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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.
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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 (Özbay 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).

Combining with ECC and FRP reinforcement is an effective method of improving the ductility and durability of this component (Zheng et al., 2018a). Previous studies demonstrate that the combination of ECC and GFRP can effectively improve the workability and energy dissipation capacity of these components (Yuan et al., 2013; Zhou et al., 2017; Ge et al., 2019). A study by Firas et al. indicated that the use of ECC has a positive effect on the behavior of the bond due to the inter-laminar rupture mechanism (Firas et al., 2011). Zheng et al. found that the bond behavior of ECC and FRP provides an improvement in the deformation capacity of these components (Zheng et al., 2018a). The behavior of the bond has a significant effect on the performance of FRP-reinforced components (Hossain, 2018; Zhou L. Z. et al., 2020). It was reported in a study by Kim et al. that the fibers in concrete changed the bond behavior and resulted in significant improvement in bond strength (Kim et al., 2013), which agreed with the results reported by Won et al. (2008) and Mazaheripour et al. (2013). Zhou et al. showed that the lower elastic modulus of FRP bar leads to a different failure mode than in steel-reinforced components (Zhou L. Z. et al., 2020). The damage mechanism and failure mode have a significant effect on the performance of FRP-reinforced components (Zhou L. Z. et al., 2020). It was reported that the existing experimental results for the bond behavior of FRP-reinforced concrete were not suitable for ECC-reinforced FRP (Bai et al., 2019; Gao et al., 2019). However, few related studies have been reported that investigated the damage mechanism and failure mode of FRP in ECC. Previous studies indicated that the bond behavior of FRP and ECC was a key factor affecting the workability and failure mechanism of this kind of reinforced components (Firas et al., 2011; Wang et al., 2015; Hossain, 2018; Zhou et al., 2018; Zhou L. Z. et al., 2020). To investigate the damage mechanism and failure mode of FRP bar in ECC, more studies need to be undertaken to look at premature and failure debonding of the interface between ECC and FRP bars.

Piezoceramic materials have been adopted as sensors in structural health monitoring in recent years (Song et al., 2007a; Zheng et al., 2018b; Han et al., 2019) due to the strong piezoelectric effect, high sensitivity, wide frequency range, energy harvesting, and low cost (Wang et al., 2018; Xu et al., 2018a). Test results have indicated that the debonding of a chemical connection can be detected by using the piezoelectric method (Song et al., 2007a,b; Xu et al., 2013, 2018b; Wang et al., 2017; Zheng et al., 2018b; Zhou Y. et al., 2020). A piezoceramic-based smart aggregate (SA) sensor was proposed by Song et al. and has been utilized to detect structural interface damage (Song et al., 2007a). It was reported by Qin et al. that this active sensing method can be used to detect the damage process of bond-slip between steel plate and concrete. It was reported that the proposed damage index based on SA can detect the debonding condition of FRP-reinforced concrete (Jiang et al., 2017). Though some researchers have successfully detected mechanical debonding damage between steel and concrete using SA sensors, the detection of both premature and failure debonding has not been reported for FRP-reinforced ECC. The bond behavior of these structures has been found to be different from that of FRP-reinforced concrete due to strain hardening of the ECC material (Xu et al., 2012; Zhang and Li, 2014). The failure process of ECC material at the interface is different from that of concrete, which is mainly determined by the fiber bridge stress. It is significant to study the bond-slip behavior of ECC and GFRP bars based on a piezoceramic transducer.

To study the bond-slip behavior and failure modes of ECC reinforced with FRP bar, a wavelet energy ratio index method was used to detect the damage status and failure modes of ECC and GFPR bars. In this paper, pull-out tests were conducted, and the active piezoceramic transducer method was implemented. A piezoceramic-based patch was bonded to the surface of FRP bar as the actuator, and a smart aggregate (SA) was bonded onto the ECC as the sensor. The test variable is the diameter of the GFPR bar. The damage status and failure modes of bond-slip behavior were detected effectively. The premature and failure debonding of the interface between ECC and GFRP bars were captured successfully based on the wavelet packet method. It can be summarized that the bond-slip behavior of ECC and GFRP bars could feasibly be detected based on the piezoceramic transducers and the wavelet packet method.



