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Abstract 

The use of ultrasonic nonlinearity for damage detection and monitoring of structures has attracted 

growing attention. Interaction of guided waves with contact-type damage, such as debonding, is one 

of the major sources of ultrasonic nonlinearity. This paper investigates higher harmonic generation 

of Rayleigh waves in FRP-retrofitted concrete structures due to debonding between FRP and 

concrete. In this study, propagation and scattering of Rayleigh wave are simulated using a 

three-dimensional (3D) finite element (FE) method. The numerical simulations of both linear and 

nonlinear Rayleigh wave are validated with experimentally measured data. There is very good 

agreement between numerical and experimental results. This paper also investigates the scattering 

directivity patterns of second and third harmonics of Rayleigh wave. The results provide physical 

insights into nonlinear Rayleigh wave generated by debonding between FRP and concrete. Overall, 

the findings of this study can further advance the damage detection methods using the nonlinear 

Rayleigh wave. 
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1. Introduction 

Structural safety is of paramount importance as evidenced by extensive research work on Structural 

Health Monitoring (SHM) carried out in the last two decades [1]-[3]. SHM provides a real-time 

assessment of safety and integrity of engineering structures. Among different SHM techniques, 

guided wave approach has been recognized as one of the most promising damage detection 

techniques [4]-[7]. Guided waves offer considerable advantages over conventional bulk wave 

methods. For example, guided waves can propagate over long distance to achieve large area 

coverage and allow inspection of inaccessible locations. Guided waves are also sensitive to different 

types of damages, such as crack [8]-[10], delamination [11]-[13], notch [14], disbonding [15] and 

corrosion [16]-[18]. Depending on geometry of the waveguide, different types of guided waves can 

be generated. For example, Rayleigh waves propagate along the surface of a semi-infinite medium 

and Lamb waves propagate in plate-like structures. 

 

1.1. Linear Rayleigh wave 

Applications of Rayleigh wave for damage detection offer significant advantages because the major 

portion of the wave energy is concentrated along or near the surface, which makes Rayleigh wave 

ideal for surface or near-surface defect detection [19]-[26]. A number of studies have been carried 

out to identify surface defects in concrete structures using Rayleigh wave. Hevin et al. [21] carried 

out a numerical study using Rayleigh wave to characterize concrete surface cracks. Edwards et al. 

[22] worked on depth gauging on concrete surface cracks using low frequency wideband Rayleigh 

wave. Sun et al. [23] carried out a study on SHM and defect detection in concrete structures using 

Rayleigh wave actuated and sensed by piezoceramic transducers. Aggelis et al. [24] identified the 

depth of concrete surface crack and also provided a repair evaluation of concrete using Rayleigh 

wave. Lee et al. [25] presented a method for estimation of concrete crack depth based on Rayleigh 

wave. Mohseni and Ng [26] proposed to detect and locate debonding in fibre reinforced polymer 

(FRP) retrofitted concrete structures using the time-of-flight information of linear Rayleigh wave. 



Numerical studies were carried out to demonstrate the performance of the proposed debonding 

detection method. It should be noted that the abovementioned studies only focused on linear 

Rayleigh wave mostly in concrete structures. 

 

1.2. Nonlinear Rayleigh wave 

In the recent years, the concept of ultrasonic nonlinearity has attracted growing attention from 

researchers because of its potentials of baseline-free damage identification and high sensitivity to 

early stage of defects [27],[28]. Upon interaction of guided waves with a contact-type defect, such 

as crack [29]-[31] and delamination [32],[33], the compressive and tensile components of the signal 

close and open the contact-type defect, respectively. Therefore, the compressive component passes 

through the defect while the tensile component is reflected. This phenomenon is referred to as 

contact nonlinearity, which contributes to generation of higher harmonics with frequency at twice, 

three times or more of the excitation frequency.  

