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ABSTRACT 
 

 

Large civil infrastructure systems all over the world have become an integral part of our 

civilization. The inspection and maintenance of these structures for public safety is a difficult 

task. The assessment of integrity of such huge structures due to local damages is even more 

difficult to deal with. The conventional inspections are performed manually, generally by 

visual examination and sometimes by more advanced techniques like ultrasonic, 

electromagnetic and fiber optic techniques. These inspections involve human interventions, 

depend on individual inspector‘s experience, and are time consuming. Such inspection 

methods may not be very useful for real time health assessment of a structure in service and 

as a result are not very helpful in preventing any disastrous situation through early warning. 

Therefore, it is very important to look for a comprehensive strategy of global integrity 

monitoring infused with information about local damages in the structure.            

For local damage assessment the current state of the health monitoring technology 

lacks a generalized and definitive approach to the identification and localization of damage. 

In past decades several signal processing tools have been used for solving different health 

monitoring problems but the commutability of the tools between different problems has been 

restricted. Fundamental reasons for this shortcoming have never been investigated in detail. 

In this dissertation an investigation has been carried out employing almost all promising 

feature extraction tools on a representative problem - a plate with rivet holes. The problem 

considered has radial cracks around rivet holes in a joint panel of a steel truss bridge. Such 

defects are very difficult to detect. Although well established, Lamb wave based 

nondestructive evaluation techniques are revisited and new tools are developed to address 
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this issue. Simulation of the scattered ultrasonic wave field is carried out using the finite 

element method. This ultrasonic wave field is further analyzed to evaluate the integrity of the 

structure using various feature extraction (FE) techniques. Joint time-frequency-energy 

representation is obtained from ultrasonic signals recorded at various locations on the plate 

(joint panel) and used to extract damage sensitive features. Those features were then used to 

formulate a new Damage Parameter (DP) for better visualization of the crack. Results are 

shown to demonstrate the comparative effectiveness of these techniques. It is concluded that 

any particular FE technique cannot detect all possible sizes and orientations of the crack. It is 

suggested that the statistical occurrence and pattern of the crack must be visualized through a 

few selective FE techniques in a sequence. Modeling of the wave scattering phenomenon by 

conventional numerical techniques such as finite element method requires very fine mesh at 

high frequencies necessitating heavy computational power. Distributed point source method 

(DPSM) which is a recently developed semi-analytical technique, is applied to model the 

scattering of ultrasonic wave field on representative problem geometries and the results are 

used to diagnose structural damages.  DPSM is a newly developed robust mesh-free 

technique for simulating ultrasonic, electrostatic and electromagnetic field problems. In most 

of the previous studies the DPSM technique has been applied to model two dimensional 

surface geometries and relatively simple three dimensional scatterer geometries. It has been 

very difficult to perform the wave scattering analysis for very complex three-dimensional 

geometries. This technique has been extended to model wave scattering in an arbitrary 

geometry. The simulation has been carried out with and without the presence of cracks near 

the rivet holes. 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 Background 

Ever since the beginning of the human life on earth, the quest of humanity has always 

been to achieve betterment in life through exploitation of natural resources. In recent times 

the tremendous growth of science and technology has empowered us to make better 

infrastructures e.g. roads, bridges, rail tracks etc. for faster and efficient public transportation. 

With civil infrastructure of this extent used by a large section of population on a daily basis 

raises concerns about the public safety and security more than ever. This is a challenging task 

for engineers to study and analyze performance of civil infrastructures and draw conclusions 

about risk factors involved in different structures. Questions like when to discard a structure 

and when maintenance and retrofitting are desirable need to be answered based on scientific 

facts. This also involves the tradeoff between safety requirements and expenditure involved. 

Engineering judgment is required in taking decisions to inform public authorities and society 

at large to prevent any disaster.   

Nondestructive evaluation (NDE) is one of the branches of engineering which deals 

with these issues. The scattered ultrasonic wave based health evaluation of structures has 

become popular in the NDE research community. However, the challenges are to monitor the 

health of structures during the span of their service life and take immediate preventive 

measures if needed. In recent years, automated damage diagnosis in civil infrastructure 

systems is gaining popularity due to increased public awareness and demand for effective 

safety measures. The behavior of any structure is largely affected by various inevitable 
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factors such as uncertainties in loading, material properties, climatic conditions etc. As a 

result the structural failures in real field conditions are often unavoidable even if the design 

work is carried out with utmost care. In any situation, the public safety needs to be ensured. 

A research problem of great interest has been to devise a technique to continuously monitor a 

structure's health condition over a period of time and issue early warnings, well in advance of 

a catastrophic failure. In non-destructive evaluation community this is known as the 

Structural Health Monitoring (SHM).  

For SHM the structure under inspection can be excited with a short diagnostic pulse 

wave which travels through the structure interacting with its internal configuration. The 

structural response data is then recorded with the help of a network of sensors placed on the 

structure. The structure's dynamic response data is collected in the form of stresses, strains or 

displacement field over a period of time. The data is collected on a predefined time interval 

considering minimum disturbances from environmental factors such as temperature, 

humidity etc. The damage-sensitive features from these sampled data are extracted from the 

current data. These features are then compared with features of previously collected data for 

healthy state of the structure known as the baseline data. The relative comparison of features 

from the two states of data facilitates assessment of the integrity of the structure. 
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1.2 Motivation and problem statement 

A substantial amount of research work has been conducted on structural health 

monitoring (SHM) using guided Lamb waves. Elastic waves travelling in a bounded medium 

such as a thin plate form a complex pattern of waves commonly known as the guided Lamb 

wave contained within a wave guide. The guided waves propagate long distances with low 

attenuation and thus can provide cost effective monitoring techniques. Lamb waves interact 

with anomalies producing reflected and scattered waves in different directions. The 

individual characteristics of different structural damage influence the scattered wave field. A 

thorough analysis of these scattered ultrasonic wave field signals is used to extract damage 

information to characterize the anomalies.  

The Lamb wave based NDE technique has shown to be effective in detecting a wide 

variety of anomalies including voids, flaws, porosity, delamination, cracking, debonding, 

corrosion etc. by Lu et al. (2008), Clezio et al. (2002), Mckeon et al. (1999), Su et al. (2006), 

Grahn (2003), Cegla et al. (2008), Guo et al. (1992), Fromme et al. (2002), Wilcox et al. 

(2001), Roh et al. (1995), Tan et al. (1995), Tang et al. (1991), Wang et al. (1999) and Rose 

(2002). The scattering phenomenon facilitates infusion of damage sensitive features in 

propagating ultrasonic wave field. A close examination of these ultrasonic signals provides 

valuable information to identify, locate and characterize structural anomalies. However, the 

contamination due to the ambient noise, temperature variation, material anisotropy and the 

complex dispersive nature of Lamb waves exacerbates the process of interpretation of these 

signals for damage diagnosis. The existence of multiple modes makes the damage 

identification even more challenging. Some of these issues although might be solved, the 

solution is not trivial. For example by restricting the frequency of actuation so that only 
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fundamental modes are excited, or by employing wedge transducers to excite only the 

desired modes.  

Eventually, it is required to have a comprehensive in-depth analysis of ultrasonic 

signals for better understanding and interpretation of data.  

