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Abstract

Acoustic emission (AE) signal has proved to be a useful tool for monitoring structures reinforced with FRP composites
such as Fiber Reinforced Polymer (FRP) reinforced beams, carbon FRP (CFRP) sheets, or steel fiber reinforced concrete.
This work focuses on studying the behavior of pultruded FRP bars, which have been manufactured using continuous fibers.
Different configurations of CFRP and glass FRP (GFRP) bar specimens subjected to tensile load were monitored using AE
technique. Several algorithms were used for signal processing to analyze AE signals in the time domain and in the time—
frequency domain. The signal processing techniques extracted the amplitude, cumulative events, duration, energy, rise
time, number of counts, cumulative counts, and frequency peaks of the acoustic signals. The frequency maxima were
determined for different amplitude signals using short-time Fourier transform (STFT). Cumulative counts of AE signals
showed significant changes in the slope during the tension test, while the stress—strain relationship of the FRP rods showed
virtually no deviation from linearity. CFRP bars recorded higher amplitude signals and lower duration, than GFRP bars.
The acoustic emission characteristics presented in this work show strong correlations with ultimate load and may prove
useful for damage prediction.

Keywords Acoustic emission - Carbon fiber reinforced polymer (CFRP) - Glass fiber reinforced polymer (GFRP) -
Tensile load - Scanning electron microscopy (SEM)

1 Introduction

CFRP and GFRP bars have been used widely in concrete
structures for the past quarter century, either to rehabilitate
damaged reinforced and pre-stressed concrete elements, or
to reinforce new ones [1-3]. As of 2016, 65 bridges have
been built using FRP bars in the USA, and 202 bridges
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have been built using FRP bars in Canada including bridge
decks, parapets, barriers, and sidewalks [4]. The advan-
tages of using FRP are high strength to weight ratio, cor-
rosion resistance, nonconductive properties, durability, and
high tensile strength [4]. However, FRP bars have a brittle
behavior and demonstrate a linear stress—strain curve up to
failure. It would be beneficial to have non-destructive
testing (NDT) methods that have the potential to detect
damage at loads well below failure. This is particularly
important for FRP bars as they do not exhibit any external
signs of damage until brittle failure.

The AE technique has been used for decades, in several
fields, as a structural monitoring technique [5]. It has been
used to inspect structures such as pipes, vessels, storage
tanks, concrete, rock, wood, superstructures of buildings
and bridges, and substructures including railway structures
and nuclear power plants [5]. AE signals are transient
elastic waves generated by a sudden release of energy from
localized sources within a material [6]. These waves could
be due to damage such as cracking in reinforced concrete
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structures [7], or degradation resulting from the corrosion
of reinforcing steel bars in concrete structures [8]. In FRP
materials, acoustic emission could be due to fiber breakage,
matrix cracking (both micro and macro), delamination,
debonding, fiber cracking, or fiber pullout [9].

An advantage of the AE technique is that it has the
ability to monitor a region or volume of a structure in one
test by attaching an array of AE sensors. This is possible
because the method does not require a priori knowledge of
the location of the defect. Therefore, it is an attractive
method for monitoring materials in larger structures.

2 Literature review

Several studies have been conducted using AE signals to
correlate their amplitude and frequency to damage occur-
rence in FRP composites such as laminates [10] and stay
cables [11]. The range in frequencies and amplitudes varies
depending on the type of signal. It was found that certain
amplitudes and frequencies are predominant for matrix
cracking, while others correspond to fiber pullout or fiber
breakage [10, 12-14]. A study has been conducted to find
the source location using aramid FRP plastics subjected to
tension and monitored by AE technique [15]. The results
showed that the failure occurred at different location
through the sample length and that peak amplitude distri-
bution was affected by the attenuation [15]. Damage
location in hybrid FRP bars was determined using AE and
fiber optic single-channel acoustic emission sensors [16].
Both AE and fiber optic single-channel acoustic emission
sensors were equally successful in locating damage and
both had maximum errors near the middle of the bar. The
spectral energy method was effectively used to distinguish
between the fracture of carbon and glass fibers [16].
Additional study has been conducted to assess damage
mechanisms of a beam post tensioned by hybrid FRP
tendons using AE technique [17]. The study showed the
ability of AE to localize the damage at different stages of
the loading and to determine the pseudo yield point of the
post tensioned beam by determining the cumulative spec-
tral energy for both carbon and glass fiber. They also val-
idated the results with the load deflection response [17].
Research has been conducted to test different types of
CFRP and GFRP bars under ramping load for pultruded
FRP bars manufactured using continuous fibers and used in
civil infrastructure. The histogram of the counts in every
10 s interval and the cumulative of these counts were
plotted. The results showed that the count rate increases
with increasing load, with a maximum peak count rate
occurring near failure. Also, the results showed that GFRP
generated AE events at an earlier stage than the CFRP [18].

