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The behavior of the bond between Engineering Cementitious Composites (ECC) and
Glass Fiber Reinforced Polymer (GFRP) bar has a strong effect on the behavior of this
composite structure. However, it is difficult to detect the failure mode and damage status
of the interface using traditional testing methods. This is due to the strain-hardening
mechanical behavior of ECC. An effective monitoring method using patch lead zirconate
titanate (PZT) transducers and active sensing technology was used to detect the internal
damage. In this active sensing technology, a PZT smart aggregate was bonded onto the
middle surface of ECC, acting as a sensor. This study conducted a series of experimental
studies on the bond behavior of GFRP-reinforced ECC based on pull-out tests. The test
results are presented and discussed to investigate the bond-slip relationship and failure
mechanism between FRP reinforcing bars and the ECC matrix. The status of interfacial
damage between ECC and GFRP can be represented by the attenuation change of
the stress wave. Finally, a damage index (DI) obtained using wavelet packet analysis
is proposed to evaluate and quantify the level of FRP-ECC interaction damage. The
analytical results reveal that the debonding and failure mechanism can be detected by
using this DI index value, and the influence of the diameter of reinforcing bars should be
considered, as should the Poisson’s effect.

Keywords: ECC, GFRP bar, pull-out test, smart aggregate, damage index

INTRODUCTION

Engineering cementitious composites (ECC) are strain-hardening materials (Li et al., 2001; Lepech
and Li, 2010; Chai et al., 2018). The mechanical properties of ECC include high strain-hardening,
high shear resistance, and low density (Li et al., 1997; Li, 1998; Caner et al., 2002; Sui et al., 2018;
Zheng et al., 2018a). ECC, as a fiber-reinforced cement composite material, has a tensile strain of
more than 3% (Li, 1998). The average crack width of ECC has been found to be below 0.1 mm
(Ozbay et al., 2013; Sherir et al., 2015). The ECC material can be utilized as a good choice for
solving durability problems of structures caused by the brittleness of concrete. The corrosion of
steel rebar in reinforced concrete structures leads to serious structural safety problems. Fiber-
reinforced polymer (FRP) reinforcement has been considered a promising way of overcoming this
issue (Nayal and Rasheed, 2006; Martinelli and Caggiano, 2014). FRP reinforcement has advantages
such as high strength, low weight and elastic modulus, low cost, and excellent corrosion resistance
(Yuan et al,, 2013; Ge et al., 2019). The replacement of steel bar by FRP bar has become an accepted
practice for enhancing the durability of structures (Martinelli and Caggiano, 2014).
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FIGURE 4 | Interfacial damage between reinforcement and matrix.

more prone to cohesive failure than to interfacial debonding from
GFRP with a diameter of 16 mm. However, interfacial debonding
of G16-2 would happen due to there being a higher fiber content
of ECC at the interface than in G16-1 and G16-3.

The differences in bond behavior between G13 and G19 are
not significant, except the bond strength. The interface damage
areas of specimens are shown in Figure 4. Dark areas can be
clearly observed on the surfaces of GFRP bars; these illustrate
the splitting of their sand coating. The interfaces between GFRP
bars and G13 ECC were totally damaged due to the slight
Poisson’s effect. Increasing Poisson’s effect due to diameter
increase resulted in different failure modes in the G16 specimens.
In this study, the Poisson’s effect is reflected in the reduction of
the bond strength of specimens and different failure modes of
the interface between ECC and GFRP. Different failure modes of
bonds can also be found in the study of Zhou L. Z. et al. (2020).
The applied load of the FRP bar leads to transverse deformation.
Then, the transverse deformation leads to premature debonding
of FRP bar and ECC and influences the bond behavior. An
increase in diameter from 13 to 19 mm resulted in a significant
Poisson’s effect. Slight damage was observed in the interface
of G19 specimens due to the increasing Poisson’s effect. This
phenomenon can also be found in the literature (Baena et al.,
2009; Li et al., 2017; Di et al., 2018; Naik et al., 2019). It can be
summarized that the Poisson’s effect influences the bond behavior

of GFRP bars more significantly than steel bars for the following
reasons: (1) the low elastic modulus of FRP bars; (2) the small
height of FRP ribs; (3) the low strength of FRP ribs.

