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Abstract: This work deals with the evaluation of adhesive single-lap joints using ultrasonic guided 

waves. An adhesive bonded lap joint can be modelled as a three-layer system made up of two 

adherents and an adhesive. The propagation of guided waves in the joint is developed from matrix 

formulations. The behavior of the different guided wave modes that propagate in the bonded region 

is characterized and it is found that their relative amplitudes can be estimated based on the 

properties of the incoming wave that propagates in the non-bonded region. It was verified that the 

excitation of these modes is ruled by the degree in which the shapes of both modes match each 

other. A 3D simulation of two aluminium bonded plates using 500 kHz ultrasonic transducers in a 

pitch and catch configuration was implemented using the Matlab k-Wave toolbox. Scattering effects 

due to some produced defects located in the bond line of the lap joints were simulated. Experimental 

setup with some artificial defects produced in the aluminum joints were used in order to compare 

with the simulated. Qualitative agreement was observed for the two approaches. The observed 

deviation can be due to the different characteristics of the experimental and simulated defects. 

Keywords: guided waves; ultrasounds; adhesive lap joints; simulation 

 

1. Introduction 

Adhesively bonded joints have been used with great success in several fabrication processes, 

because they promote a more even stress distribution, when compared to other conventional joints, 

such as bolting, riveting and spot welding, where high stress concentrations can occur. The possibility 

of obtaining lighter and waterproof structures with reduced corrosion risks contributes greatly for 

the adhesive joints use, working as an alternative to the conventional joints in several industries, 

including aerospace, automotive, and energy. 

The fabrication of adhesive bond joints can originate defects of three different types: adhesive 

defects that are related to the weak bonding between the adhesive and the adherend, cohesive defects 

related to the mechanical properties of the adhesive, and gross defects, such as cracking, disbonding, 

porosity, and voids, [1]. The formation of voids or absence of adhesive in the bond line is a great 

concern in industry [2], so such defects will be studied and characterized in this work. 

The development of non-destructive methods is essential for the condition monitoring of 

bonded structures. Probably, one of the most used methods is based on ultrasound guided waves. 

When compared to conventional point by point method, the guided waves are more attractive, 

because once generated they propagate over considerable distances with low attenuation, which 

allows inspecting large parts with considerable time saving. 

Guided waves have often been used for defect detection in structures like strips, plates, or pipes 

[3–10]. They have also proved to be effective for inspecting adhesive joints [11–15] and adhesive 

bonds between composites [16,17], and for the adhesion level evaluation [18]. Several studies using 

the ultrasound guided waves to assess the bonding quality of metal/epoxy/metal joints can be found 

in the literature, such as, comparison between air coupling and immersion techniques [19], analysis 

of the spectra of the lowest-order antisymmetric (A0) Lamb wave mode for tangential bond stiffness 
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evaluation [20], defects detection in the adhesive films and evaluation of their geometry by means of 

a weighted root mean square damage imaging algorithm [21,22], evaluation of interference effects of 

elastic waves generated by piezo sensors, excited with tone bursts of different extensions, with the 

length of the disbond [23], study of the non-linear Lamb wave behavior [24,25], and development of 

a finite difference model to simulate and validate experiments using PZTs in bonded aluminium 

plates [26]. 

Simulation allows predicting the ultrasound wave propagation in a particular medium and can 

be used to prove analytical and experimental approaches. Currently, the improvement of 

computational resources makes the implementation of numerical or grid-based methods possible. 

