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1. Introduction 
 

Structural heath monitoring (SHM) involves the 

implementation of damage detection techniques to 

structures (Raghavan and Cesnik 2007, Worden et al. 2007, 

Ng and Chan 2014). Engineering infrastructures are 

indispensable assets of the society and provide people with 

essential services. Therefore, the paramount importance of 

SHM has been widely recognised. Among different damage 

detection methods, guided wave-based approach has 

emerged as a promising technique (Diamanti et al. 2004, 

Schubert et al. 2014, Ng 2015b, Tian et al. 2015, He and 

Ng 2017a, Aryan et al. 2017b). Guided waves propagate in 

solid media, interacting with the boundaries in such a way 

that boundary conditions could be satisfied. Different types 

of guided waves can occur depending on geometrical 

properties and boundary conditions of the structure 

(Mohabuth et al. 2016, He and Ng 2017b, Yang et al. 

2018). 

Rayleigh wave propagates on the surface of a semi-

infinite solid medium. Lamb waves propagate in plate-like  
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structures and their propagation is guided by the free upper 

and lower surface boundaries of the plate (Ng 2015a). 

Compared to conventional bulk wave methods, guided 

wave-based damage detection techniques offer some 

advantages, such as relatively long travel distances, active 

nature in damage detection, high sensitivity to small 

damages, capability to inspect inaccessible locations and 

feasibility of embedding in structural components (Ng 

2014a, b, Carboni et al. 2015, Harb and Yuan 2015, He and 

Ng 2015). 

 

1.1 Guided waves in composites 
 

Guided wave-based damage detection techniques in 

composites have been studied extensively in the last two 

decades (Aryan et al. 2017a, Raghavan and Cesnik 2007, 

He and Ng 2016). Rose (2002) provided an insight on the 

potentials of guided waves for SHM by outlining 

advantages of guided waves along with possible application 

fields. Delamination is one of the common types of damage 

in composite laminates; therefore, it is important to extract 

characteristics of scattered guided wave signals from the 

delamination. Because of multi-layered and non-isotropic 

nature of composite laminates, guided wave propagation in 

composite laminates is complex (Soleimanpour and Ng 

2017a). It is very challenging to extract the information of 

the presence of delamination from the measured signals 

(Chakraborty 2009). Ramadas et al. (2009) presented 
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numerical simulations and experimental verification for 

interaction of fundamental anti-symmetric mode of Lamb 

wave (A0) at delaminations located symmetrically in the 

through-thickness direction of composite laminates. After 

that, Ramadas et al. (2010) also investigated the interaction 

of fundamental symmetric mode of Lamb wave (S0) and A0 

Lamb wave at delaminations located asymmetrically in the 

through-thickness direction. Singh et al. (2012) presented a 

numerical approach to model the interaction of A0 Lamb 

waves with delamination in glass fibre-reinforced 

composite laminates. 

 

1.2 Damage detection techniques for FRP-retrofitted 
concrete structures 
 

Fibre reinforced polymer (FRP) composites have been 

extensively used to increase flexural and/or shear strength, 

improve ductility and repair damaged and deteriorated 

concrete structures (Biolzi et al. 2013, Choi et al. 2013, 

D’Antino and Pellegrino 2014). The need for retrofitting 

may arise from errors in design and/or construction and 

higher loading requirements (Balaguru et al. 2009, Bank 

2006). FRPs have high strength-to-weight and stiffness-to-

weight ratios compared to conventional retrofitting 

materials, e.g., steel. Ease of installation with minimum 

labour and equipment cost, versatile fabrication and 

tailorable mechanical properties are the other advantages of 

FRP composites. FRPs also have good resistance to 

corrosion (Ko et al. 2014). 