Contrary to the traditional non-destructive evaluation techniques the SHM exploits 

the possibility of reducing human interventions, such as by permanently attaching the sensors 

directly to the structure. Also for SHM applications the preferred frequency band of 

investigation is relatively low, between 100 kHz and 500 kHz. In SHM applications the 

attached sensors to the structures cannot be moved or replaced easily. Generally the sensors 

are degraded over time and their calibration for reliable damage estimation during their life 

time is expected to be affected. The calibration is not a concern for traditional NDE 

applications because the ultrasonic probes can be calibrated offline in that case.  In spite of 

these uncertainties associated with the permanently attached sensor network reliable 

estimation of damage location, size and orientation is necessary for having confidence on the 

SHM system.  

Many damage detection schemes have been proposed in the literature for solving 

different targeted applications. However, effectiveness of various techniques for a specific 

application has not been studied extensively. This study would help SHM in two ways, 1) it 

will help to decide the sequence of the feature extraction tools that are necessary for 

particular damage detection problem and thus it will demonstrate the possibility of desired 

Automated Multi-Technique Diagnostics (AMTD) scheme, 2) employment of the AMTD for 

a particular problem could increase the probability of detection (POD) of the target 

application. The damage detection capability depends on how well the variation in 
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propagating ultrasonic wave field can be associated with the characteristics of the damage 

such as location, size and orientation of a crack or any other type of anomaly. The signal 

processing provides an in-depth insight of a raw signal in terms of some critical parameters 

e.g., amplitude, frequency, time of flight, phase etc.  

The success of any damage prognosis scheme depends largely on the proper 

processing of the recorded ultrasonic signals. There are a variety of feature extraction (FE) 

techniques available in the literature. The conceptual and theoretical aspects of FE tools can 

be found in earlier publications by Niethammer et al. (2001), Huang et al. (1998), Choi et al. 

(1989) and Stockwell et al. (1996). The advancement of computational power in last couple 

of decades has led to unprecedented increase in the number of signal processing tools that are 

now available in digital signal processing (DSP). The choice of appropriate method is also a 

challenge in dealing with signals.  

As a very first step it is required to simulate the scattered ultrasonic wave field in the 

structure under inspection for predefined damage type and severity. This simulated wave 

field can thereafter be analyzed and post-processed using feature extraction tools. The elastic 

wave modeling in structures with complex geometry requires good understanding of the 

fundamentals of physics and mathematics related to wave propagation. Analytical solutions 

are available for relatively simple structures. This has turned researchers‘ attention towards 

semi-analytical and numerical approaches. Also the advancements in computational 

efficiency in last few decades have resulted in more researchers adopting numerical approach 

of solutions. It helped to solve problems involving more complex structures. Finite element 

method based techniques have been popular among researchers. This numerical technique is 

quite versatile and is applicable to any kind of structure with complex geometries. However, 
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the wave field modeling is still computationally intensive and quite time consuming process. 

In an alternative approach for wave field modeling a newly developed semi-analytical 

technique called Distributed Point Source Method (DPSM) is gaining popularity in NDE and 

SHM. The capability of DPSM has been extended in this research and applied to model the 

ultrasonic field in three dimensional structures e.g. a gusset plate with rivet holes. 

In summary this dissertation investigates the effectiveness of all promising feature 

extraction techniques on ultrasonic data to identify and characterize crack type damage in 

critical mechanical components such as a gusset plates in large civil infrastructure systems 

e.g. steel truss bridge for example. A comparative appraisal of popular signal processing 

techniques in damage diagnosis is also presented in this dissertation. 
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1.3 Organization of the Dissertation 

This dissertation focuses on the damage detection and characterization using feature 

extraction (FE) tools on the ultrasonic field data obtained by modeling three-dimensional 

solid structures e.g. a gusset plate with rivet holes. The modeling is done first by the finite 

element method considering plane-stress condition.  COMSOL Multi-physics is used to 

model ultrasonic wave field which is then processed with FE techniques for crack detection. 

Thereafter, the Distributed Point Source Method (DPSM) which is a semi-analytical mesh-

free technique is used to model the ultrasonic scattered field considering three-dimensional 

plate model. 

Chapter 2 presents the literature review on elastic wave propagation theory.  DPSM 

and various issues related to ultrasonic wave field modeling in complex problem geometries 

are discussed in this chapter. After the elastic wave propagation theory review some of the 

most promising feature extraction techniques are reviewed in Chapter 3. 

Chapter 4 presents the theory of DPSM in detail. The formulations are derived in this 

chapter which are used to model ultrasonic wave fields in plate structures in Chapter 6.  

In chapter 5 the comparative effectiveness of various feature extraction tools is 

assessed using ultrasonic wave field data from the finite element based simulation. 

In chapter 6 the scaled model geometry of a plate with rivet holes with and without 

cracks near the surface of a rivet hole has been simulated for ultrasonic field computation 

using DPSM. 

In chapter 7 another problem is considered to simulate ultrasonic fields in a finite 

sized plate immersed in a fluid. The effect of side boundaries of the plate on the computed 

ultrasonic wave field has been studied. 
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The dissertation ends with some important conclusions presented in chapter 8. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1. Elastic wave theory and Guided waves 

The elastic wave propagation in half-space and plate like structures has been studied 

in the past by various investigators such as Rayleigh (1885), Love (1911) and Lamb (1917). 

In 1885 Rayleigh studied the elastic wave propagation on a free surface of a semi-infinite 

solid where amplitude of the wave decays exponentially with the distance from the boundary. 

These classical works stand as the foundation of the subsequent works on the elastic wave 

propagation in layered media.  

Another form of wave along the interface has been identified and established 

theoretically by Love (1911). He discovered the existence of a dispersive wave named after 

him as ‗Love wave‘ along the interface while studying the interaction of horizontally 

polarized shear (SH) wave with layered half-space. Lamb (1917) investigated the elastic 

wave propagation in plate like structures. He formulated the exact solution and identified two 

different wave modes, namely, ‗symmetric‘ and ‗anti-symmetric‘ in a plate. This wave is 

named after him as ‗Lamb wave‘. Stoneley (1924) demonstrated the existence of a 

propagating wave at the interface of two solid half-spaces. This wave is named as ‗Stoneley 

wave‘. Scholte (1947) while trying to solve the Stoneley‘s problem in the special case of one 

of the half-spaces being water discovered a new type of wave that propagates at a speed 

which is lower than any of the bulk wave speeds belonging to the solid and water. This wave 

is known as ‗Scholte wave‘.  
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All these waves are known as guided waves because of the fact that the boundary or interface 

acts as the guiding track for these waves.  

The application of guided waves in Structural Health Monitoring (SHM) is 

increasingly growing because of their ability to propagate long distances and their high 

sensitivity in detecting variety of damages. Typically, Lamb waves are generated and 

detected using piezoelectric (PZT) devices. Lamb waves consist of two fundamental modes - 

symmetric and anti-symmetric modes.  

In SHM there are two mechanisms that are being practiced for damage detection; 

pitch-catch and pulse-echo. Pitch-catch uses two different PZT-devices, one for actuation and 

the second one for sensing.  The sensor is located far from the actuator, whereas pulse-eco 

uses same PZT-device for actuation and then for sensing the reflected energy. Giurgiutiu and 

Cuc (2005) have presented the potential of PZT induced Guided waves in SHM. The 

delamination in steel reinforcement bars and concrete has been shown to be detectable by Na 

et al. (2003). A comparison of amplitudes in frequency spectrum has been carried out to 

identify perfectly bonded and delaminated steel bars in concrete. Effect of the notch damage 

in a narrow beam on different Lamb wave modes has been studied by Wang et al. (2007). 

