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Reinforced Concrete Beams
Strengthened With Carbon Fibre
Reinforced Polymer Using the
Acoustic Emission Technique

S. N. Mat Saliah® and N. Md Nor*

Centre for Civil Engineering Studies, Universiti Teknologi MARA Cawangan Pulau Pinang, Pulau Pinang, Malaysia

Today, the use of a non-destructive technique to assess the integrity of reinforced concrete
structures strengthened with carbon fibre-reinforced polymer (CFRP) is becoming
increasingly important. It is highly important to assess the behaviour of the structure
under load. This paper presents the evaluation of a reinforced concrete beam laminated
with CFRP at the soffit using the acoustic emission technique. Two types of beams were
made, a normal reinforced concrete beam and a reinforced concrete beam laminated with
CFRP. CFRP was used to reinforce the bottom part of the beam. The beams were
subjected to three-point loading and loaded to failure. During the loading tests, the integrity
of the beams was monitored using the acoustic emission technique, and the crack
patterns were observed visually. The intensity analysis was carried out on two sensors,
designated as CH6 and CH7. CH6 and CH7 were located on top of the beam. Based on
the intensity analysis of the acoustic emissions, five intensity crack zones were identified,
namely zone A-no crack, zone B-minor, zone C-intermediate, zone D-follow up and zone
E-major. With increasing load, which tended to progress the crack modes in the beam, the
plots in the intensity zones developed for each crack mode from zone A to zone E. The
crack progression matched well with the plots in the intensity zones. Using the intensity
zones enables the early detection and prediction of damage.

Keywords: intensity analysis, carbon fibre reinforced polymer, acoustic emission, reinforced concrete, damage
mode, strengthened

1 INTRODUCTION

Nowadays, carbon fibre-reinforced polymer (CFRP) is widely used to strengthen or retrofit
reinforced concrete (RC) structures due to their high tensile strength, light weight, elastic
modulus, corrosion resistance and ease of installation. Morsy and Mahmoud (Morsy and
Mahmoud, 2013) found that externally bonding CFRP is an effective method of strengthening
an RC beam and improving its structural capacity. They found that CFRP can delay failure until the
overall functioning of the lamination, which carries most of the tensile strength, and before
compressive failure of the concrete occurs. Wan Ahmad et al. (Wan Ahmad and Md Nor, 2016)
found that CFRP can increase the strength of a beam compared to an unreinforced beam. Generally,
CERP sheets are externally bonded to the tensile part of a beam, which leads to failure of the RC
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beams. This failure is usually due to the fracturing and debonding
of the CERP. It is also due to the load exceeding the maximum
capacity. Since the CFRP is reinforced at the surface of a beam, it
is difficult to investigate the occurrence of cracks in the beam. The
debonding process of the CFRP sheet from the beam surface is
very difficult to access. This CFRP debonding significantly affects
the beam integrity. Therefore, reliable monitoring techniques are
needed to assess the structural integrity of RC beams reinforced
with CFRP sheets.

The assessment of crack modes for RC beams has been
extensively investigated by Funaria and Verre (Funari and
Verre, 2021). However, the crack modes of RC beams
strengthened with CFRP are of great importance as they are
essential for the preservation of structures in terms of both
human safety and economic stability. For any assessment and
monitoring system, it is essential to use an appropriate non-
destructive testing (NDT) technique. NDT techniques are widely
used to determine the internal condition of materials and provide
real-time information on a structure’s condition. NDT provides a
regular safety assessment during the long-term use of
strengthened structures (Zou et al, 2022). The acoustic
emission technique, one of the NDT techniques, is relatively
easy to install and capable of predicting the location in which
damage has occurred. Acoustic emission is a versatile method as it
can be developed and applied with different approaches and for
specific needs (Kouprianoff et al., 2021). Not only is it versatile,
but the acoustic emission technique also analyses the properties
of elastic waves caused by microscopic damage in a concrete
member (Yun et al, 2010). The technique has been used to
evaluate microscopic damage located inside concrete elements
and caused by various external loading conditions.