There are, on the other hand, serious concerns about 

sustainability of FRP composites in civil engineering 

applications (Alampalli and Ettouney 2014). Defects in 

FRP-rehabilitated concrete structures can occur in 

constituent materials (fibre and epoxy resin), during 

preparation and installation of FRP on concrete substrate, or 

during their service life (Karbhari et al. 2005). Human 

errors, flawed or inadequate procedures and environmental 

factors can contribute to occurrence and propagation of 

defect in FRP-rehabilitated concrete structures (Akuthota et 

al. 2004). If defects are undetected and untreated, 

effectiveness of the retrofitting and performance of the 

FRP-retrofitted concrete elements can be adversely affected 

(Nassr and Dakhakhni 2009, Xu et al. 2005). Therefore, 

SHM needs to be implemented in FRP-retrofitted concrete 

structures with proper damage detection techniques. 
A number of non-destructive evaluation (NDE) 

techniques have been used for detecting defects in the FRP-
retrofitted concrete structures. Visual inspection is the first 
and basic step in any structural safety inspection. Some 
types of defects in the FRP-retrofitted concrete structures, 
such as UV-induced material discoloration, surface 
moisture absorption and fabric wrinkles can be detected by 
visual inspection (Nishizaki and Meiarashi 2002). However, 
visual inspection is susceptible to misunderstanding of the 
inspector, especially in varying inspection conditions. Also, 
visual inspection is not capable of finding sub-surface 
defects in the FRP-retrofitted concrete structures (Khan 
2010). Impact testing, also known as hammer tapping, is 
another simple method for finding debondings in the FRP-
retrofitted concrete structures (Washer and Alampalli 
2014a). It involves the use of a hard object, such as hammer 

to impact the surface of the composite material bonded on a 
concrete substrate. Debonding between FRP composite and 
concrete could result in a distinctive tone. Although impact 
testing is a very simple method, it is highly subjective, time-
consuming and does not show a good level of consistency 
(ACI 440R-07). 

Infrared thermography (IRT) is another NDE technique 

for the FRP-retrofitted concrete structures (Brown and 

Hamilton 2013). It involves flowing heat through the 

inspection area. Existence of a defect can disrupt the flow, 

resulting in surface temperature change and this can be 

captured by an infrared camera (Washer and Alampalli 

2014b). There are several drawbacks regrading IRT 

method. The presence of dirty or wet surfaces can make the 

IR thermal image very noisy, i.e., hiding subsurface defects. 

Furthermore, IRT is highly sensitive to environmental 

factors, such as sunshine, wind and ambient temperature 

(Ettouney and Alampalli 2012). Moreover, emissivity could 

vary from material to material, which could affect the 

consistency of results (Turatsinze et al. 2011). Another 

damage detection technique in the FRP-retrofitted concrete 

structures is acoustic emission (AE). It is based on the fact 

that when structural elements undergo certain levels of 

stress, acoustic bursts are released from the material if 

defects appear in the structure (Mirmiran et al. 1999). AE 

can be used to detect debonding between FRP and concrete 

substrate (Fam and Mirmiran 2014). The main disadvantage 

of acoustic emission is that it is a passive method, i.e. the 

structure needs to be loaded to a certain level and defect 

must exist so that sensors could capture the acoustic 

emissions (Karbhari et al. 2005). 

A number of studies have focused on detection of 

debonding between FRP and concrete using piezoelectric 

ceramic (PZT) elements. PZT elements are one of the most 

commonly used transducers in SHM (Raghavan and Cesnik 

2007). PZT function is based on direct and inverse 

piezoelectric effects. The piezoelectric direct effect is the 

generation of electric charge due to mechanical stress. The 

opposite effect, is the application of a difference of potential 

to induce strain (Cheeke 2012). Therefore, PZT can 

function as both actuator and sensor. Jiang et al. (2017) 

studied on detection of debonding between FRP bar and 

concrete structure using PZT transducers and wavelet 

packet analysis. Sun et al. (2015) presented an impedance-

based method to detect debonding in concrete beams 

strengthened with FRP strips using PZT sensor/actuators. 

An ensemble particle swarm optimization approach was 

also adopted to improve the accuracy of debonding 

detection method. Sevillano et al. (2016) studied on sensing 

methods for debonding detection in reinforced concrete 

beams strengthened with externally-bonded FRP strips. 