The numerical modeling results have been substantiated by performing experiments. A 

comprehensive overview on SHM using guided waves is given by Raghavan and Cesnik 

(2007). The authors have discussed the modeling of wave propagation in isotropic plates 

along with the advancement in digital signal processing techniques for feature extraction. 
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2.2. Feature extraction techniques 

In last few decades, the field of digital signal processing has shown remarkable 

advancement since its inception in mid-1950's due to improvement in computational power. 

The signal processing techniques which have been developed primarily focusing 

microelectronics discipline are now being applied in diversified fields. The complex nature 

of an ultrasonic signal makes it quite difficult to use it for detecting damage.  

The identification and extraction of damage sensitive features is a challenging 

problem in NDE. The well-known Fourier transform extracts the frequency content of the 

ultrasonic signal. This provides frequency spectrum of the signal but at the expense of losing 

the time information. The time-frequency representation (TFR) techniques have been 

conceptualized to analyze non-stationary ultrasonic signals giving both temporal and spectral 

information of a signal. These TFR are useful in getting better understanding of time and 

frequency spread, time of flight information, various wave modes etc.  

In Short Time Fourier Transform (STFT), the Fourier Transform is applied on non-

stationary signals in piecewise manner by means of varying short-time fixed length window 

and getting spectral components in that particular varying window.  The energy distribution 

of windowed signal is obtained for respective frequency and time. In this technique there is a 

compromise between the time resolution and the frequency resolution. Several merits and 

demerits of STFT techniques have been discussed in detail by Jones and Parks (1992), Kim 

and Kim (2001) and Niethammer et al. (2001). 

The drawback of the fixed length window in STFT technique has been rectified in 

Continuous wavelet Transform (CWT) technique. It adjusts the window size as per time 

frequency resolution requirement. The shorter time window is used for high-frequency 
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components and a longer time window for the low-frequency components in a signal. Several 

investigations by Kishimoto et al.(1995), Jeong et al.(2000) and  Kim and Kim (2001) have 

shown that the CWT technique outperforms other techniques.  

In another class of time-frequency representation, Cohen's class (Boashash et al. 

1987; Cohen 1989; Hlawatsch and Boudreaux-Bartels 1992) demonstrates shift invariance 

both in time and frequency contrary to the Short Time Fourier Transform (STFT) or 

Continuous wavelet Transform (CWT) techniques. Meaning in Cohen's class, if the signal is 

shifted either in time or in frequency the same will be reflected in its TFR.  

The Wigner-Ville Distribution (WVD) which belongs to one of such class has been 

used by Claasen and Meclenbrauker (1980), Arce and Hasan (2000) and others. However, the 

technique lacks the strict positivity in energy except for few cases. It also shows cross or 

interference term problem.  

An improvement over WVD is the Choi-Williams Distribution (CWD) based 

technique that has been proposed by Choi and Williams (1989) to suppress the cross or 

interference term by using exponential kernel. This technique is very efficient in suppressing 

the cross term which is away from the origin but fails if cross-term is located near the axes.  

For non-stationary signals, to produce time-frequency representation (TFR) the 

concept of instantaneous frequency (IF) has been quite successful. However, the 

instantaneous frequency calculation by Hilbert Transform is applicable only to analytical 

signals having certain properties like symmetry about maxima and minima envelopes in 

signal and the number of peaks is equal to the number of zeros about mean envelope of the 

signal. But most of the real life signals are complicated and non-stationary, lacking the 

required properties to be operated by Hilbert Transform. This problem has been solved by 
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Huang et al. (1998) by suggesting a method based on the empirical mode decomposition 

(EMD) by which a signal is divided into several intrinsic mode functions (IMFs) having 

essential properties.  Thus, the instantaneous frequency for each IMF component can be 

obtained. The superposition of time-frequency representation for individual components of 

IMF gives TFR for the non-stationary signal. Yufeng et al. (2008) used it for ultrasonic data 

signal interpretation.  

Another alternative approach to deal with the non-stationary signal is S-transform 

based on the work of Stockwell et al. (1996). The S-transform is similar to STFT with a 

Gaussian window having width varying inversely to the frequency value.  

 

2.3. Distributed Point Source Method (DPSM) 

Recently developed Distributed Point Source Method (DPSM) which is a semi-

analytical mesh-free technique is becoming popular in the field of non-destructive evaluation 

(NDE). DPSM technique utilizes the steady state Green‘s function expression. It can 

compute the ultrasonic field in terms of pressure or velocity in a fluid, and as stresses or 

displacements in a solid medium. DPSM for electromagnetic/electrostatic and ultrasonic field 

modeling was first developed by Placko and Kundu (2001).  They successfully used this 

technique to model ultrasonic fields in homogeneous and non-homogeneous fluids with one 

interface (Placko et al. 2001, Lee et al. 2002, Placko et al., 2002) and multiple interfaces 

(Banerjee et al., 2006). The interaction between two transducers, for different transducer 

arrangements and source strengths, placed in a homogeneous fluid was studied by Ahmad et 

al. (2004).  The scattered ultrasonic field generated by a solid scatterer of finite dimension 

placed in a homogeneous fluid has been also modeled by the DPSM technique (Placko et al., 
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2003). Ahmad et al. (2005) extended this technique to study the phased array ultrasonic 

transducers in a homogeneous fluid. The DPSM technique has been extended further to 

model pressure and displacement fields near a fluid-solid interface (Banerjee et al., 2007) 

where leaky Rayleigh wave generation at the fluid-solid interface has been shown. DPSM 

was then extended to model ultrasonic wave field in planar structures (Banerjee and Kundu, 

2007) and in simple non-planar corrugated structures (Banerjee and Kundu, 2006). 

Ultrasonic field modeling in a solid structure in presence of an anomaly was then carried out 

using DPSM (Banerjee and Kundu, 2008). These advanced ultrasonic field modeling 

problems have been summarized by Banerjee and Kundu, 2007b. Das et al. (2008) have 

shown DPSM simulated results in a solid half space containing a circular hole, and Shelke et 

al. (2010) modeled ultrasonic field in a solid half space with elliptical cavity. The 

experimental verification of DPSM predicted results for non-planer structures has been 

reported by Das et al. (2007).   

DPSM technique in all previous studies has been applied to model mostly problems 

having two dimensional surface geometries, in absence or presence of three-dimensional 

scatterers. It has not been tried yet in 3D geometries of finite dimension. 
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CHAPTER 3 

 

THEORY OF FEATURE EXTRACTION TECHNIQUES 

 

3.1. Feature extraction techniques 

The feature extraction is an important component of Structural Health Monitoring 

(SHM). The process of feature extraction involves identifying damage sensitive properties 

from the dynamic response of a structure to facilitate the assessment of the health of the 

structure. This study comprises of the following prominent signal processing techniques to 

obtain the Time-Frequency Representation (TFR) to be used for feature extraction. 