Frequency analysis has been conducted in several
studies for FRP composites, though no general basic ranges
have been established to correlate specific frequency bands
to specific damage mechanisms. The ranges are specific to
materials and tests used. However, most of the results
conclude that the highest frequencies correlate to fiber
breakage and the lowest ones correlate to matrix cracking
[19, 20]. Fast Fourier Transform (FFT) is generally used to
recognize the signal frequency content, but it is unable to
record information about the time of frequency occurrence.
Since AE waveforms are presented in both time and fre-
quency domains and provide valuable data, joint time—
frequency technique is important. Wavelet Transform
(WT) and STFT analyses are powerful time—frequency
techniques that can provide pertinent information from AE
signals to determine damage types in composites [21, 22].
Kaphle et al. [22] obtained similar patterns of the fre-
quency bands for both WT and STFT methods. STFT
calculates the Fourier transform by dividing the signal into
stationary parts; a short window function is used to extract
the parts from the original signal, and then the window is
relocated to a new location for the next calculation. The
result obtained from the new location of the window is the
time—frequency localization, which has a constant local-
ization resolution due to the limited length of the window.
Information about the energy and frequency content at a
specific time can be obtained using this method.

In this study, STFT was performed for calculating FFT
and energy. Spectrograms using MATLAB were used to
obtain the frequency bands that are predominant for both
CFRP and GFRP bars at each load level during the test.

Kaphle et al. [23] calculated the energy distribution in
the AE signals by using an STFT matrix. The coefficients
of this matrix are C(w;,t;), where w; represents FFT in
rows and t; represents time in columns. The normalized
energy ratio as a function of frequency (E<w)) can be cal-
culated as follows:

Ey = 27:1 Cz(wivfj)
Z?il Zjv:] Cz(thJ’)

where N is the numbers of columns that represent the time,
and M is the number of rows that represents the frequency.
Studying energy distribution in the time—frequency domain
is expected to provide important information about the
nature of the damage source. Energy distribution does not
vary with the change of the distance between the sensor
and the source, i.e. it is not affected by the signal attenu-
ation [23]. Energy distribution as a function of frequency
was performed to find the frequency bands that are pre-
dominant in specific signals.

Scanning electron microscopy (SEM) identified damage
mechanisms in  continuous unidirectional =~ GFRP

(1)



Journal of Civil Structural Health Monitoring (2018) 8:285-300

287

composites and has been correlated to AE signals by using
different span to depth ratio samples subjected to testing in
three-point bending [24]. Another study has been used
SEM to observe damage mechanisms of different glass/
polypropylene plate samples subjected to tensile loads [25].
Different fiber orientations were used in the study:
0°, & 45°, 90°, (0°-90°) for each sample [25]. Previous
studies have not addressed AE correlation with SEM on
FRP bars. The work presented in this paper will use SEM
to compare microstructure of FRP pultruded bars before
testing and at failure to aid in identifying the origin of AE
signals recorded during load tests.

3 Typical AE signals

AE is a wave generated by a sudden release of energy. The
strength of acoustic signals is determined by the damage
growth, the distance between the damage source and the
sensors, and the acoustic properties of the transferring
material [26]. After amplification and digitizing, an AE
signal is represented as a voltage vs. time plot. It can be
characterized using several parameters, as shown in Fig. 1.
By applying these parameters, damage initiation and
development can be monitored. The definition of these
parameters can be found in [27].