Fibre Bragg grating (FBG) sensors were compared with 

PZT sensors in this study. Debonding detection in concrete-

filled FRP tubes was studied by Luo et al. (2016) using 

time-of-flight (ToF) of ultrasonic waves generated by PZT 

transducers. 

 

1.3 Rayleigh wave for SHM in FRP-retrofitted 
concrete structures 
 

To date, Rayleigh wave has been studied for detecting 
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surface and near-surface defects and evaluating repairs in 

concrete structures. Hevin et al. (1998) presented a 

numerical model for characterisation of concrete surface 

crack using Rayleigh wave. Edwards et al. (2006) worked 

on gauging of concrete surface crack depth using wideband 

Rayleigh waves. Zerwer et al.  (2005) studied on Rayleigh 

wave-based surface crack detection in concrete with 

numerical and experimental measurements. Shin et al. 

(2007) worked on improving velocity measurement of 

Rayleigh wave for NDE of early-age concrete. Concrete 

surface cracks could be repaired by injection of epoxy 

materials. Aggelis and Shiotani (2007) worked on 

evaluating repair of concrete surface cracks by Rayleigh 

waves. Aggelis et al. (2009) studied the relationship 

between Rayleigh wave characteristics and the depth of 

concrete surface cracks. An experimental work was 

presented by Sun et al. (2008) by analysing Rayleigh wave 

parameters for damage detection in concrete structures.  

Considering the limitations of current damage detection 

methods, applications of Rayleigh wave have the potential 

for active and real-time monitoring of the FRP-retrofitted 

concrete structures using embedded actuating/sensing 

system. This paper aims at developing a ToF approach 

using Rayleigh wave to detect and locate debonding at the 

interface of FRP and concrete in the FRP-retrofitted 

concrete structures.  

The paper is organised as follows. A three-dimensional 

(3D) finite element (FE) model for simulating Rayleigh 

wave propagation and scattering debonding is described in 

Section 2. Absorbing layers for Rayleigh wave in the FRP-

retrofitted concrete structures are then presented. After that, 

the proposed ToF method for locating debonding in 

FRP/concrete is presented. The 3D FE model for simulating 

Rayleigh wave propagation in the FRP, concrete and FRP-

retrofitted concrete structures is verified in Section 3. Then, 

different debonding cases are used to demonstrate the 

capability of the proposal debonding detection method. 

Finally, conclusions are drawn in Section 4. 

 

 

2. Methodology 
 

2.1 Finite element simulation 
 

In this study, 3D FE simulations are performed using 

ABAQUS/Explicit. The simulation results are then used to 

verify the proposed ToF damage detection approach 

described in Section 2.4. The FE simulations involve 

modelling of FRP-retrofitted concrete, excitation of 

Rayleigh wave and calculation of the scattered wave signals 

from the debonding. 
Four-noded S4R shell elements are used to model the 

FRP laminate and eight-noded C3D8R solid elements are 
used to model the concrete. Preliminary simulation results 
with and without rebars in the concrete show that the rebars 
in the concrete has minor effects on the measured Rayleigh 
wave and only cause body wave reflections, which could be 
removed by baseline subtraction. Effects of rebars on 
Rayleigh wave scattering from debonding is discussed in 
Section 3.3. Therefore, the rebars are not modelled in the 
FE model in this study. In the literature, it was shown that  

 

Fig. 1 Schematic diagram of FRP/concrete model 
 

Table 1 Elastic properties of fibre and epoxy matrix 

Elastic properties of carbon fibre 

Ef11 (GPa) Ef22 (GPa) Gf12 (GPa) Gf23 (GPa) f (kg/m3) f12 

231 14.48 22.75 4.83 1760 0.27 

 

