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Abstract 

Fibre-reinforced polymer (FRP) composite materials have been increasingly used for 

strengthening concrete members. The strengthening performance and structural capacity of 

FRP reinforced concrete structures are highly influenced by the interfacial bonding behaviour 

between FRP and concrete. A reliable technique for debonding detection, especially at its early 

age, is essential to ensure the strengthening efficacy and avoid premature failure of FRP 

reinforced concrete structures. This study develops a stress wave-based sensing approach to 

quantitatively monitor the debonding process by using surface mounted piezoceramic-based 

transducers (also called as smart aggregates SAs). The scanning wave signals in swept 

frequency mode and single frequency mode were utilized in experimental and numerical 

methods, respectively. Both results showed that when the stress wave propagated through the 

FRP-concrete interface, the wave energy attenuation increased as the debonding developed. To 

quantify the debonding level and provide assessment of the interface condition, a wavelet 

packet-based debonding index was established and its validity was verified by the data 

retrieved from digital image correlation (DIC) measurement. The proposed method has 

potential for fast determination or real-time monitoring of FRP-concrete interfacial debonding 

for both research and field applications.   
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1. Introduction 

Fibre reinforced polymer (FRP) sheet has sound mechanical properties and it has been widely 

applied to strengthen existing reinforced concrete (RC) structures [1-3]. Due to environmental-

induced aging or damage, and improper design caused defects, externally bonded (EB) FRP 

sheet has been considered as one of the most effective methods for strengthening and 

retrofitting of RC structures in flexural, shear, and confinement [4-6]. The efficiency of EB 

FRP strengthening performance is governed by the interfacial bonding condition between FRP 

sheet and concrete [7]. FRP debonding caused by concrete cover separation, sheet end 

delamination, or intermediate flexural crack-induced interfacial debonding is the most critical 

issue for the performance of FRP strengthening, which also influences the interfacial contact 

stiffness between FRP and concrete [8]. The interfacial shear resistance could be undermined 

because of local bond-slip caused by concrete cracking or debonding [2, 9]. 

A few methods of debonding detection have been proposed to quantify the interfacial damage 

caused by the local cracks in concrete and local bond-slip between FRP and concrete. For the 

interfacial debonding detection, the existing techniques mainly include strain gauge 

measurement and imaging technology [10, 11]. Externally mounted strain gauge measurement 

is a conventional way to obtain the strain development on FRP surface. However, strain gauges 

might be easily damaged during operating, and the measured results could be affected by the 

workmanship. Furthermore, mounted strain gauges cannot be removed or reused, which results 

in the increased cost for laboratory research and field applications. Alternatively, digital image 

correlation (DIC) technique, as a contactless measurement method, has shown potentials to 

replace the conventional contact-measuring method. Successive digital images can be recorded, 

and the full-field displacement and strain can be analysed from surface speckles tracked by the 
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DIC system [12]. It has been demonstrated that the DIC technique exhibits the great accuracy 

with an acceptable cost [13, 14]. However, the DIC technique is not suitable for long-term 

measurement due to large amounts of data to be stored.  

On the other hand, wave-based methods have been widely used for target detection, 

classification, localization, and prediction in engineering practice [15-17]. Ong et al. [16] 

proposed a technique for detecting lap joints based on lamb wave technology and found that 

the proposed method had the potential to identify the presence of debonding in an adhesive-

bonded joint. In recent years, there is an increasing use of acoustic wave as a non-invasive tool 

for health monitoring and condition assessment of civil structures [18]. It has been 

demonstrated that the acoustic-based (active or passive) damage detection technique is an 

effective way to detect cracks and holes of composite enclosures and also measure the 

vibroacoustic flexibility matrix of damaged surface of aluminium enclosures [19, 20].  

