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Abstract 

Metallic plates are one of the major components of liquid containment structures 

and are widely used in petrochemical and civil engineering. In many cases, the 

metallic plates have one side exposed to liquid and are subjected to different types 

of loads with varying amplitudes. Corrosion damage and material degradations are 

the two major concerns. Damage detection of the submerged plate structures plays 

an important role in maintaining the structural integrity and safety of high-valued 

infrastructures (e.g. liquid storage tanks and pipes). Guided wave testing is one of 

the most promising damage detection approaches. Although guided wave based 

techniques have been extensively studied on different structures in gaseous 

environments, the design and implementation for the structures immersed in liquid 

have not been well investigated.  

This research aims at enhancing the understanding of guided wave 

propagation and interaction with damage in submerged structures. The focus of this 

research is on metallic plates that have one side in contact with liquid and the other 

side exposed to air. The specific objectives of this thesis include the investigation 

on the propagation characteristics of guided waves in metallic plates with one side 

exposed to liquid, the development of numerical models to investigate the scattering 

characteristics of guided waves at corrosion pit damage, the analyses of the 

influence of the surrounding liquid medium on the linear and nonlinear guided 

waves features, and the evaluation of the sensitivity of linear and nonlinear guided 

waves features to different types of damage in the one-side immersed metallic plate. 

The main body of the thesis consists of four journal articles (Chapters 2-5). 

Chapter 2 discusses the propagation characteristics and sensitivity to damage of 

linear guided waves in a metallic plate loaded with water on one side. The targeted 

damage is local thickness thinning (e.g. corrosion pits) with a size of around a few 

millimeters. Chapter 3 further investigates and compares the guided wavefields 

between a plate surrounded by air and the same plate with one side partly exposed 

to water. The influence of the surrounding liquid medium on the guided wave 

propagation is demonstrated experimentally and numerically. Chapters 4 and 5 

study two different nonlinear guided wave features, which are second harmonic 
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generation and combination harmonic generation, respectively. The nonlinear 

guided wave features have better sensitivity to microstructural defects that precede 

the damage in the macroscale. The targeted damage in Chapters 4 and 5 is fatigue 

degradation in the early stage, where fatigue appears as multiple micro cracks and 

is distributed in the structural materials. The microstructural defects are too small 

to be detected by the linear guided wave feature. However, these small defects can 

distort the guided waves passing through the material, producing new wave 

components at frequencies other than the excitation frequency of the incident waves. 

This provides a way for the nonlinear guided wave technique to evaluate the early-

stage damage in submerged structures.  
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Chapter 1. Research overview  

1.1 Background   

Metallic plates are the main components in liquid containment structures, such as 

liquid storage tanks and pipelines. They are widely used in petrochemical and civil 

engineering. When the devices are in service as shown in Figure 1.1, the metallic 

plates have one side exposed to liquid and are subjected to different types of loads 

with varying amplitudes. Over time, the structural materials are degrading, and 

corrosion can grow extensively in localized regions on the submerged sides of these 

structures. Failure to control the structural defects leads to leakage, catastrophic 

structural failures, and huge costs of downtime, fatalities, and environmental 

damage. For instance, it is estimated that the global cost of corrosion contributes to 

3.4% of the global gross domestic product (GDP), which is around US$ 2.5 trillion 

per year [1]. Up to 30% of these costs can be saved through proper damage control 

practices including periodic inspections and repair.   

 

 

Figure 1.1 Example of tanks and pipes filled with liquid 
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In the past few decades, many non-destructive testing (NDT) methods have 

been proposed to minimize the impacts of in-service failure of high-valued 

infrastructures. These NDT techniques include visual inspection by divers and 

robots [2], hydro test [3], ultrasonic testing [4], acoustic emission [5, 6], magnetic 

flux leakage test [7], and eddy current test [8]. These NDT approaches are not 

economic and inconvenient because they require periodic shutdown of the facilities 

to implement inspection. Recent research has put forward the concept of structural 

health monitoring (SHM), which is to permanently install lightweight and durable 

sensors on the structure and continuously evaluate the structural integrity. SHM has 

the potential to reduce costs by scheduling the maintenance only as needed [9]. Both 

the NDT and SHM communities have conducted extensive research to detect 

defects at an earlier stage and track the damage evolution. Earlier detection of 

damage allows more time to plan actions that would ultimately enhance safety.  

 

 

Figure 1.2 Comparison of inspection area between (a) conventional ultrasonic 

testing using bulk waves and (b) guided wave testing  

 

Guided wave testing is one of the most promising SHM approaches, which 

can achieve much larger inspection ranges than the conventional NDT approaches, 

by using a small number of sensors permanently attached to the structures. Guided 

waves are defined as elastic waves propagating along a boundary or between 

parallel boundaries of a structure. Figure 1.2 compares the inspections of a plate 



 Chapter 1  

3 

 

structure using conventional ultrasonic testing and guided wave testing, 

respectively. Conventional ultrasonic testing inspects the structure using bulk 

waves (e.g. longitudinal wave and shear wave). The inspection area is the local 

region below the transducer. The transducer must be moved along the surface to 

collect data. In contrast, guided waves cover the total thickness of the structures 

over a fairly long distance. The inspected area using guided waves is much larger, 

compared to the conventional ultrasonic testing.  

Previous studies have demonstrated that guided waves have high sensitivity 

to various structural defects and can inspect inaccessible locations [10]. The 

majority of the work on the applications of guided waves has been conducted on 

the structures in gaseous environments. In the literature, there were limited studies 

that employed guided waves to detect damage in structures immersed in liquid. The 

interaction between guided waves and defects in submerged structures has not been 

fully understood. To provide support for the further development of the structural 

health monitoring techniques for submerged structures, this thesis investigates the 

feasibility of using both the linear and nonlinear guided waves to detect and 

characterize damage in plate structures with one side exposed to liquid. The 

following section provides a brief review of research progress in the field of damage 

detection using linear and nonlinear guided waves. 

 

1.2 Literature review  

1.2.1. Linear guided wave testing 

Linear guided waves are sensitive to defects with a size comparable to the 

wavelength of the selected guided wave modes. Generally, they are around a few 

millimeters. Typical examples of these defects include small corrosion pits, dents, 

cuts, and notches. The interaction between guided waves and these defects can 

generate scattered waves at the same frequency components as the incident waves. 

The scattered waves can alter the transmitted guided wave signals, such as wave 

amplitude changes, arrival time delays, phase shifts, and mode conversions. 

There are various types of guided wave modes depending on the structural 

boundaries. For example, Rayleigh waves propagate on the surface of a semi-



 Chapter 1  

4 

 

infinite solid [11, 12]. Edge waves travel along the structural edges [13, 14]. Lamb 

waves refer to guided waves in thin-walled structures such as plates and pipes [15, 

16]. In this study, we focus on the thin-walled plate structure with one side 

immersed in liquid. Guided waves in the immersed plate structures have leaky 

Lamb modes and the quasi-Scholte mode. Leaky Lamb waves are composed of 

multiple leaky symmetric and antisymmetric wave modes. They also are called 

leaky guided waves because the wave energy can transmit into the surrounding 

liquid medium through the solid-liquid interface.  

The application of leaky guided waves for submerged thin-walled structures 

is limited to several guided wave modes at their corresponding low attenuation 

frequency region because most of the leaky guided waves decay quickly due to high 

attenuation. The fundamental leaky symmetric Lamb wave mode (leaky S0) is one 

of the most popular wave modes and has been employed to estimate circular holes, 

notches, and corrosion in metal plates immersed in water [17-21]. When the 

excitation frequency is below the cut-off frequency of the higher-order wave modes, 

leaky S0 wave has very low attenuation and is well separated from the other wave 

modes due to the fastest propagation speed. The structural defects can be evaluated 

by leaky S0 wave with relatively simple signal processing techniques. However, it 

is not sensitive to small and shallow defects on the structural surfaces. To overcome 

this limitation, researchers also investigated the first-order leaky symmetric Lamb 

wave mode (leaky S1) [20, 22] and the first-order leaky anti-symmetric Lamb wave 

mode (leaky A1) [19] to evaluate different defects in immersed plate structures. 

Generally, the higher-order guided wave modes (leaky S1 and leaky A1) have high 

sensitivity to the shallow defects at the plate surface. However, the experimentally 

measured signals are much more complicated due to the presence of multiple wave 

modes.  

The quasi-Scholte wave was also studied to detect notch damage in 

immersed metal plates [23]. The quasi-Scholte wave can be generated at low 

excitation frequencies and has very low attenuation. It should be noted that the 

quasi-Scholte wave has a much lower phase velocity compared to leaky S0 wave at 

a given frequency. A lower phase velocity indicates a shorter wavelength and higher 

sensitivity to small and shallow defects at the structural surface [24]. This is due to 
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the fact that the size of the defects should be larger than half the wave wavelength 

of the passing guided waves to ensure the scattered waves by the defects can be 

measurable [25].  

 

1.2.2. Nonlinear guided wave testing 

Generally speaking, it is better to identify defects sooner than later. Earlier detection 

of damage allows more time to plan maintenance action and substantially improves 

safety. In the early damage stage, all material has the inherent material nonlinearity 

that is attributed to microstructural defects such as micro cracks, persistent slip 

bands, and dislocation [9, 26, 27]. As the loads increase, these microstructural 

defects accumulate and evolve into macro cracks. The evolution from 

microstructural defects to macro cracks takes up a major part of the total service 

life [9]. After that, the macro cracks grow quickly to critical points, leading to 

catastrophic failure.  

The microstructural defects are too small to be detected by linear guided 

wave testing as mentioned above. However, they can distort the passing guided 

waves and generate new wave components at frequencies other than the incident 

waves. The new wave components are called the nonlinear guided wave features 

and have been shown to change significantly during the early damage stage in air-

coupled structures [11, 28-36]. This phenomenon enables researchers to identify 

smaller defects and track material degradation in the early stage. However, 

nonlinear guided waves have not yet been well studied for damage detection for 

structures immersed in liquid. The influence of the liquid coupling on the generation 

of the nonlinear guided waves is unknown.  

 

1.3 Research aims and objectives 

This research aims at enhancing the understanding of guided wave propagation and 

interaction with damage in submerged structures. The focus of the current research 

is on metallic plates that have one side in contact with liquid and the other side 

exposed to air. The intended application includes damage detection for liquid 



 Chapter 1  

6 

 

containment structures such as water towers, storage tanks, and ship hulls. The 

project comprises the following objectives: 

 

Objective 1: To investigate the propagation characteristics of leaky guided 

waves in a metallic plate with one side exposed to liquid 

An analytical analysis is conducted to derive the dispersion curves and mode shapes 

of the leaky guided waves in a metal plate with one side exposed to liquid. 

According to the theoretical results, the low attenuation frequency range of the 

fundamental leaky guided wave modes (leaky S0, leaky A0, and quasi-Scholte 

waves) are identified. After that, the propagation characteristics of the selected 

wave modes are investigated through experimental measurements. Finally, the 

influence of the surrounding liquid is demonstrated by comparing the signals 

experimentally measured from a metal plate with and without liquid.  

 

Objective 2: To develop a 3D FE model to investigate the scattering 

characteristics of leaky guided waves at corrosion pit damage 

A 3D FE model is developed to simulate the interaction between leaky guided 

waves and corrosion pits. The numerical simulation can provide a visualization of 

the guided wave fields and help interpret the experimental data. The scattering 

characteristics of leaky guided waves are analyzed by means of scattering directive 

pattern (SDP), which provides the scattering amplitudes in all directions around the 

damage.  

 

Objective 3: To analyze the effect of the surrounding liquid medium on the 

linear and nonlinear guided wave features 

The influence of the surrounding liquid on the linear and nonlinear guided wave 

features is demonstrated by comparing the signals experimentally measured from a 

metal plate with and without liquid. Nonlinear interactions between guided waves 

and the microstructures in materials are investigated. The focus has been on the 

generation of second harmonics and combination harmonics. 
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Objective 4: To evaluate the sensitivity of linear and nonlinear leaky guided 

waves to various damage in the metallic plate with one side exposed to liquid 

Fatigue is one of the major concerns for submerged structures that are subjected to 

cyclic loading with varying amplitudes. In the fatigue stage, the microstructural 

defects in the material continue to grow and accumulate, which can be evaluated by 

the nonlinear guided wave features. Corrosion damage is another important issue 

for metallic structures operating in humid environments. Corrosion pits with a few 

millimeters can be evaluated by linear guided wave features. Numerical and 

experimental studies are conducted to evaluate the sensitivity of both linear and 

nonlinear guided waves to different types of damage in the immersed plate.  

 

1.4 Structure of the thesis 

This thesis consists of four journal articles in regard to applying guided waves for 

damage detection of submerged structures. Chapter 1 provides a brief background 

on the research and introduces the significance of safety inspection for submerged 

structures. This is followed by an overview of guided wave techniques for damage 

detection, which can be further categorized into linear guided wave testing and 

nonlinear guided wave testing. Then, the aims and objectives of the research are 

presented and a brief outline of the thesis is formulated. 

Chapter 2 (Paper 1) discusses the propagation characteristics and sensitivity 

to damage of linear guided wave features on a metallic plate loaded with water on 

one side. The targeted damage is local thickness thining (e.g. corrosion pits) with a 

size of around a few millimeters, which is the major concern for metallic structures. 

To simulate corrosion pits, blind holes are mechanically drilled on a steel plate with 

one side exposed to water. The interaction of guided waves with the blind holes is 

investigated.  

Chapter 3 (Paper 2) further investigates the behaviors of guided waves in a 

metallic plate with one side partly exposed to water. The influence of the 

surrounding liquid medium on the guided wave propagation is demonstrated 
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experimentally and numerically by comparing the guided wavefields between the 

plate surrounded by air and the plate with one side partly exposed to water. The 

findings of this chapter indicate that the defects (e.g. corrosion pits) on partially 

immersed plates (e.g. tanks or pipes partially filled with liquids) can be evaluated 

by sending guided waves on the dry section of the plates and measuring the guided 

wave signals on the immersed section.  

Chapter 4 (Paper 3) explores the nonlinear guided wave testing using tone 

burst signals with a single central excitation frequency. In the literature, the linear 

guided wave testing can only identify defects with a size comparable to the 

wavelength of the passing guided waves, which are around a few millimeters. The 

nonlinear guided wave features have better sensitivity to microstructural defects 

that precede the damage in the macroscale and allow earlier damage detection. This 

chapter investigates the feasibility of the second harmonic generation by guided 

waves in metallic plates with one side exposed to water. Three criteria are proposed 

for the selection of guided wave modes and excitation frequencies, which ensures 

the measurable and cumulative generation of the second harmonics due to the 

material nonlinearity. Both experiments and numerical simulations are conducted 

and the results demonstrated that the second harmonics by leaky S0 waves are 

sensitive to the early-stage damage in plates with one side immersed in water.   

Chapter 5 (Paper 4) numerically and experimentally investigates the 

nonlinear guided waves mixing two different frequencies in an aluminum plate 

loaded with water on one side. Leaky S0 waves are excited at two different 

frequencies on the wall of a metal tank filled with water. The nonlinear interaction 

between leaky S0 waves with two different frequencies can produce cumulative 

combination harmonics at the sum frequency. Compared to the second harmonics 

studied in Paper 3, the combination harmonics are less affected by the higher 

harmonics produced by the instrumentations. In addition, mixing guided waves 

with different frequencies provides more flexibility for the selection of guided wave 

modes and excitation frequencies. In addition, the combination harmonics show a 

better sensitivity to the early stage of fatigue damage than the second harmonics.  

Chapter 6 summarizes the contributions and significance of the research 

carried out in this thesis and provides recommendations for future studies.  
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Chapter 2. Scattering characteristics of quasi-Scholte waves at 

blind holes in metallic plates with one side exposed to water 

 

Abstract 

Corrosion is one of the major issues in metallic structures, especially those 

operating in humid environments and submerged in water. It is important to detect 

corrosion at its early stage to prevent further deterioration and catastrophic failures 

of the structures. Guided wave-based damage detection technique is one of the 

promising techniques for detecting and characterizing damage in structures. In 

water-immersed plate structures, most of the guided wave modes have strong 

attenuation due to energy leakage into the surrounding liquid. However, there is an 

interface wave mode known as quasi-Scholte waves, which can propagate with low 

attenuation. Therefore, this mode is promising for structural health monitoring 

(SHM) applications. This paper presents an analysis of the capability of quasi-

Scholte waves in detecting internal corrosion-like defects in water-immersed 

structures. A three-dimensional (3D) finite element (FE) model is developed to 

simulate quasi-Scholte wave propagation and wave scattering phenomena on a steel 

plate with one side exposed to water. The accuracy of the model is validated through 

experimental measurements. There is good agreement between the FE simulations 

and experimental measurements. The experimentally verified 3D FE model is then 

employed in a series of parametric studies to analyze the scattering characteristics 

of quasi-Scholte waves at circular blind holes with different diameters and depths, 

which are the simplest representation of progressive corrosion. The findings of this 

study can enhance the understanding of quasi-Scholte waves scattering at corrosion 

damage of structures submerged in water and help improve the performance of in-

situ damage detection techniques. 

 

Keywords: Quasi-Scholte waves; guided waves; scattering; submerged structure; 

corrosion; metallic plate  
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2.2. Introduction  

Structures that have one side exposed to water are commonly encountered, such as 

water tanks, pipelines, and ship hulls. These structures often incorporate plate-like 

components, which are prone to corrosion as a result of electrochemical reactions 

in the presence of water. Corrosion can occur in a localized region and deteriorate 

the strength of the structures. It is important to detect and control corrosion so that 

catastrophic failures and leakage can be avoided.  

Among various structural health monitoring (SHM) techniques [1-3], 

guided wave-based techniques have attracted increasing interest due to the ability 

to inspect large areas compared to the conventional non-destructive evaluation 

(NDE) techniques, high sensitivity to different types and small damage, and the 

ability to inspect inaccessible locations. A review of guided wave-based SHM 

techniques can be found in [4]. However, the majority of the studies on guided 

waves have focused on the structures with traction free boundary conditions [5-8]. 

Meanwhile, there are limited studies on using guided waves for safety inspections 

on structures submerged in water, especially the quasi-Scholte waves. 

 

2.2.1. Damage detection of submerged structures using guided waves 

Energy of guided waves in structures immersed in water can leak into the 

surrounding medium so that most of the guided wave modes have high attenuation 

characteristics, which significantly reduces the inspection area. As a result, the 

practical applications are limited to specific guided wave modes and the excitation 

frequencies need to be at their corresponding low attenuation frequency bands [9]. 

Several studies demonstrated the feasibility of using guided waves for damage 

inspection in submerged structures. Na and Kundu [10] investigated the capability 

of the flexural cylindrical guided wave modes in detecting defects in underwater 

pipes. They found that the amplitudes of the transmitted signals would be decreased 

after they passed through various types of damage in pipes. This phenomenon could 

be used to evaluate the extent and distinguish the type of damage. Chen et al. [11] 

employed the fundamental antisymmetric leaky lamb wave mode (leaky A0 waves) 

to evaluate corrosion damage in a submerged metallic plate. The amplitudes and 
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the speed of leaky A0 waves were found to be significantly affected by the 

surrounding fluid medium. Pistone et al. [12] used a pulsed laser to generate guided 

waves in a water-immersed aluminum plate and collected the wave signal by an 

array of immersed transducers. They concluded that the fundamental symmetric 

leaky lamb wave mode (leaky S0 waves), which had the fastest wave speed and the 

least decay, could be used to detect cracks and holes in the plate. Sharma and 

Mukherjee [13] used a pair of immersed ultrasonic transducers to generate and 

measure guided waves in a steel plate, both sides of which were fully immersed in 

water. Leaky S0 waves, the first order symmetric leaky lamb wave mode (leaky S1 

waves), and the first order anti-symmetric leaky lamb wave mode (leaky A1 waves) 

were excited at their corresponding low attenuation frequency bands. Each of these 

wave modes demonstrated a different sensitivity to notch-like defects and the 

decrease in amplitudes of the transmitted signal could be related to the severity of 

the damage. Takiy et al. [9] implemented experiment studies to verify the existence 

of guided wave modes at their theoretically predicted low attenuation frequency 

bands. It was confirmed that the higher order guided wave modes at their 

corresponding low attenuation frequency bands were also suitable to be used for 

damage detection in submerged structures. 

 

2.2.2. Quasi-Scholte waves in immersed structures 

In addition to the symmetric and anti-symmetric guided wave modes, there is an 

interface wave mode known as quasi-Scholte waves existing at the water-plate 

interface. This interface wave mode has low attenuation but it is rarely used for 

evaluating damage in structures since it has been reported that a large proportion of 

energy is propagating into the fluid at high frequencies [14]. However, it is found 

that most of the wave energy of the quasi-Scholte mode at low excitation 

frequencies is conserved in the structures during the propagation. Tian and Yu [15, 

16] experimentally investigated guided wave propagation on a steel plate loaded 

with water on a single side. They used a scanning laser Doppler vibrometer to 

measure the wave signals along a line and plotted the data in the frequency-

wavenumber spectrum. It was demonstrated that leaky A0 waves were indiscernible 

at low frequencies due to high attenuation while quasi-Scholte waves appeared 
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clearly. Recently, Hayashi and Fujishima [17] studied the feasibility of using quasi-

Scholte waves for damage detection in a thin aluminum plate that had one side 

immersed in water. The scattered waves due to a through-thickness notch could be 

observed at the low-frequency range. It should be noted that this study only 

measured the reflected signals. The scattering characteristics were not investigated. 

The practical application of the guided waves relies on a distributed 

transducer network, by which the guided wave signal is sequentially emitted by one 

of the transducers, and the rest of the transducers are used to measure the impinging 

waves. The majority of guided wave-based damage detection techniques employ 

the waves scattered at the damage and received by the transducers at different 

directions to detect and identify the damage [5, 18-20]. Therefore, understanding 

the scattering characteristics at different directions plays an important role in the 

development of the guided wave-based damage detection techniques. In the 

literature, different studies investigated the scattering characteristics of guided 

waves at different types of defects. However, the majority of the studies focused on 

traction free conditions, and the scattering characteristics of guided waves in plates 

loaded with water have not been well investigated. In particular, there are very 

limited studies investigating the scattering characteristics of the interface wave 

mode, quasi-Scholte waves, in plates loaded with water. 

This paper presents comprehensive numerical and experimental analyses of 

the scattering characteristics of quasi-Scholte waves at corrosion-like defects in 

structures exposed to water, such as water tanks and pipelines. The numerical 

method using a three-dimensional (3D) finite element (FE) model is employed to 

investigate the guided wave propagation and scattering phenomena on a one-side 

water-immersed steel plate with a circular blind hole that represents a corrosion 

spot or wall thinning, which is exposed to water. The scattering characteristics are 

investigated in terms of scattering directivity patterns (SDPs), which display the 

energy distribution of the scattered waves around the damage. The findings of this 

study provide a guide on the selection of appropriated excitation frequencies and 

sensor locations to evaluate corrosion damage, which can advance the guided wave-

based damage detection techniques for submerged structures. 
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This paper first presents the theoretical prediction of guided waves traveling 

along a steel plate that has one side submerged in water in Section 2.3. Sections 2.4 

and 2.5 describe the 3D FE simulation and experimental verification, respectively. 

The accuracy of the simulation results is validated through experimental 

measurements. Then, a series of numerical studies are carried out using the 

experimentally verified 3D FE model to investigate the characteristics of the 

scattered quasi-Scholte waves at blind holes with different dimensions in Section 

2.6. Finally, discussions and conclusions are provided and drawn in Sections 2.7 

and 2.8, respectively. 

 

2.3. Guided waves in one-side water-immersed plates 

Guided waves in plate-like structures are comprised of multiple symmetric and anti-

symmetric wave modes, which are represented by symbols iS  and iA , respectively, 

with the subscript (i = 0, 1,…) representing the order of the wave modes. The 

majority of the studies consider the plates that are placed open to the air. The 

boundary conditions for the top and bottom sides of the plates are traction-free as 

shown in Figure 2.1(a). The characteristic equation of the guided waves can be 

described as [21]  
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for anti-symmetric modes iA , where 2h d ; 
2 2 2 2

Tq w c k  ; 
2 2 2 2

Lp w c k  ; 

d , w , and k  represent the plate thickness, circular frequency, and wavenumber, 

respectively; Lc  and Tc  are the longitudinal wave speed and the transverse wave 

speed of the plate, respectively. It can be seen from Eqs (2.1) and (2.2) that the 

characteristics of guided wave modes depend on the product of the plate thickness 

and the frequency. The solutions can be presented as guided wave dispersion curves 
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that describe the relationship between the frequency-thickness product and the 

characteristics of the guided wave modes. 

 

 

Figure 2.1. Boundary conditions (a) free plate; and (b) one-side water-immersed 

plate 

 

When one side of the plate is immersed in water, as shown in Figure 2.1(b), 

the interface between the water and the plate is no longer traction free and the 

guided wave propagation changes [22]. The wave energy can leak into the water 

through out-of-plane motions of the particles at the water-plate interface. However, 

the displacements of the water and the plate are discontinuous in the shear direction 

because water cannot sustain shear loads [23, 24]. The governing equations of 

guided waves in the one-side water-immersed plate can be expressed as [25, 26] 

   T Ldet , , , , , , , 0w wG w k c c c d     (2.3) 

where wc  and w  represent the bulk wave speed and density of water, respectively. 

G  represents the characteristic matrix for the coupled fluid and solid waveguide. 

By solving Eq (2.3), one can obtain the dispersion curves of guided waves for the 

one-side water-immersed steel plate. 

The calculation can be done by the commercial software DISPERSE, which 

employs the global matrix method to calculate dispersion curves in a multi-layer 

waveguide [27]. In this method, the bulk wave characteristics of each layer are first 

determined from the corresponding material properties. Then, the stresses and 



 Chapter 2  

19 

 

displacements in each layer can be expressed in terms of the partial waves, which 

are assembled into one large global matrix with the boundary conditions. The global 

matrix can be solved for its modal response to find valid combinations of a certain 

frequency, wavenumber, and attenuation. The process repeats until all dispersion 

curves are traced. 

