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Abstract: Concrete structures with various reinforcements, such as steel bars, composite material
tendons, and recently steel plates, are commonly used in civil infrastructures. When an external
force overcomes the strength of the bond between the reinforcement and the concrete, bond-slip
will occur, resulting in a relative displacement between the reinforcing materials and the concrete.
Monitoring bond health plays an important role in guaranteeing structural safety. Recently,
researchers have recognized the importance of bond-slip monitoring and performed many related
investigations. In this paper, a state-of-the-art review on various smart sensors based on piezoelectric
effect and fiber optic technology, as well as corresponding techniques for bond-slip monitoring
is presented. Since piezoelectric sensors and fiber-optic sensors are widely used in bond-slip
monitoring, their principles and relevant monitoring methods are also introduced in this paper.
Particularly, the piezoelectric-based bond-slip monitoring methods including the active sensing
method, the electro-mechanical impedance (EMI) method and the passive sensing using acoustic
emission (AE) method, and the fiber-optic-based bond-slip detecting approaches including the fiber
Bragg grating (FBG) and the distributed fiber optic sensing are highlighted. This paper provides
guidance for practical applications and future development of bond-slip monitoring.

Keywords: concrete structure; bond-slip monitoring; smart sensors; piezoelectric-based methods;
fiber-optic-sensor based approaches

1. Introduction

With the development of large-scale and highly-complex civil infrastructures, the research on
the reliability and safety of these infrastructures have attracted much attention, and one of the topics
is structural health monitoring (SHM). Structural health monitoring has become a fast-developing
research topic in civil engineering. SHM refers to the use of transducers that are fully integrated
within a structural system to obtain real time data, based on which the structural health status
can be determined by using advanced algorithms, and early-warning signals concerning structural
deficiencies can be used to plan and carry out maintenance and repair works in order to avoid or limit
further severe consequences [1-4].

Concrete structures with various reinforcement, such as steel bars, composite material tendons,
and recently steel plates, are commonly used in civil infrastructures. The condition and strength of
the bond between the reinforcement and the concrete determine the integrity and the operating life
of the structure. Therefore, bond-slip has received much attention from academia and industries.
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Force transfer through the bonding interface provides tensile strength and ensures the overall strength
of concrete structure. When an external force overcomes the strength of the bond, bond-slip will occur,
and a relative displacement between the reinforcing materials and the concrete occurs [5].

Various experimental methods have been developed to determine bond properties, and one of
them is the pullout test using strain gauges and linear variable differential transformers (LVDTs) [6-8].
However, conventional experimental methods have shown various drawbacks, e.g., they cannot
be used to monitor the entire process of bond-slip and predict/locate the damage. Therefore, it is
essential to develop monitoring methods that can be used to determine the process of bond-slip.
With the increasing use of smart materials, which are materials that are "responsive", the SHM based
on smart sensors has demonstrated its advantages in civil engineering. In general, the response of
smart materials is the conversion from one form of energy into another, which makes smart materials
particularly suitable for working as sensors (namely, smart sensors). Among various smart sensors,
piezoelectric sensors and fiber-optic sensors (FOS) have been shown to be very effective in SHM,
especially in monitoring the damage process.

In recent years, smart sensors have been used successfully to monitor bond-slip of concrete
structures, such as reinforced concrete (RC) structure, steel reinforced concrete (SRC) structure,
and fiber reinforced polymer (FRP) reinforced concrete structure. Additionally, piezoelectric sensors
and FOS are suitable for different concrete structures. Therefore, a review paper is needed to summarize
the research progresses of bond-slip monitoring so that other researchers can select the appropriate
sensor for their particular applications. The existing review papers of bond-slip mainly focus on
the bond behavior and bond mechanism of various structures, including steel reinforced concrete
structure [9], FRP strengthened masonry [10,11], FRP reinforced concrete [12], FRP reinforced steel
structures [13], and concrete-filled steel tube [14]. However, for bond-slip monitoring, there is no
review literature, to the authors’ best knowledge.

In this paper, the recent applications of smart sensors are reviewed and discussed for bond-slip
monitoring in concrete structures. The smart sensors introduced in this paper are piezoelectric sensors
and fiber-optic sensors, and their corresponding methods are discussed in detail. Various concrete
structures that are monitored by using these methods are presented and summarized. Furthermore,
the parameters that reflect the progress of bond-slip are highlighted in this paper. Finally, concluding
remarks and outlook are given. This review paper provides guidance for selecting smart sensors to
monitor bond-slip which is vital issue in structural health monitoring.

2. Bond-Slip in RC, SRC, and FRP Reinforced Concrete

The strength and effectiveness of the bond between the concrete and the reinforcing materials
determines the integrity of the structure. Furthermore, bond-slip between reinforced materials and
concrete greatly influences the bearing capacity of concrete structures. For underwater structures,
the occurrence of bond-slip will cause concrete cracking and further increase the penetration of chloride
ions, which will reduce or shorten the service life of reinforced concrete structures [15]. Because of
these reasons, bond-slip has received much attention from engineers and researchers. As a result,
continuous monitoring bond-slip in concrete structures is essential to provide the early signals on the
structural damage, to prevent any sudden failure of concrete structures and to ensure the expected
service life of structures. Bond action and bond-slip are sketched in Figure 1, with reference to a steel
bar embedded in the concrete and a steel plate bonded to the concrete.
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Figure 1. Bond-slip in concrete structures. (a) Reinforced concrete structure; (b) steel plate concrete
structure.

In the past few decades, comprehensive and systematic studies about bond-slip of concrete
structures from the perspective of mechanics were carried on. Figure 2 shows the general stages
of bond-slip between concrete and reinforced bars introduced by Gambarova et al. (fib Bulletin 10,
2000 [16]). In stage I, the bond between steel bars and concrete is dominated by the chemical adhesion
and no cracking occurred. At stage II, the chemical adhesion in the bonds begins to decrease and
cracks, or bond-slips, appear. The progression of stages III, IVa, IVb, and IVc depends on the different
conditions of the structure.
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Figure 2. The general stages of bond-slip between concrete and reinforced bars [16].