The use of acoustic emission has been extensively studied by
Noorsuhada (Noorsuhada, 2016) in the context of fatigue. Acoustic
emission has been shown to be a powerful technique for assessing
the damage to concrete structures and materials to determine the
integrity of the structure (Pohoryles et al., 2017). The characteristics
of crack progression in fibre-reinforced polymer-strengthened
concrete cylinders under compressive loading were effectively
determined using acoustic emission (Ma et al, 2021). The
development of fatigue damage in RC beams can also be assessed
using this technique (Md Nor et al., 2021). Based on the distribution
of acoustic emission activity, the health status and fatigue damage of
RC beams under fatigue loading can be assessed through real-time
monitoring. As part of damage assessment using the acoustic
emission technique for a CFRP-strengthened RC structure, an
extensive investigation was conducted for concrete columns
under cyclic loading (Ma and Li, 2017). The acoustic emission
energy, hits and b-value were analysed, and it was found that the
cumulative acoustic emission energy had a good correlation with the
cumulative hysteresis energy dissipated during the cyclic tests on
CFRP-strengthened columns. In assessments of the integrity of RC
structures strengthened with CFRP, most literature focuses on the
analysis of acoustic emission parameters for crack monitoring (Yun
et al, 2010; Ma and Li, 2017; Oz et al., 2017). However, crack
monitoring for the crack classification of CFRP-strengthened RC
beams, especially in terms of crack zones, is still limited. Therefore, it
is meaningful to extend the acoustic emission technique to monitor
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the crack zone and assess the crack levels of an RC beam
strengthened with CFRP as this could form guidelines for
determining the integrity of this type of structure.

The main aim of this paper was to assess the integrity of a
CFRP-strengthened RC beam on the soffit using the acoustic
emission technique. Two types of RC beams were made, a normal
beam (without CFRP) and a CFRP-strengthened RC beam. To
determine the crack zone, the intensity analysis was conducted on
the association between the historical index (HI) and the severity
analysis (Sr), based on the acoustic emission signal. Prior to
determining the crack zone, the background of CFRP, the
acoustic emission intensity analysis, the methodology and the
results are described and discussed.

2 BACKGROUND OF CFRP

CFRP is not a new industrial material. It has been used for various
applications. Thousands of tonnes of CFRP are produced every year
to meet the global market demand. According to Kithnel and Kraus
(Kithnel and Kraus, 2016), in 2015, 30% of the CFRP was produced
for the purposes of aerospace and defence, 22% was utilised in the
automotive industry and only 5% was used in civil engineering. The
high market demand for CFRP is generally because it possesses the
highest specific mechanical properties. CFRP possesses a higher
modulus of elasticity (MoE) and greater strength than steel. The
strength of CFRP may reach 7 GPa, and it has a low density of
1800 kg/m”. It also has high chemical inertness. However, the MoE
and strength of CFRP differ depending on the type used. Five types
of CFRP have been addressed, namely ultra-high modulus (the MoE
is 450 GPa), high modulus (the MoE is in the range of
350-450 GPa), intermediate modulus (the MoE is in the range of
200-350 GPa), high tensile and low modulus (the MoE <100 Gpa
and the tensile strength >3 GPa) and super high-tensile (the tensile
strength is 4.5 GPa). Owing to those properties, CFRP is extensively
used in the aerospace and automotive industries.

In the context of the civil engineering industry, CFRP has
generally been used for repairing and retrofitting pre-cracked RC
structures. General information on CFRP as a reinforcement for
concrete structures has been provided by ACI 440R-96 (ACI
440R-96, 2002). Guidelines for design and construction using
this material have been documented in ACI 440.2R-02 (ACI
440.2R-02, 2002). The general background of CFRP, in terms of
its material composition and mechanical properties, is depicted in
Table 1. Figure 1 shows the typical stress-strain curves for CFRP,
glass fibre-reinforced polymer (GFRP) and mild steel, which
indicates the behaviour of CFRP compared to other materials.
As the graph illustrates, compared to mild steel, CFRP possesses
high stress with low strain as it exhibits no ductility behaviour.

3 ACOUSTIC EMISSION INTENSITY
ANALYSIS

The analysis of intensity includes the log HI (abscissa) and log Sr
(ordinate) graphs, as shown in Figure 2. Both the Sr and HI
depend significantly on the acoustic emission energy, such as the
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TABLE 1 | Mechanical properties of CFRP, taken from Sika (SikaWrap, 2017).

Dry Fibre Density (g/cms) Dry Fibre Tensile

Strength (N/mm?)

