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ABSTRACT

Mechanical testing data and acoustic emission (AE) data can be independently
analysed to evaluate the bond deterioration process of glass fibre reinforced polymer
(GFRP) rebars and concrete. However, one type of data may not be adequate for
thorough and accurate damage characterization and assessment. Sentry function, a
unitless quantity, which relates mechanical and AE energy, has been efficiently applied
in polymer composites and multi-layered laminates to study damage progression,
including delamination. The sentry function has not been used in any of the past studies
to understand the bond-slip behaviour of reinforcements in concrete. The present study
attempts to exploit the effectiveness of the sentry function to evaluate the flexural bond-
slip behaviour of GFRP rebar and concrete. A thorough AE monitoring experimental
programme has been conducted to evaluate and understand the interfacial bond
deterioration process between GFRP reinforcement and concrete under flexural loading.
The experimental test variables include confinement conditions and embedment length
of the GFRP bar. Findings from the study suggest that the sentry function proves to be
a successful and effective tool for evaluating the GFRP-concrete flexural bond
deterioration. The sentry function captures and delineates the development and
utilization of various bond stress transfer mechanisms (chemical adhesion, mechanical
interlocking, and frictional resistance) involved in bond-slip behaviour.

INTRODUCTION

Over the last decade, fibre-reinforced polymer (FRP) reinforced concrete (RC)
structural parts have seen increased demand in critical civil infrastructure applications.
The inherent advantages of FRP composites, such as exceptional mechanical properties
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(stiffness-to-weight ratios), extraordinary corrosion resistance, and ease of production,
handling, and installation procedures, make it a suitable substitute for conventional
carbon steel in corrosive environments. However, because the use of FRP composites
in structural applications is still relatively new, ACI 440.2R-08 recommends careful
monitoring of these FRP-reinforced structures for at least ten years during service
conditions. Bond degradation and deterioration of these components is one of the major
concerns to be considered while developing design guidelines or standards and
monitoring procedures for using FRP rebar in RC constructions. The bond-slip
behaviour of steel RC is shown to differ from that of FRP RC. The surface geometric
characteristics, configuration, and the mechanical properties of FRP rebar are
considered to be the major causes of the divergence in the bond behaviour between
concrete and steel rebar from the bond behaviour between concrete and FRP rebar. In
addition to concrete strength, other factors such as confinement conditions, type of
loading, and embedment length influence the bond strength of a FRP RC member.
Chemical adhesion of the cementing material to the rebars, mechanical interlocking, and
frictional resistance between the rebar and the concrete (including rib bearing on FRP
bars) together contribute to the development of the interfacial bonding stress. Each of
these aspects contributes differently to the total bond strength, initiating with chemical
adhesion and progressing to the other two mechanisms that contribute to the pull-out
strength of the bar during slippage. Various test methods have been devised to assess
the bond strength of FRP RC members experimentally. Beam-based tests that closely
simulate the practical structural loading/stress conditions are most suited to evaluate the
bond strength of members.

Acoustic emission (AE) is a passive damage detection and monitoring technique in
which the source signal is recorded for detection due to the progressive damage and
degradation in a structural element [1]. Various researchers have recently used AE
monitoring to assess bond integrity and quantify bond deterioration between concrete
and rebars like steel [2], glass FRP [3], basalt FRP [4], and carbon FRP [5]. All these
studies have only used AE-based parameters to quantify the bond deterioration process.
One of the important AE signal parameters that is commonly used is AE energy. The
AE energy (Ei) of a signal is frequently calculated as a straightforward time integral of
the absolute signal voltage over time. Various studies by Saliba and Mezhoud [6]
investigated the bond behaviour of steel and concrete under pull-out tests using AE
energy and various other AE parameters. Studies conducted by [7], [8] have used AE
energy to investigate corrosion-induced debonding phenomenon between
steel/corroded steel and concrete under pull-out tests.