Elastic properties of epoxy matrix 

 Em (GPa) Gm (GPa) m (kg/m3) m 

3.77 1.35 1220 0.40 

 
 

limiting the excitation frequency up to 150 kHz could 

minimise the Rayleigh wave scattered from concrete 

aggregates (Wu and Chang 2006). Thus, a 150 kHz narrow-

band five-cycle sinusoidal tone bust pulse modulated by a 

Hanning window (Hedayatrasa et al. 2016) is used as the 

excitation signal. The Rayleigh wave is generated by 

applying out-of-plane nodal displacement to the FE nodes 

covered by a 10 mm diameter circular transducer area. It 

should be noted that the actual body of transducer was not 

modelled in ABAQUS simulations. The Rayleigh wave was 

measured by monitoring out-of-plane nodal displacements. 

Shell elements with dimension 1 mm×1 mm and solid 

elements with dimension 1 mm×1 mm×1 mm are used in 

ABAQUS models. This ensures at least 12 FE nodes exist 

per wavelength, and hence, guarantees the accuracy of the 

FE simulations. The stable time increment is automatically 

controlled by ABAQUS. To simulate the FRP-retrofitted 

concrete, surface-to-surface tie constraint is applied to 

connect nodes between the shell and solid elements. For 

numerical case studies, the debonding between FRP and 

concrete is simulated by untying nodes covered by the 

debonding area. Since the element size is usually very small 

compared to the actual size of the concrete element, 

simulation of wave propagation in the whole concrete 

element will result in a large number of elements in the 

model, i.e., expensive computational cost. To overcome this 

issue in the numerical case studies, only a section of FRP-

retrofitted concrete structure is modelled in ABAQUS as 

shown in Fig. 1. Since the wave propagation is a local 

phenomenon, this section can represent a large FRP-

retrofitted concrete structure with the use of absorbing 

regions described in Section 2.3.  

The FE simulation results are verified using DISPERSE 

program (Pavlakovic and Lowe 2003). DISPERSE is based 

on the global matrix method to calculate the dispersion  
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Table 2 Elastic properties of FRP ply 

E11 (GPa) E22 (GPa) E33 (GPa) G12 (GPa) G13 (GPa) G23 (GPa) 

170.78 10.30 10.30 6.97 6.97 3.53 

 
12 13 23  (kg/m3) 

 
0.30 0.30 0.46 1617 

 

 
Fig. 2 Schematic diagram of determining damage location 

in FRP/concrete under one-dimensional situation using ToF  

 

 

curves for studying guided wave propagation in multi-

layered media. In this method, the wave propagation in a 

bulk material is described and related to displacements and 

stresses in the material. Then, individual layers would be 

assembled to create the global matrix representing a 

complete multi-layered system. 

 
2.2 Material properties 

 

The Young’s modulus, density and Poisson’s ratio of 

the concrete are assumed to be Ec=25 GPa, c=2400 kg/m3 

and c=0.16, respectively. The FRP composite laminate 

consists of four plies with layup sequence of (0/90)S. The 

thickness of each lamina is 0.2 mm so that the total 

thickness of the FRP composite laminates is 0.8 mm. It is 

assumed that the FRP composite laminate is made up of 

carbon fibre and epoxy matrix with a fibre weight fraction 

(Wf) of 0.8. Table 1 shows the mechanical properties of the 

carbon fibre and epoxy matrix. Chamis (1984) formulated 

mechanical properties of a composite ply based on the 

properties of fibre and matrix as 

𝜌 = 𝑉𝑓𝜌𝑓 + 𝑉𝑚𝜌𝑚 (1) 

𝐸11 = 𝑉𝑓𝐸𝑓11 + 𝑉𝑚𝐸𝑚 (2) 

𝐸22 = 𝐸33 =
𝐸𝑚

1 − √𝑉𝑓(1 −
𝐸𝑚
𝐸𝑓22

)
 

(3) 

𝐺12 = 𝐺13 =
𝐺𝑚

1 − √𝑉𝑓(1 −
𝐺𝑚
𝐺𝑓12

)
 

(4) 

