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� The cracking position and failure
locations can be identified.

� The load level corresponding to the
occurrence of major cracks can be
captured accurately.

� The amplitude of focused signals can
accurately present the stiffness
degradation of BFRP reinforced
concrete structures.

� The deflection can be accurately
predicted based on the amplitude of
focused signal.

� The SA transducer is feasible for
monitoring the damage status of
concrete bending structures.
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a b s t r a c t

Fiber reinforced polymer (FRP) bars, as alternatives of steel bars, are encouraged to be utilized in concrete
construction due to the properties of both corrosion resistance and high tensile strength. In this paper,
smart aggregate (SA) transducers, which can be used as both actuator and sensor, are employed to iden-
tify the structural damage mechanism of basalt-FRP (BFRP) bars reinforced concrete beams. Time reversal
method is adopted for increasing the signal-to-noise ratio (SNR), which is aimed at obtaining clear ampli-
tude of focused signal. Those methodologies are applied to conduct a further study of the structural
mechanism of BFRP reinforced concrete flexural components. The experimental results reveal that the
cracking and failure position of the concrete beam reinforced with BFRP bars can be located and the cor-
responding loads can be identified according to signal change when different crack appears. The stiffness
degradation of BFRP bars reinforced concrete beams can be effectively expressed and the deflection can
be accurately predicted by acquiring amplitude of focused signals in the overall zone. Additionally, it has
been recognized that the damage process and mechanism of BFRP reinforced concrete beams can be
accurately evaluated using those SA transducers and the status of those structural components also
can be monitored effectively.
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1. Introduction

It is well-founded that the corrosion of steel reinforcement and
fatigue damage lead to degradation of concrete structural perfor-
mance [1–4]. Therefore, the reduced durability and shortened ser-
vice life are exposed in this structural component [5]. For existing
damaged structures, the repair using fiber reinforced polymer
(FRP) materials in the form of fabrics and laminates can retrofit
these corrosion-damaged and fatigue-damaged concrete structural
[6–11]. In the new-built structures, a new-type of reinforcement,
FRP bar, as a substitute for steel bar is encouraged to use in con-
crete structures owing to its advantages of excellent mechanical
properties and corrosion resistance properties [12–16]. Some con-
crete bridge structures have been constructed with FRP bars, such
as the Thompson’s Bridge, Mackinleyville Bridge and Talyor Bridge
[17]. Zheng et al. [15,18] revealed that basalt-FRP (BFRP) reinforced
self-compacting concrete (SCC) deck slabs exhibited good struc-
tural behaviors within the service load. Ehab El-Salakawy et al.
[19] conducted a field investigation on the bridge deck slab rein-
forced with glass-FRP (GFRP) bars constructed in Canada, and
results revealed that GFRP rebar provided very competitive perfor-
mance in comparison to steel under actual service conditions.

Due to the properties of FRP materials including low elastic
modulus and without yield point, bending members of FRP rein-
forced concrete have low initial stiffness, large deflection, large
crack width and higher possibility of brittle fracture under the
same conditions [17]. Mahroug et al. [20] showed that continuous
concrete slabs reinforced with BFRP bars had greater deflection and
crack width than corresponding steel-reinforced structures. Capo-
zucca [21] conducted a bending test on concrete beam grid rein-
forced with CFRP bars, and results showed that the key factors in
the design of carbon-FRP (CFRP) reinforced concrete beams were
the deflection and the crack width. Wegian et al. [22] revealed that
the ACI 440 design specification seriously underestimated the
shear capacity of FRP reinforced concrete beams. Zhou [17] showed
that a series of stiffness degradation models and crack width calcu-
lation models of FRP reinforced concrete bending members had
significant limitations due to inhomogeneous in structural compo-
nent. The deflection and crack width are the key factors affecting
the normal service of FRP bars reinforced concrete bending mem-
bers. However, the existing research methods on concrete bending
members reinforced with FRP are traditional currently, and the
deflection and crack width calculation formula of concrete bending
members with FRP bars are semi-empirical, which is based on the
modification of the corresponding reinforced concrete members.