Figure 2.2 shows the phase velocity and attenuation dispersion curves of a 

steel plate that has its bottom surface immersed in water. There are three wave 

modes within the frequency-thickness band up to 1 MHz-mm: quasi-Scholte waves, 

leaky A0 waves, and leaky S0 waves. Unlike leaky A0 waves and leaky S0 waves, 

quasi-Scholte waves are one of the interface wave modes that have the most energy 

concentrated at the water-plate interface instead of radiating into the liquid [28]. In 

general, the phase velocity of quasi-Scholte waves, at a given excitation frequency, 

is much smaller than leaky S0 waves and leaky A0 waves as shown in Figure 2.2(a). 

Smaller phase velocity means a shorter wavelength, which means higher sensitivity 

to small defects [11]. In addition, the attenuation of quasi-Scholte waves is almost 

zero for the entire frequency-thickness range (Figure 2.2(b)). Therefore, quasi-

Scholte waves theoretically have the potential for long-range inspection and are 

expected to have a high sensitivity to damage. 

 

 

Figure 2.2. (a) Phase velocity and (b) attenuation dispersion curves of 1 mm thick 

steel plate with one side immersed in water 
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Figures 2.3(a)-2.3(c) present the mode shapes of quasi-Scholte waves at 100 

kHz-mm, 300 kHz-mm, and 500 kHz-mm as denoted by the three red dots in Figure 

2.2(a). It should be noted that the mode shape diagram only demonstrates the 

maximum amplitudes of the in-plane displacements and the out-of-plane 

displacements. A 1mm thick steel plate is located in the upper region while the 

bottom region represents the half-space water area. It can be seen that the 

displacements in the plate comprise the main part of the total displacements at the 

frequency-thickness range lower than 300 kHz-mm. This range is known as the 

dispersive region, in which the phase velocity of quasi-Scholte waves changes 

significantly with the product of the frequency and plate thickness as shown in 

Figure 2.2(a). The range of frequency-thickness over 300 kHz-mm is the non-

dispersive region. In this region, the phase velocity of the quasi-Scholte wave is 

almost constant. However, the deformation of the modeshape in the plate is 

negligible compared to the deformation of the modeshape in the water as shown in 

Figure 2.3(c). Due to this observation, the quasi-Scholte wave in the non-dispersive 

region cannot be detected from the dry plate surface since most of the wave energy 

concentrates at the waterside of the submerged plate. Therefore, the rest of the study 

focuses on the frequency-thickness product values lower than 300 kHz-mm. 

 

 

Figure 2.3. Theoretical mode shapes of quasi-Scholte waves at (a) 100 kHz-mm, (b)  

300 kHz-mm, and (c) 500 kHz-mm. (red line denotes in-plane displacements; blue 

line denotes out-of-plane displacements) 
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2.4. Wave propagation and interaction simulation 

3D FE simulation was used to simulate guided wave propagation on a steel plate 

loaded with water on a single side. The commercial FE software, ABAQUS, was 

used to generate the geometry and mesh the FE model. This study aims to 

investigate the interaction of quasi-Scholte waves with blind holes, which is a local 

phenomenon. Therefore, only a rectangular section of the plate was modeled with 

absorbing regions attached to its edges to reduce unwanted waves reflected from 

the boundaries and improve the computational efficiency. Figure 2.4 shows the 

configuration of the 3D FE model. The dimension of the steel plate was 270 mm × 

320 mm × 2 mm (W L H  ) with 40 mm wide absorbing regions applied to its 

edges. The bottom surface was in contact with a 100 mm thick water layer. Table 

2.1 summarizes the material properties of the steel plate and the water for the 3D 

FE model. The plate and absorbing regions were discretized by 3D eight-node 

reduced integration solid elements (C3D8R). The water layer was modeled using 

3D eight-node reduced integration acoustic elements (AC3D8R). The interface 

between the water and the steel plate was defined by surface-based tie constraint in 

ABAQUS/Explicit, which tied the acoustic pressure on the fluid surface with the 

displacements on the solid surface [29]. This allowed the wave energy in the plate 

to transmit into the water through the out-of-plane displacements. 

 

Table 2.1 Material properties of the steel and water used in the 3D FE model 

 
Density 

(kg/m3) 

Young’s 

modulus 

(GPa) 

Poisson’s 

ratio 

Bulk modulus 

(GPa) 

Plate 7800 200 0.3 -- 

Water 1000 -- -- 2.2 

 

The guided waves were excited on the top water-free surface through 

applying the out-of-plane nodal displacements by a 5 mm diameter circular 

transducer [30, 31]. The excitation signal was a five-cycle Hann window-modulated 

sinusoidal tone bust [32]. In order to compare the FE simulations with experiment 

results, the excitation frequency in this study was selected as 100 kHz, at which the 
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measured signal in the experiment had the highest signal-to-noise ratio. At this 

excitation frequency, the theoretical wavelength of the selected wave mode, the 

quasi-Scholte wave, was around 10 mm as predicted by the phase velocity 

dispersion curves. Then, the in-plane dimension of the solid elements in the plate 

was set as 0.5 × 0.5 mm2, which was small enough to ensure that at least ten 

elements exist per wavelength of the selected wave mode as recommended in the 

literature to simulate guided wave interaction with defects [33, 34]. Eight layers of 

solid elements were used in the thickness direction, by which the aspect ratio of the 

elements was two. A convergence study was implemented to confirm that the 

accuracy of the simulation results using elements with the aspect ratio of two was 

the same as that using the cubic elements. 

 

 

Figure 2.4. Schematic diagram of the configuration used in FE simulation 
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The absorbing regions located at the four edges of the plate were divided 

into 40 layers of which the mass-proportional damping coefficients ( MC ) gradually 

increased from the innermost layer to the outmost layer. The absorbing layers can 

avoid the wave reflections from the boundaries, and hence, it allows using a small 

FE model to analyze the wave propagation and the scattering phenomena in a large 

structure. The mass-proportional damping coefficient of each absorbing layer was 

defined as [35, 36] 

 
3

max ( )M MC C X x  (2.4) 

where x  represents the distance between the current layer and the interface 

between the absorbing regions and the steel plate;  3X x  denotes a function of x , 

whose value varies from 0 when 0x   to 1 at the outmost layer of the absorbing 

region maxx x ; maxMC  is the mass-proportional damping coefficient of the outmost 

layer in the absorbing region and was set as 63 10 , which was obtained by trial 

and error [37]. 

The dynamic simulations were accomplished by the explicit module of 

ABAQUS, which used the central-difference integration. For wave propagation 

problems, it is recommended that the time step increment should be less than the 

ratio of the minimum element size to the speed of the dilatational wave. In this study, 

the increment time step was automatically determined by ABAQUS in all 

simulations [38]. 

Figures 2.5(a) and 2.5(b) present the snapshots of the simulated out-of-plane 

displacements in the 2 mm thick one-side water-immersed steel plate before and 

after the guided wave interaction with a circular blind hole, respectively. The 

excitation frequency was 100 kHz and the corresponding frequency-thickness 

product was 200 kHz-mm, which was in the dispersion region of quasi-Scholte 

waves. The diameter and depth of the blind hole were 10 mm and 1.5 mm, 

respectively. Guided waves were excited and propagated omnidirectionally and 

gradually diminished when they reached the absorbing layers as shown in Figure 

2.5(b). There were no obvious boundary reflections observed from the plate edges. 

After the interaction of the incident waves with the circular blind hole, part of wave 
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energy transmitted through and there were some waves reflected from the blind 

hole. Figures 2.5(c) and 2.5(d) show the contour snapshot of the corresponding 

acoustic pressure in the water. It can be seen that there was only one wave packet 

observed in the plate. This wave packet had a flexure mode shape and most of the 

wave energy was confined to the water-plate interface rather than radiating into 

water. Due to these features, it was identified that this wave packet was related to 

the quasi-Scholte mode. The simulation results demonstrated that the out-of-plane 

excitation on the surface of the one-sided water-loaded plate dominantly generates 

the quasi-Scholte waves that are able to detect damage at the water-plate interface 

by wave scattering. 

 

 

Figure 2.5. Snapshots of the simulated out-of-plane displacements in a 2 mm thick 

one-side water-immersed steel plate at different time instances; (a) before the 

incident wave reaches the circular blind hole; (b) after interaction of the incident 

wave with the circular blind hole; (c) and (d) the corresponding contour snapshots 

of the acoustic pressure. 

 

2.5. Experimental validation 

To study the wave propagation in a plate with one side exposed to water, a test 

metal tank was designed with the front wall being the test plate as shown in Figure 
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2.6(a). The test plate was a 2 mm thick steel plate and the material properties are 

given in Table 2.1. During the test, the metal tank was filled with water so that the 

internal surface of the test plate was in contact with water while the external surface 

of the test plate was exposed to the air. To validate the accuracy of the 3D FE model 

to simulate guided wave scattering phenomena, a blind hole was drilled at the 

internal surface of the test plate to model a corrosion pit (see, Figure 2.6(b)). A 

Cartesian coordinate system was defined with the origin being located at the left 

bottom of the test plate (see, Figure 2.6(a)). A circular piezoceramic transducer (5 

mm diameter, 2 mm thickness) was mounted to the outer side (water-free surface) 

of the test plate at x = 200 mm and y = 200 mm, and it was used as the actuator to 

excite guided wave bursts. The excitation signal was generated by a function 

generator (AFG 3021B) and the voltage was increased by an amplifier (Krohn-Hite 

7500). The out-of-plane displacements at various scanning points were measured 

by the non-contact laser scanning Doppler vibrometer (Polytec PSV-400-M2-20). 

The excitation signal was a five-cycle Hann window-modulated sinusoidal tone 

burst. The experimentally measured data were collected with a sampling rate of 

10.26 MHz. The measured signals were filtered by applying a band-pass filter and 

averaging procedure applied to 1000 recordings. The overall experiment setup is 

shown in Figure 2.6(c). 
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 Figure 2.6. (a) Schematic diagram of the water tank and; (b) blind hole at the 

internal surface of the test plate; and (c) the experiment setup 

 

2.5.1. Verification of the intact FE model 

This section details the outcomes of the experimental study on guided wave 

propagation in the intact steel plate (before drilling the blind hole) with one side 

exposed to water. Figure 2.7(a) compares the FE simulated and experimentally 

measured signal in the time domain and the excitation frequency is 100 kHz. There 

is good agreement between the FE simulations and experimental measurements. 

The results confirm that the signal measured at the water-free surface of the one-

side water-immersed plate is dominated by a single wave packet, which is identified 

as the quasi-Scholte mode as discussed in Section 2.4. At such excitation frequency, 

leaky S0 waves have negligible out-of-plane components [15, 39] and the 
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magnitudes of leaky A0 waves are too small to be observed due to its high 

attenuation characteristics as shown in Figure 2.2(b). To further investigate the 

accuracy of the 3D FE model, the phase velocity dispersion curves were calculated 

with the same strategy for the experimental measurements and FE simulations. 

The excitation frequency was swept from 70 kHz to 150 kHz in steps of 10  

kHz. In this frequency range, the measured signals had a good signal-to-noise ratio 

in the experiment. At each excitation frequency, the out-of-plane displacements 

were collected at eleven points along the horizontal direction with a spatial step of 

2 mm, which was less than half of the wavelength of the quasi-Scholte wave mode. 

The measured time domain signals were then transformed into the frequency 

domain by fast Fourier transform (FFT). After that, the phase of each measured 

signal was calculated and the phase velocity between two measurements was 

calculated by 

 
2

p

f
C

x

 



 (1) 

where   and x  are the phase difference and distance between the two 

measurement points, respectively. 
pC  and f  are the phase velocity and the central 

frequency of the excitation, respectively. The phase velocity at each excitation 

frequency was determined by taking the average of the calculated phase velocities 

at the measurement points. Figure 2.7(b) presents the phase velocity dispersion 

curves of quasi-Scholte waves calculated by DISPERSE, FE simulations, and 

experimental measurements. The maximum deviation is less than 2%. There is good 

agreement between the theoretically calculated, numerically simulated, and 

experimentally measured phase velocity dispersion curves. 

The measured signals were also converted into the time-frequency spectrum 

by short-time Fourier transform (STFT) to determine the traveling time of quasi-

Scholte waves. The group velocity was calculated by 

  g c

x
C f

t
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where t  is the difference of the time of arrival between the two measurement 

points, which were away from each other by x . For the excitation frequency of 

100 kHz, the group velocities obtained from the FE simulations and the 

experimental measurements are 2143 m/s and 2131 m/s, respectively. They are very 

close to the theoretical value of 2143 m/s calculated by DISPERSE. Therefore, it 

can be concluded that the FE model can accurately simulate the wave on the steel 

plate loaded with water on a single side. 

 

 

Figure 2.7. (a) Typical FE simulated and experimentally measured signal at 100 

kHz (black solid lines: simulation results; red dash lines: experimental results); (b) 

Phase velocity dispersion curves from the theoretical calculation (solid black line), 

FE simulations (black circles), and experimental measurements (red triangles). 

 

2.5.2. Guided wave scattering at a blind hole 

The accuracy of wave scattering simulation using the 3D FE model was 

investigated through experimental measurements. A circular blind hole was drilled 

at the internal surface of the plate as shown in Figure 2.6(b). The depth and the 

diameter of the blind hole were measured to be 1.3 mm and 12 mm, respectively. 

A polar coordinate system was defined with the origin being the center of the blind 

hole as shown in Figure 2.6(a). Incident waves were excited by a piezoceramic 

transducer located at r = 80 mm and θ = 180o. A scanning laser Doppler vibrometer 

was employed to scan a circular path covered by 36 points at r = 50 mm, from 0o to 

360o with the increment step of 10o. The 3D FE model of the damaged plate with 

the same dimensions has a blind hole at the water-plate interface. The same strategy 
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was employed to obtain the simulated out-of-plane displacements at the same 36 

locations at the top surface (water-free surface). 

Figure 2.8(a) shows a typical signal obtained from the FE simulations and 

experimental measurements. The measurement point was located at r = 50 mm and 

θ = 170o. The incident wave was the selected interface wave mode, the quasi-

Scholte wave, and a small magnitude of the scattered wave, which was generated 

by the interaction of the quasi-Scholte wave with the blind hole. There is a small 

phase shift in the scattered waves, which could be the result of a small misalignment 

of the blind hole between the 3D FE model and the experiment. However, the 

simulated scattering amplitudes relative to the incident wave were consistent with 

the experimental measurements. Figure 2.8(b) shows the maximum absolute 

amplitudes of the simulated and the experimentally measured signals, where the 

amplitudes were normalized by the peak amplitudes of the signal at r =50 mm and 

θ =180o. In general, the 3D FE model well predicted the experimental results. It 

should be noted that although this study focuses on a particular excitation frequency, 

the 3D FE model can simulate wave propagation for other excitation frequencies as 

long as the size of elements is small enough to meet the minimum number of the 

FE nodes per wavelength requirement. 

 

 

Figure 2.8. (a) FE simulated and experimentally measured signal at r =50 mm, θ 

=170o of the one-side water-immersed steel plate with a blind hole; (b) Polar 

directivity patterns of the normalized maximum absolute amplitudes of quasi-

Scholte waves measured on the circular path. 
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2.6. Scattering of quasi-Scholte waves due to circular blind holes at 

the water-plate interface 

The experimentally validated 3D FE model was employed in a series of parametric 

studies to analyze the scattering characteristics of quasi-Scholte waves at circular 

blind holes at the water-plate interface. The simulations were carried out for the 

model with and without the blind hole so that the scattered waves could be extracted 

by subtracting the signals of the intact model from those measured from the model 

with the blind hole. The center of the blind hole was set as the origin of the polar 

coordinate system. Guided waves were generated on the water-free side by a 5 mm 

diameter circular transducer, of which the center was located at r = 80 mm and θ = 

180o. The normal displacements were obtained at 36 nodal points which were 

located at r = 50 mm and 0o < θ < 360o with a 10o step increment. Then, the SDPs 

were determined by plotting the maximum magnitudes of the scattered waves in all 

directions around the blind hole. The amplitudes of the SDPs were normalized by 

the maximum absolute amplitudes of the wave signal at r =50 mm and θ =180o. 

Figures 2.9(a)-2.9(c) show the SDPs of the 100 kHz incident quasi-Scholte waves 

at the 2 mm, 6 mm, and 10 mm diameter circular blind holes with the depth of 0.5 

mm located at the water-plate interface. The results indicate that the SDPs are 

dependent on the size of the circular blind hole. For the 2 mm diameter circular 

blind hole, the amplitudes of the reflected waves are comparable to the forward 

scattering amplitudes. However, the forward scattered waves increase significantly 

for the blind hole with larger diameters. The following sections investigate the 

effect of the diameter and the depth of the blind hole on the SDPs. 
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Figure 2.9. SDPs for the one-side water-loaded plate with (a) 2 mm, (b) 6 mm, and 

(c) 10 mm diameter circular blind hole with 0.5 mm depth. 

 

2.6.1. Influence of the diameter of the circular blind hole 

The SDPs of quasi-Scholte waves have been shown to change significantly with the 

size of the blind hole. This section explores the effect of the diameter of the blind 

hole on the scattering phenomenon in terms of the blind hole diameter to 

wavelength ratio (RDW). For a circular blind hole with a depth of 0.5 mm, the 

forward scattering amplitudes are given in Figure 2.10(a) at θ = 0o, 20o, 40o, 60o, 

80o, 280o, 300o, 320o, and 340o. For θ = 0o, 20o, and 340o, the amplitudes increase 

with RDW and have relatively larger amplitudes than those in other directions. The 

scattering amplitudes at θ = 40o and 320o rise until the RDW reaches 1.2 then reduce 

with RDW. The magnitudes of the scattered waves at θ = 60o, 80o, 280o, and 300o 

are small and exhibit slight fluctuation with RDW. 

Figure 2.10(b) presents the backward scattering amplitudes at θ = 100o, 120o, 

140o, 160o, 180o, 200o, 220o, 240o, and 260o. It can be seen that the overall behavior 

of the scattering magnitudes in the backward direction is much more complicated 

than that in the forward direction. For θ = 180o, 200o, 160o, 220o, 140o, 240o, and 

120o, the amplitudes fluctuate following a sinusoidal pattern but the overall trend is 

a slow increase. The minima of the scattering amplitudes at θ = 220o and 140o and 

θ = 240o and 120o are obtained with RDW of around 1.2, which are slightly behind 

the minima of scattered waves at θ = 180o, 200o, and 160o. Additionally, the 

amplitudes at θ = 260o and 100o are considerably small and show moderate variation 

with RDW. In general, the amplitudes of the backward scattered waves are smaller 

than those in the forward directions. Besides, the scattering amplitudes are almost 
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negligible in the directions perpendicular to the incident waves. Therefore, a sensor 

located at these directions is unlikely to detect any differences between damaged 

and undamaged plates. 

 

 

Figure 2.10. Normalized amplitudes for (a) the forward scattered waves and (b) the 

backward scattered waves at a circular blind hole in the one-side water-loaded steel 

plate as a function of RDW. 

 

2.6.2. Influence of the depth of the circular blind hole 

The above section demonstrates that the scattering characteristics are dependent on 

RDW. This section shows that the SDPs of quasi-Scholte waves also relate to the 

depth of the circular blind hole. Figures 2.11(a) and 2.11(b) show the SDPs of the 

100 kHz incident quasi-Scholte waves at the 6  mm diameter circular blind hole 

with the depth being 1.0 mm and 1.5 mm located at the water-plate interface. Both 

the forward and backward scattering amplitudes increase with the depth of the blind 

hole. For shallow blind holes (Figures 2.9(b) and 2.11(a)), the forward scattering 

amplitudes are much larger than the magnitudes of the backward scattered waves. 

However, the backward and forward scattering amplitudes are comparable in the 

case of deeper damage (Figure 2.11(b)). In addition, the scattering amplitudes at the 

directions perpendicular to the incident wave are weak for shallow damage (Figures 

2.9(b) and 2.11(a)) but they become comparable to those in other directions for the 

deeper blind hole (Figure 2.11(b)). Therefore, it can be seen that both the diameter 

and depth of the blind hole have a significant influence on the SDPs. 
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Figure 2.11. SDPs for the one-side water-loaded plate with a 6 mm diameter circular 

blind hole with a depth of (a) 1.0 mm and (b) 1.5 mm 

 

2.7. Advantages of quasi-Scholte waves for damage detection 

In the foregoing studies, it has been demonstrated that it is feasible to utilize guided 

waves for detecting damages in submerged structural components. One of the 

biggest challenges in terms of practical applications is that guided waves have 

multimodal features. For example, within the frequency-thickness range up to 1 

MHz-mm, there are only quasi-Scholte waves, leaky A0 waves, and leaky S0 waves 

existing simultaneously on the one-side water-loaded steel plate. Other higher-order 

wave modes will appear if the excitation frequency is higher [9]. When the 

measured signals contain multiple guided wave modes, it is very difficult to extract 

the damage-related wave signals that convey the information about the damage. 

Therefore, the use of guided waves at low excitation frequencies for damage 

detection is much more preferable since the measured signal has limited guided 

wave modes, which does not require sophisticated signal processing techniques.  

Among these aforementioned three wave modes at the low-frequency band, 

leaky A0 waves and leaky S0 waves continuously radiate energy into the 

surrounding medium. Leaky A0 waves have mostly out-of-plane displacements and 

decay rapidly due to the significant energy leakage into water. While leaky S0 waves 

have a small attenuation because it is dominated by the in-plane motions. But leaky 

S0 waves are relatively insensitive to shallow surface corrosion since most of it is 
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wave energy is confined to the mid-plane region of the plate [13, 40]. Unlike the 

leaky A0 mode and the leaky S0 modes, the quasi-Scholte mode is an interface wave 

mode whose energy is confined to the water-plate interface instead and does not 

significantly radiate into the water. This behavior enables the quasi-Scholte wave 

mode to travel over long distances with very low attenuation. In addition, the quasi-

Scholte wave mode has a much smaller wavelength than leaky A0 waves and leaky 

S0 waves, which means that quasi-Scholte waves are more sensitive to small-scale 

damage at the same excitation frequency. Sections 2.4 and 2.5 have numerically 

and experimentally demonstrated that at low frequencies, quasi-Scholte waves 

dominate over other wave modes when a circular piezoceramic transducer is 

installed on the water-free surface of the one-side water-immersed plate to excite 

guided waves. This phenomenon indicates that damage in the submerged structures 

can be potentially detected and evaluated based on a single wave mode. This 

significantly simplifies the practical implementations. In recognition of the above 

observations, it can be finally concluded that the quasi-Scholte wave mode is 

promising for damage detection in submerged structures. However, it should be 

noted that only the quasi-Scholte waves at the low frequency-thickness range (in 

the dispersive region) could be applicable for detecting damage in the submerged 

structures. Because at higher frequencies where the quasi-Scholte mode is non-

dispersive, the signal of quasi-Scholte waves cannot be detected from the plate 

surface since the displacements in the plate are negligible compared to the 

displacements in the water (see Figure 2.3). 

 

2.8. Conclusion 

This paper has presented a study on guided wave propagation in a steel plate with 

one side immersed in water for SHM application on water-filled tanks and pipes, in 

particular, the focus has been directed on the interface wave mode, quasi-Scholte 

waves, and its scattering characteristics at circular blind holes. This interface wave 

mode at low frequencies has low attenuation and most of the excitation energy is 

conserved in the structures during the propagation. A 3D FE model has been 

developed to simulate the guided wave propagation in a steel plate exposed to water 

on one side. It has been confirmed that the signal measured from the water-free 
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surface of the one-side water-immersed plate, which is excited by a circular 

piezoceramic transducer, is dominated by quasi-Scholte waves. The accuracy of the 

simulation results has been verified by comparing the phase velocities with the 

theoretical dispersion curves as well as the experimental measurements. The 

numerical simulations of wave scattering of the quasi-Scholte mode at a circular 

blind hole have been compared with the experimental measurements. A good 

agreement has been observed between the FE simulations and experimental 

measurements. It has been concluded the 3D FE model is able to accurately simulate 

quasi-Scholte wave propagation and its scattering characteristics for non-regular 

geometries.  

Further numerical studies have demonstrated that the scattering directivity 

patterns (SDPs) depend on both the diameter and the depth of the circular blind hole. 

At a given depth of the damage, the amplitudes of the backward scattered waves 

are comparable to the forward scattering amplitudes for small values of RDW. For 

larger RDW, the forward scattering amplitudes increase quickly with slight 

variation while the backward scattering magnitudes fluctuate following a sinusoidal 

pattern with the overall trend being a slow increase. In general, the forward 

scattered waves are more suitable to be used for identifying the size of the damage 

since they have larger amplitudes and follow a relatively simple scattering pattern. 

For the local damage of the same diameter, the forward and backward scattering 

amplitudes increase with the depth of the damage. The backward scattering 

amplitudes increase faster than the forward scattered waves. Also, for the directions 

perpendicular to the incident wave, the scattering amplitudes are weak for damage 

whose depth is less than half of the plate thickness but significantly increase for 

deeper damage.  

Finally, this study has provided a comprehensive investigation of the 

scattering phenomena due to low-frequency quasi-Scholte waves interacting with a 

circular blind hole. The findings of this study can be used to provide a guide on 

selecting appropriate excitation frequencies, guided wave modes, and transducer 

locations, and hence, it will help to improve the performance of in-situ damage 

detection techniques for structures exposed to the corrosive environment. 
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Chapter 3. Numerical and experimental investigations on mode 

conversion of guided Waves in partially immersed plates 

 

Abstract 

This paper numerically and experimentally investigates the guided wave 

propagation in a steel plate with one side partly exposed to water. The fundamental 

anti-symmetric Lamb wave (A0) is excited on the dry plate section and travels to 

the water-immersed plate section, where the generated A0 wave is mode converted 

to the quasi-Scholte (QS) wave. The results demonstrate that the energy of QS wave 

converted by the A0 wave decreases when the excitation frequency increases. In 

addition, it is revealed that the guided wave energy can shift in the frequency 

domain if the phase velocity of the incident A0 wave is larger than the sound speed 

of water. The frequency shift phenomenon should be noticed in practical 

applications because the behaviors of guided waves vary with frequency. Finally, 

discussions are provided on the frequency selection for exciting guided waves to 

detect damage on partially immersed structures and assess liquid properties. 