AE waveforms can be classified using several of the AE
parameters that can be related to different stages of the
tensile test. Figure 2 shows AE signals for CFRP and
GFRP that have different amplitudes. For the highest peak
amplitude signals, some non-linearity can be observed. For
peak amplitudes exceeding 80 dB 4 there is an offset in the
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Fig. 1 AE signal characteristics. Amplitude is the maximum voltage
peak; duration is the time of a signal from the first point exceeding the
threshold level to the last one; counts is the number of times which
AE signal crosses the threshold level; Rise time is the time measured
from the first point of the signal that exceeds the threshold level to the
maximum peak amplitude [27]

signal before and after the AE event that is an artifact of
instrumentation. These results overestimate the peak
amplitude at the largest signal levels (> 95 dBsg) of up
to ~ 1.6 dB. For peak amplitudes of less than 80 dBag
this offset is not observed. The duration of the AE signals
ranges from 27.5 microseconds to several milliseconds.

4 Experimental procedure
4.1 Specimen preparation

AE signals were generated from different GFRP and CFRP
bar specimens subjected to ramping tensile loads. CFRP
rebar specimens were manufactured using 27% of epoxy
vinylester-based resin and 73% of carbon fibers; GFRP
rebar specimens were manufactured using 27% of viny-
lester-based resin and 73% of fibrous glass. The bars
chosen for this study are commonly used for reinforcing
applications. The two bar diameters were chosen to see if
bars of smaller and larger diameter have similar AE char-
acteristics. CSA S806 (2012) Annex B was used to prepare
the specimens [28]. The code requires that the tension force
be applied to the samples indirectly to prevent FRP
crushing in the anchorage zone. As a result, FRP specimens
were anchored into steel pipes that were gripped by the
testing machine. Servo-hydraulic load system was used for
the tensile loading test as shown in Fig. 3. Strain gauges
with gauge length of six millimeters and resistance of 120
Q + 0.3% were placed on the surface of each specimen at
the center of the bar. A brief description of the FRP types
and their configurations is shown in Table 1.

4.2 AE apparatus and software

Signal processing involves signal transference, amplifica-
tion, filtering, and feature extraction [29]. In this study, a
piezoelectric transducer (R15I-AST Physical Acoustic
Corporation) was used for sensing the AE signals. The
R15I-AST sensor 80-200 kHz contains an integral 40 dB
preamplifier that amplifies the signal to reduce the effects
of noise. The sensor was attached firmly to the surface of
the anchors by plastic cable ties and a stainless-steel hose
clamp. A layer of Proceq couplant gel was used between
the sensor and the surface to eliminate air gaps and to
ensure good transmission of AE signals from the surface to
the sensor. Experimental set up of the AE monitoring
system for the tensile load testing is shown in Fig. 3. The
signal was digitized using an analog to digital converter
(DT9816-S 16 bit with maximum 750 kHz sampling rate,
Data Translation Inc.). The sampling rate was set to 400 k
samples/s. The amplitude threshold for detection of
acoustic events was set to 46 dBg. This level is
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Fig. 2 Typical unfiltered AE signal at 98, 85, 75, and 65 dBg for a CFRP and b GFRP size 4 (d = 13 mm)
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Fig. 3 AE system set up for the
tensile load testing. a FRP
specimen with anchors in servo-
hydraulic load frame. b Sensor
coupled to the anchor using
couplant gel

R15I-AST Sensor

| GFRP Specimen

Strain Gauge

Monitoring system
DAQ (DT9816-S), 16 bit,
750 kHz/channel

I

Data Logging

Table 1 Summary of FRP test specimens and their loading conditions

Bar type  Number of Diameter Tensile strength f,  Specimen length Anchor length (f,*A/ Loading rate
specimens d (mm) (MPa) (40d) mm 350) > 250 (mm) (kN/min)
CFRP 5 6 2241 240 250 13*
size 2
CFRP 5 13 2068 520 800 45
size 4
GFRP 5 13 758 520 300 60%*
size 4
GFRP 5 19 690 760 600 80
size 6

“Tested under displacement control

approximately ten times the typical observed peak to peak
noise amplitude and hence produces few false triggers. A
pencil lead break (PLB) test was performed near the sensor
before any AE data recording in order to check the sensi-
tivity of the sensor and the functioning of the amplifier and
DAQ.

AE was applied to investigate the fracture of different
diameters of CFRP and GFRP bars during tensile loading.
A burst AE signal was generated every time material
components undergo cracking or fracture. The response of
these signals was analyzed to identify their sources, using
conventional signal analyses in time domain. Amplitude
distribution over time, cumulative ratio of the amplitude
distribution corresponding to the percentage of the ultimate
load, RA (rise time divided by amplitude) and AF (number
of counts divided by duration) as a function of time,

cumulative counts, and amplitude versus duration, were
plotted for this purpose. AE parameters definitions were
provided in the caption of Fig. 1.