1.82 4900
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FIGURE 1 | Comparison of the stress-strain relationships for CFRP and
other materials (Teng et al., 2012).
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FIGURE 2 | Established intensity chart for the application of concrete

(Golaski et al., 2002)

signal strength (Degala et al., 2009). Chotickai (Chotickai, 2001)
found that the signal intensity can effectively identify trends
within the acoustic emission data because it takes amplitude
and duration into account. To display the intensity analysis in the
graph, the HI and Sr were calculated based on the acoustic
emission signal obtained from the sensor during monitoring
(see egs 1, 2). The position in the intensity plot represents the
classification of damage that could occur to the structure
(Chotickai, 2001; Degala et al., 2009; Proverbio, 2011).
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FIGURE 3 | Details of the beam specimen (A) the side-view (B) the
section view (unit in mm).

S = lzl Soi (2)

i=1

Where N is the number of hits up to and including time t, Soi
is the signal strength of the ith hits or events, K is a parameter that
depends on the number of acoustic emission hits, J is an
empirically derived constant based on material type, and the
order of i is based on the dimension, where i = 1 is the hit with the
largest signal strength.

As shown in Figure 2, Zone A is defined as being where no
significant emission or crack occurred, and no follow-up was
recommended. Zone B is defined as a minor crack, as typically
only minor surface defects occurred on the structure, which
would require future reference. Zone C is defined as an
intermediate crack that would require a follow-up evaluation.
Zone D is defined as needing a follow-up as the crack was
expanding; it required a follow-up inspection. Zone E is
defined as a major crack, and a shut-down and follow-up were
required.

4 METHODOLOGY

4.1 Preparation of RC Beams

A concrete grade 45 (C45) was designed with the amounts of
water, fine aggregate, and coarse aggregate in the proportion of
1: 0.43:1.73: 2.70, respectively. Two types of admixtures were
used, retarder and superplasticiser, at constant dosages of 1221
and 1832 ml/m?, respectively. The coarse aggregate was cut to
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TABLE 2 | The properties of the CFRP used in this study.

Properties Description and Values
Fiber type High strength carbon fibres
Dry fibre density 1.82 g/cm®

Dry fibre thickness 0.129 mm (base on fibre content)
Dry fibre tensile strength 4900 N/mm?

a maximum size of 20 mm. The RC beam specimens were
designed using BS8110: Part 1 (BS 8110-1, 1997) as a guideline
for singly reinforced beams. The beams employed in this study
were 200 mm wide, 300 mm deep and 1500 mm long. Two
different diameters of high-yield bars (460 N/mm?®) and one
mild steel bar (250 N/mm?) were used to reinforce the beam.
The high-yield bars were 16 mm (T16) in diameter and were
utilised to enhance the tension zone. Two 10 mm-diameter
hanger bars (2T10) were employed in the compression zone.
Meanwhile, as stirrups, a mild-yield bar of 8 mm (R8) was
used. The distance between the stirrups was 175 mm from
centre to centre. The schematic diagram of the beam is
presented in Figure 3, which shows the side view and the
cross-sectional view.

The concrete mix was poured into a 200 mm X 300 mm x
1500 mm mould, into which the reinforcement was
immersed with a 20 mm cover. A total of six beams were
produced. After 24 h of casting, the beams were demoulded
and cured for 28 days. A detail of the beam is shown in
Figure 3. In this study, two types of beams were prepared.
The first type was a control beam, designated as SIC. This
beam was used as a reference beam. The second type of beam
was a control beam and was retrofitted with CFRP on the
soffit. This beam was designated as S2B. The results from
both types of beams were compared, and these are discussed
in the following section.

4.2 Installation of CFRP on the RC Beams

CFRP was used to reinforce the clean surface of the underside
of the RC beam. The normal surface preparation was carried
out before installing the CFRP, in accordance with ACI 440
(ACI 440.2R-02, 2002), on the beam surface under tension.
Table 2 shows the properties of the CFRP. A Sikadur 330
epoxy resin was used to laminate the CFRP to the beam
surface. The epoxy resin Sikadur 330 for part A and part B
was mixed in a weight ratio of 4:1. The epoxy resin was applied
to the tension side of the beam at the point where the CFRP
strip was to be installed. The CFRP strip was cut to a length of
1300 mm so that it was on the effective length of the beam.
The CFRP strip was then cut lengthwise with scissors to a
width of 200 mm. As Ding et al. (Ding et al., 2014) found, the
CFRP length contributes to the strength of a beam. A length of
75% of the beam is recommended as the optimal length to use
as a good reference for retrofitting buildings. The CFRP was
then applied evenly to the concrete surface, as shown in
Figure 4.