Hyatt determined bond-slip between concrete and steel bars with an experiment as early as
1876. One of the earliest papers about bond-slip between steel bars and concrete was published by
Abrams et al. [17] in 1913. Many researchers have studied the constitutive relations of bond-slip
between steel bars and concrete and gained insightful results. Yerlici et al. [18] found the influence of
compressive strength of concrete, reinforcing bar size and thickness of concrete cover on bond-slip
property of reinforced high-performance concrete. Since there are numerous factors affecting bond-slip
between concrete and steel bars, it is difficult to obtain a simple and universal formula to describe it.
For examples, Nilson et al. [19] fitted an empirical formula for bond-slip relationship between steel
bars and concrete as,

T = 9.8 x 10%s — 5.74 x 10*s? + 0.836 x 10°s3, 1)
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where 7 is bond stress (MPa) and s is the relative slip of steel bars and concrete (mm). Mirza et al. [20]
derived a bond-slip relationship from the experimental data as,

T = (5.3 x 10%s — 2.52 x 10%s2 + 5.87 x 10°3 — 5.47 x 10654) \/ 45”7, @)

where the T and the s in Equation (2) have the same meaning as them in Equation (1).

Steel reinforced concrete (SRC) structures are particularly suitable for use in seismic zones
because of high strength, high stiffness and ductility, effective energy dissipation, and good seismic
performance. Bryson et al. [21] used a push-out test to investigate the influence of structural steel’s
surface conditions and flange width on bond-slip behavior of SRC as early as 1962. Afterwards,
Hawkins et al. [22] conducted a push-out test which takes into account the influence of three factors
about bond-slip properties of the SRC structure. To further investigate the influence of factors on
bond-slip, Hunaiti et al. [23] performed an experiment with the consideration of the influence of
age, temperature and other factors on bond-slip properties of structural steel and concrete. Due to
the excellent mechanical properties, steel plate concrete has also received much attention in recent
years. Chiew et al. [24] investigated bond-slip characteristics between concrete and steel plate under a
pre-applied clamping stress and derived an analytical curves predicted by the damage model. Yan [25]
investigated bond slip between steel plates and concrete provided with J-hook connectors by push-out
tests and the experimental results are consistent with the finite element analysis results.

Fiber reinforced polymer (FRP) reinforced concrete is being used increasingly in civil engineering
thanks to its advantageous properties compared with reinforced concrete such as high specific
strength, insensitivity to frost and de-icing salt, and rapid installation of components [26]. However,
the disadvantage of structural FRP components is the difficulty of joining the elements due to the
brittle fibrous and anisotropic character of the materials [26]. Studies show that bond deterioration at
the interface between a FRP bar and the concrete leads to the premature interfacial debonding failure
of FRP reinforced concrete structures [27]. Therefore, studying bond-slip of FRP reinforced concrete is
of great significance for ensuring its performance, and researchers have conducted many experiments
in this area in the past few decades. Cosenza et al. [28] analyzed numerous tests to better understand
bond mechanisms between FRP bars and concrete, and the influence of significant parameters on
bond-slip performances. In Nakaba’s study [29], a new bond-slip model was proposed, and the model
has shown a good agreement with the experimental results. After assessing the results of 253 pull tests
on simple FRP plates/sheets-to-concrete structures, Lu et al. [30] proposed a set of three new bond-slip
models. Through comparisons with the test database, all three bond-slip models are shown to provide
accurate predictions of the bond strength and the strain distribution in the FRP plate.

3. The Transducers Used in Bond-Slip Monitoring

3.1. Piezoelectric Sensors

The piezoelectric effect is a phenomenon that can convert an electrical charge into a strain
(deformation) or into a strain-related stress, which is a reversible process. The piezoelectric effect
was firstly demonstrated by Pierre Curie and Jacques Curie in 1880. The materials with piezoelectric
effect, such as quartz, tourmaline, BaTiO3 and lead zirconate titanate (PZT), are known as piezoelectric
materials. The piezoelectric transducers are made of piezoelectric materials. In a direct manner, electric
charges are generated in the material upon the application of a stress. Conversely, the geometry of the
piezoelectric material will deform according to the applied electrical field [31-33]. The direct effect
of the piezoelectric material can be utilized for sensing [34,35], energy harvesting [36—40], or passive
vibration damping [41-44], and the converse effect can be used as actuators [45—48]. Owing to their
unique property of dual sensing and actuating ability, high bandwidth [49], and low cost, piezoelectric
materials are frequently used in the SHM field as transducers. The piezoelectric-based method used in
SHM can be divided into those based on electro-mechanical impedance (EMI) [50-53], those based
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on PZT active sensing [54,55] and passive sensing methods. The passive sensing methods include
acoustic emission (AE) [56,57], among others. The piezoceramic material is often used as an actuator
to generate a stress wave [58-60] and is also used as a sensor to detect the propagated stress wave in
the active sensing method [61-65]. Generally speaking, the electro-mechanical impedance method,
the active sensing method and the AE method are most commonly used in bond-slip monitoring of
concrete structure. According to the industry standard established by IEEE in 1987 [66], the interaction
between the electrical and mechanical variables of piezoelectric materials can be described by a linear
constitutive relationship,

D; = dj Ty +¢}E;(i,j = 1,2,3;k = 1,2,3,4,5,6), ®3)

S; =shTi + d5iE;(i,j = 1,2,3;k =1,2,3,4,5,6), (4)

where S; and Ty, are the strain (N/m?) and stress (N/m?) vectors, D; and E; are the electric displacement
(C/m?) and electric field tensors (V/m). The coefficient d; and d;j are the piezoelectric strain constant
(C/N or m/V). The coefficient ¢;; and s, are dielectric permittivity (Farad/m) and compliance constant
(m?/N) respectively. With different operation mode of PZT patches, the commonly used PZTs have the
compression mode (d33) and the shear mode (d;5). To be specific, the compression mode can generate
compression wave perpendicular to the plane of the PZT patch, as shown in Figure 3a, and the shear
mode can generate shear wave parallel to the plane of the PZT patch, as shown in Figure 3b [67].
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Figure 3. A lead zirconate titanate (PZT) patch with different mode. (a) Compression mode.
(b) Shear mode.