For nonlinear Rayleigh wave, Zhang et al. [34] carried out a study on higher harmonic 

generation of Rayleigh wave due to surface scratches in glass. Kawashima et al. [35] worked on 

nonlinear Rayleigh wave due to surface cracks in aluminium using a numerical model and 

experimental measurements. Yuan et al. [36] presented a numerical model of simulating higher 

harmonics of Rayleigh wave generated by closed cracks. Besides, a number of studies have been 

performed on material nonlinearity in aluminium [37], titanium [38] and steel [39] using Rayleigh 

wave.  

 

1.3. Debonding detection for FRP-retrofitted concrete structures 

The use of FRP composites to retrofit concrete structures has grown dramatically in the last decade 

[39],[40]. Advantages of FRP composites are ease of preparation and application, high specific 

stiffness and specific strength, adjustable mechanical properties, and good resistance to corrosion. 

However, there is serious concern over long-term performance of the FRPs retrofitted on the 



concrete structures [42],[43]. Debonding between FRP and concrete interface is one of the major 

types of defect in FRP-retrofitted concrete structures, which can be caused by imperfections in raw 

materials, inappropriate preparation and installation of FRP on the concrete substrate. Also, 

debonding can be initiated during service life of the retrofitted structure mainly due to 

environmental factors [44]-[46]. Conventional non-destructive testing techniques, such as visual 

inspection and tap testing, have been commonly employed to inspect FRP-retrofitted concrete 

structures [47]. Although these methods are simple and readily available, they are highly subjective 

and susceptible to misconception, and misunderstanding of operator. Therefore, more accurate 

damage identification methods need to be developed to inspect FRP-retrofitted concrete structures. 

The literature on damage identification in FRP-retrofitted concrete structures using Rayleigh 

wave has been very limited. As discussed in section 1.1, majority of the existing studies focused on 

using linear Rayleigh wave to detect damage in concrete structures. For FRP-retrofitted concrete 

structures, Mohseni and Ng [48] carried out a scattering analysis of linear Rayleigh wave 

interacting with debonding at FRP/concrete interface. Their study only focused on linear Rayleigh 

wave. The use of linear Rayleigh wave requires baseline subtraction, which employs reference data 

to extract the damage information from the measured signals. Varying temperature and loading 

condition of the structures can limit practical implementation of linear Rayleigh wave [48],[49]. 

Different to linear Rayleigh, damage detection using nonlinear Rayleigh wave relies on the higher 

harmonic generation. There is potential that the baseline subtraction is not required to extract the 

damage information, and hence, it can be a reference-free approach.    

The current paper explores applications of nonlinear Rayleigh wave for reference-free damage 

detection in FRP-retrofitted concrete structures. To the best of the author’s knowledge, the use of 

the nonlinear Rayleigh wave for detecting debonding in FRP-retrofitted concrete structures has not 

yet been studied thoroughly in the literature. Thus, one of the objectives of this study is to 

investigate the feasibility and performance of using nonlinear Rayleigh wave for debonding 

detection in FRP-retrofitted concrete structures. 

This paper focuses on higher harmonics generation of Rayleigh wave due to contact 



nonlinearity at debonding in FRP-retrofitted concrete structures. A three-dimensional (3D) finite 

element (FE) model is proposed to predict and investigate the higher harmonic generation 

phenomenon when the Rayleigh wave interacts with the debonding. In this study, the FE model is 

first verified with theoretical solutions and experimental measurements for both linear and nonlinear 

characteristics of Rayleigh wave. The validated 3D FE model is then used in parametric study to 

investigate the higher harmonic generation characteristics. The findings in this study gain physical 

insights into the higher harmonics generation of Rayleigh wave at debonding, which can further 

advance the debonding detection techniques in FRP-retrofitted concrete structures using nonlinear 

Rayleigh wave. 

This paper is organised as follows. The details of the 3D FE model of FRP-retrofitted concrete 

structures are described in Section 2. The FE simulated results of the linear and nonlinear Rayleigh 

wave are theoretically and experimentally verified in Section 3. The velocity of the Rayleigh wave 

is verified using theoretical solutions. In the experimental verification, the 1D laser Doppler 

vibrometer is used to measure the Rayleigh wave in the FRP-retrofitted concrete structures. 