In this study, a stress wave-based sensing approach was developed to detect the interfacial 

debonding of the BFRP-concrete interface in real time. A single-lap shear test specimen was 

prepared to simulate the debonding process. Two pairs of piezoceramic-based transducers 

called smart aggregates (SAs) were mounted on the concrete side and the FRP side to excite 

and detect the stress wave signals, respectively. During the course of loading, two SA actuators 

on the concrete side periodically generated the designed stress wave signal in swept frequency 

mode, which propagated through the BFRP-concrete interface and was detected by the paired 

SA sensors. The experimental results showed that when the stress wave propagated through 

the BFRP-concrete interface, the wave energy attenuation increased as the debonding 

developed. This phenomenon was also observed and verified in the numerical study. A wavelet 

packet-based debonding damage index was developed to quantify the debonding level at the 

local area where the SA sensors were placed. The debonding levels at the location of SA 
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sensors computed from the debonding damage index were compared with the local shear slips 

that obtained from the DIC system. 

2. Methodology 

2.1 Stress wave scanning using smart aggregates 

Piezoelectric Lead Zirconate Titanate (PZT) transducers have emerged as one of the most 

popular devices for wave signal generation and detection due to their low cost, quick 

installation, wide frequency range, and high sensitivity [21, 22].  To ensure the survivability of 

fragile PZT material, smart aggregate (SA) transducer was used in this study. The SA was 

designed as a sandwiched structure by protecting PZT patch with two marble blocks, as shown 

in Figure 1 (a-b). The reliability, functionality, and feasibility of using SAs for SHM projects 

have been proven in the past ten years [23]. 

In this study, two pairs of SAs were used to detect the interfacial debonding at two locations 

along the BFRP sheet. The schematic diagram of the sensing approach using SA enabled stress 

wave for the debonding detection of the externally bonded BFRP reinforced concrete is given 

in Figure 1 (c-d). For each pair of SAs, the one marked with red colour functions as a generator 

to emit a designed stress wave signal from the concrete side to the BFRP side. The other one 

on the BFRP side functions as a receiver to detect the propagated stress wave. When debonding 

damage occurs, the existence of the gap which acts as an additional interface will cause 

amplified wave reflection. Therefore, the stress wave attenuation from concrete side to BFRP 

side increases correspondingly as debonding intensifies. 
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(a) The photo of smart aggregate                         (b) The sketch of smart aggregate 

 

(c) Pre-debonding                                                   (d) Post-debonding 

Figure 1. The diagrams of smart aggregate (SA) and debonding detection using stress wave 

scanning 

2.2 Debonding damage index  

To define the debonding induced stress wave energy loss and quantify the debonding condition 

of the BFRP-to-concrete interface, a wavelet packet-based debonding damage index was 

adopted in this study. Wavelet analysis has been widely used as an effective signal processing 

tool in the field of structural health monitoring [23, 24]. In this study, wavelet packet 
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decomposition divides the sensor signal Y into 2n signal sets ൛𝑌ଵ, 𝑌ଶ, ⋯ ,𝑌 ,⋯ ,𝑌ଶൟ, in which 

𝑗  is the frequency of band at the n-level decomposition ( 𝑗 ൌ 1,⋯ , 2୬ )， and 𝑌  can be 

represented by Equation (1): 

                                                      ,1 ,2 ,, , ,j j j j mY y y y                                           (1) 

where m is the data samplings. The energy 𝐸  of the decomposed signal 𝑌  is defined by 

Equation (2): 

                                                         
2 2 2 2

,1 ,2 ,j j j j j mE Y y y y                                   (2) 

The energy vector 𝐸, of the sensor signal 𝑌 , where 𝑖 refers to the 𝑖୲୦ measurement, is defined 

by Equation (3): 

                                                       , ,1 ,2 ,2
, , , ni j i i i

E E E E                                      (3) 

The energy vector  𝐸, , as a baseline, is retrieved from the measurement on the healthy state 

of the BFRP-to-concrete interface. The debonding damage index I is defined by Equation (4): 
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The debonding damage index (I) refers to the energy attenuation caused by the debonding 

between BFRP sheet and concrete. When the bonding condition is in healthy state, the values 

of 𝐸, and 𝐸, are very close to each other, therefore the damage index value remains zero. 