Recent works have used finite element methods (FEM) to accurately mimic wave propagation 

through bonded lap joints [19,23,26–29]. One of the major drawbacks of elastic wave models based 

on low-order finite difference or finite element schemes is the large number of grid points per 

wavelength required to avoid numerical dispersion. As an alternative, the k-Wave, which is an 

available third-party MATLAB toolbox, makes use of a Fourier domain pseudo spectral method for 

faster simulation and reconstruction of photoacoustic wave fields in a way that uses less memory and 

is user-friendly [30,31]. Many authors have used the k-Wave toolbox in diverse NDT applications 

related to nonlinear ultrasound propagation in absorbing media [32], attenuation in ultrasonic 

computed tomography [33], time domain power law attenuation in breast and liver tissues [34], one-

sided ultrasonic nondestructive evaluation [35], high intensity focused ultrasound [36], ultrasonic 

transducer field modelling [37], 3-D ultrasound imaging [38], A-scan ultrasound simulation in 

ophthalmology [39], microflaw detection in carbon fiber reinforced polymers [40], and guided waves 

in layered structures [41,42]. 

In the present study, the authors intend to implement a 3D simulation model of two aluminium 

plates bonded by an epoxy adhesive layer, using the k-Wave tool. Simulated defects with different 

sizes are introduced in the adhesive layer. A pitch and catch experimental setup is also used to detect 

and characterize the same type of defects. Simulated results are then compared with the experimental 

ones. 

2. Theory 

2.1. Ultrasound Guided Waves Propagation in a Single Plate 

Lamb waves are a type of guided ultrasonic waves that exist in plate structures placed in 

vacuum, which can propagate relatively long distances. They are very useful to detect disbonds, 

corrosion and delaminations, efficiently [43–46]. If plates are immersed in water these waves are 

called leaky Lamb waves, due to the energy leakage into the surrounding fluid. The well-known 

dispersion equations that govern symmetrical (Eq.1) and antisymmetric (Eq.2) leaky Lamb wave 

modes were introduced by Viktorov [43], tan⁡(𝑞ℎ)tan⁡(𝑝ℎ) + 4𝑘2𝑝𝑞(𝑞2−𝑘2)2 − 𝑖 0𝑘𝑇4 ⁡𝑝 tan(𝑞ℎ)
⁡√𝑘02−𝑘2(𝑞2−𝑘2)2 = 0, (1) 

tan⁡(𝑝ℎ)tan⁡(𝑞ℎ) + 4𝑘2𝑝𝑞(𝑞2−𝑘2)2 + 𝑖 0𝑘𝑇4 ⁡𝑝
⁡√𝑘02−𝑘2(𝑞2−𝑘2)2 tan(𝑞ℎ) = 0, (2) 

where i is the unit imaginary number, h is half the thickness of the plate, 𝑝 = √𝑘𝐿2 − 𝑘2 , 𝑞 =√𝑘𝑇2 − 𝑘2, where 𝑘𝐿 = 𝜔𝑐𝐿, 𝑘𝑇 = 𝜔𝑐𝑇, 𝑘 = 𝜔𝑐𝑝, 𝑘0 = 𝜔𝑐0,  is the angular frequency, 𝑐𝐿 is the longitudinal 

velocity in the plate, 𝑐𝑇 the transversal velocity in the plate, 𝑐𝑝 is the phase velocity of a certain 

propagation mode and 𝑐0 is the velocity in the surrounding fluid. The plate and fluid densities are 𝜌 and 𝜌0, respectively. 

The transcendental Eqs. (1) and (2) give rise to an infinite number of solutions that correspond 

to the propagation modes. The imaginary part of each equation represents the fluid influence. If this 

is not present, the equations characterize the plate in vacuum. The leakage to the fluid is responsible 

for attenuation, which is strongly dependent on the ratio of in-plane and out-of-plane displacements 
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at the plate surfaces, for a given mode. For a particular propagation mode the phase velocity is 

complex, 𝑐𝑝 = 𝑐𝑝𝑟 + 𝑖𝑐𝑝𝑖 , which gives rise to a complex wavenumber, 𝑘 = 𝜔𝑐𝑝 = 𝜔𝑐𝑝𝑟+𝑖𝑐𝑝𝑖 = 𝑘𝑟 + 𝑖𝑘𝑖 
[47]. The real part 𝑘𝑟 represents the propagation properties of the wave and 𝑘𝑖 is related to leakage 

attenuation. Considering that usually 𝑐𝑝𝑟 ≫ 𝑐𝑝𝑖 , then after some manipulation the complex 

wavenumber can be represented as, 𝑘 ≅ 𝜔𝑐𝑝𝑟 − 𝑖 𝜔𝑐𝑝𝑖𝑐𝑝𝑟2 . (3) 

The absolute value of the imaginary part of Eq. 3 represents an exponential decay, usually called 

attenuation coefficient, α (Np/m). The solutions of the dispersion equations for a plate in vacuum are 
very similar to the real part of the solutions for an immersed plate, because it has been shown that 

the surrounding fluid gives rise to very small variations in the wave velocity [48]. 