Directivity patterns of second and third harmonics of Rayleigh wave are presented in Section 4 

based on the experimentally validated 3D FE model. Different sizes of debondings are then 

investigated in this section. Finally, conclusions of this study are drawn in Section 5. 

 

2. Three-dimensional finite element method 

The explicit module of ABAQUS version 6.14 was used to simulate the actuation and propagation 

of Rayleigh waves in FRP-retrofitted concrete structures. In the 3D FE model, solid and shell 

elements were used to model concrete and FRP parts, respectively. The dimensions of the 4-ply FRP 

composite are 300mm×400mm (W×L) and the thickness of each ply is 0.5mm. The stacking 

sequence of the FRP composite is [0]4. The elastic properties of each lamina are shown in Table 1. 

The FRP was meshed using 1mm×1mm S4 shell elements. The results of the FE model will be 

verified by experimental measurements in Section 3. However, if the FE model with the element 



size of 1 mm has the same dimension as the test specimen, the required computational cost will be 

extremely high. Therefore, in the FE model, the dimensions of the concrete block are 

300mm×400mm×150mm (W×L×H). The Young’s modulus and density of concrete are 26.8GPa 

and 2350kg/m3, respectively. The concrete was meshed using 1mm×1mm×1mm C3D8 solid 

elements. The FRP and concrete are connected by tie constraint. The debonding was created by 

removing the tie constraint over debonding area. A surface-to-surface frictionless hard contact was 

used to simulate clapping effect at the debonding. Figure 1 shows the schematic diagram of the 

numerical model. 

 

[Table 1. Elastic properties of FRP lamina] 

[Figure 1. Schematic diagram of the FE model] 

 

The Rayleigh wave was actuated by applying radial displacements on nodes located on the 

circumference of the upper surface of a 2mm thick and 10mm diameter circular piezoceramic 

transducer. The Young’s modulus, density and Poisson's ratio of the piezoceramic transducer are 

58.8GPa, 7700kg/m3 and 0.39, respectively. The piezoceramic transducer was meshed using 

1mm×1mm×1mm C3D8 elements in the FE model. The excitation signal is a 15-cycle tone burst 

modulated by a Hanning window [51]. The central excitation frequency for both numerical 

simulations and experimental measurements is 95kHz. Since the out-of-plane motion is dominant in 

the Rayleigh wave propagation, the wave signals were measured based on out-of-plane nodal 

displacements at measurement points on FRP composite. This element size of the FE model ensures 

the accuracy of the numerical simulations for the linear and second harmonic Rayleigh wave since 

it has enough number of elements per wavelength for the linear and second harmonic Rayleigh 

wave. For the third harmonic, there are only around seven elements per wavelength. The accuracy 

of the FE simulated results will then be validated theoretically and experimentally in Section 3.  

Figure 2 shows the typical contour snapshots of the FE simulated displacement at the 



FRP-retrofitted concrete. Figure 2a shows the piezoceramic transducer generated Rayleigh wave 

and the wave interaction with the debonding. Figures 2b, 2c and 2d show the simulated 

displacement at time t = 1.03×10-4sec, t = 1.22×10-4sec, and t = 1.41×10-4sec, respectively. The 

figures show that when the Rayleigh wave interacts with the debonding, the clapping effect happens 

between the FRP and concrete. 