 

Keywords: Quasi-Scholte waves; Lamb waves; leaky guided waves; mode 

conversion; submerged structures. 
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3.2. Introduction 

Ultrasonic guided waves are elastic waves that travel along the boundary of a 

structure and have been widely used for identifying damage in structures [1-5], 

detecting debonding in adhesively bonded structures [6-9], sensing liquid levels and 

properties [10-12], and assessing coatings on the substrate surface [13, 14]. The 

advantages of ultrasonic guided waves are that they can propagate for a long 

distance, enabling an efficient large-area inspection. Lamb waves are guided waves 

in thin-walled structures, such as plates, shells, and pipes. When the plate is 

surrounded by air, Lamb waves are composed of multiple symmetric and anti-

symmetric wave modes [15]. When one or both sides of the plate are exposed to 

liquid, there is a substantial increase in the energy leakage into the surrounding 

liquid medium [16, 17]. Therefore, guided waves in immersed plates are called 

leaky Lamb waves and they behave differently from their counterparts in the plates 

surrounded by air.  

In addition to the symmetric and antisymmetric leaky Lamb wave modes, 

there is an interface mode called quasi-Scholte (QS) wave in the plate immersed in 

liquid [18]. Recently, studies have been conducted on the QS wave for a wide range 

of applications because of its ability to propagate along the plate-fluid interface over 

a long distance and high sensitivity to changes in the properties of both the plate 

and fluid. Tietze et al. [19] experimentally demonstrated that QS wave propagating 

at the interface between electrode and electrolyte is able to remove the diffusion 

boundary layer, which can be employed to accelerate the electrochemical process. 

Aubert et al. [20] invented a low-cost fluid manipulation device that employed the 

generation of QS wave to sort living cells and separate plasma from a blood 

microdroplet. Through schlieren imaging, the acoustic fields of the QS wave were 

experimentally visualized to be evanescent in the direction normal to the plate 

surface, which is a promising characteristic for microfluidic applications. Hayashi 

and Fujishima [21] experimentally confirmed that QS wave could be excited by 

applying the normal vibration directly on the surface of a plate loaded with water. 

The generated QS wave was shown to be sensitive to the change of the physical 

conditions on the plate surface. Thus, the QS wave is feasible for non-destructive 

testing (NDT) of water-filled storage tanks and pipes.  
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There are other studies focused on the application of QS wave, in which the 

QS wave is excited by mode conversion from the fundamental anti-symmetric mode 

(A0) of Lamb waves. Cegla et al. [18] developed a novel method for sensing fluid 

property by exciting guided waves on a plate that was partially immersed in the 

fluid. A transducer was attached at the end of the dry plate section (outside the fluid) 

to excite A0 wave. When the generated A0 wave traveled from the dry section of 

the plate to the section immersed in the fluid, part of the wave energy was reflected 

backward, and the rest of the wave energy was converted into the leaky A0 and QS 

waves. Leaky A0 wave decayed rapidly and disappeared after a short propagation 

distance. While QS wave propagated along the immersed plate with low attenuation, 

and then reached the end of the immersed section and reflected back to the 

measurement location. At the point where the plate was outside the fluid, the QS 

wave was converted back to A0 wave. The time-of-arrival and amplitude of the 

measured signals changed with the viscosity and bulk longitudinal velocity of the 

fluid, and hence, they could be employed to measure the fluid properties. Yu et al. 

[22] proposed a Lamb wave-based method for assessing liquid levels in the nuclear 

cooling pipe system. The method used a pair of piezoelectric wafer transducers that 

were mounted on the wall of a test tank. One of the transducers was used as an 

actuator and the other was used as a receiver. The wave signals were measured on 

the test tank filled with different amounts of water. It was found that the 

fundamental symmetric mode (S0) of Lamb waves was not influenced by the change 

of water level. In contrast, the presence of water significantly changed both the 

amplitude and phase of A0 wave. The phase change was shown to have a linear 

relationship with the change of water level. It should be noted that this study did 

not take into account the QS and leaky A0 waves, which also exist in the water-

immersed plate [21, 23]. 

Guo et al. [24] developed two-dimensional (2D) finite element (FE) models 

to simulate guided wave propagation along an empty steel vessel and the steel 

vessel filled with water, respectively. At the selected excitation frequency, A0 and 

QS waves were identified on the water-free vessel and the water-filled vessel, 

respectively. The latter was found to propagate more slowly than the former. 

Therefore, the traveling time of the guided waves between two transducers could 

be also utilized for measuring the liquid level in the steel vessel. This study only 
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considered a single excitation frequency, at which the leaky A0 wave mentioned in 

[18] was not detected in the water-immersed plate-like structure by both the 2D FE 

simulations and the experimental measurements [24].  

The aforementioned studies employed the mode conversion between QS 

and A0 waves at different excitation frequencies to achieve different applications, 

where the interactions among various guided wave modes were shown to be 

different. To date, there are very limited studies on the variation with frequency of 

the mode conversion phenomenon. However, studying the influence of excitation 

frequency on guided wave propagation is very important because the behaviors of 

guided waves are frequency-dependent. For example, it was reported that the 

displacements of the QS wave mainly occur in the liquid, and the majority of studies 

on QS wave had been focused on the fluid properties sensing [10, 18]. Only in 

recent years, its applications were extended to detect damage for plate structures 

submerged in liquid due to the observation that the QS wave at low frequencies has 

most of its wave motions conserved in the immersed plate [21, 25]. QS wave is 

dispersive at low frequencies and becomes nondispersive at high frequencies. The 

wave structure of QS wave at a low frequency significantly differs from that at a 

high frequency. Between the high and low frequencies, there is a frequency range, 

at which QS wave transitions from dispersive to nondispersive. In this frequency 

range, the wave structure of the QS wave changes rapidly with frequency, while 

that of the A0 wave does not change much. Therefore, the mode conversion between 

QS and A0 waves should also vary significantly with frequency, which has not been 

discussed in the literature.  

In the present study, the frequency dependence of the mode conversion from 

A0 wave to QS wave is studied numerically and experimentally. The findings of 

this study complement the current knowledge about guided wave propagation in 

partially immersed plates and provide a guide on selecting appropriate excitation 

frequencies for NDT of partially immersed structures and assessing liquid 

properties and levels. The numerical method using a three-dimensional (3D) FE 

model is proposed to portray guided wave propagation in a steel plate, of which one 

side is partly exposed to water. A0 wave is excited at different frequencies on the 

dry section of the plate and travels to the immersed section. The simulation results 
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provide a visualization of the interaction of different guided wave modes in both 

the plate and water. Then, experiments are conducted on a steel tank that is partially 

filled with water. The time-space wave fields are captured by a scanning laser 

Doppler vibrometer (SLDV) before and after guided waves travel from the dry 

section of the plate into the immersed section. The mode conversion process is 

graphically shown with the use of 2D Fourier transform (FT). The experimental 

results show a good agreement with the numerical simulations. After that, the 

variation of the mode conversion from A0 wave to QS wave with the excitation 

frequency is analyzed based on the theoretical dispersion curves and mode shapes 

of guided waves. Furthermore, it is observed that the energy of guided waves can 

shift in the frequency domain during the mode conversion process if the phase 

velocity of the incident A0 wave is larger than the sound speed of the surrounding 

liquid medium. The energy shift in frequency can change the behaviors of guided 

waves, which should be paid attention to in practical applications.  

The paper is organized as below. Section 3.3 compares the theoretical 

dispersion curves and mode shapes of guided waves in a plate surrounded by air 

and the plate with one side exposed to water. Section 3.4 describes the 3D FE model 

and presents the simulated guided wave fields in the partially immersed plate. After 

that, Section 3.5 shows the experimental setup and the configuration of 

measurement points. Section 3.6 illustrates the signal processing techniques and the 

analysis of experimentally measured signals. Then, Section 3.7 summarizes the 

frequency dependence of the mode conversion from A0 wave to QS wave and 

explains the mechanism of the energy shift in frequency phenomena according to 

the theoretical dispersion curves and mode shapes of the guided waves. Based on 

the findings, the selection of appropriate excitation frequency is discussed for 

reliable testing through the mode conversion from A0 wave to QS wave. Finally, 

conclusions are drawn in Section 3.8. 
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3.3. Guided waves in plates surrounded by air and plates with one 

side exposed to water 

Guided waves behave differently in plates surrounded by air and plates immersed 

in water. When guided waves propagate in a plate in gaseous environments, there 

is a very small energy leakage from the plate to the air. The energy leakage to the 

air is not modeled in this study because the resistance of air to the displacements of 

particles at the plate surface is very small. As shown in Figure 3.1, traction-free 

boundary conditions are applied to the plate surface open to the air. In comparison, 

when one side of the plate is exposed to water, the out-of-plane displacements and 

stresses at the plate-water interface become continuous. The shear stresses are 

disconnected because water cannot sustain shear forces [26]. The energy leakage to 

the water layer is substantially larger than that to the air.  

 

 

Figure 3.1. Guided wave propagation models and boundary conditions for (a) a dry 

plate surrounded by air, and (b) a plate with one side exposed to water  

 

The properties of guided waves vary with frequency, which can be 

theoretically predicted by dispersion curves. The present study employed the global 

matrix method to calculate the dispersion curves and the theoretical results were 

used to interpret the following numerical and experimental data. Two guided wave 

propagation models were constructed using the commercially available software 

DISPERSE [27]. They were a 2 mm thick steel plate and the plate with water loaded 
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on one side, respectively. Table 3.1 gives the material properties of the steel plate 

and water. The water layer was defined as a semi-infinite half-space. The boundary 

conditions of the plate-air interface and plate-water interface were modeled by the 

solid-vacuum and solid-liquid interfaces, respectively. Based on the geometry and 

material properties, the stresses and displacements in the plate and water layers 

could be determined in terms of the partial waves. Then, a global matrix equation 

representing the whole model was assembled by matching the boundary conditions 

of each interface. The global matrix equation is a function of frequency, 

wavenumber, and attenuation. Solving this global matrix equation gives a series of 

combinations of frequency, wave number, and attenuation, at which the partial 

waves can combine to a guided wave mode that propagates on the plates in the 

directions as shown in Figure 3.1.         

 

Table 3.1. Material properties of the steel and water  

Material 
Density 

(kg m-3) 

Young’s 

modulus 

(GPa) 

Poisson’s 

ratio 

Bulk 

modulus 

(GPa) 

Bulk wave 

velocity  

(m s-1) 

Steel 7800 212.038 0.287 --  

Water 1000 -- -- 2.2 1480 

 

Figure 3.2 compares the dispersion curves of guided waves for the 2 mm 

thick steel plate surrounded by air and the plate with water loaded on its one side. 

At the frequency range up to 500 kHz, only A0 and S0 waves exist in the plate 

without water. They are represented by the green and blue dash-dot lines in Figure 

3.2, respectively. The black solid lines, red dashed lines, and magenta dotted lines 

denote QS, leaky A0, and leaky S0 waves in the one-side water-immersed plate, 

respectively. The phase velocity 
pC and the group velocity 

gC  can be related to 

the angular frequency w  and the real wavenumber k  as 
pC w k  and 

gC w k   . As shown in Figure 3.2(c), the wavenumber dispersion curves of A0 

wave and S0 wave are almost overlapped with those of leaky A0 wave and leaky S0 

wave, respectively. It should be noted that leaky A0 wave appears only after 150 

kHz where its phase velocity is greater than the sound speed of the surrounding 
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water [28]. At a frequency lower than 150 kHz, the wavenumber of QS wave in the 

one-side water-immersed plate (black solid line) is just slightly larger than that of 

A0 wave in the dry plate (green dash-dot line) and the difference between them 

increases with frequency. 

 

 

Figure 3.2. Comparison of dispersion curves of a 2 mm thick steel plate and the 

plate with one side exposed to water: (a) phase velocity curves; (b) group velocity 

curves; (c) wavenumber curves; (d) attenuation curves (the legends in Figure 3.2(d) 

are applied for Figures 3.2(a)-3.2(d)). 

 

Figure 3.2(d) shows the attenuation dispersion curves where significant 

deviations can be observed between the dry plate and the one-side water-immersed 

plate. Obviously, leaky A0 wave (red dashed line) has a much higher attenuation 

than any other wave mode. This is because leaky A0 wave is dominated by the out-

of-plane displacements so that the wave energy can easily and massively radiate 

into the surrounding water [29]. The attenuation dispersion curve of leaky A0 wave 

declines sharply in the selected frequency range. This means that the low-frequency 

leaky A0 wave has larger attenuation than the high-frequency leaky A0 wave. The 

levels of attenuation of other wave modes are close for the frequency lower than 
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200 kHz. Over 200 kHz, the attenuation of QS wave drops to almost zero, while the 

attenuations of A0, S0, and leaky S0 waves slowly increase with frequency. From 

the above observations, it can be concluded that when guided waves propagate from 

the dry plate to the water-immersed plate, S0 wave is converted to leaky S0 wave 

that has the same wavenumber but slightly higher attenuation. A0 wave is converted 

to QS wave at a frequency lower than 150 kHz where both the wavenumber and 

attenuation of QS wave in the immersed plate are similar to those of A0 wave in the 

dry plate. However, leaky A0 wave appears when the excitation frequency exceeds 

150 kHz. A0 wave can be mode converted to both QS wave and leaky A0 wave. 

Thus, the mode conversion process can be different with frequency.  

The similarity between A0 wave in the dry plate and QS wave in the one-

side water-immersed plate is also studied by their mode shapes. The mode shape of 

a guided wave mode shows the distributions of the displacements through the 

thickness of the structure and it can be calculated using DISPERSE [27]. The 

frequency band of interest is selected from 100 kHz to 200 kHz, in which the 

wavenumber dispersion curves of the A0 and QS waves gradually separate as the 

frequency increases. Figure 3.3 shows the mode shapes of A0 wave at 100 kHz, 150 

kHz, and 200 kHz for the 2 mm thick steel plate that is not in contact with water. 

The deformation of the dry plate is dominated by out-of-plane displacements 

denoted by the blue solid lines. As the frequency increases, the mode shape 

diagrams of A0 wave do not display much difference.  

Figure 3.4 shows the mode shapes of QS wave at 100 kHz, 150 kHz, and 

200 kHz for the 2 mm thick steel plate with one side exposed to water. The water 

layer was defined as a semi-infinite half-space. As shown in Figure 3.4, the 

normalized displacement fields of the mode shapes in the water layer monotonically 

decrease with the distance away from the plate-water interface. To better compare 

the wave structures in the plate with and without water, the mode shape diagrams 

only show the 2 mm water regions near the plate-water interface. As shown in 

Figures 3.3(a) and 3.4(a), the deformation of QS wave in the immersed plate is 

similar to that of A0 wave in the dry plate when the frequency is lower than 150 

kHz. However, the deformation in the immersed plate of QS wave decreases rapidly 

with frequency. At frequencies above 150 kHz, most of the displacements of QS 
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wave occur in the water and the displacement fields in the immersed plate are very 

small (see Figures 3.4(b) and 3.4(c)). In general, when the frequency increases from 

100 kHz to 200 kHz, QS wave changes significantly, while A0 wave remains almost 

unchanged. Therefore, it is expected that as the frequency increases, the mode 

conversion from A0 wave to QS wave should become more and more difficult since 

the similarity between the two wave modes reduces with frequency.  

 

 

Figure 3.3. A0 mode shapes for the 2 mm thick steel plate at (a) 100 kHz, (b) 150 

kHz, and (c) 200 kHz (red dashed lines denote the in-plane displacements; blue 

solid lines denote the out-of-plane displacements) 

 

 

 

Figure 3.4. QS mode shapes for the 2 mm thick steel plate with one side exposed to 

water at (a) 100 kHz, (b) 150 kHz, and (c) 200 kHz (red dashed lines denote the in-

plane displacements; blue solid lines denote the out-of-plane displacements) 
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3.4. Numerical simulation of guided wave propagation 

To portray the guided wave propagation in partially water-immersed plates, a 3D 

FE model was developed using the commercial FE software ABAQUS. Table 3.1 

gives the material properties used for the FE simulation. A 300 mm × 150 mm × 2 

mm steel plate was modeled with symmetry boundary conditions applied to the top 

and right edges and absorbing regions attached to the left and bottom edges, as 

shown in Figure 3.5. The absorbing regions were 50 mm wide and were divided 

into 50 layers. The mass-proportional damping of the material in the absorbing 

regions gradually increased layer by layer from zero at the innermost layer to 4×106 

at the outmost layer. The absorbing region by increasing damping can reduce 

unwanted waves reflected from the plate edges and has been widely used for 

ultrasonic guided wave simulation analysis [25, 30-33]. 

 

 

Figure 3.5. Schematic diagram of the 3D FE model for a steel plate with one side 

partly exposed to water: (a) front view and (b) side view. 
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A0 wave was generated by applying the out-of-plane displacements to the 

plate surface covered by a 5 mm diameter quarter-circle located at the top right 

corner of the plate [34]. Figure 3.9(b) shows the waveform of the excitation signal, 

which is a 10-cycle narrowband tone burst. To define the locations of the 

measurement points, a one-dimensional coordinate, scanning distance (SD), was 

defined along the right edge of the plate vertically downward as shown in Figure 

3.5. The origin (SD = 0 mm) was set at the position of 50 mm below the excitation 

center. Then, the out-of-plane displacements were collected at five measurement 

points, which were evenly distributed at 50 mm apart from SD = 0 mm to SD = 200 

mm. The other side of the plate was partially in contact with water as shown in 

Figure 3.5(b). The water level was located at the second measurement point (SD = 

50 mm). The thickness of the water layer was chosen to separate the pressure wave 

reflections from the incident wave signals. The steel plate and the water layer were 

meshed using 3D eight-node solid elements with reduced integration (C3D8R) and 

3D eight-node acoustic elements with reduced integration (AC3D8R), respectively. 

The fluid and solid interface was simulated by node-surface tie constraints [16, 25]. 

The element size was set as 0.5 mm, which ensured approximately fifteen elements 

exist per wavelength of QS wave at 200 kHz. The simulation results were calculated 

using the central-difference integration by ABAQUS/Explicit [35].   

Figure 3.6 presents the snapshots of the simulation results with the 

excitation frequency of 120 kHz. The color in the water regions denotes the acoustic 

pressure. At this excitation frequency, a large proportion of the QS wave energy is 

conserved in the one-side water-immersed plate, of which the deformation is similar 

to that of A0 wave in the dry plate as shown in Figures 3.3 and 3.4. When A0 wave 

travels from the dry section of the plate into the water-immersed section, part of the 

wave energy is converted to the pressure waves in the water, and the rest of the 

wave energy continues to propagate along the water-immersed plate at a speed 

slightly quicker than the pressure waves in the water. After a short propagation 

distance in the water-immersed plate, the first wave packet decays slowly and the 

acoustic field is tethered to the plate-water interface as shown in Figure 3.6(d). 

These are the typical characteristics of QS wave.  
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Figure 3.6. Snapshots of the simulation results with the excitation frequency of 120 

kHz (a) front view and (b) side view when the guided waves just travel from the 

dry section of the plate into the water-immersed section; (c) front view and (d) side 

view after a short propagation distance in the water-immersed plate. 

 

 

Figure 3.7. Snapshots of the simulation results with the excitation frequency of 170 

kHz (a) front view and (b) side view when the guided waves just travel from the 

dry section of the plate into the water-immersed section; (c) front view and (d) side 

view after a short propagation distance in the water-immersed plate. 
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Figure 3.7 shows the snapshots of the simulation results with the excitation 

frequency of 170 kHz. The mode shape of QS wave at 170 kHz is dominated by the 

in-plane displacements of water and the deformation of QS wave in the water-

immersed plate is no longer similar to that of A0 wave in the dry plate (see Figures 

3.3 and 3.4). The first wave packet in Figure 3.7 continuously radiates wave energy 

into the surrounding liquid medium, as shown by the skewed acoustic fields 

(skewed yellow lines) in the water layer in Figures 3.7(b) and 3.7(d). This wave 

packet with continuous wave energy leakage cannot be detected in Figure 3.6. 

Following the first wave packet, another wave packet propagates along the 

immersed plate at a speed slightly quicker than the pressure waves in water. Unlike 

the first wave packet, the second wave packet propagates with most of the energy 

confined to the plate-water interface. Based on the propagation speeds and the 

acoustic pressure in the water, the first and second wave packets in Figure 3.7 are 

identified as leaky A0 and QS waves, respectively.  

To better observe how the signals change with the propagation distance, 

Figure 3.8 presents the simulated out-of-plane displacements at the five 

measurement points that are denoted by the red dots in Figure 3.5. Figures 3.8(a) 

and 3.8(b) show the time-domain data for the excitation frequencies of 120 kHz and 

170 kHz, respectively. Their corresponding frequency spectrums are given in 

Figures 3.8(c) and 3.8(d), respectively. The amplitudes are normalized by the 

maximum absolute amplitudes of the signals measured at the first measurement 

point (SD = 0 mm). It should be noted that when the excitation frequency is 170 

kHz, the time-domain signals measured at SD = 100 mm, 150 mm, and 200 mm are 

so small that they are magnified by a factor of four and shown in Figure 3.8(b). The 

normalized amplitudes of the signals collected in the immersed section of the plate 

(SD > 50 mm) significantly decrease with the excitation frequency. In addition, 

when the excitation frequency is 170 kHz, the simulated signals show apparent 

frequency shifts in the frequency spectrums. For example, the central frequency of 

the signal measured at SD = 100 mm, denoted by the orange dash-dot line in Figure 

3.8(d), shifts to a frequency slightly higher than the central excitation frequency of 

170 kHz. Subsequently, the wave energy shifts to a lower frequency as shown by 

the signals measured at SD = 150 mm (purple solid line) and SD = 200 mm (yellow 

solid line) in Figure 3.8(d). The simulation results demonstrate that the guided wave 
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propagation in the partially water-immersed plate varies significantly with the 

excitation frequency. The following sections present experimental investigations to 

validate the simulation results, and the phenomenon of energy shift in the frequency 

domain due to the presence of water is discussed in detail.  

 

 

Figure 3.8. Simulated time-domain signals for a steel plate with one side partly 

exposed to water (the same conditions as Case B presented in the experimental 

section) with the excitation frequency of (a) 120 kHz and (b) 170 kHz, respectively; 

(c) and (d) are the frequency spectrums of (a) and (b), respectively (the time-domain 

signals measured at SD = 100 mm, 150 mm, and 200 mm in Figure 3.8(b) are 

magnified by a factor of four). 

 

3.5. Experiment setup 

Experiments were conducted on a steel tank, of which the front wall was used as 

the test plate. The test plate was 2 mm thick and made of mild steel. A circular 

piezoceramic wafer (Ferroperm Pz27, Denmark) was used as the guided wave 

actuator and it was bonded on the external surface of the test plate as indicated by 

the PZT transducer in Figure 3.9(a). The diameter and the thickness of the 
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piezoceramic wafer were 5 mm and 2 mm, respectively. An arbitrary function 

generator (AFG 2021, China) was used to generate the excitation signal. Figure 

3.9(b) gives the waveform of the excitation signal that is a 10-cycle narrowband 

tone burst. The excitation signal was magnified by a voltage amplifier (Krohn-Hite 

7500, USA), and then sent to the piezoceramic wafer transducer.  

 

 

Figure 3.9. (a) A photo of the metal tank, (b) the waveform of the excitation signal, 

and (c) the experiment setup 

 

An SLDV (Polytec PSV-400-M2-20, Germany) was used to collect the 

experimental signals. The silver-white paint on the plate surface in Figure 3.9(a) is 

the reflective paint (CRC, USA) that was sprayed on the scan area to increase the 

reflection of the laser beam. Next to the scan area, a ruler was placed to assist with 
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defining measurement points. Then, the out-of-plane displacements were recorded 

by the SLDV at a sampling rate of 10.24 MHz. Each measurement was improved 

by averaging the signals with 800 acquisitions and applying a low-pass filter with 

the cut-off frequency being 1MHz. Figure 3.9(c) shows the schematic diagram of 

the experiment setup. 

Similar to the 3D FE model, a one-dimensional coordinate, SD, was defined 

on the external surface of the test plate. The origin (SD = 0 mm) was set at the 

position of 50 mm vertically below the center of the piezoceramic wafer. The 

experimental study included two parts, which were five-point scan tests and line 

scan tests, respectively. Firstly, the five-point scan tests were conducted on the steel 

tank to validate the simulation results. The signals were measured at SD = 0 mm, 

50 mm, 100 mm, 150 mm, and 200 mm, which were at the same locations as the 

simulations as shown in Figure 5.   

Then, line scan tests were carried out to visualize guided wave fields on the 

test plate. The objective of the line scan test was to experimentally demonstrate the 

interaction of each guided wave mode during the mode conversion process. 

According to the simulation results shown in Figures 3.6, 3.7, and 3.8, the mode 

conversion process mainly occurs between SD = 50 mm and SD = 150 mm. After 

SD = 150 mm, only the QS wave can be detected as shown by the signals measured 

at SD = 150mm and SD = 200 mm in Figure 3.8. Therefore, the line scan tests 

focused on the region between SD = 0 mm and SD = 150 mm as shown in Figure 

3.10(a). The signals were collected at 127 measurement points, which were evenly 

distributed along the scan line from SD = 0 mm to SD = 150 mm. With these 

measurements, the time-space wave fields could be constructed by plotting the 

amplitudes of the measured signals versus time and SD.  
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Figure 3.10. Schematic diagram of the scan line on the test plate (a) front view; (b) 

side view of Case A (empty tank); (c) side view of Case B (partially water-filled 

tank). 

 

In order to demonstrate the influence of water on the guided wave 

propagation, both the five-point scan tests and line scan tests were carried out on 

the empty tank (Case A) and the partially water-filled tank (Case B), respectively. 

Figures 3.10(b) and 3.10(c) show the side view of the scan line on the test plate for 

Case A and Case B, respectively. In Case B, the steel tank was partially filled with 

water with the water level set at SD = 50 mm. Therefore, one-third of the scan line 

was located in the non-immersed section of the plate (from SD = 0 mm to SD = 50 

mm), called “dry plate”, and the rest of the scan line was located in the section of 

the one-side water-immersed plate (from SD = 50 mm to SD = 150 mm), which 

was denoted as “immersed plate”. Guided waves were generated on the test plate 

by the piezoceramic wafer located at 100 mm above the water level. The time-space 

wave fields were captured before and after guided waves traveled from the dry plate 

into the immersed plate. 