The particle displacement variation with plate thickness for each propagation mode is also very 

important. For the case of an immersed plate, if long range propagation is needed, then a low out-of-

plane displacement must be assured to prevent the occurrence of great losses, due to leakage to the 

fluid. The displacements can be obtained using the method of potentials and the boundary conditions 

at plate surface. For a plate in vacuum oriented in X direction and with the thickness in Z direction, 

coincident with wave propagation direction, the in-plane (uxs) and out-of-plane (uzs) displacements of 

symmetric modes are given by [43,44] 𝑢𝑥𝑠 = 𝑞2 − 𝑘22𝑝 sin(𝑞ℎ)sin(𝑝ℎ) cos(𝑝𝑧) − 𝑞𝑐𝑜𝑠(𝑞𝑧), (4) 

𝑢𝑧𝑠 = 𝑞2 − 𝑘22𝑘 sin⁡(𝑞ℎ)sin⁡(𝑝ℎ) sin(𝑝𝑧) + 𝑘𝑠𝑖𝑛(𝑞𝑧), (5) 

and the displacements for the anti-symmetric modes (uxa) and (uza) by 𝑢𝑥𝑎 = − 𝑞2 − 𝑘22𝑝 cos(𝑞ℎ)cos(𝑝ℎ) sin(𝑝𝑧) + 𝑞𝑠𝑖𝑛(𝑞𝑧), (6) 

𝑢𝑧𝑎 = 𝑞2 − 𝑘22𝑘 cos⁡(𝑞ℎ)cos⁡(𝑝ℎ) cos(𝑝𝑧) + 𝑘𝑐𝑜𝑠(𝑞𝑧). (7) 

For the case of a water immersed plate, equations (4) to (7) become complex, which can be 

interpreted physically as a small angle rotation of the ellipse displacement axes from the reference 

coordinate system [49]. Nevertheless, the real part of the displacements practically coincides with the 

displacements obtained from equations (4) to (7) [44]. So, as approximation, these equations can be 

used to represent the displacements as a function of plate thickness in immersion cases. 

In analogy with optical phenomena, when an ultrasound wave reaches a boundary between two 

different media obliquely, refracted waves can occur with different transmission angles than the 

incident one. The incident (𝜃1) and transmitted (𝜃2) angles related to the normal plane are correlated 

by the well-known Snell's law, given by 𝐶1𝑠𝑖𝑛(𝜃2) = 𝐶2 sin(𝜃1), (8) 

where 𝐶1 and 𝐶2 are the propagation velocities in the different media. In practice, if one intends 

exciting a specific propagation mode in a plate, the phase velocity 𝑐𝑝 (obtained from the dispersion 

curves) coincides with 𝐶2, and in this case 𝜃2 = 900, since the propagation develops along the plate. 

Then, knowing the 𝐶1 value, which corresponds to the propagation velocity in the fluid (𝑐0), the 

angle of incidence 𝜃1 can be easily obtained, to generate the desired propagation mode 𝜃1 = arcsin⁡(𝑐0𝑐𝑝). (9) 

Each Lamb wave mode is associated with an angle of re-emission, that by reciprocity is equal to 

the angle of incidence. 
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2.2. Propagation of Ultrasonic Guided Waves in Adhesively Bond Joints 