 

3.1.1 Short Time Fourier Transform (STFT):  

    Fourier analysis in its modified form overcomes the limitation of loss of temporal 

information.  It forms the basis for the Short Time Fourier Transform (STFT) technique. In 

this technique the time information within a small segment of the signal (window) is 

transformed into its frequency content. The STFT thus presents a compromise between time 

and frequency resolutions. It provides a tool to choose the needed precision in either time or 

in frequency. Mathematically, the STFT of a time history signal x(t) is defined as: 

 






 dtetwtxX jwt)()(),(                                                                    3.1 

 

Where, w(t) is the window function and x(t) is the signal to be transformed. The spectrogram 

(TFR) is then defined as the energy density spectrum from STFT as  (   )  | (   )| . In 

http://en.wikipedia.org/wiki/Window_function
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STFT the wide window size gives better frequency resolution at the cost of time resolution 

and vice versa. Its drawback is once a window size is selected, that remains same for all 

frequencies. 

 

3.1.2 Wavelet Transform (WT): 

   Wavelet Analysis forms the next logical step in which windows of varying size are 

used. It gives good frequency resolution at lower frequencies and good time resolution at 

higher frequencies. As an improvement over STFT, the windowed function is replaced by a 

mother wavelet function )(t  with continuous scaling and shifting. This wavelet ensures 

much better time-frequency resolution. Mathematically, the WT of a time history signal x(t) 

is defined as: 







 dt

a

bt
tx

a
baX )()(

1
),( *                                                                   3.2 

 

 

Where, ‗a‘ is scaling and ‗b‘ is time shift parameters. The parameter ‗a‘ is inversely 

proportional to frequency (i.e. smaller ‗a‘ parameter value corresponds to higher frequency). 

The correspondence between the scale factor ‗a‘ and the frequency is evaluated using the 

following relation: 

).(  aFF ca
                                                                               3.3 

 

 

Where, a is a scale, ∆ is the sampling period, Fc is the center frequency of a wavelet in Hz 

(used for 'db4' as 0.71429), Fa is the pseudo-frequency corresponding to the scale a, in Hz. 
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Using the above relation the following approximate values of scale have been evaluated for 

their respective pseudo-frequencies: 

 

Table 3.1 Frequency-scale correlation 

 

Freq. f (kHz) 125 250 500 750 

Scale (a) 71.43 35.73 17.86 11.91 

 

Wavelet analysis produces a time scale view of signal, with scaling and shifting. The 

spectrogram (TFR) in this case is defined as energy density spectrum
2

),(),( baXbaE 
.
 

It is capable of revealing hidden aspects of signal such as trends, break down points etc. 

which may possibly be missed by other techniques. 

 

3.1.3 Wigner-Ville Distribution Transform (WVD): 

    The Wigner-Ville distribution of a signal x(t), is defined as: 






 dtetxtxX jwt)2/()2/(),( *                                                                   3.4 

 

Where, x(t) is the signal to be transformed x
*
 is the complex conjugate of x. The advantage of 

this type of distribution over STFT or CWT is that it can efficiently locate sharp impulses; 

however, it has some limitations related to the interference term. 

 

3.1.4 Hilbert-Huang Transform (HHT): 

In this technique for a signal x(t) a complex signal z(t)=x(t)+i.x'(t) is first evaluated. 

The x'(t) is obtained by performing a Hilbert Transform on signal x(t). The Hilbert Transform 
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only changes the phase of x(t) by     keeping the magnitude same. The instantaneous 

frequency f(t) is obtained by 

 ( )       (  ( )

 ( )
)                                                             

 ( )   
 

  

  ( )

  
       3.5 

 

Where  ( ) is the phase of the complex signal z(t).  

However, the x(t) is required to be well-behaved and symmetrical about the central axis of 

the  envelope of maximum and minimum amplitudes which is not the case for most signals. 

Huang et al. (1998) suggested a new method called empirical mode decomposition (EMD) 

method by which a signal can be decomposed into several intrinsic mode functions (IMF) 

which upon addition produces the original signal with marginal error. These IMF have all the 

necessary properties needed to be operated by Hilbert Transform and hence can provide 

instantaneous frequency f(t) for each IMF. Further, the Hilbert energy spectrum 

corresponding to instantaneous frequency and time is then obtained by  (   )    (   ) where 

A(f,t) is the amplitude of the complex signal z(t). 

 

3.1.5 Choi-Williams Distribution Transform (CWD): 

    This transform was proposed by Hyung-III, Choi and William J. Williams (1989). 

This distribution is a Cohen's class distribution and uses exponential kernel function to 

suppress the interference cross terms.  

The Choi-Williams Distribution of a signal x(t), is defined as: 

  ddedtetxtxftC ftjtj )(22* })2/()2/({),(),( 
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]/)(exp[),( 2                                                                                            3.6 

 

Where,   is an adjustable parameter used for fixing frequency resolution as well as 

suppressing the cross terms. For smaller value of   more and more cross terms are 

suppressed but that also affects other terms. Therefore, a compromised value of   should be 

used. As can be seen for  , the exponential kernel function ),(   approaches unity 

which actually makes it Wigner-Ville distribution. 

 

3.1.6 S-Transform: 

   It forms a basis for a combination of both Short Time Fourier Transform and 

Continuous Wavelet Transform. The S-Transform of a signal can be interpreted as a 

modified Short Time Fourier Transform with a Gaussian window of varying width and 

height as a function of frequency or as a modified wavelet transform (WT) with phase 

correction in the mother wavelet.  However, the modified wavelet skips the wavelet‘s 

admissibility criteria of zero mean and hence it is not exactly a WT. The S-Transform of a 

signal x(t), as given by Stockwell et al. (1996) is: 

dtee
f

txfS ftj

ft






 22

)( 22

2
)(),( 








                                                                   3.7 

 
All these six transforms have been tried out in this dissertation. 
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CHAPTER 4 

THEORY OF DISTRIBUTED POINT SOURCE METHOD 

 

4.1. Distributed Point Source Method (DPSM) 

Distributed point source method (DPSM) is a semi-analytical mesh-free technique 

based on Green's functions or point source solutions. In this chapter a detailed formulation of 

DPSM is provided in the context of modeling ultrasonic wave field in plate like structures 

with complex geometries – such as having multiple rivet holes. In DPSM the discretization 

of the entire medium is not required. Only along the boundaries point sources are distributed. 

Neighboring point sources should be placed close enough to give convergent solution. The 

point sources can model the actuator surface or can simulate reflection and transmission 

phenomena at the boundary surfaces and interfaces between two materials. Structural 

anomaly such as cracks and voids can also be modeled by point sources.  

Interface is replaced by two layers of point source that model reflected and 

transmitted fields, respectively.  The problem geometry considered in this dissertation is 

made of a single material and the ultrasonic field is contained within the solid plate and 

therefore no transmitted field needs to be considered. To model the surface boundaries of this 

problem geometry point sources are placed outside the boundaries of the solid plate with an 

offset rs to avoid the 1/r singularity in the three-dimensional Green's function. The distance rs 

is taken as λ/2 while the two neighboring point sources should be placed within a distance 

of λ/2 to have proper convergence of the solution (Placko and Kundu, 2004, 2007, Kundu 

2012). A crack type defect can be modeled by placing point sources near the free surfaces of 
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the crack. The superposition of all point source solutions (Green‘s functions) gives the 

complete wave field in the medium and it does not require any explicit expression for 

reflection or transmission coefficients. 

 

4.2 Displacement and Stress Green‘s function in solid 

 The equation of equilibrium in a solid medium is given by, 

                                                                     ̈                   (4.1) 

Where,     is the stress field,    is the displacement field and     is the body force per unit 

volume. Indices i, j take values 1, 2 and 3 for x, y and z axes, respectively. 