The BFRP reinforced self-compacting concrete deck slabs in
Thompson Bridge, a real bridge, exhibited similar or better struc-
tural behaviors than that of steel within the service load [12,18].
However, the structural deterioration mechanism and design
methods of BFRP reinforced concrete bending members have not
been fully investigated. In addition, the complexity of mechanical
mechanism and the dispersion of materials restrict the develop-
ment of the design theory of BFRP bars reinforced concrete bending
members. Therefore, it is essential to further identify the mechan-
ical mechanism of BFRP bars reinforced concrete bending members
using novel technologies, with the aim to promote the use of BFRP
bars in actual structure.

Due to their advantages, such as fast response [23–25], strong
piezoelectric effect [26], high sensitivity [27,28], wide bandwidth
[26], energy harvesting [29], low cost [30] and the dual actuating
and sensing function [31], piezoceramic transducers have been
widely used in the emerging field of structural health monitoring
(SHM) [32–36] and damage detection [37,38]. It is worthwhile to
point out that with the dual actuating and sensing function in a
wide bandwidth, piezoceramic transducers are often used to gen-
erate and detect acoustic waves, stress waves, and ultrasonic
waves that can propagate in many mediums for SHM and nonde-
structive testing (NDT) [39–41].

Nowadays, piezoceramic enabled active sensing method, which
employs at least two transduces with one as an actuator to gener-
ate stress waves and the other one as a sensor to detect the prop-
agating waves, has received much attention for SHM of different
types of the host structures, including concrete structures
[42,43], bolted connections [44], space structures [45], under-
ground structures [46,47] and timber structures [48], among
others. In the piezoceramic materials family, Lead Zirconate Tita-
nate (PZT) has a strong piezoelectric effect and is the most com-
monly used piezoceramic material. PZT is available in a variety of
shapes and dimensions, and can be easily packaged for field
deployment as embedded or surface-bonded transducers. Song
et al. [49] embedded PZT patches in the concrete structure to
detect possible cracks. Xu et al. [50,51] detected the debonding
damage between concrete and steel tubes in circular concrete-
filled steel tubes (CFST) integrated with piezoceramic patches.
Taghavipour et al. [52] demonstrated that the cracking status of
reinforced concrete beams could be evaluated in terms of the peak
of power spectral density and damage indexes. A PZT sensor array
measurement approach for localizing cracks in concrete structures
was proposed by Narayanan et al and the stress wave transmission
measurements were performed by using the PZT patches as
actuator-receiver (AR) pairs [53]. However, research has rarely
been conducted to investigate the failure mechanism and stiffness
degradation of bending members reinforced with BFRP bars by
using piezoceramic transducers.

The aim of this paper is focused to evaluate the damage status
of BFRP reinforced concrete beams from loading to failure by using
smart aggregate (SA) transducers based active sensing approach.
The time reversal method was adopted to improve the signal-to-
noise ratio (SNR) in this experiment. The amplitude of focused sig-
nal obtained by the time reversal operation was used to evaluate
the cracking state, the degree of stiffness degradation and the loca-
tion of the failure of the concrete beam reinforced with BFRP bars.
The experimental test results show that it is feasible to identify the
cracking state, location of the failure and the stiffness degradation
degree of the concrete beams by using SA transducers based on the
time reversal method. Finally, the deflection of the concrete beams
is calculated by the amplitude of focused signals analytically,
which agrees well with experimental results.
2. Principle of monitoring flexural behavior of beams using SA
transducer based on time reversal method

Time reversal technology was first proposed by Fink [54] in
1992. It is a time domain reverse operation for the received signals
and has two properties, namely temporal focusing and spatial
focusing [30]. The two properties enable the time reversal technol-
ogy applicable to the complex environment with severe scattering.
The concrete structure is of materials with severe scattering. With
the help of the time reversal technology approach, the SNR can be
effectively improved. In addition, with its dual sensing and actuat-
ing functions, a PZT transducer is almost a perfect time reversal
mirror to detect the wave and to re-emit the time-reversed wave
[55–57].