5 Attenuation measurement

The attenuation of AE signals along the FRP rebars was
determined experimentally. To achieve reproducible PLB
tests, the pencil was held at the same angle and orientation
to the FRP bar surface using a foam ring. The lead was also
extended to the same length for each PLB. Fifteen loca-
tions were sampled on the FRP bar, once every 5 cm
between sensor 1 to sensor 2. For each location, six pencil-
lead break tests were done and the average amplitudes were
used. The amplitude of the AE signals for sensor 1 and
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sensor 2 can be modeled using the following equations
[30]:

A=A, x C) x e 4+ (2)
Ay = Ay x Cy x e 79, (3)

where A is the amplitude at AE source and C; is used due to
differences in coupling between sensor and material sur-
face or due to sensitivity of the sensor.

The ratio of peak amplitudes that was detected at both
sensors for AE sources originating from different locations
along the bar was used in order to estimate the attenuation
o. Figure 4 shows an example of AE signals that were
generated from the PLB test and the peak amplitudes that
were used for the attenuation measurements for GFRP size
6 bar.

Using Eqs. 2 and 3, the slope of natural log of (A,/A;)
versus distance can be used to find the attenuation. Linear
regression was used and the slope of the line shown in
Fig. 5 was found to be 0.43 dB/cm. The correlation con-
stant r of the regression was calculated as 0.983 following
the procedure in [31].

6 Results and discussion
6.1 AE signal analysis in time domain

The three-part RMS algorithm described in [32] was used
to separate one event from another. For each AE event, a
number of parameters were measured such as amplitude,
duration, number of counts, rise time, peak frequency, and
average frequency.
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Fig. 4 Example of the PLB test result for both sensors at x = 25 cm.
a PLB recorded by sensor #1; b PLB recorded by sensor # 2
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Fig. 5 Attenuation measurement using linear regression on the PLB
test data

6.1.1 Amplitude

Twenty tests in total were carried out on different diame-
ters of CFRP and GFRP reinforcing bars. Each of the tests
had similar trends in the AE parameters. Therefore, only
typical plots are presented.

Evolution of the peak amplitude of individual AE sig-
nals over time is shown in Fig. 6. In Fig. 6, each AE event
is presented as a single dot on the plot. In total 146-811
events per cm® were observed in the GFRP size 4 bars,
157-792 events per cm’ in GERP size 6 bars, 557-4578 in
the CFRP size 2 bars, and 48—604 in the CFRP size 4 bars.
The voltage threshold for detection of acoustic events was
set at 46 dB,g, and hence there are no events below this
threshold. Two interesting observations can be made from
Fig. 6. First, the number of events per unit time increases
as strain level increases. The direction of the loading is
parallel to the fibers and in past work the low and medium
amplitude levels have been attributed to debonding
between the fibers and matrix and the longitudinal micro-
cracks in the matrix [12, 33, 34]. Fiber breakage was
thought to release more energy per event and has been
attributed to the higher amplitude AE signals [35, 36].
Second, the number of higher amplitude signal events per
unit time also increases with strain levels.

At early stages of the test, CFRP bar specimens had
higher amplitude signals than the GFRP specimens. The
mean ratio of the high-amplitude signals to the low- and
medium-amplitude signals, for the five CFRP specimens,
was 4 and 6% for size 2 and 4, respectively. In contrast, the
GFRP specimens had a very small fraction of high-am-
plitude events relative to the low- and medium-amplitude
events. The average ratio of the high-amplitude signals to
the low- and medium-amplitude signals for five test spec-
imens was 1% for both size 4 and 6 bars.
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Fig. 6 Amplitude vs. time with load time superimposed. Dashed line represents time at which failure occurred for CFRP size 2 and GFRP size 6.
CFRP size 4 and GFRP size 4 were loaded up to 93 and 95% predicted ultimate load, respectively

6.1.2 Average frequency (AF) and RA value and cumulative
counts

Average frequency is calculated by dividing the number of
counts by the duration, for one hit [5]. RA value is cal-
culated by dividing the rise time, by the amplitude of the
hit [5]. The rise time is the time interval from the start of a
detected hit to the maximum amplitude of a hit. These
parameters have proven useful in linking AE event char-
acteristics to the types of physical damage and damage
accumulation [37, 38]. These two parameters have been
used to link AE events to the type of cracks in concrete
materials and have been standardized in JCMS-IIT B5706
for active cracks in concrete [39].