 The stress-strain relation, also known as the constitutive equation for linearly elastic 

materials is given by, 

                                                                      (4.2) 

Where,     is the strain tensor,       are the elastic properties of the material that are also 

known as elasticity modulii. Indices i, j, k and l can take values 1, 2 and 3. 

For isotropic materials Equation 4.2 simplifies to 

                                                                      (4.3) 

Where,     are Lamé constants and     is the Kronecker delta. 

Strain and displacement fields are related in the following manner 

    
 

 
(         )                                                        (4.4) 

From 4.3 and 4.4 we get Navier‘s equation of motion 

(    )                          ̈                                  (4.5a) 
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Or in vector form it can be written as 

(    ) (   )     (   )      ̈                                  (4.5b) 

In order to solve this equation a method was proposed by Helmholtz which is known as 

Helmholtz decomposition. In this approach the displacement field is decomposed into two 

potential functions - one scalar and one vector potential.  

   (   )    (   )                                               (4.6) 

Navier‘s equation is simplified by incorporating P-wave speed (cp) and S-wave speed (cs) in 

isotropic homogeneous medium as 

  
  (   )    

   (   )    ⁄   ̈                                             (4.7) 

Substituting equation 4.6 into 4.7  

   (  
      ̈)      (  

      ̈)    ⁄                                (4.8)                                        

Here Φ and Ψ are both vector potentials and are functions of time and space. The identities 

used in deriving equation 4.8 are 

       ,        for a vector A and 

 (   (   ))   (     )         

               ( (   )     )       (   ) 

 

4.3 Green's function in a solid medium  

The response of a point source excitation is known as the Green's function. A solid 

medium excited by a point source can be modeled by considering a time dependent impulsive 

force acting at a point as the body force. The impulsive force can be represented by Dirac-
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Delta function in space. The independent parameters i.e. time and space can be decoupled as 

follows 

   )()(),( xPxF tft     or   )()( jii xtfPF                                             (4.9) 

 

Where P  is the force vector without the dependence on time and space.  

The general solution of Poisson's equation [     ( )] can be written as 

   
 

  
∫

 ( )

|   | 
        (4.10)  

With  ( )     ( ), and from the properties of Dirac-Delta function ∫  ( ) ( )    ( )
 

 

we can write    
 

  | |
 and   ( 

 

   
)   ( ), (where r = |x| when the source is at the 

origin). 

Now equation 4.9 can be written as 

      (
 ( )

   
)   * ( (

 ( )

   
))    (  (

 ( )

   
))+              (4.11) 

Without the loss of generality the vector potentials can be written with two scalar potentials 

as      and     . 

Substitution of 4.11 in 4.8 gives 

    (  
      ̈  

 ( )

    
)       (  

      ̈  
 ( )

    
)         (4.12) 

For harmonic excitation, the time dependence and space dependence of all variables can be 

given as, (    )   (  ) 
     ,  (    )   (  ) 

    . 

For harmonic waves the equation 4.12 takes the following form, 

    (  
         

 

    
)            (  

         
 

    
)         

(4.13) 
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From the above equation we can obtain 

    
  

  
   

 

     
  

             (4.14) 

 

    
  

  
   

 

     
  

     (4.15) 

 

Particular solutions of Equations (4.14) and (4.15) are given as [see Mal and Singh (1991)] 

  
       

      
           (4.16) 

  
       

      
             (4.17) 

where    
 

  
 and    

 

  
 . 

 

4.4 Displacement Green‘s function 

Substituting equations 4.16 and 4.17 in 4.6 one can obtain, 

          (   (
       

      
))    (   (

       

      
))        (4.18) 

Using vector identity                in equation 4.18,  

   (   (
       

      
))          (

       

      
)        (   (

       

      
))       

(4.19) 

Equation 4.19 can be simplified using Laplace operator on  (
       

      
) as 
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             ( 
           

      
)       (

      

      
)   

        G(   )         

(4.20) 

In index notation 

   
 

     
(  

      

 
    

  

      
(
           

 
))      (   )   

(4.21) 

It can be shown that for the body force given in equation 4.9, when the point source is at 

position y acting in the xj direction then at position x the displacement field in the xi direction 

can be expressed in terms of the Green‘s function Gij(x;y), 

ti

jij

ti

ii ePGeUu    );( yx                                             (4.22) 

Substituting yxr  , the displacement Green‘s function can be written as (Mal and Singh, 

1991) 

     






















































rr

ik
RRRRk

r

e

rr

ik
RRRRk

r

e
G s

ijjijiijs

rik
p

ijjijip

rik

ij

sp 1
3

1
3

4

1
);(

2

2

2

2



yx

 

(4.23) 

Where, 
r

yx
R ii

i


 , xi are the coordinates at the observation point, yi are the coordinates at 

the source point, kP is the P-wave number and kS is the S-wave number of the solid.  In 

matrix form,  

 T);();();();( 321 yxGyxGyxGyxG        and         PyxGu );(                  (4.24) 
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4.5 Stress Green's function in a solid medium  

For an elastic, isotropic, homogeneous solid the stress-strain relation is given by  

                                         
kkijijij   2                                                               (4.25) 

 

Where,   and  are the two Lamé constants and 
ij  is the Kronecker delta symbol.  

The strain-displacement relation is given by  

                          
)(

2

1
,, ijjiij uu 

      
                                           (4.26) 

 

Substituting the expression for displacement [see Eq. (2)] in Eq. (6) we get 

       
 

kijkjikij PGG ,,
2

1
                              (4.27) 

 

The harmonic time dependence is implied and is not explicitly written for convenience. The 

comma in the expression represents differentiation. Substituting the strain expression in Eq. 

4.5, the stress Green‘s function at x due to a concentrated time harmonic force at y can be 

obtained. For isotropic, homogeneous, linear elastic solid, the expression for the stress 

Green‘s function at x due to a concentrated time harmonic force at y is given as 

  
qkkqijkqijkjikij PGGG ,,,);(  yx                                (4.28) 

 

4.6 The traction component from the stress Green's function in a solid medium  

The traction Ti in terms of the stress components 
ij can be written as  

jiji nT                                                              (4.29) 

 

Where, nj is the direction cosine of the plane on which the traction is to be evaluated. 

 

 



40 
 

4.7 Displacement and stress Green‘s functions for DPSM modeling 

The displacement Green's function presented in Equation (4.23) can be written in the 

following form. 

Let us assume,  

 
Substituting above expressions in equation 4.23 one gets 

 

where,  

 

 

 

(4.32) 
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For i, j = 1, 2, 3. 

The total displacement Green‘s function at any point x (in x1, x2, x3 directions) due to a point 

force acting at y can be written as 

                      

                                                             (4.39) 

                     

Where at y,       and    are the magnitudes of the point forces acting in x1, x2 and x3 

directions respectively. In matrix form these can be written as 

 

The calculation of Green‘s function for stress components at any point x due to a 

concentrated force acting at a point y in any direction can be obtained as follows.  

Let di represent the differentiation of a variable with respect to xi. Then we can write 

 

  

(4.38)  
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(4.43) 
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Where Ri is defined in equation 4.23. 

Introducing for the sake of simplicity the symbols eoij=Ri Rj and etij=3 eoij=3 Ri Rj 

  

Substitution of these expressions in the derivatives of displacement Green‘s functions gives  
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Hence,  

                    

                    

                    

                    

                    

Where,        
 

   
(    ), i,j=1,2 or 3. 