However, it has been observed that a thorough and accurate damage characterization
and assessment of the structural element can be done if AE energy is analysed together
with the mechanical/fracture energy developed during the loading or fracture process.
Experimental investigations were conducted on concrete specimens to correlate AE
energy and fracture energy in order to quantify the damage and deterioration in the test
specimens [9]. The relationship between AE and mechanical/fracture energy has also
been evaluated in recent studies using a function referred to as the sentry function
(shown in Equation 1).
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Where x is the displacement, mechanical energy is represented by the area under the
load versus deflection curve and denoted by Em(x), and the cumulative value of AE
energy is denoted by Eag(x). The sentry function has been mainly used to understand
laminated composites’ bond deterioration or delamination process [10]. Figure 1(a)
depicts a typical representation of the sentry function, while Figure 1(b) illustrates its
typical behavior during the bond deterioration process. The sentry function can exhibit
one of four trends, depending on the extent of structural damage (as shown in Figure 1).
The sentry function may exhibit one of four trends depending on the level of structural
damage (see Figure 1). An upward inclination (P1) indicates that the structural element
remains without any visible damage or microscopic damage in the material. A sharp
drop (PII) suggests significant deterioration in the material. A constant trend (PIII)
indicates a balance between degradation processes, such as damages, and strengthening
mechanisms, such as fiber bridging. A steadily decreasing trend (PIV) signifies a
gradual reduction in the load-carrying capacity of the composite structure. The term
“BU” (Bottom-Up) refers to an instantaneous energy-storing capability induced by a
strengthening event in the material. The first significant dip in the sentry function curve
indicates the initiation of damage. Ichenihi et al. [11] employed the sentry function to
investigate the damage mechanisms and progression affecting pseudo-ductility and
mechanical response of thin-ply carbon/glass hybrid composites. Some studies have
also used the sentry function to study the fracture evolution of FRP-strengthened RC
members [12]. The sentry function was susceptible to their various damage states.

Since the delamination process closely relates to the rebar debonding in concrete,
the sentry function could be used to investigate the debonding or bond-slip behaviour
of rebars in RC elements. The present study attempts to exploit the capabilities of the
sentry function to evaluate the flexural bond-slip behaviour of GFRP rebars and
concrete. A thorough experimental program has been conducted to evaluate and
understand the interfacial bond deterioration process between GFRP rebars and concrete
under flexural loading through AE monitoring. Experimental test variables include
confinement conditions and embedment length of the GFRP bar. Findings from the
study suggest that the sentry function proves to be a successful and effective tool for
evaluating GFRP-concrete bond deterioration. The sentry function captures and
delineates the development and utilization of various bond stress transfer mechanisms
(chemical adhesion, mechanical interlocking, and frictional resistance) involved in the
bond-slip behaviour of GFRP RC members.
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Figure 1. Typical representation of sentry function



EXPERIMENTAL PROGRAM

The materials, test specimens, and experimental procedures used in the present
study to assess the bond behavior of GFRP-RC specimens under flexural loading are
discussed in the sections below.

Specimen and Materials Specifications

The specimens tested in the present study have been designed as per guidelines for
flexural bond testing of rebars and concrete provided by the RILEM committee. Figure
2 shows the dimensions and details of the tested specimens. A total of four test
specimens have been tested in the present study. The embedment length of the GFRP
bar has been kept equal to ten times the diameter of the bar (10d) in two of the tested
specimens (named HS-10d-WC-S2 and HS-10d-NC-S2) and five times the diameter of
the bar (5d) in the remaining two test specimens (named as HS-5d-WC-S2 and HS-5d-
NC-S2). Out of the two specimens having 10d and 5d embedment lengths of GFRP
rebars, one specimen has been designed with confinement reinforcement (WC), and the
other has been designed without confinement reinforcement (NC).

