search for
correlations between AE activity and the UEWS results. Through the analysis, the AE
results do give good accounts on the states of damage mechanisms and progressions
involved based on the distinct AE signatures throughout the test. The results hence sug-
gest that, with further work, AE can be used as the monitoring tool to provide an early
warning system for glass-reinforced plastics pipe failure.

This research is by no means comprehensive but an attempt to understand the AEs
responses of GRE pipes when subjected to various loading ratios, hence inducing
different failure controlling stress components within the laminates. Further work is
required for characterising these damage mechanisms with more test experience is
needed in order to decompose completely the interactions of these damage mechanisms
with respect to its AE responses.
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