Finally, the stress components can be written as 

   
  (    )(     )   (           ) 

   
  (    )(     )   (           ) 

   
  (    )(     )   (           ) 

(4.58)  
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4.8 Ultrasonic field Green's function in homogeneous fluid 

In an infinite fluid medium, the harmonic spherical bulk wave generated by a 

harmonic point source can be given by governing differential equation as 
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Where, fG  is the pressure Green‘s function in the fluid at x due to the point source acting at 

y. 

If ti

ff erGtrG   ),(),(  then the above equation has the following solution (Kundu, 2004) 
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The three components of the velocity Green‘s function are 
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CHAPTER 5 

 

DAMAGE CHARACTERIZATION FROM SIMULATED SCATTERED 

ULTRASONIC FIELDS USING FEATURE EXTRACTION TECHNIQUE 

 

5.1 Problem statement and definition 

In this chapter a section of joint panel from steel truss bridge has been considered and 

studied for detecting localized small scale anomalies by feature extraction (FE) technique. 

The FE technique is applied on numerically simulated ultrasonic wave field data. Through-

thickness radial crack on the rivet hole is considered as the anomaly. Ultrasonic wave field in 

a thin plate containing rivet holes is obtained by the finite element method. The schematic 

diagram of the problem geometry is shown in Fig. 5.1.  
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Figure 5.1 Problem geometry of the modeled steel channel section 

 

 

Table 5.1 Damage input data. 

SN Crack Size Crack Orientation 

1 2 mm 0
o
(N) 

0
o
(N) 2 4 mm 

3 2 mm 135
o
(SE) 

135
o
(SE) 4 4 mm 

 

 

Y 

Z 

X 

Surface Mounted PZT device 

        (S1, S2, S3, S4) 

 18’’ 

  4’’ 

                                                                   

A                                                                            

S1                                                          S2                                                                                        S3                                                   S4 

1’’ 

1’’ 

0.5’’ 

Cracking damage 

3’’ 6’’ 

Fixed boundary of the plate 

H2 H1 H3 

H4 H5 

 ϕ = 0.75''   
Actuator 

          
Steel Frame Bridge 

        (S1, S2, S3, S4) 
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Here it is to be noted that the problem geometry considered here is general enough to address 

problems in various other applications.  The joint panel has five rivet holes of diameter 0.75 

inch (1.9 cm). The thickness of the panel is taken as 0.25 inch (0.635cm). The panel is made 

of isotropic and homogeneous steel of density 7850 kg/m
3
. Young's modulus and Poisson's 

ratio for steel are 200x10
9
 Pa and 0.33, respectively. Cracks of various lengths and 

orientations around the rivet holes are considered as listed in Table 5.1.   

 

5.2 Problem modeling to simulate wave scattering 

The structural integrity of the joint panel is evaluated from the scattered ultrasonic 

wave field. Both experimental and pure analytical studies can be complex and time 

consuming which makes the Lamb wave based damage detection a challenging task for real 

life problems. The finite element method based approach is adopted in this study due to its 

versatility in handling complex geometry. In this chapter the simulation work is carried out 

using commercially available software COMSOL Multi-Physics. The steel joint panel is 

idealized as a thin plate. Therefore, a plane stress condition can be assumed. The joint panel 

was modeled with traction-free boundary conditions on all surfaces except on one side (the 

corner edge of the L-shaped section, see Fig. 5.1) where zero displacement condition was 

imposed. The PZT actuator positioned at point A (x = 22.85 cm, y = 1.27 cm) on the panel is 

simulated by imposing in-plane radial displacement at point A with five-cycle short pulse 

signal of the form: 
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                                  (5.1) 

Where, wc is the central frequency, p and t0 are constants. 
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Lamb wave propagates as symmetric and anti-symmetric modes. The number of wave modes 

increases as the frequency-thickness product increases. To avoid the complexity arising from 

multiple modes the analysis is often restricted to the fundamental modes only e.g. S0 and A0. 

Experimentally this is done by limiting the frequency-thickness value below 2.0 MHz-mm 

for steel plate. Figure 5.2 shows the dispersion curves for a thin steel plate. 

 The equation of Lamb wave dispersion curves in a plate like structure is given by 

for symmetric modes:  
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and for anti-symmetric modes: 

222

2

)2(

4

)tanh(

)tanh(

skk

k

h

h










     (5.3) 

where,  

Lc
k




,  

22

Pkk  ,  

22

Skk  ,  

P

P
c

k


 ,  

S

S
c

k


 ,  

and 2h is the thickness of the plate.  
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Equations 5.2 and 5.3 are to be solved simultaneously. Due to the complexity of these 

equations a closed form expression of their roots cannot be obtained. However, numerically 

the roots of these equations can be found. These roots give the dispersion curves i.e. phase 

velocity vs. frequency-thickness curves as shown in Fig. 5.2.  

 

 

Figure 5.2 Phase velocity dispersion curve for a steel plate  

 

The central frequency of the generated wave was set at 250 kHz to have a frequency-

thickness product equal to 0.25x6.35 = 1.59 MHz-mm which is less than 2.0 MHz-mm. The 

Lamb wave response has been recorded with a sampling frequency of 12.5 MHz at locations 

S1 (1.27, 8.89), S2 (15.24, 8.89), S3 (30.48, 8.89) and S4 (44.45, 8.89). For accurate 

simulation of the ultrasonic wave field by finite-element technique COMSOL Multi Physics 
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was used. The finite element mesh size was chosen such that there are at least 10 inter-nodal 

intervals per unit wavelength of the induced wave. The ultrasonic guided wave propagating 

with a central frequency of 250 kHz in steel requires a mesh size of 0.20 cm ( = 0.08 inch) 

that was adopted for the entire simulation. For achieving sampling frequency of 12.5 MHz 

the sampling period was set at 8x10
-8 

sec. For checking convergence the simulation was 

carried out twice for a sample problem with element sizes 0.08 and 0.1 inch. The variation in 

peak stresses generated by the S0 mode from these two analyses was found to be less than 

1%, confirming convergence. 

 

 5.3 Feature extraction and damage quantification 

            The most critical and difficult step of damage detection is to identify the parameter 

(or feature) of the signal that is most sensitive to damage. This parameter then can be 

investigated to predict the extent of damage in the structure.  This process of identifying and 

extracting the damage sensitive parameter or feature is called feature extraction. A number of 

methods have been developed over the years for quantifying the damage using extracted 

features. A single parameter called Damage Parameter (DP) is formulated to indicate the 

severity of damage in a structure. In this study the signal energy based features are extracted 

to derive DP. In order to do this the signal energy spectra in joint time-frequency 

representation are obtained by various techniques discussed in chapter 3.   

The proposed damage parameter is given in Equation 5.4. It is the ratio of the relative 

change in the energy spectrum magnitude due to damage to that of the baseline energy 

spectrum obtained from the healthy structure at three different frequencies.  The joint time-
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frequency representation (TFR) using different methods and techniques mentioned in section 

4.2 are used to formulate the damage parameter (DP) as proposed below.  

kHzfkHzfkHzf DPDPDPDP 500250125  
               (5.4) 

Where,  
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and   ( ) is the baseline signal or the wave signal obtained from the healthy structure,   ( ) 

is the wave signal obtained from the cracked plate.  Superscript T indicates transpose of the 

respective vector. Equation 5.4 has been formulated by considering features around the 

central frequency of the actuation signal (f = 250 kHz) where most of the signal energy is 

concentrated. The features associated with the frequencies below and above this central 

frequency are also taken into consideration to accommodate any shift in signal energy which 

can happen due to the presence of anomalies along the wave path. The features 

corresponding to 125 kHz (half of 250 kHz) and 500 kHz (double of 250 kHz) are considered 

in the proposed damage parameter expression. For Hilbert-Huang Transform technique the 

DPf components are evaluated using the intrinsic mode function with highest spectral energy. 