Due to its strong electro-mechanical coupling characteristic, PZT has become one of the most
widely used piezoelectric materials, and is regularly used as actuators and sensors in SHM [68-71].
As mentioned above, the common methods of bond-slip monitoring are active sensing method,
electro-mechanical impedance method, and AE method. In active sensing method, two or more
PZT transducers are needed. One of the transducers is assigned as an actuator to generate a stress
wave that propagates in a concrete structure, and another one acts as a sensor to detect the wave
induced by the actuator. During the propagation, the stress wave will reflect from defects such as
crack, delamination, and corrosion. We can evaluate the damage severity by analyzing the received
signal. Basically, when the host structure is damaged, the intensity of the signal received by the sensor
will greatly reduce [72-75]. On the other hand, the electrical impedance of the PZT will change as
the mechanical impedance of the host structure changes in the presence of a damage [76,77]. The
electro-mechanical impedance method measures the frequency response of electrical impedance of
the PZT and compares the measured impedance signal with a baseline measurement in the healthy
state. The shift of peak frequency and amplitude change of the impedance signal indicate the damage
severity of the host structure [78,79]. However sometimes, the changes of frequency and amplitude
show a chaotically trend. If so, root-mean-square-deviation (RMSD) is used to obtain the structural
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damage [80-82]. In an AE method, the stress waves generated from the rapid release of energy from a
structure due to damage-related deformation is continuous acquired [83,84]. The acquired AE signals
offer rich damage-related information, which can be used to characterize the location, source, and
evolution of the damage [85-87].

To overcome the shortcoming of PZT’s frangibility and to offer protection to the PZT patches,
Song et al. [88] sandwiched the PZT patches between two marble blocks or concrete blocks, as shown
in Figure 4, to form the so called “Smart Aggregates” (SAs). The smart aggregates can also be divided
into two types, similar to the classification of PZT patches, the compression mode smart aggregate
(CMSA) and the shear mode smart aggregate (SMSA). Figure 5 shows the photos of a compression
mode smart aggregate and a shear mode smart aggregate. In this paper, SA refers to the CMSA when
used without a specification. Both of them were proposed for use as embedded transducers in concrete
structures for various applications, including early-age strength monitoring [89], impact detection
and evaluation [90], SHM [91-94], and among other applications [95-98]. Thanks to some recent
progresses [67,99-102], the “smart-aggregate” technology is becoming an effective tool in bond-slip
monitoring in concrete structures, as to be discussed in details in Section 4.1.

s Marble

»
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Package Wire
PZT
Epoxy - Hole
Drilled
Marble

Compression Mode
/ : Smart Aggregate

i = y q
3

Connector

Shear mode
Smart Aggregate
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Figure 5. The photos of smart aggregates. (a) Compression mode smart aggregate (CMSA). (b) Shear
mode smart aggregate (SMSA).

3.2. Fiber-Optic Sensors (FOSs)

Unlike piezoelectric sensors, FOSs measure light wavelength shift caused by temperature and
strain, among other sensing principles. FOSs use optical fiber either as the sensing element, or as a
means of transferring signals from remote sensors to the electronic devices that process the signals.
Compared with conventional sensors, FOSs have several distinctive advantages include small size
(the diameter of fiber optic varies from 120 to 250 um), lightweight, high sensitivity, large bandwidth,
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corrosion resistance, immunity to electro-magnetic interference (EMI), and ability to multiplex [103].
Because of small size, corrosion resistance and immunity to electro-magnetic interference, FOSs have
unique advantages in SHM compared to other sensors, especially in measuring temperature [104].

A fiber optic device has a central core, an annular cladding and a protective coating. When a light
wave is traveling in the core, a total internal reflection will happen due to lower refractive index of
cladding. Therefore, the light wave is confined in the core and has very little loss during traveling time.
If the fiber optic is strained, the wavelength of the light wave shifts slightly. This characteristic makes
the fiber optic particularly suitable for being made into a sensor.

In general, a FOSs consist of a source of light, a piece of sensing (and transmission) fiber,
a photodetector, demodulator, processing and display optics and the required electronics. External
perturbations, such as strain and temperature, are converted by the FOSs into corresponding variations
in the optical properties of the transmitted light, such as intensity, phase, wavelength, frequency and
polarization [105]. And then, the corresponding variations are demodulated by a demodulator.
By monitoring the optical properties of the transmitted light, real-time monitoring of external
disturbances can be achieved.

3.2.1. Fiber Bragg Grating (FBG) Sensors

Among various types of FOSs, FBG sensors have a good application prospects in SHM due to
their performance in high accuracy, high sensitivity, and commercial availability, and have been used
widely in dams [106,107], pipelines [108,109], bridges [110,111], piles [112,113], and others [114-116].

An FBG is produced by inscribing a periodic and permanent modifications in the refractive index
of core along the optical fiber axis [117]. The shift in wavelength of the reflect signal is monitored
as a function of the measured signal. When a broadband light is transmitted through the gratings,
the light will pass through the FBG with small attenuation. But for the light with a specific narrowband
wavelength, it will reflect at the Bragg grating part, as illustrated in Figure 6. In addition, the FBG
sensors can be multiplexed using the wavelength division multiplexed (WDM) technique to realize
quasi-distribution sensor network. The multiplexed arrays of FBG sensors allow for measuring physical
properties at discrete locations on a structure [118]. The specific narrowband wavelength, which is
called Bragg wavelength, is given by [119]

/\B = Zneff/\, (5)

where A is the Bragg wavelength or the wavelength of the light that is reflected, n, is the effective
refractive index of the fiber core and A is grating period. As mentioned above, if the grating is exposed
to external perturbations, the Bragg wavelength changes slightly. By measuring the slight change in
wavelength, it is possible to measure the strain and temperature, shown in Figure 6. The relationship
between a relative Bragg wavelength and strain and temperature can be expressed as follow [120]:

B0 _ (g +2r)aT+ (- pd], ®

where ¢ is the strain, AT is the temperature change, afis the coefficient of thermal expansion, éf is the
thermo-optic coefficient, and p, is the strain-optic coefficient of an optical fiber.
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Figure 6. Physical principle of fiber Bragg grating (FBG) sensors [120].