𝐺23 =
𝐺𝑚

1 − √𝑉𝑓(1 −
𝐺𝑚
𝐺𝑓23

)
 

(5) 

𝜈12 = 𝜈13 = 𝑉𝑓𝜈𝑓12 + 𝑉𝑚𝜈𝑚 (6) 

𝜈23 =
𝐸22
2𝐺23

− 1 (7) 

where V, W, E, G,  and  represent the volume fraction, 

weight fraction, modulus of elasticity, shear modulus, 

density and Poisson's ratio of constituent materials, 

respectively. Also, the subscripts f and m denote the 

properties of fibre and matrix. Based on the elastic 

properties of carbon fibre and epoxy matrix, and carbon 

fibre weight fraction, the elastic properties of each FRP ply 

are calculated and shown in Table 2. 

 

2.3 Absorbing regions 
 

Absorbing layers by increasing damping (ALID) is one 

of the commonly used methods in guided wave problems. It 

involves adding successive layers to the main structure with 

gradual increase in damping values while other elastic 

properties are the same as the main structure. To ensure the 

explicit FE simulations are computationally efficient, only 

mass-proportional damping is applied as it only has small 

effect on stable time increment. Mass-proportional damping 

across absorbing regions can be formulated as (Rajagopal et 

al. 2012) 

𝐶𝑀(𝑥) = 𝐶𝑀𝑚𝑎𝑥𝑋(𝑥)
𝑃 (8) 

where X(x) ranges from 0 at the beginning of absorbing 

layer and 1 at the end of absorbing layer, and CMmax is the 

maximum mass proportional damping. 

 

2.4 Time-of-flight approach for determining 
debonding location 
 

In this study, a ToF approach is proposed to determine 

the location of the debonding. ToF-based damage detection 

techniques have been widely used in guided wave damage 

detection (Diamanti et al. 2005, Soleimanpour and Ng 

2017b). Basically, ToF can be defined as the time 

difference between the incident wave emitted from the 

actuator and damage-scattered wave captured by the sensor. 

A simple example is when a debonding is located exactly 

on the projection of actuator and sensor as shown in Fig. 2. 
The sensor captures the incident wave first, and then, the 

wave reflected from the debonding. Difference of ToF 
between the reflected wave from the debonding and 
incident wave (∆t) can be estimated from the measured 
data. Since the material properties of the structures are 
known in advance, and hence, the group velocity of the 
wave (Cg) can be theoretically calculated or it can be 
directly obtained from experimental measurements. The 
debonding location can be determined by 

𝐿𝑑 =
1

2
(𝐶𝑔. ∆𝑡) (9) 

Fig. 3 illustrates an FRP-retrofitted concrete element 
with a pair of actuator-sensor attached on FRP retrofitted 
concrete. The actuator, sensor and debonding are located at 
(xA,zA), (xs,zs) and (xD,zD), respectively. Eq. (9) can be 
written as 
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Fig. 3 Schematic diagram of FRP retrofitted concrete with a 

pair of actuator/sensor 
 
 

∆𝑡 = 𝑡2 − 𝑡1 = (
√(𝑥𝐷 − 𝑥𝐴)

2 + (𝑧𝐷 − 𝑧𝐴)
2

𝐶𝑔

+
√(𝑥𝐷 − 𝑥𝑆)

2 + (𝑧𝐷 − 𝑧𝑆)
2

𝐶𝑔
)

−
√(𝑥𝑆 − 𝑥𝐴)

2 + (𝑧𝑆 − 𝑧𝐴)
2

𝐶𝑔
 

(10) 

where t2 is arrival time of the signal generated by the  

actuator, scattered by damage and captured by the sensor 

while t1 is arrival time of the wave generated by the actuator 

and directly captured by the sensor.  