In this study, one layer of CFRP was used. The layer was
smoothed with a plastic roller so that a wrinkle-free surface could
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FIGURE 4 | The installed CFRP on the beam surface.
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FIGURE 5 | Schematic diagram of the beam set up (unit in mm).

FIGURE 6 | Beam set up and set up of all instrumentations.

be achieved. The curing process took about a week to ensure that
the CFRP was properly laminated to the concrete surface.
Figure 4 shows the beam after reinforcement with CFRP and
before the tests.
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FIGURE 7 | Signal strength distribution and load for Beam S1C.
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FIGURE 8 | Signal strength distribution and load for Beam S2B.

4.3 Test Set up of the Beam

Four acoustic emission sensors were placed on the surface of the
beam. Two sensors were placed on the top of the beam at 250 mm
from the point load; these were designated as CH6 and CH7. Two
other sensors were placed in the centre of the beam surface at
300 mm from the top of the point load; these were designated as
CH5 and CHS. In this study, only the CH6 and CH7 sensors were
analysed since they captured more data than the other two. Figure 5
shows the placement of the sensors on the beam surface after

accounting for the attenuation effect. The sensors were attached
to the beam surface with a thin layer of vacuum grease and then fixed
with holding magnets to limit their movement. With the acoustic
emission hardware, the threshold was set at 45 dB, with a rearm time
of 1.62 ms, a pre-trigger sampling of 200 and a sampling rate of
10 MHz. A wave speed of 4000 m/s was used for all the tests.

Monotonic testing was performed using a servo-controlled
hydraulic testing machine with a capacity of 1000kN, in
conjunction with acoustic emission monitoring. A three-point
load was applied to the beam until it failed completely. A constant
load rate of 0.02 kN/s was used. Figure 5 shows the schematic
diagram of the beam setup. Meanwhile, Figure 6 shows the beam
setup with all the instruments.

4.4 Analyses

In this study, the plotting of the severity index and historical
index was carried out for the two sensors, CH6 and CH?7. The plot
was performed for each crack mode of the beam. The definition of
the crack zones in the intensity analysis was based on the types of
cracks observed visually on the beam surface when the beam was
loaded, as well as on the high signal strength when monitoring the
acoustic emission. Six crack modes were identified. Crack mode 1
(CM1) is the crack initiation, where a crack is visually
undetectable. Crack mode 2 (CM2) is the first crack to appear
on the surface of a beam when it is loaded. Crack mode 3 (CM3) is
a flexural crack, which sometimes propagates below and beyond

TABLE 3 | The load for each crack mode and the ultimate load for the beams.

Beams Load (kN) Ultimate Load
Crack Modes (kN)
CM1 CM2 CM3 CM4 CM5 CM6
SCH 37.00 73.81 96.89 158.12 - 146.68 185.20
S2B 31.67 60.85 93.28 123.20 222.71 204.76 258.66
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FIGURE 9 | The crack zones obtained from CH6 and CH7 for beam S1C (A) CM1 and (B) CM2.
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FIGURE 11 | The crack zones obtained from CH6 and CH7 for beam
S1C under CM6.

the neutral axis of a beam. Crack mode 4 (CM4) is the
development of the shear crack in a beam. Crack mode 5
(CM5) is the debonding of the concrete cover or the failure of
the CFRP sheets at the ends of the concrete, which occurs either at
the bottom or at the sides of a beam. Crack mode 6 (CM6) is the
breaking of the reinforcement before the failure of the beam.
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5 RESULTS AND DISCUSSION

5.1 Identification of Crack Modes for the

Beams

Figures 7, 8 show the acoustic emission signal strength distribution
and the load used to identify the crack modes for the control beam,
S1C and the beam retrofitted with CFRP. The identification of the
crack modes was described in the preceding analysis section. Five
crack modes were identified for the control beam, S1C: the initiation
crack (CM1), first crack (CM2), flexural crack (CM3), shear crack
(CM4) and failure (CM6) as the beam broke down. However, beam
S2B, which had been retrofitted with a layer of CFRP on the soffit,
had six crack modes. These were the first crack (CM1), first crack
initiation (CM2), flexural crack (CM3), shear crack (CM4),
debonding of the concrete cover or failure of the CFRP bonding
(CM5) and failure of the beam (CM6). The load on the respective
crack modes is presented in Table 3. The crack progression in both
beams was visually observed by the naked eye and validated through
the acoustic emission signal strength that appeared on the computer
screen during testing.