3.2.2. Distributed Fiber Optic Sensors (DFOSs)

Distributed fiber optic sensors (DFOSs), which are different from FOSs, can offer the possibility of
monitoring variations of one-dimensional structural physical fields along the entire optical fiber in a
truly distributed way [121]. In other words, a DFOS can replace many points of FOSs. With DFOSs
technology, the fibers can be bonded to the surface or embedded inside the specimen. When changes of
physical properties are transferred to the optical fiber, the scattered signal within the fiber is modulated
by these physical parameters. By measuring the variation of this modulated signal, distributed
fiber sensing is achieved. The DFOSs are more cost effective, and weight and space efficient sensor
system available, as it only requires one fiber capable of sending and receiving the signal from the
same fiber and only one monitor is adequate to display the local changes in temperature, stress,
vibration and acoustic waves [122]. Owing to the characteristics of distributed monitoring, DFOSs are
widely used in SHM of existing structures, such as pipelines [123,124], bridges [125,126], dams [127],
and others [128,129].

As mentioned in the previous section, distributed sensing can be achieved through the use of
quasi-distributed FBG sensors by using WDM. However, this method usually limits the number of
gratings and there is no continuous monitoring along the fiber path. An increase in the numbers that
can be integrated by these sensors is achieved by applying time division multiplexing (TDM) to each
wavelength channel.

4. The Application of Smart Sensors in Bond-Slip Monitoring of Different Concrete Structure

Due to different characteristics, the three types of methods are more suitable in different concrete
structures. Selecting the appropriate method is a key point in the monitoring of bond-slip. In this
section, the application of monitoring methods in various concrete structures is introduced. It can also
help researchers and engineers who are engaged in similar experiments or practical applications to
choose a suitable monitoring method.

4.1. Piezoelectric Based Methods
4.1.1. Active Sensing and EMI Methods

Monitoring Bond-Slip of Steel Plate Concrete Structure—Using Active Sensing Method

Qin et al. [130] monitored the development of bond-slip in steel plate concrete by using SAs-based
active sensing method, as shown in Figure 7. A total of two SAs were used in this experiment, and one
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of them was embedded in the concrete and utilized as an actuator. The other SA was bonded on the
steel plate and utilized as a sensor. With the occurrence of bond-slip, a relative displacement happened
between the steel plate and the concrete, which negatively impacts the wave propagation between the
concrete and the steel plate, and therefore, the energy of the received signal attenuates corresponding
to bond-slip, as illustrated in Figure 7.

Actuator

Send-out signal

| After bond-slip ,\

Steel Plate N Received signal -~

Sensor

Figure 7. The principle of guided stress wave based active sensing approach [130].

A four-point bending test was performed to detect bond-slip between the bottom steel plate and
the concrete. There are two different SC beams used in this experiment, and the main differences
between two beams are the arrangement of SAs and shear reinforcement ratio. In order to quantitatively
analyze the bond-slip process, the structural damage index (DI) based on n-level wavelet packet
analysis [92], which represents the transmission energy loss caused by structural damage such as
cracks, debonding and bond-slip, was used in this paper.

At the very beginning, the DI is zero, which means that the structure is in a healthy state. As the
applied force increased, the damage at the interface between concrete and steel plate increases, and
meanwhile, the corresponding DI increases. When the DI reaches 1, it means that the interface between
concrete and steel plate has been completely debonded. Therefore, the process of bond-slip can be
well monitored and the debonding damage can be warned by monitoring the DI value during the
experiment. Furthermore, increasing the shear reinforcement ratio in steel plate concrete structure can
significantly increase the ductility and reduce the damage caused by bond-slip.

Monitoring Bond-Slip in Concrete-Encased Composite Structures—Using Electro-Mechanical
Impedance Method

Liang et al. [131] and Zeng et al. [132] used two different methods to investigate bond-slip of
similar concrete-encased composite structures. In Liang’s paper, electro-mechanical impedance method
was used and the changes in the admittance signatures can detect the occurrence of bond-slip for the
concrete-encased composite structure. A bond-slip index was developed using RMSD to quantify the
variation among the admittance measurements during bond-slip process.

Figure 8 shows the sensors arrangement on the specimen in this experiment. A total of two
times of bond-slips occurred during the loading process. The first bond slip occurred at concrete
block 2 and the second bond slip occurred at concrete block 1. Therefore, according to the different
behaviors of the specimen during the test, the bond-slip process can be divided into three stages: from
beginning to first bond-slip, from first bond-slip to second bond-slip, and from second bond-slip to
the failure. The experimental results shows that PZT 1 is more sensitive to the second bond-slip and
PZT2 is more sensitive to the first one, which related with the location of the two sensors. It shows that
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electro-mechanical impedance method using multiple PZT patches can be used to monitor multiple
bond-slips in a specimen simultaneously, and further locate the position of bond-slip in the specimen.

Steel Plate

Concrete
Block 2

f-i,;'\
z.

TS

ok
)
4

PR
e Ay

ANl

Figure 8. Sensor arrangement on the specimen in the experiment [131].

Monitoring Bond-Slip of Concrete-Encased Composite Structures—Using Shear Mode Sensors-Based
Active Sensing Method

The shear stress wave based active sensing method, in which the shear stress wave was generated
by SMSAs and detected by PZTs, was used in [132] to detect the occurrence of bond-slip and monitor
its progress, as shown in Figure 9. Similar to literature [130] mentioned above, the process of bond-slip
in this experiment can be monitored by the attenuation of the energy of the received signal as well.
After the occurrence of bond-slip, the wavelet packet based bond-slip index grows substantially,
which illustrated that the shear mode sensors based active sensing method performs will in bond-slip
monitoring of concrete-encased composite structures.

Steel Plate

Figure 9. The principle of concrete-encased composite structure bond-slip monitoring using shear
wave based active sensing approach [132].