 

3.6. Experimental results and analysis 

3.6.1. Validation of numerical simulations 

This section presents the experimental measurements to validate the accuracy of the 

3D FE model. Figure 3.11 presents the experimental results with the central 

excitation frequency of 120 kHz. Figures 3.11(a) and 3.11(b) show the time-space 
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wave fields for the empty tank and the partially water-filled tank, respectively. The 

amplitudes are normalized by the maximum absolute amplitudes of the signals 

measured at the first scan point (SD = 0 mm). The black dashed line in Figure 3.11(b) 

denotes the water level located at SD = 50 mm. The generated guided wave fields 

in the dry section of the plate (between SD = 0 mm and SD = 50 mm) are similar 

for both the empty tank in Figure 3.11(a) and the partially water-filled tank in Figure 

3.11(b). However, the amplitudes of the signals measured in the immersed plate 

(SD > 50 mm) of the partially water-filled tank in Figure 3.11(b) are smaller than 

their counterparts in the empty tank in Figure 3.11(a). This indicates that part of the 

wave energy leaks from the immersed plate into the water as shown in the snapshots 

of the simulation results (see Figures 3.6(a) and 3.6(b)).  

Figures 3.11(c) and 3.11(d) show typical examples of the signals measured 

at SD = 0 mm, 50 mm, 100 mm, 150 mm, and 200 mm for the empty tank and the 

partially water-filled tank, respectively. The wave speed in the immersed plate of 

the partially water-filled tank, as denoted by the dark blue dash-dot line in Figure 

3.11(b), is slightly slower than the wave speed in the dry plate that is marked by the 

red dashed line. From the wave speed evaluation, the wave packets measured from 

the empty tank in Figure 3.11(a) and the dry section of the partially water-filled 

tank in Figure 3.11(b) are identified as A0 wave [24]. S0 wave can be not observed 

because it has negligible out-of-plane motions at the selected excitation frequency 

[25, 36]. The changes of the wave speed and amplitude in the immersed section of 

the test plate demonstrate that A0 wave is mode converted to QS wave. Figures 

3.11(e) and 3.11(f) present the frequency spectrums of Figures 3.11 (c) and 3.11(d), 

respectively. The amplitudes are normalized by the signal measured at the first scan 

point (SD = 0 mm). The peaks of all measured signals are concentrated around the 

central frequency of the excitation signal of 120 kHz. There is a good agreement 

between the experimental measurements shown in Figures 3.11 (d) and 3.11(f) and 

the simulation results (see Figures 3.8(a) and 3.8(c)).  
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Figure 3.11. Experimental results with the excitation frequency of 120 kHz: (a) and 

(b) are time-space wave fields for the empty tank and the partially water-filled tank, 

respectively; (c) and (d) are typical examples of the time-domain signals for the 

empty tank and the partially water-filled tank, respectively; (e) and (f) are the 

frequency spectrums of (c) and (d), respectively. 

 

For comparison, Figure 3.12 presents the experimental results with the 

central excitation frequency of 170 kHz. Figures 3.12(a) and 3.12(b) present the 

time-space wave fields for the empty tank and the partially water-filled tank, 

respectively. For the empty tank, the waves propagate at a consistent speed as 

represented by the red dashed line in Figure 3.12(a). The same wave fields are 

observed in the dry section of the plate (SD < 50 mm) of the partially water-filled 

tank as shown in Figure 3.12(b). However, when guided waves propagate into the 

water-immersed section (SD > 50 mm), the wave amplitudes decrease rapidly and 



 Chapter 3  

60 

 

reach the minimum between SD = 80 mm and SD = 90 mm as indicated in Figure 

3.12(b). After that, the waves slightly increase in amplitude near the position of SD 

= 100 mm, and then continue to propagate at a speed (dark blue dash-dot line) that 

is much slower than the original speed of the waves in the dry plate (red dashed 

line).  

 

 

Figure 3.12. Experimental results with the excitation frequency of 170 kHz: (a) and 

(b) are time-space wave fields for the empty tank and the partially water-filled tank, 

respectively; (c) and (d) are typical examples of the time-domain signals for the 

empty tank and the partially water-filled tank, respectively; (e) and (f) are the 

frequency spectrums of (c) and (d), respectively (the time-domain signals measured 

at SD = 100 mm, 150 mm, and 200 mm in Figure 3.12(d) are magnified by a factor 

of four). 
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Figures 3.12(c) and 3.12(d) show typical time-domain signals measured at 

SD = 0 mm, 50 mm, 100 mm, 150 mm, and 200 mm for the empty tank and the 

partially water-filled tank, respectively. To provide better observation, the signals 

measured from the partially water-filled tank at SD = 100 mm, 150 mm, and 200 

mm are magnified by a factor of four and shown in Figure 3.12(d). Guided waves 

propagate as a single wave packet along the dry section of the plate (between SD = 

0 mm and SD = 50 mm). However, after a short propagation distance in the 

immersed plate, the signal measured at SD = 100 mm shows two wave packets, 

each propagating at different speeds. It should be noted that the mode split 

phenomenon is not observed on the water-immersed plate with the central 

excitation frequency of 120 kHz (see Figure 3.11(d)). The first wave packet decays 

quickly and disappears as shown by the signal measured at SD = 150 mm in Figure 

3.12(d), while the second wave packet propagates with low attenuation at a slower 

wave speed (dark blue dash-dot line). Figures 3.12(e) and 3.12(f) show the 

frequency spectrums of Figures 3.12(c) and 3.12 (d), respectively. The signals 

measured at SD = 100 mm, 150 mm, and 200 mm from the partially water-filled 

tank in Figures 3.12(f) have much smaller amplitudes than their counterparts from 

the empty tank in Figures 3.12(e). In addition, Figure 3.12(f) displays the energy 

shift in frequency, which has a good agreement with the simulation results (see 

Figure 3.8(d)). It is confirmed that the energy shift in the frequency domain is due 

to the presence of water because this phenomenon does not occur in the case of the 

empty tank as shown in Figure 3.12(e).  

To further investigate the accuracy of the 3D FE model, Figure 3.13 

compares the peak amplitudes of the simulated and experimentally measured 

signals in the frequency domain for both the empty tank (Case A) and the partially 

water-filled tank (Case B), respectively. The magnitudes are normalized by their 

corresponding peak amplitudes of the signals measured at SD = 0 mm. Figures 

3.13(a) and 3.13 (b) present the results with the excitation frequency of 120 kHz 

and 170 kHz, respectively. In the dry section of the plate (SD < 50 mm), the 

amplitudes of the simulated and experimentally measured signals are identical for 

both cases. When guided waves just pass the water level (from SD = 50 mm to SD 

= 100 mm), the measured signals of Case A decrease slowly and smoothly, but the 

signal amplitudes of Case B drop substantially. After SD = 100 mm, the guided 
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wave amplitudes in both Case A and Case B decrease slowly with distance. When 

the excitation frequency increases from 120 kHz to 170 kHz, the amplitudes of the 

signals of Case A do not show obvious changes as shown by the red hexagons and 

circles in Figure 3.13. However, the amplitudes of the signals of Case B 

significantly decrease when the excitation frequency increases. In general, the 

proposed 3D FE model well predicts the frequency shift phenomena and wave 

attenuation characteristics and hence, the simulation results are validated to 

interpret the experimental data. 

 

 

Figure 3.13. Normalized amplitudes of the simulated and experimentally measured 

signals in the frequency domain for the empty tank (Case A) and the partially water-

filled tank (Case B) with the excitation frequency of (a) 120 kHz and (b) 170 kHz, 

respectively. 

 

3.6.2. Segmented frequency wavenumber analysis 

Although the time-space analysis displays the variation of wave amplitudes with 

the time and propagation distance, it cannot determine the wave mode conversion 

characteristics such as mode identities and their corresponding frequency 

components. To graphically demonstrate the mode conversion process, 2D FT is 

employed to identify the mode information of the experimental data collected along 

the scan line on the partially water-filled tank (Case B). The scan line is divided 

into three segments, each of which is 50 mm long and comprises 43 measurement 

points as shown in Figure 3.10(c). The generated guided waves first propagate 

through Segment 1 (Dry plate) and then to Segment 2 (Water-immersed plate) and 
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finally to Segment 3 (Water-immersed plate). The water level is between Segment 

1 and 2. The time-space data of each segment is converted to the frequency-

wavenumber spectrum through 2D FT, which is defined as: 

     -i(2 - ), = , e d dft kxk f x t t x

 u u  (3.1) 

where  ,k fu  and  ,x tu  are the data in the frequency-wavenumber domain and 

time-space domain, respectively. k  and f  denote the wavenumber and frequency, 

respectively. x  and t  represent the space and time coordinate, respectively.  

Figures 3.14(a)-3.14(c) present the experimentally measured data in the 

time-space domain for the three segments and their corresponding frequency-

wavenumber spectrums are given in Figures 3.14(d)-3.14(f), respectively. The 

excitation frequency is 120 kHz. The color in the frequency-wavenumber spectrums 

denotes the wave energy of the experimentally measured signals, which is 

calculated by 2D FT. The black solid lines are the theoretical wavenumber 

dispersion curves of A0, S0, and QS waves calculated by DISPERSE. As mentioned 

in Section 3.3, the wavenumber dispersion curves of leaky A0 and leaky S0 waves 

overlap with A0 and S0 waves. For convenience, leaky A0 and leaky S0 waves are 

labeled as A0 and S0 in the figures, respectively. In Segment 1, where the plate is 

not immersed in water, only the energy of A0 wave is identified in the frequency-

wavenumber spectrum as shown in Figure 3.14(d). The energy of S0 wave is absent 

because it has negligible out-of-plane displacements [25, 36]. Next, the wave 

energy is converted from A0 wave to QS wave immediately in Segment 2 as shown 

in Figure 3.14(e). The mode conversion occurs rapidly and the energy of QS wave 

decays slowly with distance and dominates the frequency-wavenumber spectrums 

of Segments 2 and 3. At this excitation frequency, leaky A0 wave is not detected 

and the energy shift in frequency is not observed.  
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Figure 3.14. Experimental results for the partially water-filled tank with the central 

excitation frequency of 120 kHz: time-space wave fields for (a) Segment 1, (b) 

Segment 2, and (c) Segment 3, respectively; frequency wavenumber spectrums for 

(d) Segment 1, (e) Segment 2, and (f) Segment 3, respectively. 

 

The measured data with the central excitation frequency of 170 kHz is 

shown in Figure 3.15. Only A0 wave is identified in Segment 1 as shown in Figures 

3.15(a) and 3.15(d). When A0 wave just propagates into the water-immersed plate, 

most of the wave energy is converted to leaky A0 wave that has the same 

wavenumber as A0 wave as shown in Figures 3.15(b) and 3.15(e). The signals 

measured between SD = 50 mm and SD = 80 mm are dominated by leaky A0 wave 

whose amplitude decays rapidly. In the meantime, QS wave is also generated as the 
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amplitude slowly increases with propagation distance until leaky A0 wave nearly 

disappears at the end of Segment 2. Leaky A0 wave and QS wave have different 

wavenumbers and phase velocities (see Figure 3.2). Therefore, The minimum wave 

amplitudes between SD = 80 mm and SD = 90 mm can be caused by the destructive 

interference between the QS wave and leaky A0 wave. 

 

 

Figure 3.15. Experimental results for the partially water-filled tank with the central 

excitation frequency of 170 kHz: time-space wave fields for (a) Segment 1, (b) 

Segment 2, and (c) Segment 3, respectively; frequency wavenumber spectrums for 

(d) Segment 1, (e) Segment 2, and (f) Segment 3, respectively. 
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Figure 3.16. Frequency spectrums of the signals experimentally measured from the 

partially water-filled tank with the excitation frequency of (a) 110 kHz; (b) 130 kHz; 

(c) 140 kHz; (d) 150 kHz; (e) 160 kHz; and (f) 180 kHz.  

 

After that, the wave fields in Segment 3 are dominated by only QS wave 

(see Figures 3.15(c) and 3.15(f)). The energy of the mode converted QS wave 

concentrates at a frequency slightly lower than the central excitation frequency of 

170 kHz, which agrees well with Figures 3.8(d) and 3.12(f). Therefore, conclusions 

can be drawn that at the intersection between the dry plate and immersed plate, A0 

wave is mode converted to both QS wave and leaky A0 wave with more energy 

transferred to the latter. Leaky A0 wave that has mostly out-of-plane displacements 

in the plate continuously radiates compressional waves in the liquid and also excites 
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QS wave. Considering that the deformation in the immersed plate of QS wave at 

low frequencies is greater than that at high frequencies (see Figure 3.4), the anti-

symmetrical excitation of leaky A0 wave is more likely to produce QS wave at lower 

frequencies. This can be also manifested by the frequency spectrums (see Figures 

3.8(d) and 3.12(f)) where the wave energy is progressively transferred from a higher 

frequency at SD = 100 mm to a frequency lower than the central excitation 

frequency at SD = 150 mm. After that, the wave energy is conserved at the 

frequency (lower than the excitation frequency of 170 kHz) and propagates with 

small attenuation.  

 

3.6.3. Further study by sweeping the excitation frequency 

To further investigate the phenomenon of energy shift in the frequency domain, the 

five-point scan tests were conducted on the partially water-filled tank using the 

excitation signals with the central frequencies of 110 kHz, 130 kHz, 140 kHz, 150 

kHz, 160 kHz, and 180 kHz. The collected signals were transformed to the 

frequency domain and shown in Figure 3.16. The amplitudes were normalized by 

the signals measured at the first scan point (SD = 0 mm). As it is confirmed from 

the segmented frequency wavenumber plots (see Figures 3.14 and 3.15), the signals 

measured at SD = 150 mm to 200 mm, denoted by the purple and yellow solid lines 

in Figures 3.11(f), 3.12(f), and 3.16, are dominated by the low-attenuation QS wave. 

Therefore, it can be concluded that the normalized amplitude of QS wave converted 

by A0 wave decreases when the excitation frequency increases. 

For excitation frequencies below 140 kHz, the signals measured from both 

the dry section and water-immersed section of the plate are concentrated around the 

central excitation frequency (see Figure 3.11(f) and Figures 3.16(a)-3.16(c)). The 

energy shift in frequency can be observed for excitation frequencies over 150 kHz, 

where leaky A0 wave appears as the phase velocity of the incident A0 wave becomes 

larger than the sound speed of the surrounding water. Under the central excitation 

frequency of 150 kHz and 160 kHz, the signals measured at SD = 100 mm, 150 mm, 

and SD = 200 mm have most of their wave energy concentrated at a frequency 

lower than the central excitation frequency (see Figures 3.16(d) and 3.16(e)). The 

range of the frequency shift also increases when the central excitation frequency 
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increases. However, the signals measured at SD = 100 mm under the central 

excitation frequency of 170 kHz and 180 kHz are shown to have more energy 

conserved at higher frequencies (see Figures 3.12(f) and 3.16(f)). This is because 

the amplitudes of QS wave converted by A0 wave are so small that leaky A0 wave 

can be detected clearly at this measurement point. Leaky A0 wave at higher 

frequencies decays more slowly than that at lower frequencies as discussed in 

Section 3.3, making the central frequency of the signal shift to a relatively higher 

frequency. However, leaky A0 wave completely disappears after a short 

propagation distance, and only the QS wave can be detected at SD =150 mm and 

SD = 200 mm, as shown in Figure 3.15. Since the low-attenuation QS wave at lower 

frequencies has a larger deformation fraction in the immersed plate, the measured 

signals from the surface of the immersed plate eventually concentrate at a frequency 

lower than the central excitation frequency. The next section summarizes the 

frequency dependence of the mode conversion from A0 wave to QS wave and 

further explains the mechanism of the frequency shift phenomena. 

 

3.7. Discussion and application 

3.7.1. The influence of excitation frequency on the mode conversion process 

The mode conversion from A0 wave to QS wave has been numerically and 

experimentally shown to be dependent on the excitation frequency. The frequency 

dependence is summarized in this section and analyzed according to the dispersion 

behaviors of the guided waves. The theoretical dispersion curves and mode shapes 

of guided waves have been derived from the global matrix theory and are present 

in Section 3.3. In the following discussion, the term “high frequency” means the 

frequency range, in which the phase velocity of the incident A0 wave is larger than 

the sound speed of the surrounding liquid medium and the leaky A0 wave appears. 

The term “low frequency” indicates the frequency range, in which the phase 

velocity of the incident A0 wave is smaller than the sound speed of the surrounding 

liquid medium and the quasi-Scholte wave is dispersive. The transition frequency 

between the high and low frequency ranges can be estimated from the phase 

velocity dispersion curves. For example, the phase velocity of A0 wave for a 

metallic plate monotonically increases with frequency until it reaches the Rayleigh 
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wave speed, which is around 3000 m/s for steel. The sound speed of water is around 

1500 m/s, which is constant for all frequencies. Therefore, the transition frequency 

is around 150 kHz, at which the phase velocity of A0 wave traveling along the 2 

mm thick steel plate is around 1500 m/s, as shown in Figure 3.2(a). The phase 

velocity dispersion curves can be calculated by the commercial software 

DISPERSE. The input data includes the material properties of the plate, the plate 

thickness, and the sound speed of the surrounding liquid medium.  

At low frequencies, the difference in wavenumber between A0 wave and QS 

wave is small. In addition, the deformation of QS wave in the immersed plate is 

similar to that of A0 wave in the dry plate (see Figures 3.3 and 3.4). Thus, A0 wave 

can be mode converted to QS wave rapidly with most of the wave energy conserved 

in the plate. When the excitation frequency increases, the energy distribution of QS 

wave in the immersed plate decreases sharply and the similarity reduces between 

A0 and QS waves (see the dispersion curves in Figure 3.2 and mode shapes 

diagrams in Figures 3.3 and 3.4). Therefore, the amplitude of QS wave converted 

by A0 wave significantly decreases with frequency.  

At high frequencies, leaky A0 wave appears when the phase velocity of the 

incident A0 wave becomes larger than the sound speed of the water. A0 wave is 

mode converted to both QS wave and leaky A0 wave with more energy transferred 

to the latter. Leaky A0 wave that has the flexural mode shape in the plate 

continuously radiates compressional waves in the liquid and also excites QS wave. 

After a short propagation distance, leaky A0 wave decays quickly and disappears so 

that only QS wave can be detected.  

 

3.7.2. The mechanism of the energy shift in frequency phenomenon 

The energy shift in frequency occurs during the mode conversion process when the 

incident A0 wave is generated at high frequencies. The mechanism of the energy 

shift in frequency phenomenon can be explained by the dispersion curves and the 

mode shapes of guided wave modes as follows.  

Firstly, the central frequency of the signal can shift to a frequency higher 

than the center frequency of the excitation, when the wave fields are dominated by 
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the leaky A0 wave (see signals at SD = 100 mm in Figures 3.12(f) and 3.16(f)). This 

is due to the fact that the attenuation dispersion curve of leaky A0 wave declines 

sharply in the selected frequency region (see Figure 3.2). The low-frequency 

components of leaky A0 wave decay much quicker than the high-frequency 

components. Therefore, leaky A0 wave at high frequencies can travel longer 

distances, making the central frequency of the signals measured in the immersed 

plate near the water level relatively higher than the central excitation frequency.  

Secondly, the central frequency of the mode converted QS wave is relatively 

lower than the central frequency of the excitation. One reason is that the 

deformation in the immersed plate of QS wave at low frequencies has a flexural 

mode shape, which is similar to A0 wave in the dry plate. But the similarity between 

QS and A0 waves reduces with frequency. This makes the mode conversion from 

A0 wave to QS wave (at the intersection of the dry plate and the water-immersed 

plate) much easier at low frequencies than that at high frequencies, with more 

energy transferred and conserved in the plate. The other reason is that the 

deformation of QS wave in the plate is rapidly reduced with frequency (see Figure 

3.4). Thus, QS wave at low frequencies can be excited on the plate more easily by 

the out-of-plane motions of leaky A0 wave after guided waves propagate into the 

water-immersed plate. Since the generated QS wave has low attenuation, the 

measured signals in the immersed plate eventually shift to a frequency lower than 

the central excitation frequency (see signals at SD = 150 mm and SD = 200 mm in 

Figure 3.12(f) and Figures 3.16(d)-3.16(f)). 

 

3.7.3. Implications for practical applications  

The findings of the present study suggest that the low-attenuation QS wave can be 

easily excited by mode conversion from A0 wave that is generated at low 

frequencies on the dry plate section. This phenomenon can be employed to detect 

damage for the plate structures that are partially immersed in liquid, such as 

partially water-filled tanks and pipelines. These structures generally experience 

uniform corrosion and pitting corrosion. The latter is more critical because it 

damages the deep structures with little loss of metal [37].  
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Previous studies have characterized corrosion damage using A0 wave for 

plates surrounded by air [38-40] and QS wave for plates in contact with liquid [21, 

41]. For partially immersed plates, it is also possible to evaluate the defects by 

sending A0 waves on the dry section of the plate and measuring the QS wave signals 

on the immersed section. This method is very promising for long-range inspection 

because QS wave does not radiate energy in the liquid (see Figures 3.6 and 3.7) and 

is able to travel along the plate-fluid interface with low attenuation. The 

measurement range through using the dispersive QS wave by mode conversion 

from A0 wave can be of the order of several meters based on the low attenuation 

characteristics as shown in Figure 3.13. However, the actual propagation distance 

is dependent on the material properties of the plate and the surrounding liquid 

medium as well as the excitation frequency. As discussed in Section 3.7.1, the lower 

the excitation frequency, the more wave energy conserved in the plate during the 

mode conversion process, and therefore the longer the propagation distance. 

Another advantage is that this method has the potential to characterize the structural 

defects entirely based on the QS wave, which is appealing for accurate detection 

and imaging of the defects [42]. After a short propagation distance, leaky A0 wave 

decays quickly and disappears due to high attenuation. The low-attenuation QS 

wave can be well separated from the leaky S0 wave, of which the propagation speed 

is three times that of QS wave (see Figure 3.2(b)). Although leaky S0 wave has low 

attenuation, it is not sensitive enough to identify small and shallow corrosion 

damage in the early stage [43-45]. In contrast, the QS wave has the shortest 

wavelength at a given frequency and provides better sensitivity than the leaky S0 

wave to shallow hidden corrosion pits in immersed plates [41].   

It should be noted that the damage detection algorithm for the partially 

immersed structures should consider the change of wave behaviors due to the mode 

conversion phenomenon and the presence of liquid. It is recommended to select an 

excitation frequency below the transition frequency, at which the proposed 

phenomenon of guided wave energy shift in frequency can be avoided. (see Figures 

3.11 and 3.14). Otherwise, the effect of the potential wave energy shift in the 

frequency domain should also be carefully considered and compensated. For 

instance, it is observed in the present study that the wave energy of the mode 

converted QS wave in the immersed plate moves to a frequency below the central 
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excitation frequency, making the actual wavenumber of the QS wave smaller than 

that at the central excitation frequency (see Figure 3.15(f)). This also indicates a 

smaller phase velocity, a higher group velocity, and a larger wavelength (see Figure 

3.2). The change of the propagation characteristics of guided waves will affect the 

performance of conventional damage detection and imagining algorithms [16, 46]. 

The mode conversion between QS and A0 waves in partially immersed 

plates was widely used for liquid-level assessing [22, 24, 47] and fluid-property 

sensing [18, 48, 49]. The behaviors of A0 wave depend on the geometry and 

material properties of the plate, while QS wave reflects the properties of both the 

plate and the surrounding fluid medium. Generally, the difference between QS and 

A0 waves becomes larger with frequency. Therefore, increasing the excitation 

frequency can result in larger deviations in the signals measured from the partially 

immersed plate in terms of the time of arrival, amplitude, and phase angle, and 

hence, it can potentially increase the sensitivity of the signals to the variation of 

liquid level and fluid properties. However, the results of the present study show that 

the amplitude of the QS wave converted by A0 wave significantly decreases with 

frequency. Therefore, the optimal excitation frequency is a trade-off between the 

sensitivity and the amplitudes of the measured signals. For simplicity, it is also 

recommended to excite the guided waves at a low frequency to ensure that the phase 

velocity of the incident A0 wave is smaller than the sound speed of the surrounding 

liquid medium. Without the interference of the leaky A0 wave, the mode conversion 

process is simple and the frequency shift phenomena can be avoided.   

Lastly, QS wave at high excitation frequencies becomes nondispersive and 

is promising for fluid manipulation [20] and removing diffusion boundary layer [19, 

50], where the focus is directed on the movement of the fluid particles and the 

deformation in the plate is not interested. The low-attenuation QS wave with most 

of the wave energy concentrated at the plate-fluid interface has the potential to 

cover a large area of the fluid near the plate surface. However, attention should be 

paid to the potential frequency shift of the measured signals. As shown in Figures 

3.15 and 3.16, guided wave energy can shift in the frequency domain during the 

mode conversion process, which gives rise to the change of wave behavior such as 

group and phase velocities. 
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3.8. Conclusion 

This paper has provided an insight into the measurement of ultrasonic guided waves 

in partially immersed plates. The main contributions are concluded as follows: 

(1). Global matrix method is employed to derive the theoretical dispersion 

curves and modes shapes of guided waves for a 2 mm thick steel plate and 

the plate with one side loaded with water. It is found that the low-

frequencies QS wave in the one-side water-immersed plate and the A0 wave 

in the dry plate have similar wavenumbers and deformations. But the 

similarity reduces with frequency.   

(2). A 3D FE model is developed to simulate the guided wave field in the steel 

plate with one side partially immersed in water. The simulation results are 

validated by the experimental data. The frequency shift phenomenon and 

the guided wave amplitudes with propagation distance can be well predicted.   

(3). The experimental studies are conducted on the empty tank and the partially 

water-filled tank, respectively. It is confirmed that the frequency shift 

phenomenon is due to the presence of water. The further investigation 

presents a segmented frequency wavenumber analysis to graphically 

demonstrate the mode conversion process, which is divided into three 

segments: (i) before guided waves propagate into the water-immersed plate, 

(ii) guided waves just propagate into the water-immersed plate, and (iii) 

after a short propagation distance in the water-immersed plate. The 

experimental data are compared with the theoretical dispersion curves, 

through which the mode identities and the corresponding experimentally 

measured wave energy can be determined. 