The increase of the debonding index value corresponds to the increase of the stress wave 

attenuation ratio at the BFRP-concrete interface. If the BFRP sheet is entirely debonded from 

concrete at the sensor location, the sensor will not detect any stress wave energy from the 
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actuator. Therefore, the debonding damage index value is one as 𝐸, in this state is close to 

zero. 

3. Experimental setup 

3.1 Test specimen and SA location 

In this study, a concrete block with compressive strength of 40 MPa was prepared for the 

single-lap shear test. The dimensions of the prepared concrete block were 150 x 150 x 350 mm. 

Two layers of BFRP sheets with the density of 300 g/m2 were bonded onto the surface of 

concrete prism. The rupture tensile strength, elastic modulus, and failure strain of the BFRP 

sheet were measured as 1333 MPa, 73 GPa, and 0.l9%, respectively. The adhesive used to 

saturate the fibre is two-component epoxy resin at a weight ratio of 5:1. The ultimate tensile 

strength, elastic modulus, and rupture strain of the adhesive provided by the manufacturers 

were 50.5 MPa, 2.8 GPa, and 4.5%, respectively.  

Figure 2 shows the details of the single-lap specimen and the location of SAs. SA-1-1 and SA-

2-1 were used as receivers while SA-1-2 and SA-2-2 were set to be actuators, respectively. The 

SA-1-1 and SA-1-2 pair was placed near the loaded end to detect the early debonding. The SA-

2-1 and SA-2-2 pair was placed 40 mm away from the SA-1-1 and SA-1-2 to detect the 

debonding within the effective bond length (EBL). EBL refers to the bond length of BFRP 

sheet over which there is no debonding resistance. By means of two pairs of SAs, debonding 

failure at two SAs’ locations can be monitored in real time. 
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Figure 2. Specimen details 

3.2 Testing facilities 

In the test, the concrete block was fixed by a designed steel fixture on the workbench and tensile 

loading was applied on the loading end of BFRP. The debonding load was measured by a built-

in load cell of the universal testing machine. The testing facilities are shown in Figure 3, which 

include two pairs of SAs (i.e., four SAs), data acquisition system (NI-USB6366), laptop, testing 

machine and DIC camera. During the tensile loading, both SA actuators on concrete side 

periodically generated the designed stress wave signal in swept frequency mode, which 

propagated through the BFRP-concrete interface and was detected by the paired SA sensors. 

The amplitude, start frequency, stop frequency and the sweeping period of the swept sine wave 

signal was 10 V, 1 kHz, 300 kHz, and 1 s, respectively. The sampling rate of the data 

acquisition system for each channel was 2 MHz. 

2D Digital image correlation (2D-DIC) technique was used to measure the full-field 

displacement and strain of the BFRP sheet. The measured surface strain was used to obtain the 

interfacial shear stress and the local bond-slip was consequently obtained. The shear slip of the 
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BFRP sheet was measured by the DIC technique and the relationship between debonding 

damage index and shear slip was established accordingly.  

 

Figure 3. Test setup 

4. Experimental results 

4.1 Debonding load and shear slip 

Figure 4 illustrates the load-slip response and load-time history, respectively. It was observed 

that the debonding load of the tested specimen was around 12 kN. Three regions can be 

observed for the interfacial load-slip curves, as shown in Figure 4. At the initial stage OA, the 

shear slip between BFRP sheet and concrete was small and this stage was defined as the elastic 

region. With the increase of the applied load, the shear slip increased gradually in the stage AB, 

which was resulted from the microcracking of concrete. As shown in Figure 4 (b), the initial 

debonding initiated at the instant of 450 s, i.e. point B. After reaching the initial debonding 

point B, the shear slip increased sharply while the applied load almost remained constant during 

the debonding process of the stage BC as shown in Figure 4 (a). After reaching Point C, the 

final detachment of BFRP sheet was observed. The entire debonding process completed at 

around 600 s. 
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Figure 4. (a) Load-slip curve; and (b) Load-time curve 

4.2 Interfacial damage identification 

The tested specimen experienced a sudden failure with a flake of concrete generated beneath 

the BFRP sheet. Figure 5 shows the typical failure mode after the final detachment. It was 

observed that all the debonding failures initiated and propagated inside the concrete substrate 

layer. As the single-lap shear testing method was employed in this testing program, the effect 

of normal stress on the debonding was marginal.  The debonding of BFRP-concrete interface 

initiated from the adhesive layer and penetrated into the concrete layer upon tensile loading. 