The ultrasound guided wave propagation in a bonded lap joint can be modeled as the 

propagation in a multilayer structure, composed of two adherents and one adhesive. The transfer 

matrix method is certainly the most important technique used to study this problem and find the 

complex phase velocity of each one propagation modes. First used by Haskell [50] for modelling 

propagation in seismology, the method was later adapted for studying the ultrasound guided wave 

propagation, by several researchers [51–55]. The method considers that there are four generic waves 

in each layer, such as, two longitudinal waves (L+, L-) and two transversal ones (T+, T-), where the 

sign (+) indicates upward direction, and (-) indicates downward direction. So, a field matrix (D) that 

describes the relationship between the displacements (u), stresses () and wave amplitudes (A) at 

any location in a layer, can be established as 

[𝑢𝑥𝑢𝑧𝜎𝑥𝜎𝑧 ] = [𝐷] [𝐴𝐿+𝐴𝐿−𝐴𝑇+𝐴𝑇−] (10) 

In the process, the equations for the intermediate interfaces are eliminated, so that the fields in 

all layers of the structure are described only in terms of the external boundary conditions. The modal 

solutions can be obtained by solving the resulting matrix system and the so-called dispersion curves, 

which represent the allowed propagation guided modes in the structure as function of frequency. 

The behavior of these guided modes is like those obtained through Eq. (1) and (2). Details about the 

method are described elsewhere [56]. 

3. Materials and methods 

3.1. Simulation model 

The simulation functions in k-Wave require four input structures, namely the properties of the 

computational grid, representing the medium through which the acoustic waves propagate, the 

material properties of the medium, the properties and locations of acoustic sources, and the 

properties and locations of the sensor points used to collect the pressure and velocity fields over time. 

When the acoustic waves reach the edge of the computational domain, they are absorbed by a special 

type of anisotropic absorbing boundary layer known as a perfectly matched layer (PML). The 

schematic of the 3D simulation setup is presented in Figure 1 and its dimensions are: X=126 mm, Y=32 

mm and Z=18 mm. The spatial resolution is 150 µm. Each plate is 90 mm in length, 30 mm in width 

and 4 mm in thickness. The section of bonded region is of 60 mm x 30 mm. The adhesive thickness is 

150 µm. The emitter and receiver transducers are identical, with 25 mm in diameter. The incidence 

and reception angles are equal and given by Eq. (9). The defects were simulated by introducing air 

(absence of adhesive) with circular shape in the center of the joint region. 

The acoustic properties of the materials used in the simulation are presented in Table 1. For 

water and air, the values were taken from literature [57]. For aluminium and epoxy the properties 

were obtained experimentally using a conventional pulse echo technique. For aluminium a 10 MHz 

transducer was used, due to the small thickness of the plates. As the thickness of the epoxy layer is 

very small, a cylinder with 20 mm height and 300 mm diameter was constructed to allow velocities’ 
measurements. The densities were taken from manufacturer's specifications. 
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Figure 1. Schematic of the simulation setup for an adhesively bonded single lap joint inspection using 

pitch and catch configuration and guided waves. 

Table 1. Acoustic properties of materials used in simulation. 

Material Density 

[Kg/m3] 

Longitudinal 

Velocity [m/s] 

Transversal 

Velocity [m/s] 

Water 1000 1500 - 

Epoxy 1077 2540 1055 

Aluminium 2660 6300 3130 

Air 1.2 340 - 

3.2. Experimental setup 

The ultrasonic experimental setup illustrated in Figure 2 was used to evaluate the defects. It is 

composed by a Panametrics pulser/receiver model 5800, a pair of immersion broadband transducers 

(Imasonic model IM 0.5 25 P) with 500 kHz central frequency and 25 mm active diameter, and a 

Tektronix digital oscilloscope (model TDS1002B). The aluminium alloy (5083-O) plates are 200 mm 

in length, 125 mm in width and 4 mm in thickness. The size of bonded region is of 60 mm x 125 mm 

(whole width). The bonded zone has the same dimensions as the one presented in the simulation 

model described in the previous section. 