 

[Figure 2. Contour snapshots of FE simulated displacement at time a) t = 1.03×10-4sec, b) the 

zoom-in of the cross-section at the debonding; c) t = 1.22×10-4sec; and d) t = 1.41×10-4sec] 

 

3. Theoretical and experimental validation of 3D FE model  

3.1. Theoretical verification 

DISPERSE computer program [52] was used to theoretically verify the numerical results simulated 

by the 3D FE model described in Section 2. DISPERSE employs global matrix method to calculate 

velocity of Rayleigh wave in multi-layer waveguides. In this method, guided wave in each layer is 

expressed as the combination of partial waves. Displacements and stresses at any location of each 

layer are expressed as a function of partial waves using a field matrix. The field matrix of each layer 

can be obtained from material properties of the layer. The whole system is modelled by assembling 

the field matrices of all layers. This solution is based on consistency of displacements and stresses 

at interfaces of layers. Therefore, propagation of Rayleigh wave in the FRP-retrofitted concrete 

model without debonding can be theoretically validated. In this study, the phase velocity of 

Rayleigh wave in FRP-retrofitted concrete model is obtained by DISPERSE and compared with the 

FE results as shown in Figure 3. There is good agreement between numerical and theoretical results. 

 

[Figure 3. Numerical and theoretical results of the Rayleigh wave phase velocity dispersion 

curve] 



3.2. Experimental setup 

Experimental measurements were carried out on the concrete block with dimensions of 

300mm×600mm×300mm (W×L×H). The Young’s modulus and density of the concrete are 26.8GPa 

and 2350kg/m3, respectively. The maximum size of the concrete aggregate is 10mm. The FRP 

composite consists of four unidirectional carbon fibre layers with dimensions of 300mm×600mm 

and the stacking sequence is [0]4. The BASF MasterBrace 4500 epoxy resin was applied to saturate 

carbon fabric layers. The hand lay-up method was used to bond saturated fibre layers on the 

concrete block. The debonding between FRP and concrete was created by inserting 40mm×300mm 

Mylar sheet on the concrete before application of the first fibre layer. The debonding was located 

between x = 280mm and x = 320mm based on the Cartesian coordinate shown in Figure 1, and is 

across whole width of the concrete block. 

A 2mm thick and 10mm diameter circular piezoceramic transducer was used to actuate 

Rayleigh wave. The piezoceramic transducer is made of Ferroperm Pz27, which has the same 

mechanical properties used in the FE simulations described in Section 2. The actuator was bonded 

to the FRP surface at x = 200mm and z = 150mm. The excitation signal is a 15-cycle tone burst 

modulated by a Hanning window wave, which is the same as the excitation signal used in the FE 

simulations. The excitation signal was generated by a Tektronix AFG 3021B arbitrary function 

generator. The amplitude of the generated signal was 10V (peak-to-peak), which was then amplified 

five times by a KROHN-HITE 7500 amplifier. The Rayleigh wave signals were measured using 

Polytec PSV-400 1D laser Doppler vibrometer system. The laser head controlled by vibrometer 

controller captured the out-of-plane displacements. The data was recorded by a data acquisition unit 

and fed into the PC. The sampling frequency of the measurement was set to 10.24MHz. A bandpass 

filter of frequency band 10kHz-600kHz was applied to the measured signals. Considering the 

excitation frequency of 95kHz, the frequency band of the bandpass is wide enough to capture the 

higher harmonics. In order to increase the signal-to-noise ratio, an averaging of 5000 times was 

applied to the measured signals. A schematic diagram of the experimental setup is shown in Figure 

4. Figure 5 displays a full setup of measuring Rayleigh wave on FRP-retrofitted concrete specimen 



using laser Doppler vibrometer. Figure 6 shows the dimension of the specimen and location of the 

debonding, actuator and measurement point. The corresponding size of the FE model is also 

indicated in Figure 6. 

 

[Figure 4. Schematic diagram of experimental setup] 

 

[Figure 5. Experimental setup and laser Doppler vibrometer] 

 

[Figure 6. FE model and experimental specimen used in the experimental validation] 

 

3.3. Higher harmonics generation due to contact nonlinearity at debonding 

For the numerical model in this section, the debonding is 40mm×300mm with left and right end at x 

= 180mm and x = 220mm, respectively, and across the whole width of the concrete block. Based on 

the cylindrical coordinate shown in Figure 1, the actuator is located at r = 100mm and θ = 180° 

away from the debonding centre. For both FE simulation and experiment, the measurement point is 

at r = 50mm and θ = 0° away from the debonding centre. Figure 7 compares the FE simulated and 

experimentally measured Rayleigh wave signals in the time-domain. There is good agreement 

between numerical and experimental results. 