Monitoring Bond-Slip in FRP Reinforced Concrete Structures—Using Active Sensing Method

In experiments reported in [130-132], the active sensing method was mainly introduced in
bond-slip monitoring of steel reinforced concrete. Actually, this method can also be used to monitor
bond-slip process of FRP reinforced concrete. Xu et al. [133] conducted pull-out tests using active
sensing method to monitor the bond-slip between GFRP bar and concrete structure. Figure 10 shows
the energy and strain curves of the Experiment 1 and 2 reported in [133]. For the major bond slips,
i.e., the second bond slip in Experiment 1 and bond slip in Experiment 2, both the strain gauge and the
PZT transducers can capture the occurrence of bond slip and monitor the bond-slip process. However,
for the minor bond slip, i.e., the first bond slip in Experiment 1, the PZT transducers performed better
than strain gauge did, which indicates that the active sensing method can provide reliable real-time
monitoring for GFRP-reinforced concrete structures.
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Figure 10. The energy and strain curves of the experiments [133]. (a): Experiment 1; (b): Experiment 2.

Monitoring Bond-Slip in FRP Reinforced Concrete Structures—Using Shear Mode Sensors-Based
Active Sensing Method

In paper by Jiang et al. [134], shear stress wave based active sensing method was used to
monitor bond-slip between FRP bars and concrete structure. Similar to the method by Qin et al. [130],
the wavelet packet-based damage index was used to identify bond-slip damage severity. The PZT
actuator was mounted on the surface of FRP bar using epoxy and two SA sensors were embedded in
one concrete block.

There are two obvious increasing damage index values of each SA, corresponding to operation
conditions 2 (OC 2) and operation conditions 16 (OC 16) in the loading scheme. The suddenly increase
at OC 2 successfully reports the initial slip damage of the structure. As for OC 16, the damage index
values approach to 1, which implies that the FRP bar was fully debonded from concrete. The result
shows that the active sensing method can also be used to monitor bond-slip between FRP bars and
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concrete. Furthermore, in this experiment, the PZT actuator was mounted on the surface of FRP
bar. While, in the practical applications, mounting the PZT patches on the steel bar or FRP bar will
definitely affect the bond behavior between the bar and the concrete.

Monitoring Bond-Slip in Other Structures

Different from conventional steel plate concrete structures, the structure used in Rucka’s
paper [135] was made by bonding two steel plates to the concrete through high-strength,
two-component structural epoxy. Nine steel-concrete specimens were tested in this study and the
failure of specimens were divided into two sets according to observed failure modes. Different failure
modes can be detected and monitored well using proposed ultrasonic method. Yan et al. [136] proposed
a signal energy-based interface damage detection algorithm. A push-out test for four steel and concrete
composite beams was carried out and the results showed that the proposed algorithm is highly efficient
in interface state evaluation and monitoring of composite beams.

In summary, the active sensing methods require the embedment of the sensors prior to cast of
the concrete structure. For an existing concrete structure, to monitor its bond-slip, passive sensing
methods are the choice which will be reviewed in Section 4.1.2. Active sensing methods can provide
accurate bond-slip monitoring results at the location where the sensors are installed. However,
each piezoceramic sensor requires two wires which makes it unsuitable for many points monitoring.
In addition, piezoceramic based sensors are prone to electro-magnetic interference and corrosion.
The fiber optic sensors, which will be reviewed in Section 4.2, are better choice than piezoceramic
based sensors are.

4.1.2. Passive Sensing Methods

As one of the most widely used method in passive sensing, bond-slip monitoring using acoustic
emission (AE) method is mainly introduced in this section. The process of bond-slip is inherently a
process of destruction, consequently, AE methods can be used for bond-slip monitoring of almost all
types of concrete structure theoretically.

One of the earliest papers about bond-slip monitoring using AE method was published by
Balazs et al. [137]. In their paper, the pull-out tests were conducted and the specimens were subjected
to monotonic, cyclic, and long-term loads. In the results of the monotonic test using peak amplitude
sums in 10 s intervals, the region of highest AE amplitudes per interval matches the highest bond
stresses well. And in the results of the monotonic test using cumulative AE amplitudes, a sudden
variation in the slope of AE registration happened near to maximum bond stress as well. Both of the
results indicate that the area of maximum bond stress has the maximum energy dissipation due to the
internal damage. The accumulated damage shows a correlation with the slip-versus-time relationship
in the results of cyclic load and long-term load, respectively. Experimental results demonstrate that
the accumulated damage of AE method is suitable for bond-slip monitoring and can well show the
development of bond-slip of steel bar reinforced concrete.

Abouhussien et al. [138-141] conducted many experiments using AE method on bond-slip
monitoring of various concrete structures, including reinforced concrete and reinforced concrete
beam. To detect the micro-cracking stage and the macro-cracking stage, and predict bond-slip
happening, the intensity analysis parameters included historic index (H(t)) and severity (S;) [142-144],
which obtained by exploiting the signal strength values of all collected signals, were used in their
studies. H(t) represents any sudden variation in the slope of the cumulative signal strength (CSS) curve
with respect to time and S, represents the average signal strength of the | hits having the maximum
algebraic value of signal strength.

In bond-slip monitoring of reinforced concrete [138], a total of 54 specimens were examined in
pull-out tests. In addition, to investigate the effect of reinforcement corrosion on bond-slip monitoring
of reinforced concrete, Abouhussien et al. [139] studied bond-slip monitoring of corroded reinforced
concrete structure with 72 samples. The AE intensity analysis parameters (H(t) and S;) were used in
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both experiments. The results of both papers show that intensity analysis parameters were correlated
with both micro-cracking and macro-cracking stages. Figure 11 shows the bar slip classification chart of
corroded reinforced concrete. In addition, the range of bar slip resulted from loss of bond in reinforced
concrete structures can be predicted from intensity analysis parameters; however, there is no unified
standard for bond-slip monitoring. It is possible to detect bond-slip of a particular structure, however
if another structure is examined, the classification chart may be very different. From the previous
results, one may conclude that monitoring bond deterioration via acoustic emission is feasible based on
the collected AE parameters (number of hits, CSS, H(t) and S;), but improvements are both necessary
and possible.
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Figure 11. Bar slip classification chart of corroded reinforced concrete [139].