Fig. 1 demonstrate the detailed process of time reverse of con-
crete beam in healthy and damaged state. Four SAs are bonded
onto the surface of concrete beam. Taking SA1 and SA3 as an exam-
ple, the time reversal technology can be list as following: (1) The
modulated Guass signal is applied to SA1 to actuate stress waves;
(2) SA3 receives the signal of stress waves propagated though the
surface of the concrete beam; (3) the received signal is reversed in
time domain and the reversed signal is applied to SA3 to re-actuate



(a) Healthy state of concrete beam 

(b) Damaged state of concrete beam 

Fig. 1. Principle of time reversal technology.
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the stress wave; (4) SA1 receives the reversed signal, which is a
focused signal. As shown in Fig. 1(b), a part of the stress waves
energy is dissipated during the propagation process when the con-
crete beam is in a damaged state (the crack is generated). The
amount of stress waves energy dissipated is related to the damage
levels of concrete beams. Using the time reversal technology, more
stress waves energy is dissipated due to stress waves propagating
the surface of the concrete beam twice, which means the ampli-
tude of focused signal will be significantly reduced. Hence, the
amplitude of focused signal can be used to identify the structural
damage mechanism of concrete beam.

3. Experimental setup and procedure

3.1. Materials test and mechanical properties

The materials used in this research were commercial ready-
mixed concrete, BFRP bars with diameter of 12 mm and round steel
bars with diameter of 6 mm. The mechanical properties tests of
commercial ready-mixed concrete were carried out, including cube
compressive strength test, axial compressive strength test, elastic
modulus test and splitting tensile strength test. As shown in
Fig. 2, the tensile tests of reinforcing bars (BFRP bars and round
(a) Before tensile test 
of BFRP bars 

(b) After tensile test 
of BFRP bars 

Fig. 2. The tensile tests of BFRP

Table 1
The test results of mechanical properties of commercial ready-mixed concrete.

Mechanical properties 1 day

Cube compressive strength (MPa) 42.5
Axial compressive strength (MPa) 33
Elastic modulus (MPa) 31308.8
Splitting tensile strength (MPa) 3.3
steel bars) were conducted to obtain tensile strength and elastic
modulus.

The test results of mechanical properties of commercial ready-
mixed concrete are listed in Table 1, and the properties of reinforc-
ing bars used in this experimental are shown in Table 2.

3.2. Specimens design and fabrication

Two identical concrete beams (B1 and B2) using BFRP bars as
longitudinal rebar and round steel bars as transverse rebar were
designed. The two concrete beams had a constant cross-section
of 150 � 250 mm and a length of 2000 mm. Two BFRP bars with
a diameter of 12 mm as longitudinal reinforcement were located
at the bottom layer of concrete beams, and two identical BFRP bars
as constructional reinforcement were placed on the top layer of
concrete beams. Round steel bars with a diameter of 6 mm as stir-
rup were arranged on the bending-shear section of the concrete
beams, and the space between the two stirrups was 150 mm. The
longitudinal reinforcement ratio and the stirrup reinforcement
ratio were 0.708% and 0.251%, respectively. The cover thickness
of the concrete beams and the distance from the center of the sec-
tion of BFRP bar to the external beam surface were 25 mm and
31 mm in this test. The details of the dimensions and the reinforce-
ment layout are shown in Fig. 3.

The concrete beams were vibrated during casting to eliminate
air bubbles. Side molds of the concrete beams were demolished
after 1 day, and the surface of concrete beams was covered by
wet sponges for curing.

3.3. Transducer arrangement and loading procedure

A smart aggregate, as shown in Fig. 4(a), is made up of two mar-
ble blocks and a PZT patch sandwiched embedded between the
marble blocks, and the marble blocks have both waterproof and
protective effects to avoid physical damage of PZT. Owing to the
piezoelectric effect of the PZT, a SA transducer can function as an
actuator or a sensor. Four SA transducers were bonded to the outer
surface of concrete beam with the aim to identify the failure mech-
(c) Before tensile test 
of round steel bars 

(d) After tensile test
of round steel bars

bars and round steel bars.

3 days 7 days 28 days

60.4 67.5 70.1
48.6 52.7 55.5
33220.1 35380.4 39715.7
4.7 5.2 5.1



Table 2
The properties of reinforcing bars.