 

[Figure 7. Time-domain Rayleigh wave signal obtained from FE simulation and experimental 

measurement] 

 

To compare the generated higher harmonic due to the contact nonlinearity at the debonding, , 

the measured time-domain numerical and experimental signals are transformed to 

frequency-domain using fast Fourier transform (FFT) [52]. The time-domain signals contain 

incident wave and wave reflections from boundaries. Thus, the scattered wave from the debondings, 



caused by the incident wave and wave reflected from boundaries, can contribute to the generation of 

higher harmonics in the frequency-domain. As explained above, the FE model has the same width 

but smaller length than experimental specimen. Therefore, the wave reflections from the boundaries 

in FE simulation are different to the experiment. On the other hand, the location of the actuator and 

the measurement point with respect to the debonding is similar in the FE simulation and experiment. 

Considering the arrangement for actuating and sensing the signals, the FE model is large enough to 

avoid the nonlinear Rayleigh wave induced by the interaction of the incident wave and reflected 

signals from the boundaries with the debonding, being mixed at the measurement point. With 

considering a specific time duration, the signal obtained at the measurement point can contain only 

incident wave and the scattered incident wave at the debonding. Thus, the higher harmonics can be 

compared between the numerically calculated and experimentally measured data. 

In addition to the contact nonlinearity [54], the higher harmonics in the measured Rayleigh 

wave signals can be caused by experimental instrument and also nonlinearity of materials [55],[56]. 

In the literature, it has been confirmed that the instrument nonlinearity has a negligible effect on 

higher harmonics of the experimentally measured Rayleigh waves [57],[58]. It is assumed that the 

experimentally measured higher harmonics in this study are mainly due to contact nonlinearity at 

the debonding between the FRP and concrete interface. In this study, higher harmonics of the signal 

obtained from the intact specimen (without debonding) were also examined, and they are very small 

compared to higher harmonics induced by the debonding. 

To investigate the higher harmonics, the measured signals were transformed from 

time-domain to the frequency-domain using FFT. It should be noted that the FFT was only applied 

to the signal from t = 0sec until t = 2.3×10-4sec. Within this time duration, the signal mainly 

contains incident wave and scattered wave from the debonding caused by the incident wave. 

Therefore, this ensures the higher harmonics in the signals are only due to the incident wave 

interaction with the debonding.. Figure 8 shows the normalized FFT amplitude of numerically 

calculated and experimentally measured signals. Considering the excitation frequency of 95kHz, the 

second harmonic and third harmonic frequency are 190kHz and 285kHz, respectively. Figure 8 



shows a comparison between the numerically simulated and experimentally measured data. In 

addition to the FE model using fully integrated elements (S4 shell elements and C3D8 solid 

elements), the results obtained from a FE model using reduced-integration elements (S4R shell 

elements and C3D8R solid elements), are presented in Figure 8 to demonstrate the accuracy 

between the fully integrated elements and reduced-integration elements in predicting higher 

harmonic generation. It is shown that the FE results using the reduced-integration elements have 

larger discrepancies between the numerically calculated and experimentally measured amplitude of 

the second harmonic. For the FE results using fully integrated elements, there is good agreement 

between the numerically calculated and experimentally measured second and third harmonic 

magnitudes. There exists a small discrepancy and this may be caused by the effect of the Mylar film, 

which was not modelled in the FE simulation. 