In the real situation, when we have a network of 

transducers, each of the transducer can be used as both 

actuator and sensor, Eq. (10) can be further expanded to 

take into account of this. With a transducer network 

comprising of Nd transducers, this relation can be applied to 

each pair of transducers (actuator and sensor), i.e., 

transducer (i) and transducer (j), where i, j= 1, 2,…, Nd and 

i≠j. If ∆ti-j denotes difference between arrival time of wave 

generated by actuator (i), and then scattered by damage and 

captured by sensor (j), Eq. (10) then becomes 

∆𝑡𝑖−𝑗 = (
√(𝑥𝐷 − 𝑥𝑖)

2 + (𝑧𝐷 − 𝑧𝑖)
2

𝐶𝑔

+
√(𝑥𝐷 − 𝑥𝑗)

2 + (𝑧𝐷 − 𝑧𝑗)
2

𝐶𝑔
)

−
√(𝑥𝑖 − 𝑥𝑗)

2 + (𝑧𝑖 − 𝑧𝑗)
2

𝐶𝑔
 

(11) 

The solution of a set of equations for each actuator-

sensor pair results in a number of ellipses and the 

intersections of elliptic solutions can be used to indicate the 

debonding location. 

Table 3 Comparison between FE and DISPERSE results 

 
FE 

 
Cg (m/s) Cp (m/s) 

 
Out-of-plane excitation In-plane excitation Out-of-plane excitation In-plane excitation 

FRP 1517 7478 1138 7553 

Concrete 1892 1898 

FRP/concrete 2020 2047 

 
DISPERSE 

 
Cg (m/s) Cp (m/s) 

 
Out-of-plane excitation In-plane excitation Out-of-plane excitation In-plane excitation 

FRP 1630 7461 1152 7489 

Concrete 1916 1916 

FRP/concrete 2076 2058  

 

 
(a) FRP composite model 

 
(b) Concrete model 

 
(c) Assembly of FRP-retrofitted concrete 

Fig. 4 FE Model 2 

 

 

3. Results and discussions 
 

3.1 Model verification 
 

To employ the FE simulation of Rayleigh wave for 

validating the proposed debonding method, the 3D FE 

model needs to be verified, i.e., the waves simulated in  
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(a) Model 1 (without absorbing layers) 

 
(b) Model 2 (with absorbing layers) 

Fig. 5 Normalised out-of-plane displacement amplitude at 

x=50 mm and z=0 mm 

 

 

FRP-retrofitted concrete structure. In the verification, the 

wave propagation in the FRP composite laminate, concrete 

and FRP-retrofitted concrete structure are studied 

individually. The 3×10-4s wave propagation phenomenon is 

simulated using ABAQUS. Group and phase velocities, 

which are denoted by Cg and Cp, can be calculated as 

(Aryan et al. 2016, Soleimanpour and Ng 2016) 

𝐶𝑔 =
Δ𝑥

Δ𝑡
 (12) 

𝐶𝑝 =
2𝜋𝑓𝑐Δ𝑥

Δ𝜑
 (13) 

where ∆x is distance between measurement points, ∆t is 

difference of wave arrival time, fc is the central excitation 

frequency, and ∆ indicates phase difference of the wave 

signals between measurement points. Next, the calculated 

group and phase velocities are compared with DISPERSE 

results. In the FRP composite laminate model, in-plane and 

out-of-plane excitations would result in S0 and A0 Lamb 

wave, respectively. In the concrete and FRP-retrofitted 

concrete model, both in- and out-of-plane excitations would 

generate Rayleigh wave. Table 3 shows the calculated 

group and phase velocities for FRP composite laminate, 

concrete and FRP/concrete models. There is good 

agreement between results of FE simulations and 

DISPERSE.  