Type Yield strength
(MPa)

Ultimate strength
(MPa)

Elastic modulus
(MPa)

BFRP Bars – 1115.3 48,976
Round steel bars 444.3 483.2 –
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anism of BFRP bars reinforced concrete beam under four-point
bending. Fig. 4(c) depicts the arrangement of SA transducers in
detail. In this experiment, the SA1 and SA3 transducers worked
as actuators and the SA2 and SA4 transducers worked as sensors.
This actuator-sensor layout is used to monitor the damage of con-
crete beam in the bend-shear zone, the pure bending zone and the
overall zone. An active sensing approach [52,58] was used in this
research. The instrumentation setup of SA transducers is illustrated
in Fig. 4(b), and the device (NI USB 6366) of data acquisition was
Fig. 3. Reinforcement layo

Fig. 4. The instrumentation setup and t
employed to generate or receive the signals and a power amplifier
was adopted to amplify the emitted signals. In the test, the sam-
pling frequency and the voltage amplitude were 1 MHz and 3 V
[59].

As shown in Fig. 5, displacement transducers were placed in the
mid-span of concrete beam and the midpoint between the support
and mid-span for measuring the vertical deflection. Concrete
beams were loaded up to failure under a monotonic load by using
an accurately calibrated hydraulic actuator with a capacity of
1000 kN. Before the formal load test, the preloading procedure
was performed with 5 kN increments to 10 kN, which was to
ensure good contact between the loading device and the surface
of concrete beam. However, in the formal load test, the concrete
beams were loaded in 10 kN increments until the failure load
was reached. The deflections, crack patterns and piezoelectric sig-
nals were measured at each step. The loading configuration of con-
crete beam in this test is given in Fig. 5.
ut of concrete beams.

he arrangement of SA transducers.



Fig. 5. Loading configuration of concrete beam in this test.

0

20

40

60

80

100

0 5 10 15 20

Deflection (mm)

Lo
ad

 (k
N

)

 B1
 B2

Fig. 6. Load-deflection curves of concrete beams.

(a) Concrete b

(b) Concrete 

Fig. 7. Failure patterns
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4. Experimental results discussion

4.1. Ultimate bearing capacity and failure mode of concrete beams

The ultimate bearing capacities for the B1 and B2 concrete
beams reinforced with BFRP bars were 97 kN and 100.7 kN, respec-
tively, and the cracking loads of those two specimens were both
20 kN. It is worth noting that the load-deflection curves after
80kn are not plotted because the deflection varies greatly during
the process of data acquisition when the concrete beams are
approaching failure. The load-deflection responses of the tested
beams are shown in Fig. 6. It can be observed that the curves are
approximately bilinear, which is attributed to the linear elastic
constitutive of BFRP bars. A linear behavior is revealed in the
uncracking stage, while a significantly reduced stiffness is pre-
sented after the cracking of the concrete beam. This means that
the occurrence of crack leads to a reduction of effective moment
of inertia and a decrease of structural behavior. As shown in
Fig. 6, the curves of load-deflection are not smooth because of
fewer collecting points and longer load-holding time. Failure pat-
terns of concrete beam are shown in Fig. 7, and finally, all concrete
beams present shear-compression failure modes.
eam B1

beam B2

of concrete beam.
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4.2. Monitoring results using SAs

The piezoelectric signals in Sections 1-2, 2-3, 3-4 and 1-4 were
measured upon emitting signals using the SA1 and SA3 as actua-
tors and receiving signals using the SA2 and SA4 as sensors. The
amplitude of focused signals acquired from SA transducers corre-
sponding to the Sections 1-2, 2-3, 3-4 and 1-4 are plotted in
Fig. 8, and the three stages during the loading of the concrete
beams reinforced with BFRP bars are clearly seen: (a) uncracking
stage; (b) cracking stage; (c) crack propagation and failure stage.
In the uncracking stage, it can be found that the amplitude of
focused signals barely changes, which means that the concrete
beams are substantially free of damage in the uncracking stage.
However, the curves in Section 1-4 clearly show that there is a
drastic decline of the amplitude in the cracking stage of concrete
(a) Concrete beam B1
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beams. Due to the lower elasticity modulus of BFRP bars and the
poor bonding properties between BFRP bars and concrete, the
cracks of large and long are occurred (see Fig. 9) when the tensile
strain at the bottom of concrete beam is greater than the ultimate
tensile strain [17]. Therefore, the amplitude of the wave and the
transmission energy in Section 1-4 decrease sharply due to the
existence of cracks, which implies that the reduced amplitude is
correlated with the damage degree of concrete beams reinforced
with BFRP bars [58]. In the crack propagation and failure stage,
the amplitude in Section 1-4 has a subtle change with the increase
of the load. This can be explained by the fact that large area cracks
of concrete beams reinforced with BFRP bars lead to amplitude of
the wave and the transmission energy to be completely dissipated.