 

[Figure 8. Fourier transformed FE simulated and experimentally measured Rayleigh wave 

signals] 

 

4. Directivity patterns of higher harmonic generation at debonding in FRP-retrofitted 

concrete structures  

The experimentally and theoretically validated FE model is used in the parametric studies. Based on 

the cylindrical coordinate system shown in Figure 1, the Rayleigh wave is generated at r = 100mm 

and  = 0. Considering the Cartesian coordinate in Figure 1, the actuator is located at x = 100mm 

and z = 150mm. Square debondings with sizes of 8mm, 14mm, 22mm, 30mm, 38mm and 44mm are 

considered in the case studies. In all debonding cases, the centre of the debonding is located at r = 

0mm and the debonding edges are parallel to the x- and y-axis. To study the effect of the debonding 

size on the directivity pattern of the generated higher harmonics, the results are presented in terms 

of debonding size to wavelength ratio (RDW). The out-of-plane displacements are monitored at 36 

points at r = 50mm and 0    360 with intervals of 10.  



To investigate the measured signals in time-frequency domain, energy density spectra of the 

signals are obtained using short-time Fourier transform (STFT). Figures 9 and 10 show the energy 

density spectrum of the signal for the case with square debonding size of 38mm at  = 30, and 

22mm at  = 330, respectively. Second and third harmonics of the Rayleigh wave are visible in the 

energy density spectra.  

 

[Figure 9. Energy density spectrum in time-frequency domain for debonding size of 38×38 mm and 

 =30°] 

 

[Figure 10. Energy density spectrum in time-frequency domain for debonding size of 22×22 mm 

and  =330°] 

 

 

For each debonding case, the amplitudes of the fundamental harmonic (f0), the second 

harmonic (2f0) and the third harmonic (3f0) are obtained from the energy density spectrum at the 

respective frequencies. The ratio of the second harmonic amplitude to the fundamental harmonic 

amplitude (A2/A1), and ratio of the third harmonic amplitude to the fundamental harmonic amplitude 

(A3/A1) are considered. These ratios for each debonding case are presented against  in the form of 

directivity pattern. Figure 11 displays the directivity patterns of A2/A1 ratio for different sizes of 

square debonding. The directivity patterns show that the A2/A1 ratio is almost evenly distributed in 

forward and backward directions for smaller size of debonding, such as Figure 10a. When the 

debonding size increases, the magnitudes of the A2/A1 ratios increase in the forward direction. 

Figure 12 displays the directivity patterns of A3/A1 ratio for the same sizes of the aforementioned 

debonding. The figures show that the magnitudes of the A3/A1 ratios are usually higher in the 

forward directions.  

 



[Figure 11. Directivity pattern for second harmonic amplitude to fundamental harmonic 

amplitude ratio (A2/A1) for debonding size a) 8mm×8mm, b) 14mm×14mm, c) 22mm×22mm, d) 

30mm×30mm, d) 38mm×38mm, and f) 44mm×44mm] 

 

[Figure 12. Directivity pattern for third harmonic amplitude to fundamental harmonic 

amplitude ratio (A3/A1) for debonding size a) 8mm×8mm, b) 14mm×14mm, c) 22mm×22mm, d) 

30mm×30mm, d) 38mm×38mm, and f) 44mm×44mm] 

 

Figures 13 and 14 show the higher harmonic amplitudes of Rayleigh wave with respect to 

RDW at different directions. Figures 13 and 14 present the results in Figures 11 and 12 in a different 

way, which is used to show the relationship between the higher harmonic magnitude and debonding 

size. Figure 13a shows the A2/A1 ratio in the forward scattering direction as a function of RDW At  = 

0, the A2/A1 ratio starts with a rapid rise and a then a sharp drop until RDW =1. After that, it 

increases constantly to a peak of 0.0864 at RDW = 2. At  = 30 and  = 330, the A2/A1 ratio first 

increases sharply to a peak of 0.0683 and then decreases steeply to 0.0343 at RDW = 1. It then shows 

some fluctuations with a decreasing trend. The A2/A1 ratio at  = 60 and  = 300 drops slowly 

until RDW = 1, and then exhibits moderate fluctuations. 