The results in Table 3 indicate that beam S2B had the higher
load-bearing capacity, with a value of 258.66 kN, compared to beam
S1C, for which the value was 185.20 kN. The strength of the beam
with CFRP produced good results, with a strength effectiveness of
39.66% compared to the control beam. This shows that CFRP
improves the strength of a beam and doubly reinforces its
performance. Therefore, the integrity and performance of a
beam can be improved. Meanwhile, the surface preparation,
lamination technique and type of materials used also influence
the increased strength of a beam (Ekenel and Myers, 2007).
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FIGURE 12 | The crack zones obtained from CH6 and CH7 for beam S2B (A) CM1 and (B) CM2.
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5.2 Crack Zones for Control Beam, S1C
The intensity plots of CH6 and CH7 in beam S1C, which was

subjected to monotonic loading of all crack modes, are shown in
Figures 9-11. The plots of the intensity zones for both sensors
could be used to predict the future performance of the beam.
Figure 9A shows that the intensity zone for the crack initiation
(CM1) for both sensors fell into zone A when the beam was
subjected to a load of 37.00 kN. Therefore, no significant crack
emission occurred in the beam.

CH6 indicates that CM2 was in intensity zone B (minor
damage), indicating the formation of the first crack in the
beam (see Figure 9B). This occurred when the load was
increased to 73.81 kN. However, CH7 was located in zone C,
meaning that two cracks formed on the underside of the beam in
tension, representing moderate damage. Although the sensors
were in the same position, namely on the top of the beam and
300 mm from the point load, the sensors showed different
intensity zones. This is closely related to the waveform of the
acoustic emission detected by the sensors. The waveform of the
acoustic emission arriving at the sensor plays an important role in
detecting the energy released by the source. It is also related to the
arrival time (TOA) of the wave and the distance of the crack to the
sensor. This is because the strength of the acoustic emission signal
is the most important parameter for determining the HI and Sr.
In this finding, CH7 received more acoustic emission activity
compared to CH6, resulting in the formation of an intensity zone.
At the same time, the propagation of the crack was also found to
affect the signal strength results.

When a tensile crack was localised (CM3), the intensity zone
for CH6 indicated that the beam was in zone B, meaning that it
was slightly damaged (see Figure 10A). CH7, on the other hand,
indicated that the beam was in the middle of zones C and D. This
means that the beam was in transition between moderate damage
and consequential damage, where a significant defect would be
present and require a follow-up (Gostautas et al., 2005). The

intensity zones corresponded well with the crack pattern, as can
be seen in Figure 10A), where smaller cracks occurred under
CH6 than under CH7. Under CH6, most cracks propagated
below the neutral axis. A crack closing at CH7, on the other
hand, propagated beyond the neutral axis, resulting in the
development of high levels of AE activities.

As the shear crack (CM4) developed, the plot for CH6 shows
that the beam was in zone D, whereby a follow-up investigation
would be required (Figure 10C). However, the situation was
different for CH7, where the plot lay between zone D and zone E,
indicating that the beam was in transition from follow-up
inspection to major damage. As Buyukozturk et al
(Buyukozturk et al., 2004) noted, shear failure occurs when
the shear capacity of a beam cannot accommodate an increase
in bending capacity. The plots agree effectively with the crack
pattern when the CM4 developed. However, all the plots of both
sensors show that the beam had experienced major damage, as
shown in Figure 11, when it failed (CM6).

5.3 Reinforced Concrete Beam
Strengthened With Carbon Fibre Reinforced

Polymer, S2B

Figure 12A shows the crack zones of beam S2B, which had been
subjected to a load of 27.68 kN or at CM1. Since no crack
occurred on the beam surface, the damage crack zone plot
shows that the beam was in zone A at CH6. In this case, there
was no plot for CH7 because the number of hits detected by the
acoustic emission sensor was less than 50 (Chotickai, 2001). This
means that the intensity plot represents the actual condition of
the control beam reinforced with CFRP.