Similar to the previous two papers, Abouhussien et al. studied bond-slip monitoring in reinforced
concrete beams (including reinforcements [140] and corroded reinforcements [141]) also using intensity
analysis parameters (H(t) and S;). In these two studies, four-point load tests were performed to assess
the bond behavior of reinforced concrete beams using AE monitoring. The corroded beams exhibited
bond failure at the corroded anchorage side, while uncorroded beams were at one of the two anchorage
ends of the beams. The initial bond-slip can be detected in both experiments with the points of slope
change in the curves of CSS and with the points of sudden rise in the values of H(t). When concrete
beams are tested in bending, micro-cracks will occur inside it, which inevitably affects the experimental
results. However, it can be found from the experimental results in these experiments that this effect
is negligible. The increase in the values of bar slip was accompanied by an overall increase in the
values of AE parameters until failure of all beams. In other words, the process of reinforced concrete
beam bond-slip can be monitored by observing the growth of AE parameters, i.e., number of hits, CSS,
H(t) and S,.

Similar to the approach by Abouhussien et al., Wang et al. [145] carried out the pull-out test
of corroded reinforcement in reinforced concrete and monitored its bond-slip. The AE location
technology, which used in this experiment, can determine the initial location of the damage and
monitor the development of bond-slip combined with the number of events of AE signal. In addition,
the AE location technology will have a great potential in bond-slip monitoring of concrete structures if
more precise bond-slip positioning is possible.

Di et al. [146] performed 36 pull-out tests to investigate bond-slip monitoring of FRP reinforcing
materials and steel bars in self-compacting concrete (SCC). Two types of FRP reinforcing materials,
including basalt fiber reinforced polymer (BFRP) and glass fiber reinforced polymer (GFRP), were used
in this study. Figure 12 shows the relationship between signal strength of AE and bond stress.
It can be found that the maximum value of the bond stress and the signal strength matched well.
In addition, there are some fluctuations in the signal strength curve compared with bond stress.
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The fluctuations represent the damages that release lower energy during pull-out test and are useless
in bond-slip monitoring.
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Figure 12. The relationship between signal strength of acoustic emission (AE) and bond stress [146].
(a): basalt fiber reinforced polymer (BFRP) bar; (b): glass fiber reinforced polymer (GFRP) bar;
(c): steel bar.

By using AE method and impedance method, Yan et al. [147] monitored bond-slip in steel
reinforced concrete structure. The steel reinforced concrete structure used in this paper was a
steel-concrete-steel (SCS) sandwich beam, and the concrete between two steel plates was ultra-high
performance concrete (UHPC). The beam was under three-point loading conduction to perform
bond-slip tests between the concrete and the steel plate. Figure 13 shows the cracks localization using
AE signals. It should be noticed that there are no visible cracks in bond-slip area and the number of AE
events is low. Compared with bond-slip in the SCS beam, AE signals are more sensitive to the damage
in midspan rather than bond slip. How to eliminate the influence of cracks on AE signals becomes the
key of bond-slip monitoring of beam structures using AE method.
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Figure 13. Cracks localization using AE signals [147].

In addition, many researchers monitored bond-slip of other kinds of concrete composite structures,
such as concrete-galvanized steel [148]. Numerous experimental results have demonstrated that the
AE method is an effective and widely used method for bond-slip monitoring.

Some recent experiments combine AE method with Digital Image Correlation (DIC) technology,
which shows great potential in bond-slip monitoring. The term DIC refers to a non-contact full-field
displacements and strains measurement method that compares the digital images of the test specimen
surface in different states: before and after deformation. To a certain extent, the DIC technology can
play the role of strain gauges and LVDTs. One of the experiment was carried out by Subramaniam
et al. [149] to investigated bond-slip in FRP reinforced concrete using direct shear test. Similar to the
previous experiment results using AE, the cumulative AE hits can well reflect the process of bond-slip.
Furthermore, the DIC technique can also monitor bond-slip process by the continuous measurement
of the global stress field.

In summary, AE sensors can monitor bond-slip of various concrete structures. In addition, the AE
sensors can be mounted on the outer surface of the structure, which facilitates the monitoring of
existing structures. Furthermore, combining DIC and AE enables the monitoring of externally bonded
reinforced materials, e.g. FRP sheets. However, for bond-slip bending test of steel reinforced concrete,
the effect of concrete cracking on the AE results is significant. Furthermore, a uniform standard should
be proposed to monitor bond-slip.

4.2. Fiber-Optic-Sensor Based Approaches

As mentioned in Section 3.2, among various types of FOSs, fiber Bragg grating sensors and DFOSs
have a good application prospects in SHM due to their excellent performance. In this section, bond-slip
monitoring by using FBG sensors and DFOS is reviewed.

Sim et al. [150] used bending tests to investigated the feasibility of bond-slip monitoring using
FOS and compare the results with those measured by the strain gauges. The experimental results
demonstrated that FOS could monitor the entire process of bond-slip and the measured result was in
good accordance with the electric strain gauge measurements.

Ho et al. [5] conducted a three-point bending test of reinforced concrete girder to monitor bond-slip
between concrete and steel reinforcement. A total of three FBG strain sensors (labeled SG1-3), one FBG
temperature sensor (labeled TI) and eight LVDTs (labeled NT1-8) were used in this experiment. The slip
of tendons at different stages of loading according to the LVDTs shows that NT3 and NT4 (in center of
the beam) exhibited a higher slip than the ones further away.

Figure 14 is about the readings of SG2 at the onset of girder collapse. The loading profile was
divided into three stages. In stage «, the strains were dominated by the bond strain between the tendon
and the concrete. As for stage (3, the factors that determined stress are more complicated which mainly
came from the relaxation of the tendon, the tension in the fiber optic cables and friction between the



Sensors 2019, 19, 1231 16 of 29

sensor and concrete. While, in stage v, the strains were dominated by the tension between the sensors
and fiber optic cables. Bond-slip monitoring can be achieved by monitoring the strain of the steel bar
using FBG sensors.

Compared with traditional displacement measurements, such as LVDTs, the measurements using
FBG sensors allow the observation of the entire slipping process from the beginning of bond-slip until
complete bond failure. The results also illustrate that the FBG sensors can monitor bond-slip of steel
tendons in reinforced concrete structures.
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Figure 14. The SG2 readings near girder failure [5].