The used plates were bonded together by means of an epoxy adhesive (Araldite 2014, Vantico, 

Duxford, Cambridge, UK), of 150 m in thickness, achieved by a uniform pressure of 0.1 Kg/m2. The 

adhesive was then cured according to the manufacturer’s instructions at room temperature (25C) 

for 24 h. 

The used approach to produce artificial defects in the bonded line consisted of removing a 

circular portion of aluminium equal to the adhesive thickness in one of the plates, and then that zone 

is covered with sticky tape to avoid adhesive penetration, as described in [47]. 
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Figure 2. Experimental setup. 

4. Results 

4.1. Phase velocities and displacements in a single plate in water 

The solutions for the phase velocity were obtained from Eq. (1) and (2) using an iterative 

optimization algorithm. The first four propagation modes that correspond to the real part of the 

solutions for the aluminium plates used in this study, are shown in Figure 3. Figure 4 presents the 

leakage attenuation due to water, for the fundamental modes S0 and A0, obtained from the imaginary 

part of the equation (3). According to the used frequency (500kHz), it was selected the propagation 

mode S0, due to the high spatial separation compared to the other modes and the low attenuation 

compared to A0, allowing easier amplitude measurements. 

 

Figure 3. Phase velocity of the first four propagation guided modes for an aluminium plate with 4 

mm in thickness immersed in water. 
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Figure 4. Leaky attenuation of the fundamental modes S0 and A0 in an aluminium plate with 4 mm 

in thickness immersed in water. 

From Eq. (4) to (7), there were obtained the in-plane (ux) and out-of-plane (uz) displacements for 

S0 and A0, which are presented in Figure 5. The higher value of uz for A0 mode, when compared to 

S0 mode, justify the high value of leakage attenuation observed in the Figure 4. 

(a) (b) 

Figure 5. Displacements of the fundamental modes in an aluminium plate with 4 mm thickness: (a) 

S0; (b) A0. 

4.2. Phase velocities and displacements in a bonded lap joint in water 

For the bonded region the transfer matrix method introduced in the section 2.2 was used to 

obtain the modal solutions of the matrix system. The real part of the solutions, which is the phase 

velocity of the different modes, is presented in Figure 6. 

The total thickness of the system is 8.15 mm (two 4 mm aluminium plates and 0.15 mm 

adhesive), so for the working frequency, four differences modes coexist: A0, S0, A1 and S1. The 

behavior is very similar to the previously obtained for the single plate, which is justified by the fact 

the system is mostly composed by aluminium with a very small amount of epoxy. The behavior 

difference characterizes by an increase of the number of propagation modes, which is related to the 

increase of the thickness. The attenuation values due to leakage for 500 kHz were obtained in the 

same way as previously for the single plate and are presented in Table 2. 
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Figure 6. Phase velocity dispersion curves for two bonded aluminium plates immersed in water. 

Table 2. Attenuation due to leakage to the fluid in the bonded plate region for the different 

propagation modes. 

Mode A0 S0 A1 S1 

Attenuation 

[Np/m] 
22.7 37.5 10.5 0.1 

The displacements for the mentioned modes can be also obtained using the matrix method [56]. 

Considering the boundary conditions for all interfaces, it is obtained a matrix composed by the 

amplitude coefficients for the three layers. As the system is immersed, there are two additional 

unknowns corresponding to the amplitude of longitudinal waves at the water bottom boundary and 

at the top boundary water. By solving the matrix system, the displacement values in arbitrary units 

as a function of the thickness were evaluated and are presented in Figure 7. There is now a more 

complex pattern when compared with the single plate one, which is due to the epoxy adhesive layer. 

Looking at the displacements at the surface of the system, that are in contact with the water, the 

relation between the out-of-plane and in-plane values agrees with the attenuation values presented 

in Table 2. For example, for the S1 mode the displacement is essentially in-plane, giving rise to 

extremely low attenuation values. For the A1 mode, the two types of displacements are similar, 

giving rise to already noticeable attenuation values. Finally, for A0 and S0 modes, the out-of-plane 

displacements are greater than the in-plane ones, leading to higher attenuations. 