In concrete materials, high RA value is an indication of
shear cracks, while the low RA value refers to the tensile
cracks [37, 38]. In transportation structures, high RA value
and low AF have been attributed to traffic induced noise
[40].

Soulioti et al. studied RA and AF parameters of AE
signals from concrete containing different percentages of
steel fiber under four-point bending [41]. They concluded
that the damage mode changed from tensile to shear as

fiber content increased in concrete. This resulted in an
increasing RA and decreasing AF [41]. In laminated
composites, a similar change has been associated with a
transition from matrix cracking to delamination [42, 43].
AF and RA values of AE signals during tensile loading
were calculated and plotted as function of time for CFRP
bars in Fig. 7 and for GFRP bars in Fig. 8. For each type of
bar, five samples were loaded up to failure and the average
of their ultimate loads was taken to be the predicted ulti-
mate load. Cumulative counts were also plotted together
with stress—strain curves. Thirteen CFRP and GFRP sam-
ples were loaded up to failure, while seven were loaded up
to 64-95% of the predicted ultimate load. This saved the
samples from being totally destroyed, so that they could be
used later for SEM analysis. High RA value and low AF
were observed at the start of the test, up to 10-20% of the
predicted ultimate load as shown in Figs. 7a, b and 8a, b.
AE signals of this type have been associated with friction
between the machine grip and may also be due to the
anchor [44]. After this early region, the AF and RA became
relatively steady with some fluctuations. However, the
magnitude of these early AE signals was variable in some
tests, which had relatively lower initial levels of these
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Fig. 7 Variation of AF and RA values. Cumulative counts vs. time
with stress—strain superimposed. Dashed line represents time at which
failure occurred for CFRP size 2. CFRP size 4 was loaded up to 93%

signals. As the load increases there is an increase in the
slope of cumulative counts curve (point A) in Fig. 7c, d
that is associated with an increasing rate of internal damage
for CFRP bars.

In contrast, GFRP bars show a linear increase of the
cumulative counts curve up to 40% of the predicted ulti-
mate load (point A), as shown in Fig. 8c, d. As the load
increases and reaches the occurrence of an impending
brittle failure, an abrupt increase of the slope of the
cumulative counts occurs. In this stage, RA values start to
increase and AF values start to decrease. Some possible
reasons for the change in RA and AF with the evolution of
the damage have already been discussed in a study of AE
signals from concrete in 4-point bending [45]. The AE
waves travel through the material in different modes,
depending on the source of the damage. For example, some
types of damage cause a release of energy that is primarily
converted into a longitudinal wave mode (P) of a large
amplitude, which is parallel to the wave propagation. This
kind of wave travels fast causing a short rise and a small
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of the predicted ultimate load. CFRP size 2 specimen was tested
under displacement control (Table 1)

RA value. As the load increases, the wave travels in other
wave modes such as shear waves (S), perpendicular to the
wave propagation, or surface waves, mixed of P and S
waves, due to scattering of damage in the specimen. These
types of waves are slower than the longitudinal waves,
which results in a longer rise time and larger RA value.
In the present work, there is also a change in the mag-
nitude of both RA and AF that is correlated with the
changes in the slope of the cumulative counts. It can be
observed that at the failure of GFRP size 6 or before failure
of GFRP size 4 in Fig. 8a, b, RA decreases and AF
increases. This change could be related to the delaminating
of the outside layer of the GFRP, which was observed with
the naked eye. In contrast, CFRP size 2 shows a continuous
increase in RA value as shown in Fig. 7a, which may be
due to some elongation in the matrix that was observed in
the longitudinal section sample. This elongation will be
shown later in the SEM section. On the other hand, these
changes in the RA and AF values were not observed in
CFRP size 4 specimen, which were loaded up to 93% of the
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Fig. 8 Variation of AF and RA values. Cumulative counts vs. time with stress—strain superimposed. Dashed line represents time at which failure
occurred for GFRP size 6. GFRP size 4 was loaded up to 95% of the predicted ultimate load

predicted ultimate load. A longitudinal section of the CFRP
size 4 specimen after the load test did not show transverse
cracks using SEM observation, which is consistent with the
AE observations.