(4). The guided wave energy shift in the frequency occurs during the mode 

conversion process, which is not caused by the material nonlinearity (micro 

cracks) of the plate. The amplitudes of the guided wave signals measured 

from the water-immersed plate section are much smaller than those obtained 

from the water-free plate section, on which the frequency shift phenomenon 

is not observed. Then, the mechanism of the energy shift in frequency 
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phenomenon is explained by the attenuation dispersion curves of leaky A0 

wave and the mode shapes of QS wave.  

(5). Based on the findings, the selection of appropriate excitation frequency is 

discussed for damage detection of partially submerged structures, assessing 

liquid properties and levels, and fluid manipulations.   

In summary, comprehensive investigations have been carried out for the 

frequency dependence of the mode conversion from A0 wave to QS wave in a steel 

plate with one side partially immersed in water. The findings can provide support 

for the further development of guided wave-based techniques for damage detection 

on partially immersed structures, liquid-level assessing, and fluid-property sensing. 

This paper has only focused on the plate partially immersed in water. Future work 

can study the partially immersed structures with different geometries and 

investigate the effect when the structure is immersed in other types of liquid. In 

addition, the influence of damage such as corrosion pits or stress cracking on the 

guided wave propagation and mode conversion can be investigated.  
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Chapter 4. Early damage detection of metallic plates with one side 

exposed to water using the second harmonic generation of 

ultrasonic guided waves 

 

Abstract 

Metallic plates are the main structural components in a wide range of thin-walled 

structures, such as nuclear cooling pipes, pressure vessels, rocket fuel tanks, and 

submarine hulls. These structures operate in extreme environments and are 

subjected to transient and repetitive loads. Real-time health monitoring of these 

structures is indispensable because they are vulnerable to fatigue and corrosion 

damage. Second harmonic generation is one of the reliable damage detection 

approaches to evaluate microstructural evolution and has been successfully applied 

to characterize initial damage on different structures in gaseous environments. 

However, there have been very limited studies on the second harmonics generation 

on the structures submerged in liquid. This paper experimentally and numerically 

investigates the feasibility of using second harmonic generation to evaluate the 

material degradation of metallic plates with one side exposed to water. The 

fundamental leaky symmetric Lamb wave mode (leaky S0) at low frequencies is 

selected because it has low-attenuation and weakly dispersive features, enabling 

approximate internal resonance. The experimental results show that the second 

harmonics of leaky S0 waves grow linearly with the propagation distance. The 

growth rate of the relative nonlinearity parameter ( ' ) can be related to the material 

nonlinearity of the one-side water-immersed plate. In addition, this study proposed 

a three-dimensional (3D) finite element (FE) model to simulate the generation of 

second harmonics in the one-side water-immersed plate. The material properties of 

the plate are modeled by the Murnaghan strain energy function. The Murnaghan 

constants of aluminum that describe the material nonlinearity at different fatigue 

levels are obtained from a previous experimental study. The simulation results 

demonstrate that the values of '  change significantly with the material properties 
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of the one-side water-immersed plates in the initial stages of fatigue damage. Thus, 

it can be concluded that the second harmonic generation techniques can be used for 

early damage detection of metallic plates with one side exposed to water. 

 

Keywords: Leaky Lamb waves; Second harmonic generation; Nonlinear guided 

waves; Submerged structures; Nondestructive evaluation; Extreme operational 

condition 
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4.2. Introduction  

Thin-walled structures are widely used in energy, petrochemical, aerospace, civil, 

and ocean engineering, such as nuclear cooling pipes, pressure vessel, rocket fuel 

tanks, storage tanks, and submarine hulls. These structures usually have one side 

exposed to liquid and serve in extreme environments. They are subjected to cyclic 

loads due to the draining and refilling process, liquid sloshing impacts, and 

temperature fluctuations [1, 2]. Over time, fatigue damage takes place even though 

the peak values of the cyclic loads are much smaller than the loading capacity of 

the structures [3, 4]. In the early damage stage, fatigue is distributed in the material 

and appears as microscopic imperfections, such as dislocations, persistent slip 

bands, precipitates, and short cracks at the micro-scale. Optical images of the 

microstructural features can be found in [5, 6]. As the number of loading cycles 

increases, these microscopic defects accumulate, coalesce, and form macroscopic 

cracks, which continuously grow to their critical sizes and cause catastrophic 

failures [7]. In addition to the cyclic loading, the corrosive operational conditions 

of the one-side submerged plate can accelerate the damage-accumulation process 

by corrosion, which results in the metal wear through electrochemical reaction [8, 

9]. To mitigate the risk of in-service failure of the structures, real-time health 

monitoring of the submerged plate structures is indispensable. Existing non-

destructive testing (NDT) for submerged structures has visual inspection by divers 

and robots [10], acoustic emission [11, 12], hydro test [13], magnetic flux leakage 

test [14], and eddy current test [15]. Most of these approaches require periodic 

shutdown of the devices and can only inspect a localized area. They are costly, 

inconvenient, and inefficient for scanning a large structure.  

Guided waves have been extensively studied as a potential alternative to 

overcome the aforementioned limitations of existing NDT techniques. They have 

the capability of fast propagation over long distances, volumetric inspection of a 

relatively large area with a small number of sensors, the ability to scan structures 

with coatings and insulations, and the ability to monitor defects in inaccessible 

regions [16, 17]. The majority of the studies on guided wave applications were 

carried out on the structures in gaseous environments. However, guided waves 

behave differently when the structures are exposed to liquid. The liquid coupling 
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can change the dynamic properties of the plate structures [18] and provides a way 

for the guided wave energy to leak into the surrounding liquid medium [19, 20]. 

Due to the energy leakage, guided waves that propagate in submerged plates are 

called leaky Lamb waves, which have multi-modal and dispersive features. At any 

excitation frequency, multiple leaky symmetric and antisymmetric Lamb wave 

modes can exist simultaneously. Each of these wave modes behaves differently and 

varies with the excitation frequency. Compared with structures surrounded by air, 

guided wave applications on the submerged structures are much more challenging 

because most of the leaky Lamb wave modes decay quickly and disappear after a 

short propagation distance. Only a limited number of leaky Lamb wave modes at 

their corresponding low-attenuation frequency bands can travel a long distance, 

which has the potential to enable large-area inspection for the submerged structure 

[19]. Therefore, a good understanding of the wave propagation characteristics is 

desired for the practical application of leaky Lamb wave-based techniques.  

Several researchers studied different leaky Lamb wave modes to evaluate 

various defects in the submerged plate structures. Santos and Perdigao [21] 

investigated the fundamental leaky symmetric Lamb wave mode (leaky S0) in a 

pitch and catch configuration to detect and estimate the size of circular hole defects 

in bonded aluminum lap joints fully immersed in water. An empirical parameter 

that was defined based on the amplitudes of the received signals was shown to have 

a linear correlation with the dimensions of the defects. Chen, Su, and Cheng [22] 

investigated the propagation characteristics of the fundamental leaky anti-

symmetric Lamb wave mode (leaky A0) in a submerged plate. Circular holes 

created on the submerged plate mechanically and chemically were accurately 

detected by leaky A0 waves with the appropriate rectification for the medium 

coupling effect. Rizzo et al. [23] used a pulsed laser focusing on the upper surface 

of the plate to excite leaky Lamb waves in an immersed aluminum plate. The signals 

received by immersed transducers included leaky S0 waves, quasi-Scholte waves, 

and pressure waves. The leaky S0 mode that has the fastest propagation speed was 

well separated from the other wave modes. Then, the leaky S0 waves were extracted 

from the rest of the signals for further processing with continuous wavelet transform. 

Artificial defects, such as notches and circular holes, which were as small as a few 

millimeters, were successfully captured. Sharma and Mukherjee [24] studied leaky 
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Lamb waves on an underwater steel plate using two immersed transducers inclined 

at specific angles. Three leaky Lamb wave modes were generated at their 

corresponding low-attenuation frequencies, which were the leaky S0 wave mode, 

the first-order leaky symmetric Lamb wave mode (leaky S1), and the first-order 

leaky anti-symmetric Lamb wave mode (leaky A1). Each of these wave modes 

showed different sensitivities in monitoring the progressive notch damage 

machined on the underwater steel plate. They concluded that leaky S1 and leaky A1 

waves were more sensitive to surface defects, of which the depth was less than 37.5% 

of the plate thickness. In contrast, leaky S0 waves were more suitable for evaluating 

the deeper defects since the amplitudes of the transmitted leaky S0 waves 

consistently decreased with the notch depth. Sharma and Mukherjee [25] used 

similar techniques to monitor corrosion damage in an underwater plate. The initial 

surface degradation could be successfully identified by leaky S1 waves. Further 

progression of the corrosion was evaluated better by leaky S0 waves. Takiy et al. 

[19] conducted experimental measurements on a submerged aluminum plate to 

confirm the existence of leaky S0, leaky A1, leaky S1, and the second-order leaky 

symmetric Lamb wave mode (leaky S2) at their corresponding low-attenuation 

frequency bands. Then, leaky S1 waves at 3.4 MHz-mm were selected for 

characterizing damage. An image of the submerged plate was obtained to precisely 

identify the locations of five drilled holes. Xie, Ni, and Shen [26] proposed an 

experimental method to generate pure leaky S0 waves by applying the pulsed laser 

radiation laterally at the whole side of an aluminum plate submerged in water. 

Through interacting with the damage, the generated leaky S0 waves can mode 

convert into leaky A0 waves, which have mostly out-of-plane wave motions. Hence, 

the damage can be easily recognized. However, clear edges of the real structures 

are not always accessible, making this pure wave mode excitation at the structural 

edges very challenging in practice.  

These studies demonstrated that it is feasible to use leaky Lamb waves for 

identifying damage in plate structures submerged in liquid. The presence of defects 

with sizes in the order of millimeters can be detected and quantified based on the 

linear features of leaky Lamb waves, such as the change of wave speed and 

amplitude. It was reported that the sensitivity of linear ultrasonic guided waves is 

limited to damage of a size comparable to the wavelength of the selected guided 
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wave mode [27, 28]. However, they are insensitive to smaller defects in the initial 

damage stage. Before macroscopic cracks nucleate, the evolution of microstructural 

defects with load accounts for a major part of the total service life of a structure. In 

many cases, when the microstructural damage grows into macro scale, the 

remaining life of the structures is very short [29]. Therefore, it is better to identify 

defects sooner than later. Earlier detection of damage allows more time to 

characterize the evolution of the damage and schedule the maintenance actions for 

improving safety. Recent studies have proposed several nonlinear guided wave 

techniques to capture the microstructure evolution and early-stage material 

degradation [30]. Second harmonic generation is one of the most popular nonlinear 

techniques and has been successfully applied to different structures in gaseous 

environments to evaluate plasticity-induced damage [31, 32], thermal degradation 

[33, 34], precipitation [35], small fatigue cracks [36-38], debonding [39] and bolt 

loosening [40]. In the early damage stage (before the appearance of macro cracks), 

the generation of second harmonics takes advantage of the fact that the 

microstructural features in real materials distort the passing sinusoidal ultrasonic 

waves. The distortion can generate new wave components at frequencies other than 

the excitation frequencies, which provides a way for the evaluation of the 

microstructural defects. However, the measurement of second harmonics is 

challenging due to the fact that the material nonlinearity is weak [41]. To ensure 

measurable generation of second harmonics, the incident waves should have finite 

amplitudes so that there is sufficient wave energy to interact with the 

microstructural features. In addition, wave mode selection is required to ensure that 

the primary waves and second harmonics conform to non-zero power transfer and 

phase velocity matching conditions [42-47].  

The aforementioned studies on the second harmonic generation were carried 

out on the structures in gaseous environments. Although the nonlinear 

characteristics of guided waves have been demonstrated by a number of studies to 

be more sensitive to the microstructural defects in the early stage of damage and 

are less influenced by environmental changes, there have been very limited studies 

on the use of nonlinear guided waves for damage detection on the submerged 

structures. Undoubtedly, the vibration of the plate submerged in liquid behaves 

differently from that in the air [48-50]. Compared with structures in gaseous 
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environments, the generation and measurement of second harmonics on the 

submerged structure are more challenging because the wave energy can be absorbed 

by the surrounding liquid medium. So, the application of nonlinear guided waves 

for submerged structures deserves separate and careful studies considering the high 

reward for the earlier detection of material degradation.   

This paper presents experimental and numerical investigations on the 

feasibility of using second harmonic generation to evaluate material degradation in 

metallic plates with one side in contact with water. Leaky S0 mode is selected to 

generate second harmonic leaky S0 waves due to the observations from previous 

studies that leaky S0 mode at low frequencies has very low attenuation and its phase 

velocity decreases slowly with frequency [51-53]. These features make the primary 

and second harmonic leaky S0 waves satisfy non-zero power flux and approximate 

phase velocity matching conditions. Then, experiments are carried out on a metal 

tank filled with water. Leaky Lamb waves are generated on the wall of the water-

filled tank by a piezoceramic transducer and measured by a scanning laser 

vibrometer. It is demonstrated that second harmonics can be generated by leaky S0 

waves at low excitation frequencies and the corresponding relative nonlinearity 

parameters are growing linearly with the propagation distance. The growth rate of 

the relative nonlinearity parameters can be used to characterize the material stratus 

of the one-side water-submerged plate. After that, a three-dimensional (3D) finite 

element (FE) model is developed with the material nonlinearity of the submerged 

plate simulated by the Murgnahan strain energy function. The material properties 

of aluminum at different levels of fatigue damage are obtained from previous 

experimental results [54]. The numerical simulations are validated through the 

experimental data. Next, the experimentally validated 3D FE model is employed in 

the parametric study to analyze the second harmonic generation in the submerged 

plate at different levels of fatigue damage. The results show that leaky S0 mode at 

low frequencies can generate measurable second harmonics, which are sensitive to 

the change of material properties of the one-side water-immersed plate at the initial 

stages of the fatigue damage. This paper is organized as follows. Section 4.3 

introduces the second harmonic generation techniques and discusses the selection 

of leaky Lamb modes for the generation of second harmonics in the plate with one 

side exposed to water. Section 4.4 describes the experimental study. Section 4.5 
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shows the 3D FE model and simulation results. Finally, conclusions are drawn in 

Section 4.6.  

 

4.3. Theoretical considerations for the second harmonic generation 

by leaky Lamb waves 

 4.3.1. Generation of second harmonics 

All materials have microscopic imperfections such as micro-cracks, precipitates, 

and vacancies at the lattice level [37]. These microscopic defects contribute to weak 

material nonlinearity, which leads to a small deviation of the stress-strain 

relationship from the linear assumption of Hook’s law. As shown in Figure 4.1, the 

material nonlinearity distorts a passing sinusoidal ultrasonic wave with central 

frequency (f0), and second harmonics are generated at twice the excitation 

frequency (2f0). This provides a way for characterizing the incipient damage in the 

structure. More comprehensive descriptions can be found in reviews by Chillara 

and Lissenden [30] and Lissenden [7].  

 

 

Figure 4.1: Concept of the second harmonic generation due to material nonlinearity 

 

To illustrate the basics of wave distortion phenomena, a one-dimensional 

homogeneous and lossless media is considered here. The stress-strain relation of 



 Chapter 4  

88 

 

the nonlinear material can be written in terms of the displacement gradient as a 

Taylor series expansion truncated at order 2  

  
21

' '
2

Eu E u    (4.1) 

where  , u , E , and   are the stress, displacement, Young’s modulus of the 

medium, and nonlinearity parameters, respectively. 'u u x    is the displacement 

gradient. The particle motions can be described as 

 ' u   (4.2) 

where   represents the mass density; ' x     and 
2 2u u t   . Perturbation 

theory is employed to solve Eqs. (4.1) and (4.2), leading to the final solution [7] 

 1 2cos( ) cos(2 2 )u A kx wt A kx wt     (4.3) 

where k  and w  are the wavenumber and angular frequency of the excited primary 

waves. 1A  is the amplitude of the primary waves at w . 2 2

2 1

1

8
A k A x  represents 

the amplitude of the second harmonics at 2w . x  is the propagation distance.  

Two observations can be obtained from Eq.(4.3). Firstly, the primary waves 

and the second harmonics should have the same phase velocity, i.e., 

2 2pc w k w k  . Secondly, when the structure is excited by waves with a fixed 

wavenumber value k , the nonlinearity parameter   that correlates to the material 

nonlinearity can be determined by measuring the magnitudes of the primary waves 

and the second harmonics as  

 2

2 2

1

8 A

k x A
   (4.4) 

For practical applications, the change in   with its initial value is more 

important than its absolute value. Therefore, a relative nonlinearity parameter '  

is defined as  

 2

2

1

'
A

x
A

    (4.5) 
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It can be seen from Eq.(4.5) that '  is proportional to   and grows linearly with 

the propagation distance x .   can be evaluated by the gradient of accumulation of 

' . Therefore, any abnormal increase in '  indicates an increase in the material 

nonlinearity and progress in material degradation [36]. Although Eq. (4.1)-Eq. (4.4) 

are derived for longitudinal waves, Eq.(4.5) has been widely considered to be 

applicable for characterizing the second harmonic generation of Lamb waves [37, 

44], Rayleigh waves [55], and Edge waves [56]. Therefore, '  is employed in this 

study to quantify the change of the second harmonics of the leaky Lamb waves.  

 

4.3.2.  Selection of primary leaky Lamb wave modes 

Although the generation of second harmonics by guided waves has been studied for 

evaluating the incipient damage in various structures that are open to the air, the 

feasibility of using leaky Lamb wave modes to generate second harmonics in the 

plate with one side exposed to water has not been explored. Considering the multi-

modal and dispersive features, the selection of primary leaky Lamb waves is 

important. This section introduces the theoretical derivation of the dispersion curves, 

which describe the number of leaky Lamb wave modes and their corresponding 

properties with the frequency. Based on the dispersion curves, the leaky Lamb wave 

modes that have low attenuation and low dispersion characteristics are identified. 

Then, the primary wave mode and excitation frequency are selected to meet the 

following three conditions. Firstly, the primary wave mode should have sufficient 

wave energy propagating in the submerged structure to interact with the 

microstructural features so that the generation of second harmonics best reflects the 

material nonlinearity. Secondly, the primary waves should be of the same type of 

wave mode as the second harmonics to ensure that the wave energy can be 

transferred between the primary waves and the second harmonics [46]. Thirdly, the 

primary waves and the second harmonics should have similar phase velocities.  

Consider a plate loaded with water on its bottom surface, as shown in Figure 

4.2. Traction-free boundary conditions apply to the top surface of the plate as  

 _0 _0

33 31 0Plate Plate    (4.6) 
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where _0

33

Plate  and _0

31

Plate  are the normal and shear stress on the top surface of the 

plate, respectively. The bottom surface of the plate is coupled to the water layer. 

Under the non-viscosity assumption that water cannot sustain shear forces, the 

boundary conditions at the plate-water interface can be described as 

 

_ _

33 33

_ _

33 33

_

31 0

Plate d Water d

Plate d Water d

Plate d

u u

 









 (4.7) 

where _

33

Plate du , _

33

Plate d , and _

31

Plate d  represent the normal displacement, normal 

stress, and shear stress of the plate at the plate-water interface, respectively. _

33

Water du  

and _

33

Water d  are the normal displacement and normal stress of the water at the plate-

water interface, respectively.  

 

 

Figure 4.2. Schematic diagram of a plate loaded with water on its bottom surface 

 

Previous studies have derived the characteristic equation of the leaky Lamb 

waves for the one-side water-immersed plate [57] 

 

2 2 2 2

2 2 2 2

2
2 2 2 2

2 2 2 2

2
2

2

2 2 0

2 2 0

( ) ( ) 2 2
0

2 2 ( ) ( ) 0

ipd ipd iqd iqd w

ipd ipd iqd iqd

ipd ipd iqd iqd

w

q k q k qk qk

pk pk q k q k

w
q k e q k e qke qke

pke pke q k e q k e

w
pe pe ke ke k

c





 

 

 

  

  

  


  

   

 (4.8) 



 Chapter 4  

91 

 

where 
2 2 2

Lp w c k  , 
2 2 2

Sq w c k  ,  2Lc     , Sc   . 

  1 1 2E         and  2 1E      are the first and second Lame 

constants of the plate, respectively. E  and   are Young’s modulus and Poisson’s 

ratio of the plate, respectively.   and w  represent the density of the plate and the 

surrounding water, respectively. wc  is the speed of the bulk wave in the water. 

Eq.(4.8) can be solved numerically and the solutions can be presented by a series 

of dispersion curves.  

 

Table 4.1. Material properties of the aluminum plate and water 

Aluminum density   (kg/m3) 2700 

Aluminum 1st Lame parameter   (GPa) 51.64 

Aluminum 2nd Lame parameter   (GPa) 26.60 

Water density w  (kg/m3) 1000 

Water bulk wave velocity wc  (m/s) 1500 

 

Figure 4.3 shows the dispersion curves of a 1.6 mm thick aluminum plate 

with one side in contact with water. The material properties are given in Table 4.1. 

Within the frequency range up to 1MHz, there are only three wave modes, which 

are leaky S0, leaky A0, and quasi-Scholte waves. Other higher-order wave modes 

appear when the frequency increases. The quasi-Scholte wave that propagates along 

the plate-water interface has very low attenuation (close to zero) for the entire 

frequency bandwidth as shown in Figure 4.3(c). This wave mode is highly 

dispersive in the low-frequency range (below 250 kHz) as denoted by the blue 

dotted lines in Figures 4.3(a) and 4.3(b). The phase velocity of the quasi-Scholte 

wave increases monotonically with frequency until its value reaches the speed of 

the bulk wave in the surrounding water (around 1500 m/s). Further increasing the 

frequency, the quasi-Scholte wave becomes nondispersive. Although the quasi-

Scholte wave at the frequency range over 250 kHz has low attenuation and satisfies 

phase velocity matching conditions, it is not considered in this study. The reason is 

that the quasi-Scholte wave in the nondispersive frequency range has most of its 
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wave energy concentrated to the waterside, and the wave motions in the plate 

structure are negligible [20, 51, 58]. So, it has insufficient wave motions to interact 

with the microstructural features of the submerged plate. 

 

 

Figure 4.3. (a) Phase velocity, (b) group velocity, and (c) attenuation dispersion 

curves of a 1.6 mm thick aluminum plate loaded with water on its bottom surface  
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In addition to quasi-Scholte waves, leaky S0 waves also have low 

attenuation and low dispersion characteristics within the frequency range up to 600 

kHz. The phase velocity of leaky S0 waves decreases slowly with frequency. For 

example, the phase velocity of the leaky S0 mode at 100 kHz is 5435 m/s, and that 

at 500 kHz is 5383 m/s. The deviation is around 0.96%. A previous study defined 

the approximate phase velocity matching condition as the relative phase velocity 

deviation less than 1% [59]. Therefore, if the leaky S0 waves below 250 kHz are 

selected as the primary waves, the second harmonics at twice the frequency should 

satisfy the approximate phase velocity matching condition with the primary waves. 

Another key factor is that the low-attenuation frequency band of the leaky S0 mode 

is limited to the frequency range up to 600 kHz as shown by the black solid line in 

Figure 4.3(c). As the frequency increases beyond 600 kHz, the attenuation of the 

leaky S0 wave increases exponentially. Also, the phase velocity and group velocity 

decrease quickly with the frequency.  

Figure 4.4 presents the mode shapes of leaky S0 waves for the aluminum 

plate with one side in contact with water. The mode shape diagrams show the 

distributions of the displacements of leaky S0 waves through the thickness of the 

plate. The x-axis denotes the magnitudes that are normalized by the maximum 

displacement amplitudes. The y-axis denotes the thickness location 3x  that is 

defined in Figure 4.2. The red dashed lines represent the particle’s displacements 

in the direction parallel to the plate surface (in-plane displacements).  The blue solid 

lines show the displacement in the direction normal to the plate surface (out-of-

plane displacements). It can be seen that the out-of-plane displacements between 

the plate and the water areas are continuous. In comparison, the in-plane 

displacements are disconnected. When the frequency is below 600 kHz, the mode 

shape of leaky S0 waves is dominated by the in-plane displacements in the plate as 

indicated by the red dashed lines in Figure 4.4(a). The vast majority of the wave 

energy is conserved in the one-side water-immersed plate with minimal loss, 

making it ideal for using the leaky S0 wave to scan the one-side water-immersed 

plate. However, the out-of-plane displacements in both the plate and water regions 

increase with the frequency. This indicates more energy leakage from the structure 

into the surrounding liquid medium. From these observations, the excitation 



 Chapter 4  

94 

 

frequencies are chosen to be below 250 kHz in the following experimental and 

numerical studies.  

 

 

Figure 4.2. Mode shapes of leaky S0 wave at (a) 300 kHz, (b) 600 kHz, and (c) 900 

kHz for a 1.6 mm thick aluminum plate loaded with water on its bottom surface 

(the red dashed lines represent the in-plane displacements and the blue solid lines 

denote the out-of-plane displacements) 

 

4.4. Experimental study  

4.4.1. Experimental setup  

This section presents an experimental study on the leaky Lamb wave propagation 

in a metal plate with one side in contact with liquid, which aims to simulate a variety 

of thin-walled structures operating in extreme conditions, such as nuclear cooling 

pipes, pressure vessels, rocket fuel tanks, and submarine hulls. The experiments 

were carried out using a metallic tank fully filled with water. The front wall of the 

tank was used as the test plate, which was a 1.6 mm thick aluminum plate. The 

internal surface of the test plate was in contact with water, while the outer surface 

was exposed to air.  

Figure 4.5 illustrates the overall experiment setup and the top view of the 

water-filled tank. A computer-controlled signal generator (NI PIX-5412) was 

employed to generate a six-cycle Hanning window modulated sinusoidal tone burst 

pulse. Then, the signal was sent to a power amplifier (Ciprian HVA-800-A) and the 

voltage was increased to 160 Vp-p. After that, the amplified signal was sent to a 
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piezoceramic transducer (Ferroperm Pz27) which was bonded to the outer surface 

of the test plate. The circular piezoceramic transducer has a diameter of 10 mm and 

a thickness of 0.5 mm and can convert the electric signals to mechanic motions, 

exciting leaky lamb waves on the test plate. The thin and circular piezoceramic 

wafer deforms mainly in the radial direction which is parallel to the plate surface. 

As a result, the excitation should be dominated by the in-plane motions of the plate 

and leaky S0 waves could be generated effectively.  