The shear stress at the interface was transformed into tensile stress and compressive stress 

along 45o plane [25]. As tensile strength of concrete was much weaker than its compressive 

strength, debonding damage always initiated from the tensile side of the strengthened concrete 

element. Therefore, the detected local bond-slip by the SAs was actually caused by the fracture 

of concrete for BFRP-strengthened concrete structures. 
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Figure 5. Failure mode of the tested specimen 

Figure 6 illustrates the wave signals detected by SA-1-1 and SA-2-1, respectively. The curves 

with different colours represent the received signals at different bond-slip stages. The black 

curve refers to the healthy state of the interface at the initial loading stage (i.e. Point O in Figure 

4). At the instant of debonding initiation, i.e., Point B in Figure 4, interfacial debonding 

occurred at the SA-1-1 location, resulting in a significant decrease of the signal amplitude (i.e. 

the brown curves). However, there was no obvious decrease in the signal detected by SA-2-1 

sensor at the free end at this moment as debonding initiated from the loaded end and has yet 

propagated to the free end. SA-2-1 sensor only showed a slight reduction of signal amplitude 

at the instant corresponding to Point B as compared to the instant of Point A due to the 

microcracking damage. After initiation, the debonding propagated and passed the location of 

SA-2-1. Both SA sensors measured noise signal (i.e. the yellow curves) due to the full 

debonding. In the subsequent section, the amplitude attenuation is quantified through wavelet 

packet-based debonding damage index.  



12 
 

 

           (a) SA-1-1 

 
(b) SA-2-1 

Figure 6. Received signals of SA sensors at different debonding stages (note: Points O/A/B/C 
refer to Figure 4) 

Figure 7 illustrates the computed debonding damage indices for SA-1-1 and SA-2-1, as well as 

the shear slip contours of the BFRP sheet at four important instants of the debonding process. 

At the very beginning of the test, there was no debonding, so that he debonding index values 

for both SA-1-1 and SA-2-1 were close to zero. As shown in the shear slip contours from the 

DIC analysis, SA-1-1 firstly experienced the local bond-slip damage at Point A because the 

shear slip contours consisting of yellow and green colours covered the SA-1-1. However, no 

stress was transmitted to the SA-2-1 yet as shown in the colour of dark blue, which represents 

the zero slippage. The debonding damage index for SA-1-1 increased up to 0.2, while the value 

for SA-2-1 was still close to zero. With the increase of the applied tensile load, the interface 

experienced more damage and the debonding continued to propagate along the interface. The 

shear slip contours consisting of red, yellow and green colours covered both SAs at Point B, 
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indicating that the debonding has passed the location of SA-2-1. It can be seen from the damage 

indices of SA-2-1 that the index value increased up to 0.2 at Point B, indicating the initial 

debonding occurred at the location of SA-2-1. After that, the damage index of both SAs 

increased sharply to the peak value, indicating that the BFRP-to-concrete interface was fully 

debonded. 

 

Figure 7. Shear slip and debonding damage index 

Figure 8 (a, b) shows the relationship between debonding damage index and debonding load 

as well as shear slip of SA-1-1 and SA-2-1, respectively. It is observed that the debonding of 

BFRP-strengthened concrete elements is very brittle due to the sharp increment of the damage 

index after initial debonding stage (i.e. 450 s). As shown in Figure 8 (a), the damage index of 

SA-1-1 and SA-2-1 is close to zero before reaching the microcracking stage, indicating that the 

BFRP sheet and concrete interface is still well bonded and consequently the state of wave 

propagation is the same as those in the healthy state. The SA-1-1 first detected the initial 

damage at the loading force of 6.5 kN, indicating that the interface between BFRP and concrete 
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experienced concrete microcracking with local bond-slip damage, which resulted in the 

attenuation of wave propagation. With the increase in the applied load, the damage index of 