 
3.2 Implementation of absorbing layers 

 

Absorbing layers are separately applied to the FRP and 

concrete models. To demonstrate the performance of the 

absorbing layers in FRP-retrofitted concrete, two models, 

Model 1 and Model 2, without and with absorbing layers 

are considered in this study. In both models, the dimensions  

 
(a) Model 1 (without absorbing layers) 

 
(b) Model 2 (with absorbing layers) 

Fig. 6 Normalised out-of-plane displacement amplitude at 

x=150 mm and z=0 mm 
 

 

of the FRP composite laminate are 400 mm×50 mm (L×W) 

consisting of four 0.2 mm thick plies with the same 

mechanical properties and fibre orientation as described in 

Section 2.2. The dimensions of the concrete in the FE 

model are 400 mm×50 mm×80 mm (L×W×H). Both 

models are the same except that one of them is without the 

absorbing layers. In this study, the absorbing region is 

considered acceptable if the amplitude ratio of reflected 

wave to incident wave is smaller than -46dB. Considering 

Eq. (8), a value of P equal to 3 is used based on the 

suggestion given by Rajagopal et al. (2012). Also, the width 

of absorbing region is 40 mm and CMmax=2.5×106. Rayleigh 

wave is generated at x=50 mm and z=0 mm based on the 

Cartesian coordinate as shown in Fig. 4. 

To demonstrate the effectiveness of the absorbing 

region, the calculated out-of-plane displacements are 

compared between two FRP-retrofitted concrete models, 

one without and the other with absorbing region. Figs. 5 and 

6 show the normalised out-of-plane displacement amplitude 

at the sensor located at x=50 mm and z=0 mm, and x=150 

mm and z=0 mm in Models 1 and 2. As shown in Figs. 5 

and 6, absorbing layers have successfully removed 

boundary reflections reducing the computational cost of 

simulating Raleigh in a large size of structure. 
 

3.3 Determination of debonding location 
 

A series of numerical case studies are considered, in 

which the Raleigh wave simulated by the FRP-retrofitted 

concrete FE models is used to validate the proposed ToF-

based debonding localisation method. In the numerical case 

studies, the dimensions of the 4-ply FRP are 250 mm×200 

mm, which is bonded to a 250 mm×200 mm×80 mm 

(L×W×H) concrete. 40 mm wide ALIDs are applied to the 

boundaries of FRP and concrete parts. The mechanical 

properties of the FRP, concrete and absorbing layers are the  
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Fig. 7 Assembly of FRP/concrete model 

 

Table 4 Coordinates of the PZT centres in numerical case 

studies 

PZT x (mm) z (mm) 

1 50 150 

2 50 50 

3 200 50 

4 200 150 

 

Table 5 Coordinates of the debonding centres and diameters 

in numerical case studies 

Case x (mm) z (mm) Debonding diameter (mm) 

1 80 120 6 

2 125 80 6 

3 225 80 6 

4 225 80 8 

 

 

Fig. 8 PZT and debonding locations in Cases 1-3 of the 

numerical studies 

 

 

same as those described in Sections 2.2 and 3.2. The 

assembly of FRP/concrete model is shown in Fig. 7. Four 

cases are considered in the numerical case studies. Cases 1-

3 consider a 6 mm diameter circular debonding located at 

three different locations as shown in Fig. 8. Based on the 

Cartesian coordinate shown in Fig. 8, the coordinates of the 

PZT and the centres of the debondings are summarised in  

 
(a) Signal from model without debonding 

 
(b) Signal from model with debonding 

 
(c) Scattered signal obtained from baseline subtraction 

Fig. 9 Wave signals generated by PZT-1 and captured by 

PZT-3 in the model without rebars 

 

 

Tables 4 and 5, respectively. Case 4 considers a debonding 

at the same location as Case 3 but the diameter of the 

debonding is increased to 8 mm. 

In each case, Rayleigh wave is sequentially generated by 

each PZT, and at the same time the wave signals are 

measured by the rest of the PZTs. A model without the 

debonding is used for baseline subtracting purpose to 

extract the scattered wave signal. The scattered wave is 

obtained by subtracting the simulated displacement 

responses of the model with debonding from those of the 

intact model. Rayleigh wave signals are normalised based 

on the maximum absolute amplitude of signal in the model 

without debonding. Fig. 9(a) shows the incident wave 

generated by PZT-1 and captured at PZT-3 in the model 

without debonding in Case 4. Fig. 9(b) presents wave 

generated by PZT-1, scattered at the debonding and then 

captured by PZT-3. The scattered signal is shown in Fig. 