Time- and Frequency-Domain Analysis

Time- and frequency-domain analysis can be used to investigate
the damage status of specimens (Wu and Chang, 2006a,b; Han
et al., 2019; Zhou Y. et al., 2020). The signals received are
shown in Figures 5-10. An obvious decrease in the amplitude
and the signal attenuation intensity of the time-domain signal
was observed after operating condition 1 (see Figure 5). This
is due to the failure of the bolted connection of the interface
between GFRP bars and ECC. The signal amplitude reflects
the damage status of the interface between ECC and GFRP
bars. The premature debonding can be detected in the G13
specimens in operating condition 5. After testing under operating
condition 12 (the operating condition of specimen G13-2 is 11),
the amplitude of the time-domain signal remains steady due
to failure debonding of the interface. Compared with the time-
domain signal, the premature debonding can be more clearly
observed through frequency-domain signal analysis due to the
decomposition of stress wave frequency (see Figure 6). The
increase in Poisson’s effect of GFRP bars with a diameter of
16 mm compared to G13 leads to moderate degeneration of the
received single (see Figure 7). The signal attenuations of G16-1
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FIGURE 5 | Time domain of G13 after testing under different operating conditions. (A) Time domain of G13-1 under different operating conditions. (B) Time domain of
G13-2 under different operating conditions. (C) Time domain of G13-3 under different operating conditions.
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FIGURE 6 | Frequency-domain signal of G13 after testing under different operating conditions. (A) Frequency domain of G13-1 under different operating conditions.
(B) Frequency domain of G13-2 under different operating conditions. (C) Frequency domain of G13-3 under different operating conditions.
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FIGURE 7 | Time domain of G16 after testing under different operating conditions. (A) Time domain of G16-1 under different operating conditions. (B) Time domain of
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FIGURE 8 | Frequency-domain signal of G16 after testing under different operating conditions. (A) Frequency domain of G16-1 under different operating conditions.
(B) Frequency domain of G16-2 under different operating conditions. (C) Frequency domain of G16-3 under different operating conditions.
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FIGURE 9 | Time domain of G16 after testing under different operating conditions. (A) Time domain of G19-1 under different operating conditions. (B) Time domain of
G19-2 under different operating conditions. (C) Time domain of G19-3 under different operating conditions.
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and G16-3 are more remarkable than that of G16-2, as shown
in Figures 7A,C, due to the cohesive failure of the interface
between GFRP bars and ECC. The cohesive failure of G16-1
and G16-3 resulted in significant energy dissipation of the stress
wave, and the large signal energy dissipation of G16-1 and G16-3
then leads to significant signal attenuation. Due to the interfacial
debonding at the interface between ECC and FRP bars, the
attenuation of the received signal of G16-2 is less than that of
G16-1 and G16-3 (see Figure 7B). Different failure modes can be
investigated through both the time- and the frequency-domain
signal (see Figure 8). However, the frequency-domain signal is
more suitable for GFRP bar with a diameter of 16 mm, and the
attenuation of the received signal of G16-1 and G16-3 can be
observed more clearly than that of G16-2 due to the significant
damage of the interface. The time-domain signal amplitude of
G19 decreased slowly due to the remarkable Poisson’s effect (see
Figure 9). This is also evidenced by the fact that no severe damage
was observed of the interface between ECC and GFPR bars, as
described above. The attenuation trend of the frequency-domain
signal is similar to that of the time-domain signal, as shown
in Figure 10. The amplitude of the frequency-domain signal
decreased slightly during the loading process. Frequency within
the range 120-200kHz is suitable for detecting the interfacial
damage status.

Damage Index for Bond Behavior

To quantify the interfacial damage status of the interface between
GFRP bars and ECC, a DI analysis method was used in this
paper, as shown in Figures 11-13. OC1 means the healthy

status of the specimen before the pull-out test, which means
chemical debonding of the interface. The DI values of G13
increased to 0.312, 0.4, and 0.3, while the extensions under
this operating condition are relatively small (0.0302, 0.035, and
0.08 mm, respectively). After maximum load had been reached,
the average DI value of G13 increased to about 0.6. It is noted
that the sand coat damage of GFRP bars results in deterioration
of the interface after the peak bond strength. After the mechanical
bond failure, the DI values of G13 are increased slightly. At
the end of loading, the DI of G13 was maintained at a high
level (about 0.7) due to the small diameter and the sand-coat
splitting of the GFRP bars, as shown in Figure 4. The bond-slip
behavior of G13 can be detected precisely. Compared to the time-
domain signal and frequency-domain signal, the DI method is
more sensitive to debonding defects in ECC and GFPR bar pull-
out tests with a reinforcement diameter of 13 mm. Moreover, the
DI method can be utilized to quantify the damage severity of the
pull-out specimen.

The cohesive failures of G16 were observed at the early stage
of the experiment (see Figure 12). After the chemical failure,
the DI values of G16-1 and G16-3 increased to 0.25 and 0.4.
The slip values at this operating condition are relatively small
(0.302 and 0.9 mm). It is indicated that the mechanical failure
was affected by the partial damage of the interface. The initial
debonding displacement of G16-2 is smaller than that of G16-1
and G16-3 (see Figure 12) due to the integration of the interface
between ECC and FRP bar. After the mechanical failure of G16-2,
the subsequent interfacial degeneration of G16-2 developed more
slowly than that of G16-1 and G16-3. The damage status of the
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interface between ECC and FRP bars has a significant effect on
the degradation after mechanical failure. The final DI values of
G16 were lower than that of G13 due to the Poisson’s effect of
GEFRP bar. It can be concluded that not only can the DI method
be used to detect the change in the degree of interface damage
with change in the diameter of the reinforcement but can also
detect the interface failure mode.