GFRP rebars and concrete have been used for the fabrication of the test specimens
in the present study. 12 mm diameter (nominal) GFRP rebar with tensile strength,
Young’s modulus, and percentage elongation equal to 955.67 MPa, 51.27 GPa, and
3.08%, respectively, have been used. ASTM D7205 [13] guidelines have been utilized
to determine the mechanical properties of the GFRP rebar. M60 grade (high strength -
HS) concrete has been used for casting the test specimens. The mix design for concrete
has been performed as per 1S 10262:2019 [14]. The confinement reinforcement has been
provided in two specimens using 8 mm diameter longitudinal steel rebar and 6 mm
diameter steel stirrups.

Experimental Procedure and Instrumentation.

The specimens have been tested under four-point loading conditions as per RILEM
recommendations using a servo-controlled 500 kN actuator. A loading rate of 0.6 mm
per minute and a sampling rate of 5 Hz have been adopted during the experimental
program. Two load cells beneath the specimen supports, and a linear potentiometer (LP)
attached to the GFRP bar has been used to measure the applied load and the bar slip
(with respect to concrete), respectively (see Figure 2).

The AE instrumentation used during the testing of the specimens consisted of eight
channel MISTRAS Micro-11 Express 8 system with six R6D broadband differential AE
sensors. Six sensors, three placed at the bottom and three placed on the side of the
specimens, have been used (see Figure 2). A sampling rate of 2 MSPS was used during
the tests. Trial tests have been carried out prior to the execution of the main experiments
for noise calculations and instrument calibration. A fixed, pre-set threshold value of 48
dB has been used to filter out ambient and system noises. Other parameters to be defined
in the AE system have been used as per recommendations and findings of previous
literature.
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Figure 2. Dimensions (mm) and details of a typical specimen used during experimentation.

RESULTS AND DISCUSSION
AE Data Filtering

The raw AE data gathered during the testing of the specimens was filtered before
the actual analyses of the data in order to remove noise-related, unwanted signals and
irrelevant wave reflections occurring within the specimen edges. It has been observed
that the actual AE signals with higher amplitudes are of longer durations and vice versa.
So based on this hypothesis, the raw AE data obtained during the bond tests has then
been processed and filtered using an amplitude-duration based filter, also known as the
Swansong 1l filter. The filtering of the data was further enhanced by the use of an
amplitude-rise time based filter. These filtering techniques (i.e., rejection limits) based
on the amplitude-duration and amplitude-rise time used in the present study have been
found very effective and have been previously used by other researchers [15], [16].

Acousto-Mechanical Response of the Specimens

Figure 3 shows the mechanical responses (bond-slip behavior) of the four tested
specimens. The specimens have shown a typical bond-slip behavior with no or
negligible initial slip at lower bond stress. A gradual increase has been observed in the
slip of the GFRP bar as the bond stresses increase up to the peak bond stress. The
increase in the slip values has been more rapid after the peak bond stress. The specimens
with confinement (WC) have shown ductile behavior and have undergone pure pull-out
failure without any splitting or failure of concrete. However, specimens without
confinement (NC) have shown a brittle (abrupt) failure accompanied by the splitting of
the concrete in the loaded area of the GFRP rebar. The failure pertaining to 5d specimens
has been more rapid compared to that of the 10d specimens. In general, the bond
strengths showed by the 5d and confined specimens have been more than that of the 10d
unconfined specimens.

The AE response of the tested specimens has been shown in terms of the AE
cumulative energy (AE-CE) in Figure 4. AE-CE has been observed to be negligible at
the start of the tests, as the bond is perfectly intact. The minor events generated at this
stage could be attributed to the hairline micro-cracking of the concrete. It has been
subsequently observed that the AE energy starts to increase abruptly as the bond stress
reaches the limiting stress value due to adhesion, thereby providing a clear indication of