It should be pointed out that the changing of the slope of
the cumulative counts as shown in Figs. 7c, d and 8c, d is
not mimicked in the stress versus strain graph. A summary
of these results is shown in Table 2 for both CFRP and
GFRP specimens.

In conclusion, the slope of the cumulative counts
increases with increasing load. However, the absolute
number of events at failure varies considerably from
specimen to specimen, and by itself is not reliable predictor
of failure.

6.1.3 Amplitude-duration

The amplitude and duration of the AE events has been used
to check the quality of the recorded data and to correlate
with the type of damage mechanism [46]. Research on
short glass fiber composites has been conducted for linking
damage identification to the amplitude and duration

parameters [47]. The results showed that increases in the
average magnitude of these parameters are an indication of
damage evolution during loading [47].

In this study, the duration of each AE signal for one
specimen was plotted in Fig. 9, as a function of amplitude
for the three stages that were determined in Table 2. Based
on the evaluation criteria in [48], events with high ampli-
tude and long duration were attributed to fiber breakage.
Low to medium amplitude events with low to medium
duration were attributed to matrix cracking [48]. Similar
results were also observed in studies on composite lami-
nates [49] and GFRP bridge deck panels [50].

Figure 9 plots the duration of AE signal versus its
amplitude. The results in Fig. 9 are clustered in a well-
banded area, with very few outliers outside the banded
area. Previous research correlated these outlier events as
unwanted signals that could be either due to Electromag-
netic interference, Mechanical rubbing (MR), or overlap-
ping events (OE) [51]. The data presented in Fig. 9 indicate
few of these unwanted events. Considering the scarcity of
the unwanted events, the testing setup was satisfactory.
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Table 2 AE Signal Parameters for CFRP and GFRP specimens

Point on the cumulative RA? value range® AF® value Strain® Load® range Percentage of the predicted ultimate
counts curve (ps/V) range (kHz) range (%) (kN) load range (%)
CFRP A 952-1366 48-60 0.67-1.04 32-45 44-55
size2 B 810-1588 29-64 090-1.15  29-64 60-72
C 1200-1560 26-60 1.10-2.10 55-75 75-96
D 2589-8557 31-60 1.24-2.20 73-87 100
CFRP A 1389-2823 58-85 0.15-0.24 15-59 5-22
sized g 1140-1756 68-100 0.55-0.93 126-188 47-70
C 835-1077 81-83 1.33-1.51 250-290 93-100
GFRP A 465-1378 58-75 0.93-1.00 44-58 42-50
sized g 741-1256 51-83 1.68-1.96 99-117 90-100
GFRP A 787-1890 70-80 0.54-0.85 96-142 40-62
size6 B 1047-2271 50-92 1.19-1.92 216241 92-100

“RA, AF, Strain, and Load are the values at the change of the slope of the cumulative counts curve

PRange is the range of results when point (A, B, C, D) was reached for the FRP samples tested
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Fig. 9 Duration vs. Amplitude for three stages in CFRP size 4
specimen. Duration is the time of a signal from the first point
exceeding the threshold level to the last one. MR mechanical rubbing,

Pattern recognition techniques have proven valuable for
AE signals classification [52-54]. In the present work, a
k means algorithm [55] was used to classify the AE signals.
In this case, the k means algorithm used five parameters in
time domain as the input data. The parameters used were
peak amplitude, duration, counts, energy, and rise time as
described in Fig. 1. The algorithm classifies the input data
depending on a predefined number of clusters, which was
set to three to match the expected types of damage. The
types of damage will be discussed in the SEM section later
in this paper. The principle of this method is to minimize
the sum of the squared distance between the assigned

OE overlapping events, cluster 1 deboning, cluster 2 fiber breakage,
cluster 3 matrix cracking

cluster and its center. After that, the cluster vector and its
centroid are iteratively actualized until the centroid is fixed.
The classification was replicated five times each time with
randomly assigned initial conditions.