When the load was increased to 60.85 kN, CM2 appeared on
the beam surface and propagated from the bottom of the beam. In
this crack mode, the intensity plot was in zone B and zone A at
CH6 and CH?7, respectively. Even though no crack was visible
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FIGURE 14 | The crack zones obtained from CH6 and CH7 for beam S2B, (A) CM5 and (B) CM6.
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below CH6 (see Figure 12B), the intensity zone showed that the
beam had a small crack. This means that the beam would need to
be checked in the future (Nor et al., 2018). CH6 showed more
internal cracks (micro cracks) and no external cracks, compared
to CH7 at CM2. In contrast to CH?7, the intensity diagram shows
that the beam had no crack, although the first crack occurred
under CH7. Since the intensity analysis is closely related to the
signal strength or energy of AE, the crack did not seem to produce
a high level of energy that could be detected by CH7, compared to
CHS6. In general, the sensor closest to the crack would detect more
energy than the furthest sensor, which is closely related to the
time at which the AE wave reaches the sensor.

If the crack pattern in CM3 is referred (see Figure 13A), the
damage crack zone for CM2 derived from CH6 can predict the
occurrence of an impending crack in the beam. Therefore, the
damage crack zone at CM2 could be used to predict the beam-
derived intensity zone when the load was increased to 93.28 kN.
As Golaski et al. (Golaski et al., 2002) stated, the intensity analysis
can be used to predict an impending crack in a beam when it is
subjected to load. Furthermore, the integrity and performance of
the CFRP-reinforced beam can be determined at an early stage.

When the CM3 appeared on the beam surface, the intensity
analysis crack plots (see Figure 13A) showed that the CFRP-
strengthened control beam was at CH6 and CH7 in Zone C and
Zone B, respectively. When the crack pattern was examined, it
was found that the crack under CH6 existed and propagated far
more than the other cracks under CH7. The crack under CH6
propagated almost halfway up the beam. Considering the
statement by McCormac and Nelson (McCormac and Nelson,
2006) that a crack originates beyond the neutral axis, this means
that the rebars had yielded. This resulted in a high stress
concentration in the beam. In this context, zone C means that
the beam had intermediate damage that would require further
assessment.

When the load was increased to 123.20kN, CM4 was
identified. More new cracks appeared and were observed on
the beam surface (see Figure 13B). Due to the presence of
these cracks, the intensity of the acoustic emissions from CH6
and CHY fell into Zone D. Zone D indicates a significant defect in
the beam that requires a follow-up investigation.

Further cracks were visually observed under CH6 and CH7
when the load was increased to 222.71 kN. At this load, the
concrete at the plate end of the CFRP debonded and was
designated as CM5. In this cracking mode, the AE intensity
curve recorded at CH6 and CH7 fell into zone E. Zone E
means that the beam strengthened with CFRP had
experienced a larger defect. In a real situation, the beam must
be shut down immediately and its condition beam must be
generally monitored. In this RC beam, a high stress
concentration occurred at the plate end of the CFRP system.

At this stage, the CFRP system could no longer withstand the
load, and debonding of the plate end occurred. From the
observation of this beam, it appears that the failure of the
CFRP system occurred after the occurrence of a shear crack.
However, at the same time, the beam could still resist the applied
load. As described in ACI 440.2R-02 (ACI 440.2R-02, 2002),
losses of the CFRP system do not lead to beam failure. As CM6
occurred in the beam due to the applied load of 111.48 kN, more
cracks were visible on the beam surface, as shown in Figure 14B.
Most of the cracks propagated from the top of the previous crack
mode. At CM6, the AE intensity plot taken with both sensors fell
into zone E.

6 CONCLUSION

This study mainly aimed to use acoustic emission to determine
the crack zones of a reinforced concrete beam strengthened with
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CFRP on the soffit when subjected to monotonic loading. The
crack modes were observed through visual observation and high
acoustic emission signals before being matched with the load
application to the beam. The load for crack modes in beam SC1
represented a higher value compared to S2B, from the initiation
of a crack to shear crack formation. However, after the shear
crack, beam S2B represented a higher load than the control beam,
with the ultimate loads of 258.66 kN for S2B and 185.20 kN for
S1C. Hence, the beam strengthened with CFRP presented a
higher load-bearing capacity than the control beam, with a
strength effectiveness of 39.67%.

The progression of the intensity crack zone plots for each
damage mode matched well with the occurrence of cracks that
appeared on the beam surfaces of both beams, S1C and S2B.
This proved that CM1 was in zone A as no crack occurred in
the beam for either beam or according to either sensor. As the
load was continuously applied and the first crack appeared on
the beam surface, beam S1C showed the progression of
intensity plots from zone B to zone E. This indicates that
from the intensity chart of severity and historical indices,
major precautions should be taken in regard to the beam
condition before a crack worsens.

The intensity plot illustrates that CH7 represented the faster
progression of damage, from no cracks to failure, compared to
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