It can be observed in Fig. 9(a) that the first and second cracks
appear respectively in Sections 3-4 and 1-2 of concrete beam rein-
(b) Concrete beam B2
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forced with BFRP bars when the load is 20 kN. Correspondingly, the
amplitude of focused signals in Sections 3-4 and 1-2 reduce
rapidly, while the amplitude in Section 2-3 increases, as shown
in Fig. 8(a). Since the concrete stress is released at the location of
cracking when the concrete beam occurs crack and it leads to the
reduction of average stress of concrete on both sides of the crack
[60]. The third crack occurs in Section 2–3 when the load is
34.8kN. Similarly, the amplitude in Section 2–3 decreases signifi-
cantly and in Sections 1–2 and 3–4 increase slightly. When the load
is 50kN, the last crack for concrete beam B1 appears in Section 1–2,
and the amplitude in Section 1–2 reduces markedly and that in
Section 2–3 increases marginally. While the amplitude in Sec-
tion 3–4 decreases, which may indicate that the crack in Section 3–
4 has a large crack development. The amplitude in Section 1–2 is
still decreasing when the load exceeds 50 kN, which means the
crack in Section 1–2 continues to propagate until crack through
cross-section and finally causes the failure of the concrete beam.
This is consistent with the results in Fig. 7(a). In summary, it is fea-
sible to capture the load that appears for each crack and identify
the cracking and failure position of the concrete beam reinforced
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(c) The reversed signal

Fig. 10. Four different signals in Section 1–4 a
with BFRP bars by obtaining the signal amplitude from SA trans-
ducers. For concrete beam B2, the similar results can be found in
Fig. 8(b) and Fig. 9(b).

The results, based on the time reversal method, in Section 1–4
for concrete beam reinforced with BFRP bars (B2) at the load of
0kN, 40kN and 80kN are shown in Figs. 10, 15, and 16, respectively.
As shown in Fig. 10(b) and Fig. 11(b), the amplitude of the received
signal can be clearly seen at load of 0kN, while the amplitude of the
received signal cannot be completely identified at load of 40kN due
to the noise. This indicates that increasing the applied load results
in reduction of the amplitude of the received signal and it can lead
to the loss of information because the amplitude is covered by the
noise. The focused signal in Fig. 10(d) and Fig. 11(d), as result of the
time reversal technique, presents a distinct peak and higher SNR,
which is beneficial to obtain detailed information about structural
damage of concrete beam reinforced with BFRP bars [61]. As shown
in Fig. 12(d), the amplitude of focused signal is nearly vanished
when the beams are in the crack propagation and failure stage.
Since transmission energy is severely obstructed owing to the
presence of large cracks.
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4.3. Comparison and verification

The relationships of load versus deflection and regularization
amplitude are shown in Fig. 13, where the regularization ampli-
tude refers to the normalization of the amplitude of focused signals
in Section 1–4 of concrete beams reinforced with BFRP bars. In the
uncracking stage, the smaller deflection of the concrete beam is
revealed due to the integrated stiffness. At the cracking stage, the
regularization amplitude drops sharply, the stiffness of the con-
crete beams degrades significantly and the deflection increases
rapidly. This implies that the development of cracks results in
the damage evolution of concrete beam reinforced with BFRP bars.
The deflection during the cracking phase may exceed the design
deflection limit (D = L/250 = 7.2 mm) for normal service of con-
crete beam reinforced with BFRP bars [62,63], which indicates that
the design deflection limit has sufficient surplus coefficient to
ensure the safety of those structure components. In the crack prop-
agation and failure stage, the deflection of the concrete beam
increases greatly with the increasing load.
.01.00.0 2
-1