The response signals were collected on the water-free surface by a non-

contact scanning laser Doppler vibrometer (Polytec PSV-400-M2-20). Taking the 

center of the piezoceramic transducer as the origin, a Cartesian coordinate system 

was defined as shown in Figure 4.5. The 1x -axis denotes the in-plane direction 

parallel to the plate surface, and the 3x -axis is the out-of-plane direction that is 

normal to the plate surface. The measurement points are defined along a line parallel 

to 1x -axis. The signals were collected at a sampling rate of 25.6 MHz. To improve 

the quality of measurements, each signal was averaged by 1000 recordings and 

filtered by a low-pass filter with a cut-off frequency of 1MHz. 

 

 

Figure 4.5. Schematic diagram of the experiment setup 
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4.4.2. Experimental results  

Figure 4.6(a) presents an example of the experimentally measured signals. The 

excitation frequency was 170kHz, at which there were only leaky S0, leaky A0, and 

quasi-Scholte waves, as shown by the dispersion curves in Figure 4.3. The 

measurement point was 200 mm away from the excitation center. The first wave 

packet was identified as the leaky S0 wave mode, which has the fastest group 

velocity, as shown in Figure 4.3(b). The phase velocity of the leaky S0 wave mode 

at 170 kHz is 5431 m/s, and that at 340 kHz is 5413 m/s. So, the primary leaky S0 

wave is almost phase matched with its second harmonic with a deviation of 0.33%. 

It should be noted that the experimental data mainly captured the out-of-plane 

motions on the plate surface because the laser beam was perpendicular to the test 

plate during the test. Since the out-of-plane displacement of the leaky S0 wave was 

small as shown by the blue solid lines in Figure 4.4, the actual magnitudes of the 

leaky S0 wave should be strong enough so that it could be measured by the scanning 

laser Doppler vibrometer.  

The following wave packet should be dominated by the quasi-Scholte wave 

mode because the leaky A0 wave mode decays quickly due to high attenuation [51]. 

At this excitation frequency, the quasi-Scholte wave is highly dispersive. The phase 

velocity of the quasi-Scholte mode at 170 kHz is 1317 m/s, and that at 340 kHz is 

1488 m/s. The deviation of the phase velocity between the primary waves and the 

second harmonics is around 13%. Therefore, the quasi-Scholte waves do not satisfy 

the approximate phase velocity matching condition [59].  

To further investigate, the first wave packet was cut from the rest of the 

signal to exclude the quasi-Schole waves and the unwanted reflections in the data. 

Figure 4.6(b) presents the window-cut signal. Then, the chopped signal was 

transferred to the frequency domain by FFT and is shown in Figure 4.6(c). There 

are two peaks for the primary waves (at 170 kHz) and the second harmonics (at 340 

kHz), respectively, as highlighted by the black dotted line in Figure 4.6(c). There is 

also a small peak at three times the excitation frequency, which is the third harmonic 

[29, 60]. However, the signal-to-noise ratio of the third harmonics is much lower 

than that of the second harmonics, and the third harmonics are not the focus of the 

paper, so the third harmonics are not discussed in this study. After that, '  were 
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calculated by Eq.(4.5) at 21 locations distributed at 5 mm apart along a line from 

1x  = 200 mm to 1x  = 300 mm. The values of ' are shown in Figure 4.6(d) with the 

error bars representing the standard deviations of five experimental measurements. 

A linear correlation between '  and the propagation distance is observed from 1x  

= 200 mm to 1x  = 300 mm with a high value of R square. This confirms that the 

second harmonics were generated due to the material nonlinearity [33, 37]. 

Therefore, this experimentally validates that leaky S0 waves at low frequencies 

satisfy approximate phase velocity matching conditions and are feasible to generate 

measurable second harmonics due to the material nonlinearity in the one-side water-

immersed plate.  

 

 

Figure 4.6. (a) The raw signal recorded by the laser vibrometer, (b) window-cut 

signal for further processing, (c) frequency spectrum of the extracted signal in (b), 

and (d) growth of relative nonlinearity parameters with propagation distance.  
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4.5. Finite element simulation  

4.5.1. Model description  

A 3D FE model was developed to simulate the leaky Lamb wave propagation in the 

one-side water-immersed plate. By applying the symmetry boundary conditions to 

the left and bottom edges of the plate, only the top right part of the plate was 

modeled. The plate modeled in the FE was 430 mm long, 250 mm wide, and 1.6 

mm thick. The bottom surface was in contact with a water layer of the same planar 

area. The thickness of the water layer was 90 mm, which was chosen to avoid 

unwanted reflections from the bottom of the water layer. Figure 4.7 presents the 

schematic diagram of the FE model, which was modeled using the commercial 

software, ABAQUS. The bottom surface of the plate and the top surface of the 

water layer were tied together using the surface-based tie constraint, which 

connected the acoustic pressure of the water and the out-of-plane translations of the 

plate. Previous studies of ultrasonic guided waves in the solid-liquid coupled 

medium experimentally validated that the tie constraint could accurately model the 

solid-liquid interactions [22, 51, 58, 61]. The plate and the water layers were 

modeled by 3D eight-node reduced integration solid elements and 3D eight-node 

reduced integration acoustic elements, respectively. The largest dimension of the 

element size was less than 0.5 mm, ensuring that there were at least 20 FE nodes 

within the wavelength of the leaky S0 wave [59, 62]. 

 

 

Figure 4.7. Schematic diagram of the 3D FE model. 
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To simulate the material nonlinearity of the one-side water-immersed plate, 

the Murnaghan strain energy function was introduced to define the material 

properties of the aluminum plate using VUMAT subroutine in ABAQUS. 

Murnaghan strain energy function includes the third-order Taylor series expansion 

of the strain potential and has been widely used in the analysis of second harmonic 

generation for modeling the nonlinear material behaviors [62-64]. This function can 

be written as  
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where l , m , and n  are the Murnaghan constants which are related to the third-

order elastic constants;  T1

2
 E F F I  is the Lagrangian strain; F  and I  denote 

the deformation gradient and the identity tensor, respectively. Table 4.2 presents 

the values of Murnaghm constants of aluminum at different levels of fatigue 

damage, which are obtained from previous experimental results [54]. 

 

Table 4.2. Murnaghan constants of aluminum at different levels of fatigue damage 

[54] 

 

 

 

 

 

The leaky S0 wave was excited by applying nodal displacements at the 

circumference of a circular transducer represented by the quarter-circle of 10 mm 

diameter located at the left-bottom corner of the plate. The excitation signal was a 

six-cycle Hanning window modulated sinusoidal tone burst pulse. The explicit 

module of ABAQUS was employed to solve the dynamic simulations. Figure 4.8 

Fatigue life 

Murnaghan constants 

l (GPa) m (GPa) n (GPa) 

0% -252.2 -325.0 -351.2 

40% -266.8 -332.8 -358.3 

80% -271.2 -335.8 -359.8 
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shows a snapshot of the simulation results with the excitation frequency of 170 kHz. 

The rainbow color represents the acoustic pressure in the water layer. It can be seen 

that the leaky S0 wave propagates fastest with minimum wave energy leaking into 

the liquid. Following the leaky S0 wave, the quasi-Scholte wave propagates at a 

speed slightly faster than the pressure wave in water. The acoustic pressure of quasi-

Scholte waves is concentrated around the plate-water interface [58]. The leaky A0 

wave dominated by the out-of-plane displacements was not observed from the 

surface of the submerged plate. In general, the simulation results have a good 

agreement with the experimental data as shown in Figure 4.6(a). The numerically 

calculated acoustic wavefields provide additional information to interpret the 

experimental data. The simulation results of the 3D FE model are further validated 

in the following sections to gain physical insights into the second harmonic 

generation on the one-side water-immersed plate.     

 

 

Figure 4.8. Snapshot of the simulation results at 72 s   

 

4.5.2. Experimental validation of the FE model  

In this section, the 3D FE model is validated by comparing the simulation results 

with the experimental data. The simulations carried out using the 3D FE model with 

the VUMAT subroutine are labeled as nonlinear FE because the material 

nonlinearity was modeled by the Murnaghan strain energy function. Firstly, the 

linear features of the leaky S0 waves that were simulated by nonlinear FE and 
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measured from experiments were investigated and compared. From both the 

experiments and the nonlinear simulations, the out-of-plane displacements were 

obtained at 21 measurement points along a line from 200 mm to 300 mm away from 

the excitation center. Figure 4.9(a) shows the signal simulated by the nonlinear FE. 

The measurement point was 200 mm away from the excitation center. Figure 4.9(b) 

compares the waveforms of the window-cut signals obtained from the experiments 

and the simulations from the nonlinear FE at the same measurement point. The 

amplitudes are normalized by the maximum peak magnitudes of the signals. In 

general, the nonlinear FE well predicts the waveform and the time of arrival of leaky 

S0 waves.  

 

 

Figure 4.9. (a) Signal simulated by the nonlinear FE (b) Comparison of the window-

cut signals measured from the experiment and simulated by the nonlinear FE. 

 

To further validate the accuracy of the nonlinear FE, the group and phase 

velocities were calculated using the simulated signals, and the simulation results 

were compared with theoretical values and experiment data. The excitation 

frequency was swept from 150 kHz to 390 kHz in steps of 20 kHz. The signals were 

collected at the first 10 points for each excitation frequency to calculate the 

averaged phase and group velocities. The distance between the two consecutive 

measurement points was 5 mm and it was less than half of the wavelength of the 

selected leaky S0 wave. The phase velocity pC  was calculated by 

  2p c cC f f x    , where cf  represents the central frequency of the excitation. 
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  and x  are the phase difference and the distance between the two 

measurement points, respectively. The group velocity gC  was calculated by 

 g cC f x t   , where t  is the time lag between the two measurement points.  

Figures 4.10(a) and 4.10(b) present the phase velocity and group velocity 

dispersion curves for the aluminum plate loaded with water on the single side, 

respectively. In both figures, there are three wave modes represented by three lines, 

which are calculated based on the global matrix theory by the commercial software 

DISPERSE [65]. The black solid lines on the top represent the leaky S0 mode. The 

values calculated by the experimental data and the nonlinear FE simulations are 

denoted by cycles and stars, respectively. It can be seen that the simulation results 

have a good agreement with the theoretical derivations and experimental 

measurements. The maximum deviation is less than 2%. 

 

 

Figure 4.10. (a) Phase velocity dispersion curves and (b) group velocity dispersion 

curves calculated by the theoretical derivations (black solid line, black dashed line, 

and blue dotted line), nonlinear finite element simulations (stars), and experimental 

measurements (circles) 

 

Then, the nonlinear features of the simulated and experimentally measured 

leaky S0 waves were analyzed. The simulations were carried out using the 3D FE 

model with and without the VUMAT subroutine. The simulations, solved using 

only the linear elastic material properties as shown in Table 4.1, are labeled as linear 

FE because they do not consider the inherent material nonlinearity. The nonlinear 



 Chapter 4  

103 

 

FE simulates the material nonlinearity of the aluminum plate by introducing the 

Murnaghan constants of zero fatigue damage in Table 4.2. Figure 4.11(a) compares 

the window-cut signals obtained from the experimental measurements and the 

simulated signals from both the linear and nonlinear FE models. The amplitudes are 

normalized by their corresponding peak magnitudes. The simulated linear and 

nonlinear signals do not show much difference in the time domain, and both have a 

good agreement with the experimental data. Figure 4.11(b) shows the 

corresponding data in the frequency domain. It can be seen that nonlinear FE 

captures the second harmonics at twice the excitation frequency, as highlighted by 

the black dotted lines in the figure. In general, the second harmonics simulated by 

the nonlinear FE have a good agreement with the experimental data (see the red 

dash-dotted line and black solid line in Figure 4.11(b)). However, the linear FE that 

uses only the second-order elastic constants could only predict the primary waves 

as shown by the blue dashed lines. The second harmonics are not observable in the 

linear FE. The comparison between the linear and nonlinear FE further confirms 

that the generated second harmonics are due to the material nonlinearity by 

considering the Murnaghan strain energy function and Murnaghan constants.   

 

 

Figure 4.11. (a) Comparison of the time domain signals obtained from the 

experimental measurement, linear finite element simulation, and nonlinear finite 

element simulation; and (b) their corresponding frequency spectra. 

 

It should be noted that the Murnaghan strain energy function, incorporating 

the third-order approximation of the constitutive relation, could be used to predict 
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the generation of only up to the second harmonics. To study the third-order 

harmonics, the fourth-order expansion of the constitutive relation and fourth-order 

elastic material constants should be included in the constitutive model [60]. This 

explains why the nonlinear FE is unable to capture the peak located at three times 

the excitation frequency. Since this study focuses on the generation of the second 

harmonics, the Murnaghan strain energy function is sufficient for analysis. 

Therefore, the simulation results are validated. 

 

4.5.3. Second harmonic generation in the submerged plate at different levels of 

fatigue damage 

The experimentally validated 3D FE model was employed to explore the influence 

of evenly distributed fatigue damage on the generation of the second harmonics. 

Stobbe [54] experimentally measured the values of Murnaghan constants for 

aluminum at different fatigue levels. In his experimental studies, a series of dog-

bone samples made of aluminum were fatigued by repeated uniaxial tensile loads. 

One sample was loaded to 52800 load cycles and failed, which was defined as 100% 

fatigue damage. The rest samples were then fatigued to different cycles and were 

referenced to different percentages of fatigue damage. The numerical simulations 

in the present study employed the experimentally measured Murnaghan constants 

for the undamaged aluminum and the aluminum at 40% and 80% fatigue damage 

[54], as shown in Table 4.2. They have been used in previous studies to simulate 

the generation of nonlinear guided waves in aluminum plates [59] and pipes [64] in 

gaseous environments. For the first time, this paper presents the numerical 

simulations of an aluminum plate with one side loaded with water and the 

sensitivity of the second harmonics generated by leaky S0 waves to fatigue damage 

is investigated. Three simulations were carried out using the experimentally 

validated 3D FE model with three different sets of Murnaghan constants (see Table 

4.2), which represent the aluminum plates at 0%, 40%, and 80% fatigue damage. 

The other settings remained unchanged.  

The simulated out-of-plane displacements were obtained at 21 points from 

200 mm to 300 mm away from the excitation center to calculate ' . For direct 

comparison, the values are normalized by the initial value at 200 mm for the 
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aluminum plate at zero fatigue damage. Figure 4.12(a) presents the normalized 

nonlinear parameters versus the propagation distance. It can be seen that the 

normalized nonlinearity parameters increase linearly with the propagation distance 

for the three cases. In addition, the slopes of the best-fit lines increase with the 

fatigue damage levels.  

 

 

Figure 4.12 (a) The normalized nonlinearity parameters versus propagation distance 

and (b) normalized slopes of the best-fit lines at different levels of fatigue damage 

 

Figure 4.12(b) compares the slopes of the best fit lines at different levels of 

fatigue damage. The values are normalized by the initial value at zero fatigue 

damage. As mentioned in Section 4.3.1, the material nonlinearity can be evaluated 

by the gradient of accumulation of ' . Thus, it shows that material nonlinearity 

increases quickly during the initial stage of fatigue damage and the increasing rate 

becomes much slower after 40% fatigue damage. This behavior is in agreement 

with the preceding studies on fatigue damage evaluation by longitudinal waves [66, 

67], Rayleigh waves [68, 69], and Lamb waves [33, 44, 70]. Therefore, the 

numerical simulations reveal that second harmonics generated by the low-

attenuation leaky S0 waves have the potential to characterize the material 

nonlinearity of the plate when one side of the plate is exposed to water.  
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4.5.4. Comparison between the free plate and water-immersed plate  

The experimentally validated 3D FE model was also employed to explore the 

influence of the surrounding liquid on the generation of the second harmonics. Two 

simulations were carried out for the undamaged aluminum plate with and without 

the water layer, respectively. The simulation for the plate without the water layer is 

labeled as the free plate, while that for the plate with one side exposed to water is 

labeled as the water-immersed plate. The other settings remained the same.  

Guided waves that propagate in the free plate are called Lamb waves, which 

consist of multiple symmetric and antisymmetric Lamb wave modes. Figure 4.13(a) 

shows the simulated signals for the free plate. The first wave packet is identified as 

the fundamental symmetric Lamb (S0) mode that propagates fastest in the selected 

excitation frequency. The second wave packet that arrives around 80 s is the 

fundamental antisymmetric Lamb (A0) mode. It propagates slightly faster than the 

quasi-Scholte wave as shown in Figure 4.9(a). Figure 4.13(b) compares the 

window-cut signals for the free plate and water-immersed plate, respectively. Their 

corresponding frequency spectra are shown in Figure 4.13(c). The amplitudes are 

normalized by the corresponding peak magnitudes for comparison. It can be seen 

that the leaky S0 wave has a similar waveform as the S0 wave in the time domain 

due to the fact that they have similar group and phase velocities [71, 72]. However, 

the ratios of the second harmonics to the primary waves are smaller for the leaky S0 

wave compared to that of the S0 wave. This is because the attenuation of the leaky 

S0 wave gradually increases with the frequency as discussed in Section 4.3.2. This 

phenomenon also has a significant influence on the growing trends of the 

nonlinearity parameters as shown in Figure 4.13(d). The slope of the best-fit line of 

the free plate is 7.0876, which is nearly double the value of the one-side water-

immersed plate. Thus, the simulation results reveal that the surrounding liquid can 

reduce the accumulation rate of the nonlinearity parameters. In addition, the 

influence of water is much stronger than that caused by fatigue damage as discussed 

in Section 4.5.3. So, the liquid coupling effects should be considered when the 

nonlinear guided wave techniques are used for damage detection for the immersed 

plate structures.    
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Figure 4.13 (a) Signal simulated by the free plate FE; (b) Comparison of the 

window-cut signals simulated by the free plate FE and water-immersed plate FE; 

(c) frequency spectra of the signals in (b), and (d) comparison of the normalized 

nonlinearity parameters versus propagation distance. 

 

4.6. Conclusion 

This paper has investigated experimentally and numerically the second harmonic 

generation by guided waves in plates immersed in liquid on one side, which has the 

potential to characterize the microstructural evolution before the appearance of 

macroscale damage and fraction. The findings can provide support for the further 

development of NDT techniques for partially submerged structures, such as nuclear 

cooling pipes, pressure vessels, rocket fuel tanks, storage tanks, and submarine hulls. 

Earlier damage detection of these partially immersed structures allows more time 

to schedule the maintenance actions and reduces the risks of in-service failure.  

Firstly, the dispersion behavior of guided waves has been analyzed for 

metallic plates with one side immersed in water. It has been found that the leaky S0 

mode at low frequencies has low attenuation and low dispersion features. This 



 Chapter 4  

108 

 

analysis leads to the selection of leaky S0 to generate second harmonics of the same 

type of wave mode in the one-side water-immersed plate because the primary and 

second harmonic leaky S0 waves satisfy approximate phase velocity matching and 

non-zero power flux conditions. Next, experimental studies have been conducted 

on the metal tank filled with water. A case study using experimentally measured 

signals at the excitation frequency of 170 kHz has been presented. Both the primary 

and second harmonic leaky S0 waves can be identified in the frequency spectrums. 

In addition, the relative nonlinearity parameter '  has been calculated and shown 

to grow linearly with the propagation distance. The experimental results confirm 

that leaky S0 waves can generate measurable second harmonics due to the material 

nonlinearity of the one-side water-immersed plate. After that, numerical 

simulations have been carried out using a 3D FE model and validated through 

experimental measurements. The experimentally validated 3D FE model has been 

employed in parametric studies to explore the second harmonic generation in the 

one-side water-immersed plate at different levels of fatigue damage. The results 

have shown that the second harmonic generation techniques are promising for non-

destructively evaluating microstructural defects in plate structures with one side 

immersed in liquid.   

The present study only demonstrates that the interaction between guided 

waves and microstructural features of partially immersed plates can generate 

measurable and low-attenuation second harmonics. When the microscopic defects 

grow into macro scale, there can be a substantial increase in amplitudes for the 

nonlinear guided waves due to the clapping behavior between the surfaces as the 

primary guided waves pass through. For the structures in gaseous environments, the 

clapping effect of macro cracks is classified as contact-type nonlinearity, which has 

been demonstrated to generate second harmonics with much larger amplitudes than 

the material nonlinearity [28, 37]. Future studies can investigate the effect of the 

size, shape, and location of macro cracks (e.g. stress corrosion cracking) on the 

nonlinear guided wave features for the structures immersed in liquid. 
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Chapter 5. Structural health monitoring of partially immersed 

metallic plates using nonlinear guided wave mixing   

 

Abstract 

Metallic plates are important structural components of many liquid containment 

structures, such as liquid storage tanks and sewer pipes. Time-dependent loads can 

result in fatigue and degradation of the metallic material. Nonlinear guided wave 

mixing has been demonstrated to be sensitive to microstructural change at the early 

stage of material degradation. Previous studies have been carried out using the 

nonlinear guided wave mixing technique on various structures in gaseous 

environments. However, its application to structures immersed in liquid has not 

been explored. This paper numerically and experimentally investigates the 

nonlinear guided wave mixing in an aluminum plate loaded with water on one side. 

Experiments are carried out with an empty metal tank and the tank filled with water, 

respectively. The results show that cumulative generation of harmonics at the sum 

frequency due to the material nonlinearity of the partially immersed plate can be 

achieved by mixing the fundamental leaky symmetrical Lamb (leaky S0) waves at 

two different frequencies. Under the same experimental conditions, the amplitudes 

of the guided wave signals and the values of the relative nonlinearity parameters on 

the partially immersed plate are different from their counterparts on the plate 

without water. Finally, numerical simulations are performed with the material 

nonlinearity of the test plate simulated by the Murnaghan constitutive model. The 

numerical results reveal that both the second harmonics and the combination 

harmonics are sensitive to the material nonlinearity of the plate loaded with water 

on one side. 

 

Keywords: Structural health monitoring; Water containment structures; Metallic 

plates; Leaky Lamb waves; Nonlinear guided waves; Guided wave mixing; Second 

harmonics  
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5.2. Introduction 

Metallic plates are commonly used for constructing undersea tunnels [1], storage 

tanks [2], sewer pipes [3], and containment buildings [4]. These structures have one 

side immersed in liquid and are subjected to cyclic loads with varying amplitudes. 

Material degradation and fatigue are the primary culprits for the failure of these 

partially immersed metallic structures [5]. In the early damage stage, dislocations 

and slip bands occur in the materials and then micro cracks are formed. With the 

increase in loading cycles, the micro cracks continue to accumulate and grow to a 

critical point, which can cause catastrophic failures [6, 7]. Continuous evaluation 

of material properties of partially immersed metallic plates is crucial to maintain 

the structural integrity of high-valued infrastructures.  

Guided wave testing is a non-destructive inspection technique that has 

attracted extensive research interest. It outperforms other non-destructive testing 

methods, such as eddy current testing, acoustic emission, and conventional 

ultrasonic testing, because guided waves can travel relatively long distances on 

various structures and have a high sensitivity to different kinds of damage [8]. The 

structural health can be monitored by both linear and nonlinear features of guided 

waves. Conventional guided wave testing is based on linear features. Specifically, 

the presence of defects changes the transmitted guided wave signals, typified as 

scattering, mode conversion, attenuation, and change in wave velocity. Linear 

guided wave testing was successfully applied to immersed structures to characterize 

cracks [9], pits [10], notches [11], and corrosion [12, 13]. In these studies, guided 

waves in immersed structures were shown to behave differently from their 

counterparts in structures without exposure to liquid. In addition, the sizes of the 

defects were around a few millimeters, which were comparable to the wavelength 

of the selected guided wave modes. However, linear guided waves are insensitive 

to smaller defects such as micro cracks and dislocations in the early damage stage. 

When the micro cracks evolve into macro cracks and become identifiable through 

the linear guided wave features, the metallic structures, in many cases, reach more 

than 80% of its total service life [14].  

Recent studies have focused on the nonlinear features of guided waves, 

which provide much better sensitivity than the linear features in detecting 
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microstructural defects that precede the macro-scale damage [15]. The second 

harmonic approach is one of the most popular nonlinear guided wave methods. 

When the structural material is excited by guided waves with finite amplitudes, the 

ultrasonic guided wave energy can be transferred from the excitation frequency to 

twice the excitation frequency due to the interaction of the primary guided waves 

with the microstructural features of the material. This phenomenon provides a way 

to identify and characterize material degradation at its early stage. For example, the 

second harmonics generated by guided waves were used to evaluate the evolution 

of thermal aging [16, 17] and fatigue [18, 19] for metallic plates in gaseous 

environments. A comprehensive review of the second harmonic guided wave 

approach can be found in [15]. The major difficulty hindering the applications of 

second harmonics is that the instrumentation of the measurement system can also 

produce nonlinear signals at the integer multiples of the excitation frequency [20, 

21]. It is difficult to distinguish the nonlinearity due to the material from the 

nonlinearity caused by the instruments.  

To tackle this limitation of the second harmonic approach, a number of 

researchers proposed the nonlinear guided wave mixing technique, in which the 

structural material is excited by guided waves with two different frequencies. 

Hasanian and Lissenden [22] conducted a wave vector analysis for the mutual 

interaction of two guided waves with different frequencies. The mutual interaction 

can generate combination harmonics at the sum and difference frequencies that are 

far from the nonlinear waves produced by the instrumentation. Hasanian and 

Lissenden [23] further studied the internal resonance criteria for the non-collinear 

guided wave interaction, where the guided waves propagate in different directions 

and meet in a localized mixing zone. They concluded that the amplitudes of the 

generated combination harmonics are dependent on the size of the wave mixing 

areas. Jiao et al [24] demonstrated both experimentally and numerically that the 

combination harmonics of guided waves at the sum frequency are sensitive to micro 

cracks in metallic plates. Metya et al [25] revealed that the nonlinear guided wave 

mixing technique can also evaluate localized deformation of a steel plate during 

creep. Shan et al [26] mixed two shear horizontal waves that propagated in the same 

direction to generate cumulative combination harmonics at the sum frequency. The 

combination harmonics demonstrated a high sensitivity to degradation of the 
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aluminum plate during early fatigue stages. Cho et al [27] proposed a novel 

technique to detect localized fatigue damage in aluminum plates by the interaction 

of two counter-propagating shear horizontal waves. The wave mixing area can be 

controlled and moved to different locations on the sample by adjusting the time 

delays of the input signals. Thus, the whole area of the plate can be scanned. Li et 

al [28] employed the guided wave mixing and mixing frequency peak counting 

techniques to assess low-velocity impact damage in CFRP composite laminates. 