MATERIAL AND EXPERIMENTAL PROGRAM


Material and Specimen Fabrication

To investigate the bond-slip behavior of ECC and GFRP bars based on the active sensing method, the effect of the FRP bar diameter will be investigated in this study. A suitable mix proportion for the ECC was selected by using different binding materials (Zheng et al., 2018a). Type I Portland cement, type F fly ash, and fine silica sand (109–212 μm) were utilized as the matrix of the ECC. The sand-binder ratio is ~0.35. To improve the fluidity of the mixture, a superplasticizer and the thickener were used. PE fiber (2.0%) was used as the reinforcement in the mix. The work performance and flow property of the ECC mixture satisfied the requirements of standard (ACI 440.3R-04, 2004). The diameters of the GFRP bar used in this study were 13, 16, and 19 mm. In this paper, GFRP bar with a sand-coated surface was used. The corresponding ultimate strengths of the GFRP bars (13, 16, and 19 mm) are 1,003, 920, and 882 MPa, respectively. The elastic moduli of the adopted GFRP bars are 52, 48, and 48 GPa (13, 16, and 19 mm), respectively.

Nine specimens were divided into three series with different diameters. The dimension of ECC in the specimen was Φ160 mm × 200 mm. The embedded length of the GFRP bar was 5 d (five times the diameter of the GFRP bar) (Zhou L. Z. et al., 2020; see Figure 1). The non-bonded length was protected by PVC tubes to avoid the adhesion of ECC. The specimens were poured in one step and demolded after 24 h. The specimens were cured under the environment of a temperature of 20 ± 2°C and a humidity of 95% for 28 days (Zheng et al., 2018a).


[image: Figure 1]
FIGURE 1. Detection principle and dimensions of specimens.




Sensor Arrangement and Instrumental Setup

To detect the interfacial damage status and the failure modes of ECC and FRP, the PZT and SA were bonded to the surface of FRP bar and ECC, respectively (see Figure 1). The PZT patch transducer was used as an actuator, and the SA was used to sense the signal. The SA was bonded to the middle surface of the ECC correctly.

The experimental setup in this study is shown in Figure 2. A universal material testing machine was used to control the applied load. The force datum and the corresponding displacement datum were collected by a TDS-540 device. A NI USB 6363 single drive device was utilized to generate the initial signal and send it to the power amplifier and the laptop computer. The received signal was detected by the NI USB 6363 through the SA. The initial transmitted signal has a frequency range from 100 Hz to 100 kHz (Xu et al., 2018c). The voltage amplitude is 5 V, and the sweep period set was 1 s (Zheng et al., 2018b). The sampling rate of the signal response is 2 MHz. The constant displacement rate of the experiment is 0.5 mm/min. The loading scheme was composed of about 28 operating conditions (OC). At the beginning of the test, the interval of an OC is small to detect premature debonding information. Subsequently, the step was set every 1 mm. The load was put on hold between each step for the data acquisition (Jiang et al., 2017). During the loading test, the SA signal received was recorded in each operating condition.


[image: Figure 2]
FIGURE 2. Experimental setup.





PIEZOCERAMIC TRANSDUCERS AND DETECTION METHOD


Piezoelectric Transducers and Smart Aggregate

Piezoceramic-based material has been utilized as sensors due to the piezoceramic effect (see Figure 1) (Dumoulin et al., 2014; Huo et al., 2017). Lead zirconate titanate is a widely used piezoelectric material (Zou et al., 2015). The surfaces of the PZT (lead zirconate titanate) patch are covered with copper sheets. A piezoceramic-based smart aggregate (SA) sensor, which was proposed by Song et al. (2007a), has been used as an effective method for detecting the damage of reinforced components successfully. The SA has a sandwich structure, including a PZT patch and two marble blocks (Zhang et al., 2018). Due to the protection of the marble shell, the SA can be used to detect damage (Feng et al., 2016). An active sensing approach based on SA has previously been utilized as the sensor method to detect the bond-slip mechanical behavior between steel plate and concrete (Qin et al., 2015). Obviously, the SA detection method has great potential for the detection of the debonding of ECC and FRP. To generate an equal amplitude stress wave, a PZT patch was bonded as shown in Figure 1. The stress wave with the interface damage information was transmitted to the SA on the surface of the ECC. Before the loading process of the test, the received signal reflects the health status of the specimen, and this signal was also used as the baseline signal for analysis. The amplitude of the stress wave is changed after the original stress wave passes through the damage interface between ECC and FRP (Jiang et al., 2017). The debonding deterioration of the interface affects the energy dissipation of the stress wave during the pull-out tests. The debonding damage of premature debonding and failure debonding of ECC and FRP can be quantified based on this method.