  

(a) (b) 
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(c) (d) 

Figure 7. Displacements of the four existing modes in bonded region: (a) S0; (b) A0; (c) S1; (d) A1. 

4.3. Guided waves propagation simulation 

The k-Wave function used for the simulation is pstdElastic3D, based on the pseudo spectral time 

domain (PSTD) method, which is able to simulate the time-domain propagation of elastic waves 

through a three-dimensional homogeneous or heterogeneous medium [58]. The simulation model 

presented in section 2.3 was implemented in a computer with an Intel® Core™ i7-4790 processor and 

16GB RAM, with a Nvidea GeForce GTX1080 Ti GPU, 11.26 GB RAM. For the available hardware 

and the presented geometry, the maximum resolution (minimum grid point spacing) was limited to 

150 m. This resolution gave rise to 21.47x106 voxels (840x213x120). The source was excited with a 

three-cycle burst, 500 kHz central frequency, as shown in Figure 8 (a). Figure 8 (b) illustrates the 

respective spectrum. 

(a) (b) 

Figure 8. Excitation signal: (a) time domain; (b) frequency domain. 

For model validation, first the propagation in an aluminium single plate was tested. For that 

purpose, the theoretical phase velocity extracted from Figure 3 for 500 kHz was used in the Eq. (9). 

The resulting incident angle for S0 mode, which is the same as the receiving angle, is 18.2. 
The signal collected at the receiver is presented in Figure 9. It is observed an increase in the pulse 

length, due to the dispersion behavior of the S0 mode phase velocity, when compared with the 

original three cycle excitation burst (Figure 8 (a)). Besides the direct signal propagated between the 

transmitter and the receiver, it is also observed an interference signal corresponding to the round trip 

in the water path at the emitter. To avoid that interference, the distance between the emitter 
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transducer and the plate should be increased, however such was not possible in the present 

simulation by limited computational resources. Nevertheless, this fact has not prevented the peak-

to-peak amplitude value from being correctly evaluated. 

To confirm that the excited propagation mode is indeed S0, the phase velocity 𝑐𝑝 was calculated 

through the phase spectrum approach [56], as 𝑐𝑝 = 2𝜋𝑓𝐿∆𝜑 . (9) 

where f is the frequency, L is the path difference between two collected signals, and  is the 

respective difference in the phase spectrum. Figure 10 illustrates the phase velocity obtained by this 

method for L=20mm. There is a clear agreement between the presented phase velocity in Figure 10 

and the theoretical one shown in Figure 3. 

Comparing the peak-to-peak amplitudes of the two above mentioned signals, the attenuation 

was also computed, resulting in 27.5 Np/m. Again, this value is in full agreement with the theoretical 

one shown in Figure 4. 

 

Figure 9. Received signal after propagation in the bonded plate. 

 

Figure 10. Phase velocity obtained according with Eq. (11). 

The same methodology was used to simulate the propagation of S0 mode in the aluminium 

bonded plates presented in the Figure 1. 

Figure 11 illustrates snapshots of the normal and shear stresses in the XZ plane during the 

simulation. The emitter transducer is represented by a dashed line on the left. It is clear the high stress 

values inside the plates. It is also evident the energy leakage surrounding the plates and the absence 

of shear stress in the water. 
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Figure 11. Snapshots of normal (a) and shear (b) stresses in aluminium bonded plates. 