The value of the mixing frequency peak count could be correlated with the impact 

energy in the test. Guan et al [29] developed a three-dimension (3D) finite element 

(FE)  model to demonstrate that the directions and locations of the micro cracks in 

plates can affect the amplitudes of the nonlinear waves generated by nonlinear 

guided wave mixing. All the aforementioned studies demonstrated that the guided 

wave mixing technique has many advantages over the second harmonic approach. 

One of the most important merits is that the combination harmonics generated by 

mixing two guided waves are less affected by the higher harmonics produced by 

the instrumentations, such as amplifiers and transducers. In addition, mutual 

interaction between guided waves propagating in different directions provides more 

flexibility for the selection of guided wave modes and their corresponding 

excitation frequencies.  

The majority of the work on nonlinear guided waves has focused on the 

structures in gaseous environments. Before the initiation of macro-scale damage, 

the material nonlinearity due to the microstructural features is very weak, making 

the generation and measurement of nonlinear guided waves very challenging. Only 

a few guided wave modes within limited frequency bandwidths, satisfying the 

phase velocity matching and non-zero power flux conditions, have the potential to 

generate cumulative and measurable nonlinear guided waves and can be used to 

characterize the material nonlinearity [15]. Phase velocity matching refers to that 

the primary and the corresponding nonlinear guided waves should have the same 

phase velocity. Non-zero power flux means that there must be nonzero power flow 

from the primary waves to the nonlinear guided waves. They have been widely 

recognized as the criteria for selecting guided wave modes and excitation 

frequencies for the nonlinear guided wave methods for the structures in gaseous 

environments.  When the structures are exposed to liquid, the fluid-solid coupling 
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allows the guided wave energy to leak from the structures into the surrounding 

liquid medium. On the immersed structures, the generation and measurement of 

nonlinear guided waves are more challenging because most of the guided wave 

modes have higher attenuation [10]. In addition, the fluid-solid coupling makes the 

guided waves in the immersed structures behave differently from their counterparts 

in the structures surrounded by air [30-33]. Therefore, a comprehensive 

investigation is desired for the nonlinear guided waves in the immersed structures.    

This paper presents a series of experimental and numerical investigations 

on the nonlinear guided wave mixing in partially immersed metallic plates. In the 

experiments, the fundamental leaky symmetric Lamb (leaky S0) waves are excited 

at two different frequencies on an aluminum plate, of which one side is exposed to 

water. The response signals display the combination harmonics at the sum 

frequency. Next, the amplitudes of the combination harmonics are investigated with 

varying excitation magnitudes and propagation distances. The effect of the liquid-

structure coupling is also explored by comparing the guided wave signals measured 

from the test plate with and without water. Then, numerical simulations using a 3D 

FE model are implemented to further investigate the sensitivity of the combination 

harmonics to the material nonlinearity of the metallic plate partially immersed in 

water. The findings of this study can provide support for the development of 

structural health monitoring techniques for metallic liquid containment structures.     

The remainder of the paper is organized as follows. Section 5.3 introduces 

the theoretical background of the mutual interaction of ultrasonic waves in materials 

with weak nonlinearity. Section 5.4 presents the experimental study, including the 

overall experimental setup, preliminary tests to select the guided wave modes and 

excitation frequencies, and the results of the experimental investigations. The 

numerical study is illustrated in Section 5.5. The 3D FE model is described and 

validated through experimental measurements. This section also includes a 

parametric study, in which the experimentally validated 3D FE model is employed 

to investigate the characteristics of the nonlinear guided wave mixing in materials 

with different levels of fatigue. Finally, conclusions are drawn in Section 5.6.  
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5.3. The theoretical background of the wave mixing technique 

This section describes the theoretical derivations for the mutual interaction of 

ultrasonic waves with two different frequencies in nonlinearly elastic materials. The 

material nonlinearity is small and attributed to the microstructural features such as 

dislocations, microvoids, and micro cracks. For one-dimensional problems, the 

stress-strain relationship of the nonlinear elastic material can be expressed as [15] 

  
2

2
E u u




 
   

 
 (5.1) 

where  represent the stress. u u x     with u and x  representing the 

displacement and the position, respectively. E  and  denote the linear elastic 

modulus and the second order nonlinear parameters, respectively. The quadratic 

term accounts for the weak nonlinearity of the material, which is ignored in the 

linear theory.   

Considering that two waves with different frequencies ( 1f  and 2f , 2 1f f ) 

travel in the material, the equation of motions can be described as  

 u    (5.2) 

where   is the mass density; x      and 
2 2u u t   ; t  denotes the time. 

Substituting Eq (5.1) into Eq (5.2) gives 

  
E

u u u u


     (5.3) 

where 
2 2u u x    . Eq (5.3) can be solved using the perturbation approach with 

the assumption that the solution form of the total displacements is the sum of the 

primary waves and the nonlinear waves 

 P Nu u u   (5.4) 

where Pu  and Nu  represent the primary and nonlinear components of the total 

displacements, respectively. The primary waves are also called linear waves 

because they have the same frequencies as the input signals. The nonlinear waves 

are generated by the interaction of the primary waves with the material nonlinearity. 
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The amplitude of the nonlinear waves is much smaller than that of the primary 

waves (
P Nu u ). Then, the governing equation can be obtained by substituting 

Eq (5.4) into Eq (5.3) as follows  

    P N P N P N P N

E
u u u u u u u u


            (5.5) 

Since the amplitudes of the nonlinear waves are very small, the derivatives with 

respect to Nu  can be neglected [15]. Then the governing equation can be further 

divided into two differential equations as follows.  
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 (5.6) 

Finally, the solution of the primary waves is 

 
1 21 1 1 2 2 2cos( ) cos( )P f fu A wt k x A w t k x        (5.7) 

The primary waves combine the two excitation frequencies 1f  and 2f . 
1f

A  and 

2f
A  are the amplitudes of the primary waves at 1f and 2f , respectively. w , k , and, 

  represent the angular frequency, wavenumber, and phase shift, respectively, with 

the subscripts denoting the first and second frequency components. 

The solution of the nonlinear waves at the frequencies other than the 

excitation frequencies can be written as  
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 (5.8) 

where 
1 1

2 2

2 1 8f fA A k x  and 
2 2

2 2

2 2 8f fA A k x  are the amplitudes of the second 

harmonics at 12 f  and 22 f , respectively. 
1 2 1 2 1 2 4f f f fA A A k k x   is the amplitude 

of the combination harmonics (sum harmonics) at the sum frequency ( 1 2f f ) and 

1 2 1 2 1 2 4f f f fA A A k k x   is the amplitude of the combination harmonics (difference 

harmonics) at the difference frequency ( 1 2f f ). Therefore, when the structural 
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material is excited by waves with two different frequencies, the nonlinear 

parameters can be estimated as follows 

 

1

1

1

2

2

2

1 2

1 2

1 2

2 1

2 1

1 2

2

2 12 2

1

2

2 22 2

2

1 2

1 2

1 2

8 1
for the second harmonics at 2

8 1
for the second harmonics at 2

4 1
for the sum harmonics at

4 1
f

f

f

f

f

f

f

f f

f f

f f

f f

f f

f f

A
f

k A x

A
f

k A x

A
f f

k k A A x

A

k k A A x

















 
  

 
 

 
  

 
 

 
  

 
 

 
  

 
 

2 1or the difference harmonics at -f f

 (5.9) 

It can be seen that when the propagation characteristics of the primary 

waves do not change (e.g. fixed wavenumber values 1k and 2k ), the material 

nonlinearity at any location can be correlated to the amplitudes of the primary 

waves and the nonlinear waves. For simplicity, the material properties can be 

characterized by relative nonlinearity parameters and they are defined as follows    
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 (5.10) 

where the relative nonlinearity parameter    is proportional to the second order 

nonlinear parameter   and the propagation distance x .  

The above derivations consider only the simplest case that ultrasonic waves 

travel in the isotropic material in one direction. However, the relative nonlinearity 

parameters defined by Eq. (5.10) have been widely recognized to be applicable for 

characterizing the material nonlinearity of various structures using different guided 

wave modes. In the literature, there are two popular approaches for evaluating 

nonlinear elastic properties. The first approach is to excite structures with the input 

signals of various magnitudes and measure the response signals at a single location 
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[34-37]. If the measured nonlinear guided waves are generated due to the material 

nonlinearity, the amplitudes of the second harmonics (
2 if

A ) should increase linearly 

with the square of the amplitudes of the corresponding primary waves ( 2

if
A ). In 

contrast, the amplitudes of the combination harmonics, including the sum 

harmonics (
1 2f fA 

) and difference harmonics (
2 1f fA 

), should have a positive linear 

relationship with the product of the primary waves at the two excitation frequencies 

(
1 2f fA A ). The increasing rate of the nonlinear guided wave magnitudes to the 

corresponding primary waves can be correlated to the material nonlinearity of 

structures.  

The second approach estimates the material nonlinearity by measuring 

signals at several locations with different propagation distances [26, 38-41]. Based 

on Eqs (5.9) and (5.10), the relative nonlinearity parameters (   ) will grow linearly 

with the propagation distance, provided that the primary waves have sufficiently 

large motion magnitudes to interact with the microstructural features of the material 

[40, 42, 43]. The material's nonlinear elastic properties can be characterized by the 

accumulation gradient of    with the propagation distances. Within the same 

sample and identical experimental setup, any abnormal increase of the nonlinear 

guided waves and the relative nonlinearity parameters indicate the growth of the 

material nonlinearity and degradation. In the present study, the relative nonlinearity 

parameters are calculated by Eq. (5.10) to characterize the nonlinear guided wave 

features on the partially immersed plate. The growing trends of the nonlinear guided 

wave features with varying excitation magnitudes and propagation distance are 

investigated, respectively. 

 

5.4. Experimental study 

5.4.1. Experimental setup for actuating and sensing guided waves 

Experiments were conducted on a 1.6 mm thick aluminum plate, which was fixed 

to the front of a metal tank with bolts. To investigate the effect of the liquid coupling 

on the nonlinear guided wave mixing, experimental measurements were collected 

on the external surface of the aluminum plate when the tank was empty and when 
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it was filled with water, respectively. Due to the isotropic features of the metal 

materials, the findings of this study could be also applicable to the isotropic plates 

made of other metal materials such as steel and alloy. Figure 5.1 shows a photo of 

the experimental setup. A computer-controlled signals generator (NI PIX-5412) 

was employed to generate the excitation signals. The waveforms of the excitation 

signals and the frequency selection are discussed in detail in Section 5.4.2. Then, 

the voltage of the input signals was magnified by a voltage amplifier (Ciprian HVA-

800-A). After that, the amplified excitation signals were sent to the piezoceramic 

transducer (Ferroperm Pz27, 10 mm diameter and 0.5 mm thick) that was bonded 

to the outer surface of the test plate. The piezoceramic transducer could convert the 

electric signals to mechanical motions and generate guided waves on the test plate. 

The response signals on the plate surface were measured by a scanning laser 

vibrometer (Polytec PSV-400-M2-20) and then further processed using the 

software MATLAB. Each measurement was collected at 25.6 MHz and averaged 

by 1000 acquisitions. The signal-to-noise ratios were improved by applying a low-

pass filter, of which the cut-off frequency was set to 1MHz.    

 

 

Figure 5.1. Experimental setup 
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5.4.2. Mode tuning and frequency selection  

This section describes the selection of guided wave modes and excitation 

frequencies for the nonlinear guided wave mixing in partially immersed plates. To 

begin with, the dispersion features of guided waves were studied using DISPERSE. 

Based on the global matrix method, the dispersion curves were derived for the 1.6 

mm thick aluminum plate surrounded by air (when the metallic tank was empty) 

and the same plate with one side exposed to water (when the metallic tank was filled 

with water), respectively [44]. The material properties of the plate and the water are 

shown in Table 5.1. The water layer was defined as a non-viscous semi-infinite 

acoustic medium. The air properties were not considered in modeling because the 

influence of the air on the guided wave propagation was very small. The air-coupled 

plate surfaces were assumed to be traction-free. The water-coupled plate surface 

was defined by the structural-liquid boundary conditions, which connected the 

normal stresses and displacements at the plate-water interface [44]. Through the 

out-of-plane motions, the guided waves in the liquid-coupled structures could 

continuously radiate wave energy into the surrounding liquid medium.  

 

Table 5.1: Material properties for the aluminum plate and the water layer 

 
Density 
(kg/m3) 

Young’s 

modulus 

(GPa) 

Poisson’s 
ratio 

Longitudinal 

velocity (m/s) 

Aluminum 2704 70.76 0.33 -- 
Water 1000 -- -- 1500 

 

Figure 5.2 presents the dispersion curves for the 1.6 mm thick aluminum 

plate without water and loaded with water on one side, respectively. The frequency 

range was selected to be below the cut-off frequency of higher-order guided wave 

modes. Therefore, only the fundamental guided wave modes could be excited by 

the piezoceramic transducer. When the tank is empty, the test plate is surrounded 

by air on both surfaces. There are only the fundamental symmetric (S0) and 

antisymmetric (A0) wave modes on the air-coupled metallic plate as shown in 

Figures 5.2(a)-5.2(c). Previous studies demonstrated that S0 wave on air-coupled 
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plates satisfies approximate phase velocity matching and nonzero power flow 

conditions [19, 45]. Specifically, the phase velocity of S0 mode decreases very 

slowly with frequency. When the phase velocity of S0 mode at the excitation 

frequency matches that of S0 mode at twice the excitation frequency with a relative 

deviation of less than 1%, the interaction of the primary S0 wave at the excitation 

frequency with the material nonlinearity of a metallic plate can generate measurable 

second harmonic S0 waves at twice the excitation frequency. In addition, the 

calculated relative nonlinearity parameters can grow linearly with the propagation 

distance and can be used to characterize the microstructural change of the material 

before the initiation of macro-scale damage [19, 45, 46]. 

In contrast, the phase velocity of the A0 wave increases rapidly with 

frequency, making the phase velocity of the A0 wave at the excitation frequency 

significantly different from that of A0 wave at other frequencies. To date, there are 

very limited studies using A0 wave to evaluate the microstructural changes of 

material in the early damage stage. Chillara and Lissenden [47] numerically 

demonstrated that the interaction of A0 wave with the material nonlinearity of a 

metallic plate can only generate second harmonic S0 waves, which propagate 

independently and separate from the primary A0 wave. The generated second 

harmonic S0 waves are so small that it is difficult to measure in practical 

applications. However, A0 wave has been extensively employed to identify contact-

type damage, such as open fatigue cracks [18], delamination [48], and the bonding 

effects of bolts [49]. The clapping behaviors between the surfaces as guided waves 

pass through can generate measurable nonlinear guided waves. Since the contact-

type nonlinearity is much larger than the material nonlinearity, the evaluation of the 

contact-type defects does not require phase velocity matching and nonzero power 

flow conditions. 

When the tank is filled with water, one side of the test plate is in contact 

with water, and the other side is exposed to air. Guided waves in the partially 

immersed plate include the leaky S0 wave and the fundamental leaky antisymmetric 

(leaky A0) wave as well as the quasi-Scholte wave as shown in Figures 5.2(d)-5.2(f). 

The leaky A0 wave has high attenuation and is unable to propagate a long distance 

in the immersed plates, as shown in Figure 5.2(f). The quasi-Scholte wave has low 
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attenuation but the deformation in the plate is much smaller than that in the liquid 

[31, 50].  When the quasi-Scholte wave becomes non-dispersive at a high frequency, 

the wave motions in the plate structures are negligible and difficult to measure [51]. 

Therefore, both guided wave modes are not feasible to generate measurable and 

cumulative nonlinear guided waves that reflect the material nonlinearity.   

 

 

Figure 5.2. (a) Phase velocity, (b) group velocity, and (c) attenuation dispersion 

curves for the 1.6 mm thick aluminum plate without water; (d) phase velocity, (e) 

group velocity, and (f) attenuation dispersion curves for the 1.6 mm thick aluminum 

plate loaded with water on one side.  

 

The leaky S0 mode at low excitation frequencies is selected in this study for 

nonlinear guided wave mixing in the partially immersed plate. As shown by the 
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black solid lines in Figures 5.2(d)-5.2(f), the phase and group velocities of the leaky 

S0 wave decrease very slowly with frequency, which is similar to those of the S0 

wave in the dry plate. In addition, the attenuation of the leaky S0 wave is close to 

zero at the frequency range below 600 kHz. These features enable the leaky S0 

waves to have similar propagation characteristics across a relatively wide frequency 

range, which provides good flexibility for the selection of excitation frequencies for 

guided wave mixing. 

For further investigation, mode shapes were extracted by DISPERSE for the 

S0 mode and the leaky S0 mode, respectively, as shown in Figure 5.3. The mode 

shape diagrams display the relative displacements of guided wave modes across the 

thickness of the structure. The red dashed lines and the blue solid lines represent 

the particle displacements in the in-plane direction (parallel to the wave propagation) 

and the out-of-plane direction (normal to the plate surface), respectively. The 

amplitudes are normalized by the maximum absolute magnitudes. Figures 5.3(a) 

and 5.3(b) show the mode shapes for the S0 mode at 100 kHz and 500 kHz, 

respectively. Within the selected frequency range, the S0 mode is dominated by the 

in-plane displacement that is uniformly distributed across the plate thickness. The 

out-of-plane displacement component is small at low frequency and gradually 

increases with frequency. For comparison, Figures 5.3(c) and 5.3(d) show the mode 

shapes for the leaky S0 mode at 100 kHz and 500 kHz, respectively. Generally, the 

wave structure of leaky S0 mode in the immersed plate is similar to that of S0 mode 

in the plate without water. The leaky S0 mode has predominately wave motions 

conserved in the plate structure, which ensures sufficient wave motions to interact 

with the material microstructures. The in-plane displacement between the plate and 

water is disconnected, while the out-of-plane displacement is continuous. Therefore, 

as the frequency increases, more wave energy can leak into the liquid medium 

through the out-of-plane wave motions. For these observations, the frequency range 

of interest was chosen to be below 600 kHz to ensure that the generated nonlinear 

guided waves have low attenuation and are measurable.    
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Figure 5.3. Mode shapes for S0 mode in a 1.6 mm thick aluminum plate at (a) 100 

kHz and (b) 500kHz and mode shapes for leaky S0 mode for the plate loaded water 

on one side at (c) 100 kHz and (d) 500kHz. (the red dashed lines represent the in-

plane displacements and the blue solid lines denote the out-of-plane displacements) 

 

Preliminary tests were implemented with single-frequency excitation 

signals on the empty tank and the water-filled tank, respectively, to evaluate the 

excitability of the piezoceramic transducers. The preliminary tests aimed to select 

two excitation frequencies, at which the selected guided wave modes have 

comparable wave motions. The single-frequency excitation signals were 6-cycle 

narrow-band tone burst pulses modulated by Hanning window [15]. The excitation 

frequency swept from 90 kHz to 410 kHz in steps of 20 kHz. Figure 5.4(a) shows 

typical examples of the guided wave signals measured at 250 mm away from the 

excitation center. The excitation frequency was 230 kHz. The red dash-dot and 

black solid lines denote the signals obtained from the empty tank and water-filled 

tank, respectively. From the wave speed evaluation, the first wave packets between 
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45 s and 80 s were identified as the S0 wave for the empty tank and the leaky S0 

wave for the water-filled tank, respectively. It should be noted that the scanning 

laser vibrometer measures the normal displacements on the plate surface [32]. 

Although S0 and leaky S0 waves are relatively small in the received signals, their 

actual wave motions in the plate should be strong because both wave modes have 

mostly in-plane motions as shown in Figure 5.3. Following the first wave packets, 

the second wave in the empty tank should be the A0 wave, while the second wave 

in the water-filled tank is the quasi-Scholte wave. The latter travels much slower 

than the former, which is in good agreement with the theoretical predictions by the 

group velocity dispersion curves as shown in Figures 5.2(b) and 5.2(e).  

 

 

Figure 5.4. (a) Comparison of the time-domain signals experimentally collected 

from the empty tank and water-filled tank and (b) the peak amplitudes of the 

extracted signals across various frequencies.  

 

For further signal processing, the first wave packets were extracted from the 

rest of the signals. Figure 5.4(b) shows the peak amplitudes of the first wave packet 

for different excitation frequencies. In general, the magnitudes of the signals 

measured from the empty tank and water-filled tank change with the excitation 

frequency, following a similar pattern. When the frequency increases from 90 kHz 

to 250 kHz, the amplitudes of the signals increase with frequency. For the frequency 

range over 250 kHz, the amplitudes of the signals decrease with frequency. The 

decreasing rates of the signals measured from the water-filled tank are much 

quicker than those obtained from the empty tank. From these observations, 1f  and 
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2f  were selected to be 170 kHz and 270 kHz, respectively, for the following three 

reasons. Firstly, the difference between 1f  and 2f  was chosen to be 100 kHz, 

which enables good separation between the second harmonics and the combination 

harmonics. Secondly, the signals collected at both excitation frequencies had 

relatively high signal-to-noise ratios. Thirdly,  the received signals show the normal 

displacement components on the plate surface. For the S0 and leaky S0 waves, the 

out-of-plane displacements increase with frequency as shown in Figure 5.3. 

Therefore, the signal amplitude at 1f  should be slightly lower than that at 2f  to 

ensure the actual wave motions at the two selected excitation frequencies have 

comparable magnitudes on the plate.   

 

 

Figure 5.5. Merging two single-frequency tone burst signals to generate a mixed 

frequency signal. 

 

Next, the mixed frequency excitation signals were generated by merging 

two single-frequency signals, which were a 6-cycle Hanning window-modulated 

tone burst at a central frequency of 170 kHz and a 9-cycle Hanning window-

modulated tone burst at a central frequency of 270 kHz. The higher frequency signal 

had more cycles, which was to ensure that the two frequency components had 

similar duration in the time domain and comparable energy contents in the 
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frequency spectrums. A mix ratio of 1:1 (where 1:1 mixing means 1 part 170 kHz 

and 1 part 270 kHz) is promising to generate larger combination harmonics than 

other mix ratios [52]. Figure 5.5 shows the waveforms of the single-frequency and 

mixed frequency signals and their corresponding frequency spectrums. 

 

5.4.3. Experimental results 

5.4.3.1. Guided wave mixing in partially immersed metal plates 

A demonstration of the guided wave mixing phenomenon was presented for the 

partially immersed plate. Firstly, experiments were carried out with the water-filled 

tank using the two single-frequency excitation signals as shown in Figure 5.5. The 

measurements were collected at a fixed location that was 250 mm away from the 

actuator center. The voltage of the input signals was increased to 160 V. Figures 

5.6(a) and 5.6(b) show the time-domain signals for 170 kHz and 270 kHz, 

respectively. The first wave packets in the two figures are identified as the leaky S0 

waves that propagate faster than any other wave mode as shown by the group 

velocity dispersion curves in Figure 5.2(e). Secondly, experiments with the same 

settings were performed using the mixed frequency signal. The response signals 

measured at the same location are shown in Figure 5.6(c). It can be seen that the 

waveform of the first wave packet is similar to the input of the mixed frequency 

signal as shown in Figure 5.5. This is because leaky S0 waves have similar phase 

and group velocities and low attenuation within the selected frequency range. The 

leaky S0 waves at 170 kHz and 270 kHz can propagate together and the wave-

mixing zone is maximized. 

Following the first wave packet, there are other wave components in Figures 

5.6(a)-5.6(c). Since leaky A0 waves have high attenuation at the selected 

frequencies, the remaining wave components should be dominated by the low-

attenuated quasi-Scholte waves. It can be seen that the waveform of the quasi-

Scholte wave in Figure 5.6(c) is similar to that at 170 kHz as shown in Figure 5.6(a). 

This is because the deformation fraction in the immersed plate of the quasi-Scholte 

wave decreases rapidly with frequency [53]. As a result, when the structure is 

excited by the mixed frequency signal, the quasi-Scholte waves measured on the 

plate surface are dominated by the low-frequency components. The high-frequency 
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components of the quasi-Scholte wave are too weak to interact with the low-

frequency components. Therefore, the quasi-Scholte wave can be filtered out for 

the study of nonlinear guided wave mixing.  

 

 

Figure 5.6. Experimental signals from the water-filled tank with the excitation (a) 

at f1 = 170 kHz, (b) at f2  = 270 kHz, (c) at mixed frequencies; and (d) the frequency 

spectrum of their corresponding window-cut data. 

 

Then, the first wave packets were extracted from the rest of the signals and 

transferred into the frequency domain by fast Fourier transfer (FFT) as shown in 

Figure 5.6(d). When the one-side water-immersed plate is excited separately by the 

single-frequency signals, the 170 kHz and 270 kHz leaky S0 waves can generate 

second harmonics, as manifested by the peaks at double the excitation frequencies 

( 12 340kHzf  and 22 540kHzf  ). For comparison, when the partially immersed 

plate is excited by the mixed frequency signal, the received signal has an additional 

peak at the sum frequency ( 1 2 440kHzf f  ), as shown by the black solid line in 

Figure 5.6(d). The combination harmonics at the difference frequency 

( 1 2 100kHzf f  ) cannot be observed clearly for the mixed frequency excitation. 
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This is because the difference frequency is too close to the lower excitation 

frequency ( 1 170kHzf  ) with only 70 kHz spacing. So, the difference harmonics 

can be overwhelmed by the side lobes [46, 54]. The same reason also applies to the 

second harmonics at ( 12 340kHzf  ) that are very close to the higher excitation 

frequency ( 2 270kHzf  ). Nevertheless, the experimental results indicate that 

mixing leaky S0 waves with two different frequencies can generate low-attenuated 

sum harmonics on the partially immersed plate. 

 

Figure 5.7. The actual excitation signals from the piezoceramic transducer (a) in the 

time domain, and (b) in the frequency domain. 

 

Next, the nonlinearity due to the instrumentations was investigated. Figure 

5.7(a) shows the actual signal from the piezoceramic transducer measured by the 

scanning laser vibrometer. Figure 5.7(b) presents the corresponding frequency 

spectrum. The amplitudes are normalized by the maximum absolute magnitudes. 