The A2/A1 ratio in the backward scattering direction as a function of RDW is shown in Figure 

13b. The A2/A1 ratios at  = 120,  = 240,  = 150,  = 210 and  = 180 show slight 

fluctuations. As shown in Figure 12b, the A2/A1 ratio at  = 150,  = 210 and  = 180 is slightly 

bigger than that at  = 120 and  = 240 

Figure 14a shows the A3/A1 ratio in the forward direction as a function of RDW. At  = 0, the 

A3/A1 ratio begins with a sudden rise, next a sharp drop, and then a steep increase to a peak of 

0.0420 at RDW = 1.36. Then, it decreases slowly to 0.0375 at RDW = 2. At  = 30 and  = 330, the 

A3/A1 ratio first increases rapidly to 0.0335 and then falls gradually to 0.0229 at RDW = 1.36. Then, it 

increases steadily to a peak of 0.0416 at RDW = 1.73. The A3/A1 ratio at  = 60 and  = 300 is 



notably smaller than amplitude ratio at  = 0,  = 30 and  = 330 while exhibiting moderate 

fluctuations. 

Figure 14b displays the A3/A1 ratio in the backward scattering direction as a function of RDW. 

At  = 150,  = 210 and  = 180, it is obvious that the A3/A1 ratio in the backward scattering 

direction is markedly smaller than that of A2/A1 ratio and it fluctuates around 0.006-0.009. However, 

at  = 120 and  = 240, the amplitude starts with small values and slight fluctuations until RDW = 

1.36. After that, it increases steadily to a peak of 0.0024, and then falls steeply to 0.0062 at RDW = 2. 

The overall trends of the second harmonic and third harmonic of the Rayleigh wave in the 

forward and backward scattering direction are discussed for the cases of square debondings. For 

smaller values of RDW, the A2/A1 ratio has larger values at  = 30 and  = 330 than  = 0. 

However, for RDW 1.36, the largest values of A2/A1 ratio are at  = 0. The maximum values of 

A3/A1 ratio in the forward scattering direction occur at  = 0, and then at  = 30 and  = 330. In 

general, the second and third harmonics in backward scattering direction have smaller amplitudes 

than that in the forward scattering direction. Besides, it is obvious that the third harmonic in the 

backward scattering direction are smaller than that of second harmonic for cases of square 

debondings. In general, both second and third harmonic in backward scattering direction are not 

very sensitive to change of the debonding size. Based on the results, the second and third harmonic 

in forward scattering direction are more suitable to be used in the debonding identification. In 

general, the second harmonic is more sensitive than third harmonic to the debonding sizes. 

 

[Figure 13. Second harmonic amplitude to fundamental harmonic amplitude ratio (A2/A1) in 

the a) forward and b) backward scattering direction as a function of debonding size to wavelength 

ratio] 

 

[Figure 14. Third harmonic amplitude to fundamental harmonic amplitude ratio (A3/A1) in the 

a) forward and b) backward scattering direction as a function of debonding size to wavelength ratio] 



5. Conclusions 

This study has investigated the higher harmonic generation of Rayleigh wave at the debondings in 

FRP-retrofitted concrete structures using experimentally and theoretically verified 3D FE model. 

The numerical results of Rayleigh wave propagation and scattering have been presented in time, 

frequency and time-frequency domains. Both second and third harmonics of Rayleigh wave induced 

by the debonding at FRP and concrete interface have been studied in detail. Very good agreement 

has been observed between numerically calculated and experimentally measured results. It has been 

shown that the 3D FE model is capable of simulating Rayleigh wave propagation, scattering, and 

higher harmonic generation at the debondings. 

The experimentally validated 3D FE model has been used in the parametric case studies. 

Square debondings with different sizes have been investigated. Second and third harmonics in the 

forward and backward scattering direction have been studied. The second and third harmonic 

amplitudes have been presented in terms of debonding size to wavelength ratio. For square 

debondings, the amplitude of the second harmonic is generally larger than that of the third harmonic. 