0

1

2

3

4

5

0.09990 0.09995 0.10000 0.10005 0.10010
-1

0

1

2

3

4

5

A
m

pl
itu

de

Time (s)

A
m

pl
itu

de

Time (s)

A
m

pl
itu

de

langisdettimeehT)a(

.01.00.0 2
-2

-1

0

1

2

A
m

pl
itu

de

Time (s)

A
m

pl
itu

de

(c) The reversed signal

Fig. 11. Four different signals in Section 1–4 a
The theoretical models of effective moment of inertia are shown
in Table 3 and the curves of effective moment of inertia of concrete
beam reinforced with BFRP bars are revealed in Fig. 14, respec-
tively [64–69]. The comparison of curves between the regulariza-
tion effective stiffness and the regularization amplitude is
presented in Fig. 15. It can be found that the curves of regulariza-
tion amplitude are similar to the regularization effective stiffness,
which implies that amplitude of focused signals in Section 1–4 of
concrete beams can substantially reflect the stiffness degradation
and the damage level of the structure. As shown in Fig. 15, the
cracking load is slightly overestimated by using the theoretical for-
mula. While the regularization effective stiffness of transformed
cracked section is higher than the regularization amplitude when
the load exceeds 50kN, which is attributed to the amplitude of
focused signals are nearly vanished in the crack propagation and
failure stage of concrete beams. The regularization amplitude by
SA transducers received significantly underestimates the regular-
ization effective stiffness of the reinforced concrete beams in the
crack propagation and failure stage. This means that incorrect or
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Fig. 12. Four different signals in Section 1–4 at load of 80 kN for the concrete beam B2.
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inaccurate information may be generated by receiving focused sig-
nals when the reinforced concrete beams are in crack propagation
and failure stage. Therefore, further improvement of the monitor-
ing method of SA transducer is necessary.

The calculation formula of the mid-span deflection of the four-
point loading of the simply supported member is as follows:

dmax ¼ Fa
24EcIe

3L2 � 4a2
� �

ð1Þ

where F and a represent the support reacting force and the distance
from the loading point to the support, respectively. The comparison
of experimental results and theoretical calculation results of load-
deflection of concrete beam is illustrated in Fig. 16. The load-
deflection curves of SA-B1 and SA-B2 are calculated by adopting
the regularization amplitude of focused signals in Section 1–4 of
concrete beams respectively, as shown in Fig. 15. However, the
effective stiffness of transformed cracked section instead of the
amplitude of focused signals is used for the deflection calculation
when the regularization amplitude is less than regularization effec-
tive stiffness in the later stage. Since the regularization amplitude
significantly underestimates the regularization effective stiffness
in the crack propagation and failure stage. As shown in Fig. 16,
the load-deflection curves of SA-B1 and SA-B2 agree well with the
load- deflection curves of the experiment. This indicates that SA
transducers are feasible for monitoring damage and predicting
deformation of concrete beam with BFRP reinforced. The load-
deflection curves between prediction based on SA transducers and
the experiment have a small error in the cracking stage, which
may be attributed to the incomplete synchronization of signal data
acquisition and deflection data acquisition.
5. Discussion

Considering those SAs, which are larger in size than concrete
coarse aggregates, embedded in concrete affects the crack pattern
of the concrete beam, the method of SA transducers bonded to the
surface of concrete beam is adopted in this experiment. While this
method whether is equivalent to SA embedded in concrete is
worth explored. The collected data curves were not smooth in
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Fig. 13. Load vs deflection and regularization amplitude.

Table 3
Theoretical models of effective moment of inertia.