Wavelet Packet-Based DI

To analyze the information on damage in the received signal, the wavelet packet method was utilized due to the frequency coverage of both high- and low-frequency bands (Song et al., 2007b; Xu et al., 2012; Han et al., 2019). The interfacial degradation was quantified through comparative analysis of the received signal (Qin et al., 2015). In this paper, different loading conditions of premature debonding and failure debonding were imposed to study the bond-slip process. Based on n-level wavelet packet decomposition, the received signal S can be decomposed into 2n signal sets {S1,S2,…,Sn2}. The decomposed signal Sj is shown as,

[image: image]

where n is the sequence number of the decomposed signal. j (j= 1 …2n) is the frequency band. The energy of the decomposed signal can be expressed as
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where I is the operating condition of the experiment. The signal energy vector can be expressed as
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DI can be defined as

[image: image]

where E1.j means the energy vector of the baseline signal before the pull-out test and Ei.j means the energy vector of that specific operating condition. DI represents the interfacial damage state. In the healthy state of the specimen, the DI value is zero. During the pull-out test, the value of DI increases with the interfacial damage state. The value of DI is 1 when the interface between ECC and FRP has experienced total debonding.




EXPERIMENT RESULTS AND DISCUSSION


Study of Bond Behavior in the Tests

The specimens were designated according to bar diameter (13, 16, and 19 mm). The embedded length is 5 times the diameter. The average bond stress was defined as:

[image: image]

where P is the load (kN), d is the diameter of GFRP bars (mm), and l is the embedded length (mm). The test results of specimens are summarized in Table 1. In this table, τche and τmax are the premature debonding and the maximum bond strength. tpre and tfai are the corresponding slip value of the free end. τre is the residual bond stress.


Table 1. Test results of the specimens.

[image: Table 1]

The bond stress-slip curves are plotted in Figure 3. The bond-slip curves can be divided into three phases: (1) the elastic phase, (2) the nonlinear phase, and (3) the failure phase. An increase in diameter from 13 to 19 mm resulted in a decrease in bond strength by about 80% due to the Poisson's effect of GFRP bars (Di et al., 2018). The average corresponding slip value of bond strength was increased by 257%. 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). Interestingly, the G16 specimens have different failure modes in the non-linear phase. The bond stress of G16-1 and G16-3 degraded rapidly after the peak load. They then decreased gradually and remained stable with the loading process due to the peeling of ECC (see Figure 4, G16-1 and G16-3). The bond behavior has a secondary damage status, and the load will be reduced rapidly after a slip of 5 mm. During the pull-out tests of G16-1 and G16-3, the ECC at the interface is 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.


[image: Figure 3]
FIGURE 3. Bond stress vs. slip at free end of specimens with different diameters.



[image: Figure 4]
FIGURE 4. Interfacial damage between reinforcement and matrix.


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 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 120–200 kHz is suitable for detecting the interfacial damage status.


[image: Figure 5]
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.



[image: Figure 6]
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.



[image: Figure 7]
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 G16-2 under different operating conditions. (C) Time domain of G16-3 under different operating conditions.



[image: Figure 8]
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.



[image: Figure 9]
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.



[image: Figure 10]
FIGURE 10. Frequency-domain signal of G16 after testing under different operating conditions. (A) Frequency domain of G19-1 under different operating conditions. (B) Frequency domain of G19-2 under different operating conditions. (C) Frequency domain of G19-3 under different operating conditions.




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.


[image: Figure 11]
FIGURE 11. Damage Index and bond stress-slip curves of G13.



[image: Figure 12]
FIGURE 12. Damage Index and bond-slip curves of G16.



[image: Figure 13]
FIGURE 13. Damage Index and bond-slip curves of G19.


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 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 GFRP 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 sfai are the slip values of the premature debonding and the failure debonding based on the DI method. DIpre and DIfai are the DI values corresponding to the spre and sfai. tpre and tfai 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 spre and sfai 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 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.


Table 2. Test results of the DI and the load displacement.

[image: Table 2]




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.

2. 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.

4. Compared with the time- and frequency-domain signals, the DI method based on the wavelet packet is more sensitive and accurate regarding the debonding behavior of the pull-out specimen.

5. The residual DI decreased with an increase in the diameter of the reinforcement. The Poisson's effect should be considered in the analysis of the DI of large-diameter reinforcement.

6. The slip values obtained via the DI method coincide with those from the experimental results. The DI of GFRP in ECC should be no more than 0.5. Bond failure of GFRP with a diameter of 19 mm will occur prematurely in ECC.

7. It is feasible to detect the interfacial damage behavior between ECC and FRP bars by using piezoceramic transducers. The detection method in this paper warrants a more detailed investigation into the bond-slip behavior of ECC and FRP bars.
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