 

5.4. Damage detection using feature extraction techniques 

The schematic diagram of the problem geometry is shown in Fig. 5.1. A rectangular 

steel panel of size 45.7 cm x 10.2 cm x 0.635 cm containing five circular rivet holes of 

diameter 1.9 cm has been sliced out of an L-shaped joint panel and investigated.  The 

investigation is carried out by finite element simulation using COMSOL Multi-Physics. 
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Radial cracks of various sizes and at different orientations around the central rivet hole H2 

are considered in the finite element model.  

The homogeneous steel panel (density, longitudinal and shear wave speeds are 7.9 

gm/cc, 5.98 km/sec and 3.3 km/sec, respectively) has the traction-free conditions on all 

boundaries except one boundary (the boundary that is connected to the L-shaped panel). On 

this boundary the zero displacement boundary condition is imposed. Four distinct damage 

cases are analyzed.  Through-thickness radial cracks of size 2 mm and 4 mm around the 

central rivet hole have been considered for two different orientations e.g. in the direction of 

the y-axis (or at 0
o
 orientation) and at 135

o
 orientation measured clockwise from the y-axis. 

In order to simplify the study only the central rivet hole is assumed to have the crack. 

Various combinations of two different crack sizes (2 mm and 4 mm) and two different 

orientations (0
o
 and 135

o
) give a total of four different damage states.  

The Lamb wave in the steel panel is generated by imposing an in-plane radial 

displacement at point ―A‖ with five-cycle short pulse signal having Gaussian envelope of 

central frequency 250 kHz. The FEM calculations are performed for the damage-free state to 

obtain the "Baseline signal". Then the calculations are repeated for the cracked panel by 

introducing a crack of size 2 mm radiating out of the rivet hole H2 at 0
o
 and 135

o
 orientations 

measured from the vertical axis. Then the calculations are repeated for the 4 mm crack for 

the same two orientations. The ultrasonic signals thus obtained were processed using various 

signal processing techniques discussed earlier - Short Time Fourier Transform (STFT), 

Wavelet Transform (WT), Wigner-Ville Distribution Transform (WVD), Hilbert-Huang 

Transform (HHT), Choi-Williams Distribution Transform (CWD) and S-Transform (ST). 

The damage sensitive features are extracted from these joint time-frequency-energy spectra 
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and then plugged into the damage parameter expression. As stated earlier the damage 

parameter measures the deviation from the baseline signal. The damage parameter has been 

defined such that it returns zero numerical value if there is no damage i.e. when the recorded 

signal from the specimen matches with the baseline signal. A MATLAB code is written for 

first obtaining the joint time frequency energy distribution of the recorded signals and then to 

calculate the damage parameter. The signals were recorded at four different locations S1, S2, 

S3 and S4 whose coordinates in inch are given by S1(0.5, 3.5), S2(6, 3.5), S3(12, 3.5) and 

S4(17.5, 3.5), or in mm as S1(12.7, 88.9), S2(152.4, 88.9), S3(304.8, 88.9) and S4(444.5, 88.9). 

For both healthy and damaged plates the signals were recorded at the same locations.   

 

5.5 Results and discussion 

A typical ultrasonic signal recorded at location S1 is shown in Figure 5.3. A total of 20 

wave signals were collected at 4 locations that included four damage states and one healthy 

state of the structure.  The ultrasonic signal in Figure 5.3 shows the first arrival of the S0 

wave packet, followed by the A0 mode and multiply reflected signals. 

Figure 5.4 shows how the ultrasonic energy spreads through the plate after being 

generated by the actuator.  

The joint time-frequency-energy representations were obtained and shown in Figure 5.5 

using the six different signal processing techniques discussed above. The joint time-

frequency-energy distributions were obtained for all wave signals to extract the damage 

sensitive features from all 120 energy spectra.  
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Figure 5.3 Typical ultrasonic signal recorded at location S1 
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(a) 

 

(b) 

Figure 5.4 Ultrasonic wave propagation in the steel bridge connection plate containing a 

crack at the central hole oriented at 0
o
 (or the north direction) (a) and 135

o
 (or the south-east 

direction) (b), at time 4 μs, 18 μs, 32 μs and 44 μs. 
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When the crack is oriented at 0
o
 direction, the problem is symmetric with respect to the 

central line; then the ultrasonic wave field also shows symmetry about the central line. 

However, when the crack is oriented at 135
o
 direction the problem geometry is no longer 

symmetric. This knowledge is very useful in detecting the crack's orientation relative to the 

rivet hole. This can be achieved by placing two sensors symmetrically about the central line. 

For perfectly symmetric problem the two sensors should show identical responses but if a 

crack is present at any location other than the 0
o
 or 180

o
 directions the two sensors will not 

detect identical signals. This fact is discussed further later while quantifying the damage from 

the damage parameter.  

 The energy spectra at frequencies 125 kHz, 250 kHz and 500 kHz were extracted from 

TFR and used for the damage parameter calculations. The damage parameter was calculated 

from the signals recorded at locations S1, S2, S3 and S4 for all cracked plate configurations. 

Fig. 5.6 shows the damage parameter (DP) plots obtained from all six signal processing 

techniques for the four damaged states.  
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

 

Figure 5.5 Time-Frequency representation (TFR) for ultrasonic signal at S1(0.5,3.5) obtained 

from six different techniques (a) Short Time Fourier Transform Technique, (b) Continuous 

Wavelet Transform Technique, (c) Wigner Ville distribution Transform Technique, (d) 

Hilbert Huang Transform Technique (e) Choi Williams Distribution Transform Technique, 

and (f) S Transform Technique.                                               
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Figure 5.6 Damage Parameter (DP) variations along the plate length (0 - 18 in) for all four 

damage configurations using six different signal processing techniques 

 

 

  2mm at 0
o
 ;    2mm at 135

o
;      4mm at 0

o
;     4mm at 135

o 

 



60 
 

The consistency, reliability and the effectiveness of the feature extraction technique for 

crack's characterization on the basis of its size and orientation are judged based on the 

following criteria:  

 (i) whether the symmetry about the central line can be predicted, (ii) whether the effect of 

crack's size can be predicted, (iii) whether the effect of crack's orientation can be addressed, 

and (iv) whether a consistent pattern is present.  

The actuator is positioned on the central line at location A and the sensor data is 

gathered with two sensors (S1, S2) on the left and two sensors (S3, S4) on the right side of the 

central hole H2. It can be observed that when there is no crack, or when the crack is oriented 

in the 0
o
 direction then the problem configuration is symmetric about the central line. When 

the crack is oriented on either right or left of the central line then the symmetry condition is 

violated and wave reflections from the crack surface affects the wave pattern uniquely. These 

expected trends in the results forms a premise to evaluate capability of various signal 

processing tools. In addition to this it would be interesting to see if sensors (S2 and S3) 

located near the crack but not too close (about 7.62 cm from the hole H2) are more efficient 

for detecting cracks than the sensors (S1 and S4) located far away (22.85 cm from the hole 

H2).  