Based on previous published articles [51] and the
experimental data, most likely cluster 1 corresponds to
debonding, cluster 2 corresponds to fiber breakage, and
cluster 3 corresponds to matrix cracking. Also, the fig-
ure shows that these three clusters were observed in all
three stages of the test. It should be noted that some signal
misclassification could be due to the signal attenuation
from the source to the sensor. Attenuation will result in
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amplitude and duration reduction, so an event that is
classified as matrix cracking or debonding could have
originally been due to fiber breakage mode.

It can be concluded from Fig. 9 that the peak amplitude
is correlated with the duration and that larger amplitude
signals tend to also be of longer duration. This may in part
be due to the duration from the first to the last threshold
crossing being longer for higher-amplitude events, simply
because higher-amplitude events will take more cycles to
ring down. The number of AE signals within the various
amplitude ranges was investigated in CFRP and GFRP
specimens. The mean of AE features, such as duration and
rise time, for each range was calculated for the three stages
described in Table 2. The results showed that the CFRP
signals have a mean duration and mean rise time that are
less than GFRP signals at the start of the test, but they are
larger as the load increases after about 40% of the predicted
ultimate load.

6.2 AE signal Analysis in time-frequency domain

Time-varying signals were analyzed in terms of time—fre-
quency domain using STFT to determine the frequency
magnitudes that were predominant during the tension test.
AE signals that were generated during the test are associ-
ated with the magnitude of the released strain energy.
Accordingly, these AE signals have specific characteristics
due to their amplitude, duration, and frequency content that
could be related to a specific damage mechanism [56]. The
nonstationary nature of the AE signal limits the choice of
the time window length for STFT; therefore, for accept-
able spectral resolution the length of window should be at
least the same size as is the longest signal duration. In the
current study, a signal was divided into sections of length
of 128 samples with overlapping of 120 samples using
Hamming windows, and the spectrum was evaluated at 129
frequencies according to [53]. This leads to a 20-us time
window length. In the time—frequency plot, energy in the
signal is represented by calculating the squared coefficient
of STFT matrix in MATLAB. STFT was performed on
different AE signal amplitudes, and then energy distribu-
tion is calculated using the formula in Eq. 1, and plotted in
Fig. 10 as a function of frequency content. In fact, the
80-200 kHz resonant sensor could limit the results of the
frequency ranges. Most of the energy lies in the range of
125-180 kHz in CFRP with some small peaks between 80
and 125 kHz. While they are distributed in almost all fre-
quency ranges for GFRP for 98 dBg signal amplitude
which indicates that several types of damage could be
occurring simultaneously. For example, a fiber breakage is
more likely to be accompanied with other kinds of damage
such as fiber pull out or the movement of the fiber. For
85 dBg signal amplitude, the peak frequency is about

136 kHz for CFRP, while the frequencies are distributed
equally between 110 and 160 kHz for GFRP. For 75 dBAg
signal amplitude, the energy lies in the frequency range of
150-180 kHz for CFRP and is distributed equally between
80 and 200 kHz in GFRP. A similar pattern can be seen in
the 65 dBAg signal.

7 SEM observation

Typically, no damage is visible in the FRP bars to the
naked eye until failure and, therefore, SEM analysis was
used for microstructural examination. Transverse and lon-
gitudinal sections were cut from each bar before and after
testing. Clean and flat sections were prepared using the
following procedures: the samples were mounted into
epoxy to prevent surface damage during the cutting pro-
cess, and then a slow-speed diamond saw was used to cut
them. After that, the sections were polished to remove
marks generated during the cutting process, and to get a
smooth surface for imaging. The polishing started with 40
and 30 pm silicon carbide sand paper, followed by 5 and
1 pm alumina slurry with a nylon cloth. The polished
sections were cleaned using ultrasound bath with ethanol,
and then coated with gold palladium.

Figure 11 shows the SEM images of both CFRP and
GFRP rebar samples. The micrographs were acquired in
the secondary and backscattered electron modes at an
accelerating voltage of 15 kV and magnification range of
100x—600x. After loading CFRP size 2 to failure and GFRP
size 4-95% of the predicted ultimate load, three types of
damage were observed in the longitudinal sections: matrix
cracking that developed longitudinally parallel to the fiber
direction, debonding, and fiber fracture. On the other hand,
no transverse matrix cracking was observed in the cross
section sample; Only enlargement of the original voids was
detected. In the CFRP size 2 sample, the longitudinal
section showed misalignment of fibers, which indicated
damage in the matrix. In general, modulus of elasticity of
fibers is higher than the one for matrix; therefore, some
fibers were fractured throughout the specimens with
increasing load. Most of the fracture occurred due to
splitting of the outside layer of the bars at failure as shown
in Fig. 11h. It can be concluded from these observations
that the damage tends to start near the voids. The void
concentration was higher in the outside layer leading to the
damage propagation in this layer at loads closer to failure.
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Fig. 10 Energy distribution versus frequency content for various signal amplitude for CFRP and GFRP bar specimens