SA-1-1 increased to the range from 0.1 to 0.2 after the moment of 250 s. However, the damage 

index of SA-1-1 slightly reduced after the loading of 8.2 kN. This is because the microcracks 

in the concrete were suppressed by the applied load along the in-plane direction. The SA-2-1 

is still in the healthy state before the moment of 450 s, indicating that there is marginal local 

bond-slip damage in its vicinity. However, the damage index of SA-2-1 increases up to 0.2 at 

the moment of 450 s and continues to increase until the final debonding. Figure 8 (b) illustrates 

the relationship between the damage index and shear slip, which is similar to the relationship 

between the damage index and debonding load. It can be found that the debonding detection 

of the SA-2-1 is always delayed than that of the SA-1-1. The SA-1-1 first detected the initiation 

of local damage and the damage index increased sharply after the initial debonding stage (i.e. 

450 s), where the shear slip was around 0.31 mm. Meanwhile, the SA-2-1 quickly sensed the 

brittle interfacial debonding with the attenuation of the wave propagation and the 

corresponding damage index increased gradually with the increasing shear slip. After the 

development of the local bond-slip damage within effective bond length (EBL), the debonding 

damage process repeated in the next EBL until the final detachment of BFRP sheet. It should 

be noted the detected debonding by the SAs is the local damage rather than the global damage. 
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 (a)                                                 (b) 

Figure 8. (a) The relationship between damage index and load; and (b) The relationship 

between damage index and shear slip at different time instants 

4.3 Interfacial bond-slip response 

Figure 9 illustrates the strain contours from the DIC technique. The obtained strain contours at 

different damage stages consist of different colours. Red and blue colours refer to the maximum 

and minimum strain. At the initial debonding stage, the distance of strain transfer is known as 

the active stress transfer zone, which is also defined as the effective bond length (EBL). Figure 

10 shows the shear slip and strain distributions of the tested specimen at different time instants, 

which provides a global insight of the pre-debonding and post-debonding process. The obtained 

shear slip is derived from the DIC analysis. The shear slip maintains a similar shape for 

debonding propagation. With the increase of the applied load, the shear slip increases until the 

final detachment. At the moments of 300 s and 450 s, the maximum shear slip is around 0.2 

mm and 0.31 mm, respectively, which match well with the results provided in Figure 8 (b). To 
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better understand the shear stress transfer mechanism from the BFRP sheet to the concrete 

element, the strain profile is obtained for the shear stress propagation. It is observed that the 

strain maintains a similar shape for the debonding propagation after the initial debonding stage 

(i.e. 450 s), this is consistent with the previous studies [9]. The discontinued parts of the curves 

are shown in Figure 10 (a) and (b) as the areas covered by two SAs cannot be captured by DIC 

technique.  

 

Figure 9. Strain contours at different time instants 
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Figure 10. Shear slip and strain distributions 

To quantify the local bond-slip response of the interface, the shear stress can be derived using 

the measured strain by the following formula [9, 26]: 
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                                                1( ) k k
f fx E t

dx

   
                                      (5) 

in which Ef  and tf  are the elastic modulus and thickness of the BFRP sheet, respectively, 

1k k    refers to the strain difference between two sets (k+1 and k) on the BFRP sheet, and dx 

is the distance between the set k+1 and the set k. Figure 11 illustrates the bond-slip response 

of the tested specimen at different time instants. It is observed that the bond-slip responses 

show an ascending branch before the peak shear stress, and a descending branch is observed 

after the peak value. The average peak shear stress is around 5.6 MPa for the tested specimen. 