To better characterize and monitor bond slip of RC structures, Mesquita et al. [151] developed a
new optical-fiber-based sensor which contains four parts, i.e., FBGs (one for strain measurement and
the other for temperature compensation), the superior component (“L” shape), the inferior component
(“F” shape) and the fillment (transparent polyurethane resin). In addition, two kinds of FBGs, including
the FBG with glass fiber (SOFBG) and the FBG with polymer fiber (POFBG), were used for comparison.
From the pull-out test results, both SOFBG sensor and POFBG sensor have better signal-to-noise ratio
than LVDT. Nevertheless, the measurement ranges of both sensors were low in bond-slip monitoring,
especially for POFBG sensor. Actually, POFBG sensor has higher elasticity compared to SOFBG sensors,
which means there may have been a failure in the spliced area. Therefore, though the proposed sensors
have promising future in bond-slip monitoring of RC structures, more tests are needed to ensure the
effectiveness of these sensors.

Apart from steel bars, FBG sensors can also be used for monitoring bond-slip between FRP
bars and concrete. Zhou et al. [152] developed a new kind of smart FRP-OFBG composite bars and
performed an experiment on FRP-OFBG reinforced concrete beams under static load using three-point
bending test. The proposed FRP-OFBG bar can monitor bond-slip between FRP bar and concrete by
means of the strain changes, and furthermore, the FRP bar can protect FBG from damage. Therefore,
the FRP-OFBG bars have a good application prospect in bond-slip detection and bond-slip monitoring
compared with traditional steel bars and FRP bars.

In some cases, the physical properties measured by a single FBG is no longer sufficient for
the needs of the experiment. To measure physical properties at discrete locations on a structure,
a distribution sensor network is needed. Hou et al. [153] used OTDR-based fiber optic technology
to detect and monitor bond-slip failure for FRP reinforced concrete structure. Tests in double shear
and in 3-point bending were carried out to verify the proposed monitoring method. The double shear
tests are shown in Figure 15, and the specimens used for double shear tests were divided into two sets,
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namely setl and set2. Each set has three specimens and the specimens were named as setl-s1~3 and

set2-s1~3.
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Figure 15. The double shear tests in literature [153]. FRP: fiber reinforced polymer.

To effectively evaluate the severity of bond-slip, optic power loss was used in paper [153].
Specifically, the optic fiber was divided into two parts including the part under FRP sheets and the
outside part. When bond-slip occurs, the section under FRP sheets slip together with FRP sheets,
while the outside part of the optic fiber will stay together with the concrete. The discontinuity of
optic fiber corresponds to a power loss, thus the slip value can be measured by means of the optic
power loss.

Figures 16 and 17 show the results of double shear tests and three-point bending tests,
respectively. For setl-s1 and setl-s2, bond-slip happened in the interface where no sensing optic
fiber is instrumented. It can be seen from Figure 17 that the optic power loss changes drastically when
bond-slip started. The results of three-point bending tests are the same to double shear tests, the optic
power losses increased greatly after the load level of 15.6 kN, which means that bond-slip occur. The
results of both tests demonstrate that the method using optic power loss is able to detect and predict
the occurrence of bond-slip, and as well, it can monitor the process of bond-slip.
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Figure 16. Optic power loss versus slip in double shear tests [153]. (a): Set1-s3; (b): Set2-s3.
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Figure 17. Variation of optic power loss during the loading process in a 3-point bending test of a
beam [153].

In research by Zhou et al. [154], Brillouin Optical Time Domain Analysis (BOTDA) and FBG
sensors were used to monitor bond-slip in an RC beam using bending tests. A new optical fiber (OF)
sensor, which packaged Brillouin Optical Time Domain Analysis (Reflectometer) sensors using fiber
reinforcement polymer, has been developed and named BOTDA(R)-FRP-OF sensor. Figure 18 shows
the slip measured between rebar and concrete. When bending moment reaches about 60 kN-m and the
strains measured by bare optical fibers on the steel rebar almost maintains constant, while the strain
measured by the surface installed BOTDA-FRP-OF sensor or long gauge FBG sensor still increases,
which reveal the initiation of bond-slip between the rebar and the concrete.
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Figure 18. Bar-concrete slip [154]. BOTDA: Brillouin Optical Time Domain Analysis.

To sum up, because of the sensors’ small size, corrosion resistance and immunity to electro-
magnetic fields, the fiber-optic-based approaches show great potential in bond-slip monitoring of
reinforced concrete and FRP reinforced concrete. Owing to the possibility of measuring physical
properties at multiple locations in a structure, DFOSs can be used to determine where bond-slip occurs
in the future. It is possible to monitor bond-slip of one-dimensional structure using a DFOS, however,
more researches shall be conducted to demonstrate the effectiveness for two-dimensional bond-slip
monitoring. And, for steel reinforced concrete, more experiments are needed to investigate bond-slip
monitoring using FOSs.

5. Comparison of Bond-Slip Monitoring via Smart Sensors

To assist the comparison of the smart sensor based bond-slip monitoring methods, some properties
of piezoelectricity-based methods and fiber optic-based methods are listed in Table 1.

Table 1. The comparison of the smart sensor based bond-slip monitoring methods.

Active Sensing Impedance Acoustic Emission (AE) Fiber Optic Based Methods
Required Yes Yes No Yes
pre-embedment
Electro-magnetic
immunity (EMI) No No No Yes
DISF rlk.>ut1.ve or No No No Yes
quasi-distributive
Anti-corrosion No No No Yes
Accuracy High High Requires multiple sensors High
Bandwidth High High High Low
Cost Low Low-Medium Medium High

Note: Blue Bold means an advantage; Black non-bold means a disadvantage.

The active sensing, impedance, and the fiber optic based methods require the embedment of
the sensors prior to cast of the concrete structure. For an existing concrete structure, to monitor its
bond-slip, the AE method is the choice since the AE sensors can be surface bonded to structure without
embedment. However, to achieve accurate results, multiple AE sensors are needed. In addition,
the prior knowledge of the acoustic signature corresponding to bond-slip is required.