Theoretical model Equation

ACI 318-05 [64]
Ie ¼ Mcr

Ma

� �3
Ig þ ½1� Mcr

Ma

� �3
�Icr � Ig

Eq. (1)

ACI 440.1R-03 [65]
Ie ¼ Mcr

Ma

� �3
bdIg þ ½1� Mcr

Ma

� �3
�Icr � Ig

bd ¼ ab½EfEs þ 1� ab ¼ 0:5

Eq. (2 )

ACI 440.1R-06 [66]
Ie ¼ Mcr

Ma

� �3
bdIg þ ½1� Mcr

Ma

� �3
�Icr � Ig bd ¼ 1

5 ð
qf
qfb
Þ Eq. (3 )

Benmokrane [67]
Ie ¼ 1

b
Mcr
Ma

� �3
Ig þ a½1� Mcr

Ma

� �3
�Icr � Ig

b ¼ 7:0 a ¼ 0:84

Eq. (4 )

ACI 440.1R-15 [68] Ie ¼ Icr

1�c Mcr
Mað Þ2 1�Icr

Ig

� � � Ig

c ¼ 1:72� 0:72 Mcr=Mað Þ

Eq. (5 )

ISIS Canada [69] Ie ¼ Ig Icr

Icrþ 1�0:5 Mcr
Mað Þ2

� �
ðIg�Icr Þ

Eq. (6 )

Faza and Gangarao [64] d ¼ 23PL3
648Ec Im

Im ¼ 23Ie Icr
8Icrþ15Ie

Ie ¼ ACI ðIeÞ Eq. (7 )

Note:Ie – Effective moment of inertia; Ig – Gross moment of inertia; Icr – Moment of inertia of transformed cracked
section;Mcr – Cracking moment; Ma – Applied moment; Ef – Elastic modulus of FRP; Es – Elastic modulus of steel; Ec
– Elastic modulus of concrete; qf – Reinforcement ratio of FRP; qfb – Reinforcement ratio of FRP producing balanced
strain conditions; L – Span length of member; P – Applied load.

Fig. 14. The curves of effective moment of inertia.
Fig. 15. Comparison of the curves between the regularization effective stiffness
(RES) and the regularization amplitude (RA).
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the experiment and the structural damage cannot be accurately
identified by SAs transducers, which was caused by the loading
method and acquisition method. Therefore, it is significant to
achieve dynamic synchronous acquisition of all data during contin-
uous loading. SA transducers received the regularization amplitude
of focused signal significantly underestimates the regularization
effective stiffness of reinforced concrete beam in the crack propa-
gation and failure stage. In the future, further research on the dam-
age of concrete beam based on SA will be carried out and the new
monitoring methods based on SA could open a possibility of solv-
ing the problem of the amplitude of focused signal is nearly van-
ished in the crack propagation and failure stage of concrete
beam. In this test, the crack did not appear in the location of SA
transducers, while the crack at the location of SA transducers will
directly affect the received signal. Thus, it is meaningful to explore
the effect of the crack at the location of SA transducers on the
received signal in the future research.

6. Conclusions

In this paper, a series of piezoceramic transducers enabled time
reversal method is proposed to identify the structural damage
mechanism of BFRP bars reinforced concrete beams. Four SA trans-
ducers were bonded to the surface of concrete beam in order to
detect its damage in the bend-shear zone, the pure bending zone
and the overall zone. Concrete beams reinforced with BFRP bars
were divided into three stages during the loading process: (a)
uncracking stage; (b) cracking stage; (c) crack propagation and fail-
ure stage. Base on the time reversal technique and the experimen-
tal results, the main conclusions of this paper are drawn as follows:

(1) The amplitude of focused signals is barely changed in the
uncracking stage of concrete beams, while the amplitude of
focused signals changesdramatically in the crackpropagation
and failure stage of concrete. This is attributed to the exis-
tence of cracks that hinders the propagation of the wave,
which results in the reduction of amplitude of focus signals.

(2) According to the variation in the amplitude of focused sig-
nals in different sections, the cracking position and failure
position of the concrete beam reinforced with BFRP bars
can be identified and the load when the major crack appears
can be captured.
(3) The amplitude of focused signals (in the overall zone) can
accurately present the stiffness degradation of concrete
beams reinforced with BFRP bars.

(4) The deflection calculated from the amplitude of focused sig-
nal (in the overall zone) agrees well with experimental
results and the SA transducer has the ability to predict defor-
mation of concrete beam with BFRP reinforced.

(5) The experimental programs successfully demonstrate piezo-
ceramic SA transducer is feasible for evaluating the damage
of concrete bending structures reinforced with BFRP bars,
and it has the potential for monitoring the health of rein-
forced concrete bending structures in general.
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