Three regions can be identified for the local bond-slip response, i.e. the interfacial elastic stage 

of the ascending branch (OA), the interfacial softening stage caused by the microcracking of 

concrete (AB) and the debonding stage (BC). Using the obtained debonding damage index, the 

SA-based active sensing process can well quantify the damage level of the elastic, 

microcracking and debonding stages. The quantified damage index for the microcracking stage 

is around 0.2, which is reasonable due to the fact that the microcracking of concrete results in 

a slight attenuation of stress wave energy. 
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Figure 11. Bond-slip response and debonding damage index 

5. Numerical validation 

To further investigate the effect of BFRP debonding on the stress wave energy attenuation at 

the BFRP-to-concrete interface, a 3D finite element model of BFRP-to-concrete interface was 

built by using Abaqus commercial package. Figure 12 (a) shows the sketch of the numerical 

model. The BFRP sheet was tied to the concrete surface since the debonding always initiated 

from concrete with local bond-slip. One damaged condition of the BFRP-to-concrete interface 

was considered to investigate the effect of debonding cracking on the attenuation of the stress 

wave energy by notching the concrete beneath the BFRP sheet. Healthy condition without 

concrete damage was designed to simulate the healthy state of the interface and damaged 

condition with 40 (length) x 40 (width) x 5 (depth) mm notch of concrete was designed to 

simulate the initial debonding damage, as shown in Figure 12 (b). The corresponding material 

properties of BFRP sheet and concrete are summarized in Table 1.   
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(a) Sketch of the model                                 (b) Two conditions 

 
Figure 12. Schematic diagram and numerical models 

Table 1. Material properties. 

Material Properties Values 
 

BFRP 
Density 1700 kg/m3 

Poisson ratio 0.36 
Elastic modulus 73 GPa 

 
Concrete 

Density 2400 kg/m3 
Poisson ratio 0.20 

Compressive strength 40 MPa 
 
 

Harmonic sinusoidal input signal with the frequency of 100 kHz (two cycles) was used for the 

numerical study, instead of the swept sine wave input signal which was used in the 

experimental study. Song et al. [27] investigated the effect of actuation frequency from 10 to 

180 kHz on the sensor response and found that the range of 90-110 kHz resulted in the strongest 

sensor response. Therefore, 100 kHz was selected as the actuating frequency in the numerical 

simulation. The wave propagation derived from the numerical model at the same moment is 

shown in Figure 13 (a) and (b). It is observed that the propagation of stress wave at the damaged 

interface is different from that in the healthy interface. For the damaged interface, the stress 

wave cannot propagate through the crack (i.e. notch) due to the presence of the air gap and thus 

form a reflected wave, which is different from the transmission of the stress wave at the healthy 
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interface. This can be verified by the stress wave colour map as shown in Figure 13 (a) and (b), 

e.g. the red colour region at the edge of notch of the damaged interface. The travelling wave 

signal passing two different debonding states can be obtained and the amplitudes of the 

received signal in different debonding states are plotted in Figure 14. The general trend of the 

testing results shows that the received signal is sensitive to the interfacial debonding condition. 

The stress wave propagation across the BFRP-to-concrete interface is weakened by the 

interfacial debonding. The increased debonding damage level leads to the reduction of the 

amplitude of the received signal.  

  
(a)                                                                       (b)  

Figure 13. Stress wave propagation: (a) Stress wave propagation through healthy BFRP-
concrete interface; and (b) Stress wave propagation through debonded BFRP-concrete 

interface 

 

Figure 14. Comparison of amplitude of the stress wave intensity (100 kHz) under healthy and 

damaged conditions 
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6. Conclusions 

In this study, the single-lap shear test was carried out to simulate the BFRP debonding from 

concrete element. The SA-based active sensing approach was developed to monitor the 

interfacial debonding of the FRP-concrete interface. The wavelet packet-based debonding 

damage index can successfully quantify the interfacial debonding damage level and its validity 

was verified by the digital image correlation (DIC) measurement. In addition, as validated by 

the numerical results, the obtained debonding damage index can represent the interfacial 

damage level. As single SA pair can only detect the local damage, multiple SA pairs are 

suggested to be used for extending the detected range from local to global. The developed 

method in this study provides alternative solution for fast detection and real-time monitoring 

of FRP-concrete interfacial debonding in engineering practice. 
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