It is clear from Table 1, for bond-slip monitoring of coastal concrete structures or structures
subjected strong electro-magnetic interferences, the fiber optic based method is the best choice
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because of the optical fiber’s inherent electro-magnetic immunity and anti-corrosion ability. However,
fiber optic sensors normally have low bandwidth, and it may not be suitable to monitor bond-slip
caused by impact or explosion.

Since piezoceramic based sensors are prone to electro-magnetic interference and corrosion,
the active sensing, impedance, and AE methods will not be used in applications that involve strong
electrical or magnetic fields or corrosive environments.

Active sensing and impedance methods can provide accurate bond-slip monitoring results at
the location where the sensors are installed. However, each piezoceramic sensor requires two wires.
If many monitoring points are required, the fiber optic methods are better choice to reduce the number
of wiring since an optic fiber can support multiple monitoring points.

To monitor bond-slip in concrete structures subject to impact or explosive loads, a high bandwidth
is required for the sensor. In such a case, often the piezoceramic sensors are better choices because of
their inherence fast response.

A fiber optic monitoring system carries the highest cost since the interrogator is often expensive.
On the other hand, the active sensing method carries the least cost since the sampling frequency is
often much lower as compared to an impedance or an AE system. For active sensing and impedance
methods, often the low cost piezoceramic patches are involved, which help to keep the system’s cost
low. An AE monitoring system involves AE probes which are much more expensive than piezoceramic
patches. In addition, the sampling frequency in an AE system is high, which also increases its cost.

From the above comparison, it is clear that each method has its advantages and disadvantages,
and each method is best suited for certain case of bond-slip monitoring of a concrete structure
by considering the required accuracy, the required bandwidth, the number of measurements,
the application environment, and the cost.

6. Conclusions and Future Work

In this paper, the monitoring of bond-slip in concrete structures using smart sensors have been
reviewed. First, piezoelectric sensors and fiber-optic-based sensors including their basic principles
were presented. Then the methods to monitor bond slip in concrete structures based these smart
sensors were reviewed. Furthermore, the smart sensor based sensing methods were compared.
This article offers a comprehensive guidance for selecting smart sensors for bond-slip monitoring of
concrete structures.

Different smart sensors have their own unique advantages. These smart sensors can be used in
different kinds of concrete structures to monitor bond-slip according to their advantages. Selecting
a suitable smart sensor allows prompt and accurate bond slip monitoring. The successful bond-slip
detection depends on selecting the right sensor for the application by considering the required accuracy,
the required bandwidth, the number of measurements, the application environment, and the cost.

Most of the reported results in this article are generated in laboratories, though field monitoring
of bond-slip in concrete is urgently needed. To bring the developed methods from laboratories to
application, we believe the following two issues have to be addressed. First, most current research
provide qualitative results on bond-slip monitoring in concrete structures, however, often quantitively
approaches are needed. Second, the current research concentrate on bond-slip detection, however,
for future research, more attention should be paid to predicting the occurrence of bond-slip based on
the monitoring results in order to issue early warnings before bond slip happens.

In addition, global bond-slip monitoring may become the focus of research in the future.
This allows for monitoring of multiple bond-slips and analyzing the stress distributions in the
entire structure. However, for now, only distributed fiber optic sensors (DFOSs) are suitable for
global bond-slip monitoring and there is no research about global bond-slip monitoring using DFOSs.
Therefore, using DFOSs to monitor the global bond-slip and analyze the stress distribution when
bond-slip occurs which is another very important research topic.
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Furthermore, there are many kinds of concrete structures, however the current researches on
monitoring bond-slip using smart sensors mainly focus on steel or Fiber Reinforced Polymer (FRP)
reinforced concretes. There are still a large number of concrete structures that need further research.
For example, as an important type of structures involving concrete, the concrete-filled steel tubes
(CFST) have not received much attention from researchers yet. There is no paper about bond slip
monitoring of CFSTs using smart sensors. Research is needed in the future to fill the gaps in this area.

7. Outlook

The recent advances in wearable sensors, self-powered devices, communication technologies,
percussion-based methods and cloud-based monitoring provide new research directions for bond-slip
monitoring. Several future research directions are suggested below.

Structural wearable sensors for bond-slip detection. Concrete structures are normally very
large. To monitor bond-slip in such a structure, often a large number of transducers are required for
deployment on the steel plates, steel bars, and FRP bars. To effectively deploy such large number of
sensors, the structural wearable sensor technology [155] can be developed by taking the advantage
of flexible circuit and flexible MFC (Macro Fiber Composite) piezoceramic transducers so that a
transducer array in the form of a self-adhesive tape can be developed for the quick installation on a
steel plate or a reinforcing bar.

Self-powered bond-slip detection transducers. Since PZT is a solid-state energy conversion
material, PZT transducers can become self-powered devices by harvesting energy from vibration
and/or impacts [39,40,156]. The harvested energy can be stored in a capacitor or a super capacitor
to power the PZT transducer. Future may see self-powered bond-slip detection transducers for
concrete structures.

Bond-slip detection transducer with communication capacity. Piezoceramic transducers,
such as PZTs, have the ability to generate stress wave and detect stress wave [157-160]. The stress
wave can be used for communication in a concrete structure [97,161,162]. It will be of great interest to
develop bond-slip detection transducer with communication capacity.

Tapping and listening or percussion-based approach to detect bond-slip. Recently, the tapping
and listening approach or the percussion approach has been reported on monitoring of looseness of
bolted connection [163]. The advantage of this approach is that no sensor is needed to embed in or
bonded on the structure. The monitoring is judged based on the acoustic response of the structure
by using a microphone, such as that on an intelligent phone. For a steel plate concrete structure,
the percussion based method is practically of interest since the steel plate is often exposed and can be
directly impacted upon by using an impact hammer. The acoustic response shall reflect the bonding
status between the steel plate and the concrete, which may open a new door for a new class of method
for bond-slip detection in concrete structures with steel plates.

Cloud-based (Remote) bond-slip detection. Monitoring of bond-slip in a concrete infrastructure
involves a large number of transducers, and the cloud based or mobile based (remote) monitoring
technology [164-166], can be used to develop the next generation of bond-slip detection system.
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