Also, the second and third harmonic amplitudes in the forward scattering direction are larger than 

those in the backward scattering direction. That means that for the second and third harmonics, the 

energy is mainly concentrated in forward scattering direction.  

This study has gained physical insights into the generation of second and third harmonics of 

Rayleigh wave at debonding in FRP-retrofitted concrete. The study has shown that the results of 

parametric study could provide a quantitative assessment of the sensitivity of the second and third 

harmonics of Rayleigh wave in detecting different sizes of debondings. The relationship between 

the second and third harmonic, and different sizes of debondings can provide valuable information 

in planning and designing the damage detection techniques using second and third harmonics, for 

example, the suitable range of excitation frequency in detecting the required sizes of debondings. 

The results of the parametric study suggest that the second and third harmonic in forward 

scattering direction are more sensitive than those in backward scattering direction. It is 

recommended to use pitch-catch approach, which can fully capture the forward scattered second 



and third harmonic Rayleigh wave, in the debonding detection. The results of the parametric study 

also suggest that the second harmonic is more sensitive than third harmonic in detecting and 

monitoring the debonding in FRP-retrofitted concrete. Overall, the findings of this study can further 

advance the developments of nonlinear Rayleigh wave-based debonding detection techniques. 
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[Table 2. Elastic properties of FRP lamina] 
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[Figure 15. Schematic diagram of the FE model] 

 

 

  



 

[Figure 16. Typical contour snapshots of FE simulated displacement at time a) t = 

1.03×10-4sec, b) the zoom-in of the cross-section at the debonding, c) t = 1.22×10-4sec; and d) t = 

1.41×10-4sec] 

 

 

 

  



 

[Figure 17. Numerical and theoretical results of the Rayleigh wave phase velocity dispersion 

curve] 

 

 

  



 

 

 

 

[Figure 18. Schematic diagram of experimental setup] 

 

 

 

 

 

  



 

[Figure 19. Experimental setup and laser Doppler vibrometer] 

 

  



 

 

[Figure 20. FE model and experimental specimen used in the experimental validation] 

 

 

 

  



 

[Figure 21. Time-domain Rayleigh wave signal obtained from FE simulation 

and experimental measurement] 

 

 

 

 

  

0 1 2 3 4

x 10
-4

-1

-0.5

0

0.5

1

Time (sec)

N
o

rm
al

is
ed

 a
m

p
li

tu
d

e

 

 

FE

Experiment



 

 

 

[Figure 22. Fourier transformed FE simulated and experimentally measured 

Ryleigh wave signals] 

 

 

 

  



 

 

[Figure 23. Energy density spectrum in time-frequency domain for debonding 

size of 38mm×38 mm and  =30°] 

 

  



 

 

[Figure 24. Energy density spectrum in time-frequency domain for debonding size of 

22mm×22 mm and  =330°] 

 

 

 

  



 

 

[Figure 25. Directivity pattern for second harmonic amplitude to fundamental 

harmonic amplitude ratio (A2/A1) for debonding size a) 8mm×8mm, b) 

14mm×14mm, c) 22mm×22mm, d) 30mm×30mm, e) 38mm×38mm, and f) 

44mm×44mm] 

 

 

 

 

  



 

[Figure 26. Directivity pattern for third harmonic amplitude to fundamental 

harmonic amplitude ratio (A3/A1) for debonding size a) 8mm×8mm, b) 

14mm×14mm, c) 22mm×22mm, d) 30mm×30mm, e) 38mm×38mm, and f) 

44mm×44mm] 

 

 

 

 

  



 

 

 

 

 

  

 

[Figure 27. Second harmonic amplitude to fundamental harmonic amplitude 

ratio (A2/A1) in the a) forward and b) backward scattering direction as a function of 

debonding size to wavelength ratio] 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

[Figure 28. Third harmonic amplitude to fundamental harmonic amplitude 

ratio (A3/A1) in the a) forward and b) backward scattering direction as a function of 

debonding size to wavelength ratio] 