As shown in Figure 5.7(b), there are no apparent peaks at the sum frequency 

( 1 2 440kHzf f  ) and difference frequency ( 1 2 100kHzf f  ) in the frequency 

spectrum of the actual signal from the piezoceramic transducer. Therefore, the sum 

harmonics observed in Figure 5.6(d) should be generated mainly by the interaction 

of the guided waves with the material nonlinearity. However, the actuation system 

can produce second harmonics as manifested by the peak at ( 22 540kHzf  ) in 

Figure 5.7(b). 
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Figure 5.8. Experimental signals from the water-filled tank excited by mixed 

frequency signal (a) in the time domain, and (b) in the frequency domain; (c) the 

amplitudes of the sum harmonics versus the product of the primary wave 

amplitudes; and (d) the amplitudes of the second harmonics at 22 f  versus the 

square of the corresponding primary wave amplitudes at 2f . 

 

After that, the nonlinear response of the guided wave mixing was further 

investigated by varying the excitation voltages. The voltage of the input signal was 

increased to 40V, 80V, 120V, and 160V, respectively. For each voltage, the 

response signals were measured five times at 250 mm away from the excitation 

center. Figures 5.8(a) and 5.8(b) show the experimentally measured signals in the 

time domain and the frequency domain, respectively. Figure 5.8(c) shows the 

amplitudes of the sum harmonics versus the product of the primary waves at the 

two excitation frequencies. Figure 5.8(d) shows the amplitudes of the second 

harmonics at 22 f  versus the square of the amplitudes of the corresponding primary 

waves at 2f . The black solid lines in Figures 5.8(c) and 5.8(d) represent the best-fit 

lines by linear regressions with the error bars denoting the standard deviations of 

five measurements. As discussed in Section 2, the amplitudes of the second 
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harmonics due to the material nonlinearity should increase linearly with the square 

of the amplitudes of the corresponding primary waves, while the amplitudes of the 

combination harmonics should grow linearly with the product of the primary waves 

at the two excitation frequencies. Overall, this analysis demonstrates that both the 

combination harmonics and the second harmonics could be generated due to the 

material nonlinearity of the specimen. However, the growing trends of the second 

harmonics in Figure 5.8(d) show relatively larger deviations from the best-fit line. 

This phenomenon indicates that the second harmonics are more susceptible to the 

nonlinearity generated by the instrumentations, which agrees well with Figure 

5.7(b).     

 

5.4.3.2. The effect of the surrounding liquid on the guided wave propagation  

The section compares the phenomenon of guided wave mixing in the test plate with 

and without water. Guided wave signals were collected from the empty tank and 

the water-filled tank, respectively, under the same experimental conditions. Figure 

5.9(a) presents the time-domain signals measured at 250 mm away from the 

excitation center. The red dash-dot and black solid lines denote the signals obtained 

from the empty tank and water-filled tank, respectively. The first wave packets are 

identified as the mixed frequency S0 wave for the empty tank and the mixed 

frequency leaky S0 wave for the water-filled tank, respectively. Both wave modes 

have similar amplitudes and waveforms in the time domain. However, an obvious 

difference can be observed in the frequency domain. Figure 5.9(b) shows the 

frequency spectrums of the window-cut signals extracted from Figure 5.9(a). The 

combination harmonics at the sum frequency can be observed in both the empty 

tank and the water-filled tank. The amplitudes of the primary waves at fundamental 

excitation frequencies (170 kHz and 270 kHz) are similar for the empty tank and 

water-filled tank. Over 270 kHz, the signal obtained from the empty tank has larger 

amplitudes than that obtained from the water-filled tank. 

Further research investigated the growing trends of combination harmonics 

at the sum frequency with increasing excitation voltage and propagation distance, 

respectively. Figure 5.9(c) shows the amplitudes of the sum harmonics versus the 

product of the primary wave magnitudes at the fundamental frequencies. The 
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response signals were collected at 250 mm away from the excitation center and the 

voltage of the input signal was increased to 40V, 80V, 120V, and 160V. Five 

measurements were collected for each voltage on both the empty tank and the 

water-filled tank, respectively. It can be seen that the amplitudes of both the primary 

waves (
1 2f fA A ) and the sum harmonics (

1 2f fA 
) on the empty tank are relatively 

larger than those on the water-filled tank. Also, when the primary waves (
1 2f fA A ) 

increase, the sum harmonics (
1 2f fA 

) on the empty tank increase much faster than 

those on the water-filled tank.    

 

 

Figure 5.9. Comparison of experimental signals from the empty tank and water-

filled tank excited by mixed frequency signal (a) in the time domain, and (b) in the 

frequency domain; (c) the amplitudes of the sum harmonics versus the product of 

the primary waves; and (d) the amplitudes of the nonlinearity parameters for the 

sum harmonics versus propagation distance.  

 

To investigate the relationship between the combination harmonics at the 

sum frequency and the propagation distance, 21 measurement points were defined 

on the external surface of the test plate and equally spaced between 200 mm and 
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300 mm away from the excitation center. The voltage of the input signals was 

increased to 160 V. Five measurements using the same settings were performed on 

the empty tank and water-filled tank, respectively. Then, the relative nonlinearity 

parameters were calculated by Eq. (5.10) for the sum harmonics and plotted against 

the propagation distance as shown in Figure 5.9(d). For both the empty tank and the 

water-filled tank, the relative nonlinearity parameters grow linearly with the 

propagation distance from 200 mm to 270 mm. The cumulative propagation 

distances are limited to 270 mm, which may be caused by the small phase velocity 

difference between the primary waves and the sum harmonics. As shown in Figure 

5.2, the phase velocities of S0 wave in the dry plate and leaky S0 wave in the partially 

immersed plate have similar values and decrease slowly with frequency. The phase 

velocities of the primary S0 waves at 170 kHz and 270 kHz are 5430 m/s and 5422 

m/s, respectively. They are very close to the phase velocity of the sum harmonic S0 

waves at 440 kHz, which is around 5397 m/s. The deviation is less than 1%. 

Previous studies have analytically and experimentally demonstrated that the 

cumulative propagation distances of second harmonic generation due to material 

nonlinearity decrease with the phase velocity difference between the primary S0 

waves and the second harmonic S0 waves [19, 45]. In the present study, the 

cumulative propagation distances of sum harmonics determined by experimental 

measurements have a similar order of magnitudes to the theoretical predictions for 

the second harmonic generation by S0 waves due to material nonlinearity [45]. Thus, 

it can be validated that the sum harmonics of the signals measured from 200 mm to 

270 mm are generated due to the nonlinearity of the material. 

In the linearly cumulative range, the growth rate of the relative nonlinearity 

parameters with the propagation distance does not show an apparent difference 

between the plate surrounded by air and the plate partially immersed in water. 

However, the absolute values of the relative nonlinearity parameters on the empty 

tank are much larger than those on the water-filled tank. Therefore, these results 

indicate that the cumulative generation of combination harmonics due to the 

material nonlinearity of partially immersed plates can be achieved with a mixed 

frequency leaky S0 wave. Under the same experimental conditions, the amplitudes 

of the guided wave signals and the values of the relative nonlinearity parameters on 
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the partially immersed plate are different from their counterparts on the plate in 

gaseous environments. 

 

5.5. Numerical study 

5.5.1. Modeling material nonlinearity  

Numerical simulations were carried out with ABAQUS to further investigate the 

sensitivity of the combination harmonics to the material nonlinearity of the partially 

immersed metallic plate. The numerical methods have the advantage of eliminating 

unwanted effects of the noises from the measurement system. The nonlinearity of 

the material was simulated by incorporating a VUMAT subroutine that introduced 

a constitutive model proposed by Murnaghan [55]. This section presents the 

constitutive equations. To begin with, X  and x are defined as the coordinates in the 

reference and current configurations, respectively. The deformation gradient can be 

expressed as [56] 
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 (5.11) 

where I  is the identity tensor;   H u X  is the displacement gradient and 

 u x X  is the displacement vector. The Lagrangian strain tensor can be written 

as  
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For a hyperelastic and homogeneous isotropic solid material, the strain 

energy function is [55] 
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where   and   are the lame constants; l , m , and n  are Murnaghan constants 

that describe the second order material nonlinearity. Previous studies 

experimentally measured the Murnaghan constants from dog bone samples made 
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of aluminum [57]. The samples were subjected to repeated uniaxial tensile loads 

with different cycles. One sample was loaded to a total of 52800 cycles and failed. 

The rest samples were loaded to various cycles and referenced to the percent of 

fatigue level. Table 5.2 summarizes the material properties of aluminum with 0, 

40%, and 80% fatigue levels [57].   

 

Table 5.2. Lame constants and Murnaghan constants for aluminum [57] 

Fatigue 

level 

(%) 

𝜌  
(kg m-3) 

𝜆  
(GPa) 

𝜇 

(GPa) 

L 

(GPa) 

M 

(GPa) 

N 

(GPa) 

0 2704 51.6 26.6 -252.2 -325.0 -351.2 

40 2704 51.6 26.6 -266.8 -332.8 -358.3 

80 2704 51.6 26.6 -271.2 -335.8 -359.8 

 

The second Piola-Kirchhoff stress tensor can be obtained by  
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The Piola-Kirchhoff stresses are used to describe the reference 

configuration and correlated with the Cauchy stress tensor σ  as  

    1 1

2 det
T

PK

 T F F σ F  (5.15) 

 

5.5.2. 3D FE model 

ABAQUS/CAE was employed to build and mesh the 3D FE model as shown in 

Figure 5.10. The model consisted of a test plate that was 250 mm wide and 430 mm 

long and had the same thickness as the experimental specimen. The bottom surface 

of the test plate was exposed to water. The red quarter circle at the bottom left corner 

of the plate represented a quarter of the piezoceramic transducer, which was 

perfectly bonded to the top surface of the plate. Symmetric boundary conditions 

were defined for the left and bottom edges. Firstly, the numerical simulations were 

implemented by considering only the linear elastic material properties of the test 

plate and water as shown in Table 5.1. The linear finite element (FE) simulations 

consider the metallic plate as a linear elastic material. Then, nonlinear FE 
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simulations were carried out by incorporating the VUMAT subroutine that 

implemented the Murnaghan constitutive model. The material properties of the test 

plate were defined by the Murnaghan constitutive model and the material constants 

given in Table 5.2.   

Eight-node 3D solid elements with reduced integration were used to mesh 

the test plate and the piezoceramic transducer. Eight-node 3D acoustic elements 

with reduced integration were used to model the water layer. The in-plane element 

size was approximately 0.5   0.5 mm2 to ensure more than 20 elements exist per 

wavelength of the selected leaky S0 wave at 270 kHz. The thickness direction of the 

plate has six layers of elements. The interaction between the test plate and water 

layer was simulated by applying the surface-based tie constraints on the plate-water 

interface, which allows the guided wave energy to transmit through the out-of-plane 

motions [58].    

 

 

Figure 5.10. Schematic diagram of the 3D FE model (a) top view and (b) side view 
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Leaky S0 waves were generated by applying nodal displacements to the 

circumference of the simulated piezoceramic transducer [18]. The displacements 

were assigned in the radial direction as shown in Figure 5.10(a). The excitation 

signals were the mixed frequency signals as shown in Figure 5.5. The magnitude of 

the displacement was 3 m. The simulated guided wave signals were calculated by 

the central-difference integration through ABAQUS/Explicit. In all simulations, the 

increment time step was automatically controlled by ABAQUS. The maximum time 

increment step is less than the ratio of the minimum element size to the dilatational 

wave speed [43]. The accuracy of the nonlinear constitutive model was validated 

by comparing the results with the outcomes of the linear FE and experimental 

measurements. 

 

5.5.3. Experimental validation  

Figure 5.11(a) compares the experimental measurements and simulation results in 

the time domain. The time-domain signals, simulated by the nonlinear FE model 

incorporating the Murnaghan constants for the intact aluminum (zero fatigue in 

Table 2), are consistent with those simulated by the linear FE model. Both have a 

good agreement with the experimental signals. Next, the signals were windowed 

between 45 s  and 80 s  and transferred into the frequency domain as shown in 

Figure 5.11(b). The linear and nonlinear FE models well predict the primary guided 

wave components of the experimental signals at the fundamental excitation 

frequencies, as highlighted by the dotted lines at 170 kHz and 270 kHz in Figure 

5.11(b). The linear FE signals have no nonlinear guided wave components at 

frequencies other than the excitation frequencies. But the nonlinear FE well predicts 

the location of the peaks for the combination harmonics at the sum frequency 

( 1 2f f ) and the second harmonics at 22 f . The amplitudes of the simulated 

nonlinear guided waves are comparable to the experimentally measured data. 

Although there is a discrepancy between the experimental signals and simulated 

signals at other frequency components, the nonlinear FE simulation well predicts 

the generation of the combination harmonics due to the material nonlinearity. 

 



 Chapter 5  

145 

 

 

Figure 5.11: Experimental validations by comparing the experimental and 

simulated signals (a) in the time domain and (b) in the frequency domain 

 

5.5.4. Parametric study 

The 3D FE model validated by experiments was employed to further investigate the 

sensitivity of the nonlinear guided waves mixing to the material nonlinearity of the 

partially immersed metallic plate. Nonlinear FE simulations were implemented 

using the same 3D FE models, in which the material properties of the test plate were 

defined as aluminum at the three different fatigue levels as shown in Table 5.2, 

respectively. The out-of-plane displacements were collected at 11 measurement 

points that were equally distributed on the top surface of the test plate from 200 mm 

to 250 mm away from the excitation center. Then, the nonlinearity parameters were 

calculated using Eq. (5.10) for the combination harmonics at the sum frequency 

( 1 2f f ) and the second harmonics at 22 f , respectively. To better observe the 

influence of material nonlinearity evolution, the relative nonlinearity parameters 

were normalized by their corresponding minimum value at zero fatigue level. 

Figures 5.12(a) and 5.12(b) show the normalized nonlinearity parameters for the 

combination harmonics and the second harmonics, respectively. Within the selected 

measurement range, the normalized nonlinearity parameters grow linearly with 

propagation distance. The growth rate (slope values of the best-fitted line) increases 

as the material suffers more fatigue damage. 
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Figure 5.12 Normalized nonlinearity parameters for (a) the combination harmonics 

and (b) the second harmonics 

 

 

Figure 5.13 Normalized slopes of the best-fit lines versus the fatigue damage levels 

 

 

Figure 5.13 shows the normalized slopes of the best-fit lines versus the 

fatigue damage levels for the second harmonics and the combination harmonics. 

The normalized slopes are calculated as the percentage of the slope values to their 

corresponding slope at zero fatigue level. The increase in slope indicates the 

progression of the material nonlinearity [19, 40]. It can be seen that both the 

combination harmonics and the second harmonics increase significantly, as the 

material suffers from progressive fatigue damage from 0 to 40%. Generally,  the 

normalized slopes of the combination harmonics increase quicker than the second 

harmonics, which indicates that the combination harmonics have a better sensitivity 

to early fatigue damage. 
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5.6. Conclusion 

This paper presents experimental and numerical investigations on the nonlinear 

guided waves mixing in the partially immersed plates. The main contributions are 

summarized as follows: 

(1). According to the dispersion curves, leaky S0 waves at low excitation 

frequencies have low attenuation and low dispersion effects, which provide 

good flexibility for the selection of excitation frequencies for guided wave 

mixing. 

(2). Experiments have been conducted on an aluminum plate loaded with water 

on one side using the single-frequency excitation and mixed frequency 

excitation, respectively. Leaky S0 waves with two different frequencies can 

generate combination harmonics at the sum of the excitation frequencies 

that cannot be achieved by single-frequency excitations (see Figure 5.6).  

(3). The combination harmonics at sum frequency (
1 2f fA +

) grow linearly with 

the product of the primary guided waves at the fundamental excitation 

frequencies (
1 2f fA A ) and are less affected by the nonlinearity due to 

instrumentations (see Figures 5.7 and 5.8).  

(4). Under the same experimental conditions, the liquid-structure coupling of 

the partially immersed plate makes the amplitudes of the guided wave 

signals and the relative nonlinearity parameters different from those of the 

test plate without liquid coupling (see Figure 5.9).  

(5). Numerical studies have been carried out with the material nonlinearity of 

the test plate simulated by the Murnaghan constitutive model. The 

numerical results reveal that both the second harmonics and the combination 

harmonics are sensitive to the material nonlinearity of the partially 

immersed plate (see Figures 5.12 and 5.13).  

In conclusion, the current study has demonstrated that nonlinear guided wave 

mixing has the potential to evaluate the material nonlinearity of metallic plates with 

one side exposed to water. This new possibility can be significant considering the 

high rewards for earlier detection of the damage to maintain the structural integrity 

of high-valued infrastructures. To maximize the wave mixing zone, the selected 
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guided waves propagate together in the same direction. Future studies are required 

to explore the feasibility of non-collinear guided wave mixing, where the selected 

guided waves propagate in different directions and meet in a localized mixing zone. 

The non-collinear guided wave mixing has the potential to identify the area of 

localized material degradation but the generation and measurement of the nonlinear 

waves are more challenging because the nonlinear wave amplitudes can be affected 

by the reduced wave mixing zone. In addition, more experimental studies need to 

be carried out to investigate the correlation between the nonlinear guided wave 

signals and the degree of damage.   
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Chapter 6. Conclusions and remarks 

6.1. Summary of contributions 

This thesis has presented a comprehensive study on the ultrasonic guided waves in 

thin-walled structures immersed in liquid on one side. The multimodal and 

dispersive features of guided waves have been analyzed and the influence of the 

surrounding liquid medium on the guided wave propagation characteristics has 

been demonstrated both numerically and experimentally. The quasi-Scholte wave 

and the fundamental leaky symmetric Lamb (leaky S0) wave have been intensively 

studied for characterizing corrosion pits and microstructural evolution, respectively. 

Both linear and nonlinear guided wave features have been discussed. The findings 

complement the current knowledge about guided waves in submerged structures 

and provide support for safety inspections of high-valued and critical infrastructures, 

such as liquid storage tanks, vessels and pipelines, and submarine hulls.  

Chapter 2 (Paper 1) has investigated the interaction of guided waves with 

corrosion pits in a steel plate loaded with water on one side. Among many other 

guided wave modes, the quasi-Scholte mode has been selected to characterize the 

dimensions of circular blind holes that are the simplest representations of 

progressive corrosion pits. The results have indicated that the quasi-Scholte mode 

has a high sensitivity to the physical conditions of the plate-water interface and is 

promising for evaluating corrosion damage in submerged structures.  

In the literature, the quasi-Scholte wave was rarely used for damage 

detection. This chapter has highlighted that applying the quasi-Scholte wave for 

detecting damage in submerged structures is limited to the low frequency range, at 

which the quasi-Scholte wave is dispersive. A case study has been presented for 

using the quasi-Scholte wave at 100 kHz to characterize the blind holes in a 2 mm 

thick steel plate with one side immersed in water. The advantages of the quasi-

Scholte wave at low frequencies have been demonstrated, which include easy 

excitation, low attenuation, strong signal-to-noise ratios, and shorter wavelength 

compared to other guided wave modes (higher sensitivity to smaller defects). 

However, the quasi-Scholte mode becomes nondispersive at a high frequency and 
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has most of its wave motions conserved in the liquid medium. The scattered waves 

caused by the damage can be hardly measured on the plate surface.  

Chapter 3 (Paper 2) has further investigated and compared the behaviors of 

guided waves in a dry plate surrounded by air and the plate with one side immersed 

in water. The foregoing studies demonstrated that mode conversion occurs when 

guided waves propagate from the dry plate to the immersed plate. However, the 

variation with the excitation frequency of the mode conversion phenomenon has 

not been discussed before. In this chapter, the fundamental anti-symmetric Lamb 

wave (A0) is excited on the dry plate section and travels to the water-immersed plate 

section, where the generated A0 wave is mode converted to the quasi-Scholte wave. 

The frequency dependence of the mode conversion from A0 wave to QS wave has 

been studied numerically and experimentally. It has been discovered that the guided 

wave energy can shift in the frequency domain when the phase velocity of the 

incident A0 wave is larger than the sound speed of the surrounding liquid medium. 

Due to the dispersive features of guided waves, the change in frequency 

components can make the guided wave propagation properties different. Therefore, 

the findings of this study are important for practical applications (e.g. using guided 

waves for damage detection of partially immersed structures and assessing liquid 

properties and levels).  

Chapters 2 and 3 have also indicated that the defects (e.g. corrosion pits) on 

partially immersed plates can be evaluated by sending A0 wave on the dry section 

of the plate and measuring the quasi-Scholte wave on the immersed section. This 

method is very promising for long-range inspection because the quasi-Scholte wave 

has very low attenuation and does not radiate energy in the liquid. However, future 

study is required to develop an effective damage detection algorithm for the 

partially immersed structures to consider the change of wave behaviors due to the 

mode conversion phenomenon and the presence of liquid. 

The targeted defects in the first two papers (Chapters 2 and 3) are thickness 

thinning in local areas and have a size of around a few millimeters. These 

macroscopic defects can change the propagation speeds and amplitudes of the 

transmitted guided wave signals, of which the wavelength is comparable to the 

dimension of the defects. Recent studies on guided wave applications have focused 
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on nonlinear guided wave features which provide the potential to identify and track 

the evolution of damage in the microscale that precedes macroscopic defects. 

Although nonlinear guided wave features have better sensitivity to microstructural 

defects, their generation and measurements are very challenging because the 

microscopic defects in the material are quite small. In the literature, several 

conditions were proposed for the structures surrounded by air to ensure that the 

nonlinear guided waves generated due to the material nonlinearity are cumulative 

and measurable. However, these conditions have not been validated for the 

structures submerged in liquid.  

Chapter 4 (Paper 3) has explored the feasibility of the second harmonics 

generation by guided waves in metallic plates with one side exposed to water. The 

dispersive behaviors of multiple guided wave modes have been analyzed and three 

criteria have been proposed in regard to selecting appropriate guided wave modes 

and excitation frequencies. Firstly, the selected guided wave modes at the excitation 

frequency (primary waves) should have low attenuation and have most wave 

motions conserved in the submerged structures. Secondly, there should be nonzero 

power flux between the primary waves and the corresponding second harmonics. 

Thirdly, the phase velocity deviation between the primary waves and second 

harmonics should be less than 1%. These criteria can be also applied to different 

structures exposed to various liquids. Then, a case study has been presented using 

experimental signals with an excitation frequency of 170 kHz. The results have 

indicated that cumulative generation of second harmonics can be achieved by leaky 

S0 wave. Next, a three-dimensional (3D) finite element (FE) model has been 

developed to simulate the nonlinear guided wave generation. The material 

nonlinearity of the immersed plate has been simulated by a VUMAT subroutine 

that incorporates Murnaghan’s strain energy function. The numerical simulations 

have been validated through experimental measurements. After that, a series of 

parametric studies have been carried out and the results have shown that the second 

harmonics are sensitive to the early-stage damage in plates with one side immersed 

in water. However, the shortcoming of the second harmonic approach is that the 

instrumentations for sensing and actuating signals can also produce higher 

harmonics at the integer multiples of the excitation signals. It is very difficult to 
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extract the second harmonics due to the material nonlinearity from the instrument 

nonlinearity.   

To cope with this limitation, Chapter 5 (Paper 4) has numerically and 

experimentally investigated the nonlinear guided wave mixing in an aluminum 

plate loaded with water on one side. Leaky S0 waves are excited at two different 

frequencies on the wall of a metal tank filled with water. The results have shown 

that the nonlinear interaction between leaky S0 waves at two different frequencies 

can produce cumulative combination harmonics at the sum frequency. Compared 

to the second harmonics studied in Chapter 4, the combination harmonics are less 

affected by the higher harmonics produced by the instrumentations, such as 

amplifiers and transducers. In addition, mixing guided waves with different 

frequencies provides more flexibility for the selection of guided wave modes and 

excitation frequencies. Finally, Chapter 5 has also presented parametric studies 

using the experimentally validated nonlinear FE model. The combination 

harmonics have shown a better sensitivity to the early stage of fatigue damage than 

the second harmonics.  

 

6.2. Future work and recommendations  

The current research only considers the fundamental guided wave modes at low 

excitation frequencies for the metallic plates partially immersed in water (non-

viscous liquid). However, the current research has built a foundation for the 

development of guided wave-based techniques for safety inspection of submerged 

plates or thin-walled structures, based on the excellent ability of guided waves to 

travel at fast speed over long distances and the high sensitivity to the evolution of 

microscopic defects. Below are the possible research directions for future studies.  

1. The propagation characteristics of guided waves in plates immersed in 

viscous liquids (e.g. honey, oil, and gas). The guided wave energy can leak 

into viscous liquids through both shear and longitudinal wave motions. This 

is different from the structures immersed in non-viscous liquids. Shear 

waves do not exist in non-viscous liquids because shear forces cannot be 
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sustained. Therefore guided waves in the plates immersed in viscous liquids 

can be significantly different from that in the non-viscous liquids.     

2. The propagation characteristics of guided waves in submerged structures 

with different geometries (e.g. curved plates and T-section joints) and 

various materials (e.g. plastics and composites). Guided waves behave 

differently on different structures and materials. This future work is very 

important because real-world structures are more complex.  

3. The feasibility of using guided waves to characterize multiple corrosion pits 

with irregular shapes. The damage in real-world structures can vary 

significantly in size, shape, and locations. Therefore, the effect of damage 

with increasing numbers and dimensions should be considered.  

4. The acoustoelastic effect of submerged plates due to the hydrostatic 

pressure. Submerged structures containing liquids are usually subjected to 

hydrostatic pressure with varying aplitudes that can potentially induce and 

incrase microstructural defects. The acoustoelastic effect can change the 

propagation properties of guided waves and the generation of nonlinear 

guided wave features.  

5. The interaction between guided waves and stress corrosion cracking. Stress 

corrosion cracking is one of the major concerns for the immersed metallic 

plate structures that are subjected to time-dependent loads with varying 

amplitudes. The present study only demonstrated that the micro cracks in 

the early stage of damage can generate measurable and low-attenuation 

second harmonics. The effect of the size, shape, and location of stress 

corrosion cracking in macroscale on the guided wave propagation can be 

future work. 

6. The development of damage detection tools using guided waves and 

machine learning approaches. Current algorithms cannot be applied to 

structures with one side partly immersed in water as mentioned in Chapter 

3 (Paper 2). A data-derived approach such as machine learning can help 

consider the change of wave behaviors due to the mode conversion 

phenomenon and the variation of liquid levels. 

 