It is obvious that a large diameter GFPR bar resulted in low
bond strength, as shown in Figure 13. At the beginning of the
pull-out tests for G19, the DI values increased significantly due to
the chemical debonding of the interface between ECC and FRP
bars, caused by a significant Poisson’s effect. Decreasing the load
of the experiment after the peak load leads to a decrease in the
Poisson’s effect of the GFRP bars. The DI values began to decline
again. The chemical debonding of the interface can be clearly
observed by DI values, unlike with the time- and frequency-
domain signals. It is necessary to consider the influence of the
Poisson’s effect on the DI method for specimens with large-
diameter GFRP bar.

The slip values of the premature debonding and failure
debonding corresponding to the DI method are listed in Table 2.
In this table, spre and sp; are the slip values of the premature
debonding and the failure debonding based on the DI method.
DI,z and Dlp; are the DI values corresponding to the sy
and sp;. tpre and tp; are the premature debonding and the
failure debonding based on the experimental results, respectively.
According to the calculated results, the slip values based on
the DI method coincide with the test results. The interfacial
damage of ECC and GFRP bars causes part of the stress wave to
be reflected, passed, and bypassed. Change in the load process
affected the proportion of reflected, passed, and bypassed waves.
Therefore, there is little deviation between the DI change and
the loading process. The average values of sy and sg; for G13
are 0.276 and 0.64, respectively. The spalling of ECC affected
the DI of G16. According to the G16-1 and G16-3 specimens,
the average DI of the premature debonding is 0.33. After the
failure debonding, the average DI is 0.367. The development of
the DI is relatively slow compared with that of G13 due to the
interface damage. The GFRP bar with a diameter of 16 mm has

TABLE 2 | Test results of the DI and the load displacement.

a lower DI than that of G13. The DI values of the premature
debonding and the failure debonding of G16-2 are 0.058 and
0.1, respectively. It can be summarized that the DI method
can be utilized to detect the different interfacial failure modes.
GFRP bar with a diameter of 16 mm has a positive effect on the
cooperative deformation ability of the GFRP and ECC. However,
it is necessary to calculate the appropriate anchorage length to
avoid ECC spalling. Specimens of G19 have the largest DI values
for the premature debonding and failure debonding compared
with G13 and G16. The corresponding average values of DI
are 0.619 (excluding the data of G19-3) and 0.678, respectively.
The remarkable Poissons’ effect of GFRP bar with a diameter of
19 mm has a negative effect on the bond-slip behavior of ECC and
GFRP bars. The DI of the premature debonding is 124% higher
than that of G13. It can be summarized that the bond failure of
19 mm GFRP will occur prematurely in ECC. According to the
analysis results, it is reasonable that the DI is no more than 0.5.

CONCLUSIONS

As a means of studying the bond behavior of ECC and GFRP bars,
a series of pull-out experiments were conducted. A theoretical
analysis of wavelet packet-based DI was then performed. The
experimental results match well and show that the degeneration
of the interface can be detected by smart aggregate. The main
findings are summarized as follows:

1. The Poisson’s effect can be reflected in the reduction of
the bond strength of ECC and GFRP. The Poisson’s effect
influences the bond behavior of GFRP bars significantly for
the following reasons: (1) the low elastic modulus of FRP bars;
(2) the small height of FRP rib; (3) the low strength of FRP rib.

. It is evident that the specimens of G16 have different failure
modes due to the Poisson’s effect, which indicates that the
bond-slip behavior and the Poisson’s effect combined can
extend the understanding of pull-out tests of FRP and ECC.

3. The damage of ECC results in sudden mechanical damage
at the interface between ECC and FRP bar. The DI method
is sensitive to detecting this brittle bond failure, which is
crucial for investigating the bond interface damage of ECC
and GFRP bar.

. Compared with the time- and frequency-domain signals, the
DI method based on the wavelet packet is more sensitive

Specimen Slip of DI Slip of Dl of the premature and accurate regarding the debonding behavior of the pull-
designation pull-out test and failure .
debonding out specimen.
5. The residual DI decreased with an increase in the diameter of
Sere Stai tore trai Dlpre Dirai the reinforcement. The Poisson’s effect should be considered
/mm /mm /mm /mm . . . .
in the analysis of the DI of large-diameter reinforcement.

G13-1 0031 1325 002 1.07 0.312 0.589 6. The slip values obtained via the DI method coincide with those
G13-2 00053 1995 0.005 1.06 0217 0.723 from the experimental results. The DI of GFRP in ECC should
G13-3 00083 1.802 0.0068  3.03 0.3 0.608 be no more than 0.5. Bond failure of GFRP with a diameter of
G16-1 00049 0338 0005 029 0.229 0.292 19 mm will occur prematurely in ECC.
G16-2 0.0102 4.627 0005 407 0.058 0.1 7. It is feasible to detect the interfacial damage behavior between
G16-3 0.0093 1.293  0.004  0.08 0.431 0.441 ECC and FRP bars by using piezoceramic transducers. The
G19-1 0123 6645  0.01 6.84 0.714 0.519 detection method in this paper warrants a more detailed
G19-2 0251 3071 001 532 0.524 0.837 investigation into the bond-slip behavior of ECC and
G19-3 052 5748  0.16 6.29 0.01 0.847 FRP bars.
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