the breaking of the chemical adhesion between the GFRP bar and the concrete. The AE-
CE have increased as the bond deterioration increased and the specimens entered the
peak stress region. The energy of the waves generated has increased substantially with
a maximum value at the peak bond stress. The steps in the AE-CE curves can be clearly
observed in Figure 4 as the tests have progressed. These have been related to the
transitions between the various bond stress transfer mechanisms/stages (from chemical
adhesion to mechanical interlocking and frictional resistance). A flat response in the
AE-CE has been observed towards the end of the specimens test, indicating that the
major contributing factors for bond stress transfer have been exhausted and the bond
resistance to the external loads has significantly reduced. Similar observations was
previously made for pull-out tests in SCC specimens conducted by Di et al. [3].

The Sentry function (discussed earlier) of the specimens that relate the mechanical
energy and the acoustic energy of the specimens has also been plotted in Figure 4 with
its variation with respect to bond stress and AE-CE of the specimens. An initial increase
in the value of the sentry function has been observed corresponding to the PI definition
of the function, which can be related to the chemical adhesion between the GFRP rebar
and the concrete in the tested specimens. A subsequent drop in the sentry function has
been observed corresponding to the PII definition of the function that can be related to
the degradation of the chemical adhesion. Majorly ups with minor drops have been
subsequently observed in the sentry function curves of the specimens up to the peak
bond stress corresponding to the BUs and PllIs, respectively, of the sentry function and
can be related to the development of new bond stress transfer mechanisms (mechanical
interlocking of the ribs and concrete, and frictional resistance of rebar and concrete) and
their corresponding depletion. A number of ups and downs have been observed since a
large number of ribs of the rebar and aggregates of the concrete are involved in the
development of the strengthening and degradation phenomenon. The sentry function
has been majorly observed to deplete, indicating PIV part of the function. The depletion
of the PIV part for the specimens with unconfined conditions, has been observed to be
very abrupt and rapid indicating a brittle behavior. However, for the confined
specimens, a more gradual process of PIV has been observed, with some parts of PllI
(strengthening mechanisms balancing degradation phenomenon) also being present in
the curves. It can be observed from the sentry function curves shown in Figure 4 that
the energy-storing capabilities associated with 5d specimens is more rapid compared to
that of 10d specimens (indicating a larger magnitude of BUs). This can be associated
with comparatively less uniform stresses in 5d specimens to that of 10d specimens.
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Figure 3. Bond-Slip behavior of the specimens.
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Figure 4. Variation of sentry function of the specimens with bond stress and cumulative AE
energy of the specimens.

SUMMARY AND CONCLUSIONS

The present study offered a novel methodology to assess the flexural bond-slip
behaviour of GFRP rebar and concrete by utilising the sentry function obtained from
the AE signals generated during the four-point loading tests of GFRP RC specimens.
A comprehensive experimental program integrating AE monitoring has been carried
out in order to assess and comprehend the interfacial bond deteriorating process
between GFRP rebars and concrete under flexural loads. The AE data analysis has
been focussed on the acousto-mechanical energy-based sentry function in the present
study. The major findings from the present study are given below.

e The bond-slip behaviour and AE-CE show a comparable variation with less
energy at lower stress than rapid increases at peak stress. AE-CE shows the
spikes as the stresses increase, indicating the bond stress transfer mechanism

e The Sentry function is able to capture various mechanisms associated with
the GFRP concrete debonding phenomenon from the chemical adhesion to
mechanical interlocking, and frictional resistance.

e The Sentry function can differentiate between the brittle and ductile mode of
bond failure in the specimens associated with the confinement conditions of
the specimens.

e The Sentry function changes also provide insights into the embedment length
of specimens from 5d to 10d.

From the current study it can be concluded that the sentry function method is a
useful tool for monitoring the bond deterioration phenomenon in GFRP RC members.
However, it should be noted this being the first study to be conducted of this nature,
more studies and more variations of parameters related to bond slip behaviour should
be conducted for a better understanding and application of the sentry function in the
monitoring of the bond deterioration process.
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