9(c).  

As discussed in Section 2.1, rebars have minor effects 

on incident Rayleigh waves and rebar reflections can be 

removed by the baseline subtraction. To demonstrate the 

effect of rebar in wave propagation, 10 mm diameter steel 

bars with a concrete cover of 50 mm are added to the FE  
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(a) Signal from model without debonding 

 
(b) Signal from model with debonding 

 
(c) Scattered signal obtained from baseline subtraction 

Fig. 10 Wave signals generated by PZT-1 and captured by 

PZT-3 in the model with rebars 

 

 

Fig. 11 Wave signals generated by PZT-4 and captured by 

PZT-3 for debonding Case 4 

 

 

model. Fig. 10(a) displays the incident wave generated by 

PZT-1 and captured at PZT-3 in the model with rebar and 

without debonding between FRP and concrete. Fig. 10(b) 

shows the wave signal generated by PZT-1, scattered at the 

debonding and then captured by PZT-3. The scattered 

signal from debonding in the model with rebars is shown in 

Fig. 10(c). As seen in Figs. 9(c) and 10(c), the scattered 

signal is the same for both models, i.e., without and with 

rebars. It should be noted that experimentally measured 

Rayleigh wave signals contain some degrees of noise. The  

 
(a) Estimated debonding location in Case 1 

 
(b) Estimated debonding location in Case 2 

 
(c) Estimated debonding location in Case 3 

Fig. 12 Elliptic solutions for 6 mm diameter circular 

debonding in Cases 1-3 

 

 

quality of signals can be improved significantly by 

averaging and also applying a bandpass filter. Thus, for 

numerical case studies of damage localisation, 2% of noise 

was added to the signals obtained from FE simulations. 

That could ensure that the proposed method can be used in 

practical situations. Figure 11 shows the signal generated by 

PZT-4 and captured by PZT-3 for debonding case 4 with 

the added noise. 
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Fig. 13 Elliptic solutions for 8 mm diameter circular 

debonding in Case 4 

 

 

The ToF is calculated based on the difference of arrival 

time of incident wave and the scattered wave from the 

debonding. Elliptic solutions of Cases 1-3 are obtained 

based on Eq. (11) for each debonding location and are 

shown in Figs. 12(a)-(c), respectively. The intersection of 

each pair of ellipses is indicated by a solid circle. The area 

with the highest concentration of circles, as indicated by an 

ellipse with red dotted line, is the most probable location of 

the debonding. The true debonding location and size are 

indicated by circles with solid blue line. 

To validate the proposed ToF-based damage localisation 

method for larger size of debonding, Case 4 considers an 8 

mm diameter circular debonding located at the same 

location as the debonding in Case 3. The elliptic solution 

for this case is shown in Fig. 13. As shown in Figs. 12 and 

13, the ToF-based damage localisation method is 

successfully applied to detect debonding at FRP/concrete 

interface in the numerical case studies.  

 

 

4. Conclusions 
 

A damage detection method has been proposed to 

determine the debonding location in the FRP-retrofitted 

concrete structures. The proposed method locates the 

debonding based on the ToF information of the incident 

Rayleigh wave and scattered wave from the debonding. In 

this study, the 3D FE model has been developed to simulate 

Rayleigh wave generated by piezoelectric transducers in the 

FRP-retrofitted concrete structures and wave scattering at 

debondings. Analytical solutions have been adopted to 

verify the FE simulations of Rayleigh wave propagation in 

the FRP-retrofitted concrete structures. It has been shown 

that Rayleigh wave is sensitive to the debonding between 

FRP and concrete. Absorbing layers have been successfully 

applied to the FE model to reduce the computational cost in 

the numerical case studies for verifying the proposed 

debonding detection method. It has been shown that the 

proposed ToF-based debonding detection method is able to 

accurately locate the debonding in the FRP-retrofitted 

concrete structures. 
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