8 Conclusions
In this work, the acoustic emission behavior of different

diameters of CFRP and GFRP bar specimens under fracture
stress in tensile loading was investigated. AE signals

generated from damage were detected by piezoelectric
transducers that were attached to the specimens’ anchorage
surface. The AE signals were analyzed using the RMS AE
hit detection algorithm, and then parameters were extracted
in time and time—frequency domain. The results of 20 FRP
bar specimens showed that AE parameters changed as the
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Fig. 11 SEM micrograph for untested and tested CFRP size 2 and
GFRP size 4 bar specimens. a Cross section for untested CFRP size 2
specimen. b Cross section for tested CFRP size 2 specimen until
failure; ¢ longitudinal section for untested CFRP size 2 specimen;
d longitudinal section for tested CFRP size 2 specimen until failure;

quasi static load on the bar was increased. FRP is a linear
elastic material and the stress—strain curves were linear
until failure and did not show any indication of increasing
damage.
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~————Debonding

e cross section for untested GFRP size 4 specimen; f cross section for
tested GFRP size 4 specimen until failure; g longitudinal section for
untested GFRP size 4 specimen; h longitudinal section for tested
GFRP size 4 specimen until failure. The scale bar equals to: (50 pm
for a and b; 200 um for ¢—f, and g; 100 pm for h) images

In previous work, the observed changes in AE parameters,
similar to those reported in this work, have been correlated
with the occurrence of different damage mechanisms in FRP
materials. With pultruded FRP bars, AE signals with high
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amplitude and duration occur more frequently as the load
approaches the ultimate load, while the low to medium
amplitude signals appeared throughout the testing period. The
RA and AF also showed some correlation with the increasing
the slope of cumulative counts curve. In CFRP, the increasing
of RA and decreasing of AF refer to the elongation in the
matrix. In GFRP, the decreasing of RA and increasing of AF
refer to the delaminating of the outside layer. Moreover, AE
signals generated from CFRP bars have a shorter duration than
GFRP bars. The mean values were equal to 16.16 ms during
the last third of the test time for CFRP bars, and 20.24 ms for
GFRP bar. CFRP bars have higher amplitude signals than
GFRP. Specifically, the ratio of high to the sum of low and
medium amplitude events is 4% for CFRP size 2, 6% for
CFRP size 4, and 1% for both GFRP size 4 and 6. In addition,
frequency peaks were obtained using STFT and energy dis-
tribution. Most AE signals have more than one frequency
band, which indicates that different damage mechanisms
occurred at the same time of the real-time testing. These peaks
are limited to the sensitivity of the resonant transducer, R15I-
AST of 80-200 kHz frequency range. Future study should be
done using a broadband transducer.

SEM investigation revealed three types of damage in
the longitudinal sections: matrix cracking that started
from the voids and developed at the same direction of
the fibers, debonding, and fiber fracture. On the other
hand, the transverse sections did not show any transverse
matrix cracking; just the enlargement of the voids which
indicate that the matrix cracking occurred at regions
between voids. In contrast, AE analysis revealed differ-
ent number of events for different specimens of the same
type of FRP bar, and that is due to different void volume
fraction that was observed under SEM investigation. This
work contributes to better understanding the behavior of
these bars and future research aimed at finding a method
of determining the in service stress and damage level.

The experimental results from the AE monitoring
system could be used to identify different stages of
internal damage of the specimens related to micro-crack
propagation and the failure of FRP bars. The results also
confirmed that the slope of the cumulative counts
increases with increasing load. However, the large vari-
ation of the absolute number of events at failure makes it
a poor metric to predict when FRP bars will fail. Fur-
thermore, the time—frequency characteristics determined
from different signal amplitudes are different and may be
performed for different damage identification. Further
research is necessary to classify damage modes
throughout the test.
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