The received signal amplitudes corresponding to the propagation in a single plate and in the 

bonded plates obtained using the same test conditions, were compared. An amplitude decrease of 

about 10% was observed for the bonded plates compared with the single plate one, which can be 

justified by the higher attenuation values in the bonded region, when compared to the attenuation of 

S0 mode in a single plate. This high attenuation is related to the behavior of the existing modes in the 

bonded zone as result of mode conversion when the wave in the transmitter plate converts to one or 

more modes at the location where it first meets the adhesive layer. Those modes, which then travel 

in the bonded region are the natural modes (A0, S0, A1 and S1) of the three-layer system 

aluminium/adhesive/aluminium. Theoretically, it is expected that to excite a specific mode in the 

bonded zone, the mode shape in the bottom plate of the bonded zone should be similar to the mode 

shape in the single transmitter plate [13,59]. Comparing S0 displacement in the single plate (Figure 5 

(a)) with the natural modes in bonded plates (Figure 7), it can be said that A1 and S1 modes has 

completely different shapes, so their amplitude should be very low. The same comparison was made 

with A0 and S0 mode shapes. Now, despite not being perfectly equal, they have great similarities 

with S0 in the transmitter plate, which allows saying that these are the dominant modes in the bonded 

zone. As the mode shape in the bottom plate of the bonded zone is more or less the same for A0 and 

S0, it can be admitted the same conversion degree for both modes, and using data of Table 2 the 

average attenuation is 30 Np/m. This value is higher than the one for the single plate, which justify 

the smaller amplitude measured in the bonded plates. 

To evaluate the presence of voids and its influence in the received signal, round air defects 

(bubbles) with different diameters were simulated, characterizing the absence of the adhesive 

component between the plates. Figure 12 presents the peak-to-peak amplitude of the receiving signal 

as a function of void dimensions, normalized with respect to the small void considered (3mm). There 

is a signal amplitude increase with the void dimensions. The justification for this behavior can be 

explained because in the presence of a defect, the dominant modes that exist in the bonded joint give 

rise to additional modes (by mode conversion) that propagates around the defect. In this case this 

zone could be considered as two isolated semi-immersed plates (at one side there is water and at the 

other side there is air) where only A0 and S0 mode are allowed to propagate. Figure 13 describes 

schematically this situation. So, the propagation in the defective bonded joint this zone is similar to 

the observed in a single plate, and two phenomena contribute to the increase of amplitudes as the 

defect size increase: (a) as shown previously, the attenuation in the single plate is lower than in the 

bonded plates, (b) and as one side of the plate is in contact with air, the leakage is half of the verified 

when the plate is immersed. The experimental results are also presented in the Figure 12. 

Qualitatively there is reasonable agreement between the simulated and experimental. The observed 

deviation can be due to the different characteristics of the experimental and simulated defects, which 

inevitably do not have the same scattering effects. 
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Figure 12. Normalized peak-to-peak amplitude of received signal versus defect diameter. 

 

Figure 13. Schematic diagram of existing modes in the overlap region in the presence of a defect. 

4. Discussion 

In this work the authors present an analytical, simulated, and experimental study about the 

behavior of ultrasound guided waves propagating in a single plate and in two plates of aluminium, 

bonded by an epoxy adhesive layer. Both configurations were immersed in water. 

For a single plate, a classical iterative optimization algorithm was used to solve the complex 

dispersion equations in order to obtain the phase velocity, the leakage attenuation and the 

displacement curves of each propagation mode. It was verified that the high out-of-plane 

displacement values in the plate surfaces give rise to high attenuation values. For the bonded plates 

the transfer matrix method was used to obtain the same parameters above. Similar correlations 

between attenuation and out-of-plane displacements were obtained, as the ones for the single plates. 

A 3D simulation using the k-Wave MATLAB toolbox was implemented and the results proved its 

effectiveness to characterize the propagation of guided waves in single and bonded structures, 

concerning to the correct excitation of a certain mode, and the phase velocity and attenuation 

measurements. Simulated and experimental air voids with different dimensions were produced in 

the adhesive region of the bonded joint. An increase in the amplitude of the received signal was 

observed as the defect size also increased for both simulated and experimental approaches. That 

behavior is justified by the fact the defective region can be considered as a single plate with lower 

attenuation, in terms of guided waves propagation. Also, as only one plate surface is in contact with 

water (the other one is in contact with air), the leakage to water is smaller. The experimental results 

are in qualitative agreement with the simulated ones. The deviation is related to the inevitable 

impossibility to reproduce the same defects exactly in simulation and experimental. 
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