 The damage parameter values obtained from various signal processing techniques are 

compared and judged on the basis of premise mentioned above. The technique that 

substantiates the aforementioned premise will be a desirable technique for the analysis of the 

present problem. The location of sensors is one critical parameter in structural health 

monitoring. To study the effect of crack's presence on the received ultrasonic wave fields at 

various locations, the distribution of the damage parameter along the line passing through 
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sensors S1, S2, S3 and S4 is shown in Figure 5.6. Six advanced techniques STFT, WT, CWD, 

WVD, ST and HHT are examined concurrently. A central line is drawn in all plots of Figure 

5.6 to examine whether symmetry exists about this line. It is observed that although almost 

all six techniques confirm the premise, for STFT, CWD, ST and HHT the symmetric patterns 

are stronger.  

In a general consensus from all techniques the DP values obtained from sensors S2 

and S3 show higher values for 135
o
 orientation of crack as compared to 0

o
 oriented crack 

irrespective of the crack size (2 mm or 4 mm). However, this result is not true for DP values 

obtained from sensors S1 and S4. This shows that the sensors S2 and S3 are better for 

capturing the crack orientation information compared to S1 and S4. 

 Another interesting fact observed in Figure 5.6 is that for 0
o
 crack orientation the 

STFT and WT fail to give the crack size information if the signals are collected by sensors S2 

and S3 which are closer to the crack. However, signals from sensors S1 and S4 give good 

information on the crack size even with STFT and WT. Other techniques including CWD, 

WVD, ST and HHT did not encounter such difficulty.  For 0
o
 orientation of the crack from 

STFT, WT and ST based analysis the DP value decreases for 2 mm crack and increases for 4 

mm crack size as the sensor location moves away from the crack. This trend is contradicted 

by WVD and HHT based analyses where DP value increases as the sensor location moves 

away from the crack irrespective of the crack size (2 mm or 4 mm). The CWD shows no 

significant change in DP values as the sensor location moves away from the crack for 0
o
 

oriented crack. For 135
o
 orientated crack, all techniques except ST showed a general 

asymmetry about the central line. The CWD and WVD based analyses showed smaller DP 

values for sensor locations S3 and S4 as compared to DP value for sensor locations S1 and S2 
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irrespective of the crack size.  In summary, this study demonstrates the suitability of six 

candidate FE (Feature Extraction) tools to extract representational features out of recorded 

ultrasonic signals - sensitive to a radial crack on a rivet hole in a joint panel of a bridge 

structure. All FE tools have their advantages and limitations. Therefore, no single FE tool can 

be claimed to be most suitable for all types of problem geometries and recorded signals. 

However, a comprehensive understanding of an existing damage can be assured with greater 

detail if the selected FE tools are applied sequentially on raw time series data. The proposed 

process can help in verifying any particular damage characteristic in multiple ways. In most 

practical problems we frequently come across time dependent signals that are of non-

stationary nature where the frequency content changes rapidly as a function of time.  

 The main contribution of this investigation is in identifying the sequence in which a 

signal can be passed through the FE tools to efficiently extract the crack size information 

along with its orientation information. To begin with a signal can be passed through STFT 

which may work best for signals that have frequency contents well separated from one 

another in time domain. In the next step of the sequence the signal can be passed through WT 

which provides better time-frequency resolution for very common signal types where high 

spectral content appears only for short durations and low spectral component for long 

durations.  

Next the signal is passed through ST which is an improvement over STFT with 

modulating sinusoids fixed in time axis and scalable localizing Gaussian window moves and 

dilate. The ST tool provides absolute phase information due to the fact that the reference 

point is always fixed at the origin in time axis. Then in the next step of sequence the signal 

can be passed through a different class of FE tool - WVD which does not show any difficulty 
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of tradeoff between time-frequency resolutions and can reveal damage sensitive aspects that 

may be distorted by STFT or WT because of the lack in good temporal as well as spectral 

resolution. The next step forward in the sequence is to pass the signal through CWD which is 

an improvement over WVD with suppressed cross term through convolution of a kernel 

function which is a major drawback of WVD. Next, the signal can be passed through HHT 

which suits best for non-stationary type of signals ensuring well defined frequency and 

energy at any instant of time in the original signal. 
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CHAPTER 6 

 

ULTRASONIC FIELD MODELING IN PLATE LIKE STRUCTURES USING 

DISTRIBUTED POINT SOURCE METHOD 

 

6.1 Introduction 

 In this chapter a thin metallic plate containing inhomogeneity due to circular holes is 

considered for modeling ultrasonic wave fields.  The anomaly in the form of a radial crack on 

the periphery of the circular hole is also introduced and the scattered field is studied. The 

ultrasonic field in the plate is assumed to be excited by a surface mounted PZT actuator. The 

simulation is carried out using Distributed Point Source method (DPSM). The schematic 

diagram of the problem geometry is shown in Fig. 6.1. 
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Figure 6.1 (a) Schematic of a plate geometry (b) DPSM model for the plate with rivet holes 
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6.2 Problem definition  

A steel joint panel with five identical circular holes in it has been modeled. Such a 

panel can be a part of a civil infrastructure system such as a bridge. The configuration of the 

problem is shown in Figure 6.1(a). The steel panel of size 9''x2''x0.25'' with five circular rivet 

holes of diameter 0.375'' has been considered. A through-thickness crack is located 

symmetrically at the yz or x2x3 plane of symmetry.  The crack is radiating out from the hole 

H2 as shown in Figure 6.1(a).  The 0.25'' thick steel plate‘s density, longitudinal and shear 

wave speeds are assumed to be 7.9 gm/cc, 5.98 km/s and 3.3 km/s, respectively. The plate 

has traction-free surface boundary condition at all bounding surfaces except at one boundary 

where it is fixed as shown in Fig. 6.1(a). The schematic diagram of the problem geometry for 

DPSM modeling is shown in Figure 6.1(b). 

 

6.3 DPSM modeling 

The problem is modeled and solved in the 3-dimensional space. The plate is assumed 

to be in vacuum or air where no ultrasonic energy is lost in the surrounding medium, 

assuming the energy loss in the surrounding air is small.  Due to large impedance mismatch 

between air and steel negligible amount of ultrasonic energy leaks into air from steel. 

Therefore the point sources are needed only for modeling the ultrasonic field inside the plate. 

Point sources are distributed on the outer surfaces of the plate i.e. 6 plane surfaces, 5 

cylindrical curved surfaces and on the actuator's cylindrical curved surface. The point sources 

on the plate‘s surfaces were imposed with stress-free condition except at one surface which is 

fixed as shown in Figure 6.1(a).   
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The actuator surface is modeled with the point sources imposed with unit displacement 

emitting radially around the circular PZT disc. Stress fields are obtained from appropriate 

Green‘s functions. Traction components on different surfaces can be derived from various 

stress components by traction-stress relations. By equating these traction components to zero 

the stress-free condition was satisfied. Similarly, for displacement specified surfaces the 

displacement was equated to either zero for fixed boundary conditions or unity for the 

actuator. Finally, a set of simultaneous equations (3 times the total number of point sources) 

were obtained. Through matrix inversion the point source strengths were determined. Using 

these source strengths the displacement and stress components were obtained at respective 

locations. 

The damaged plate was simulated by considering a crack emitting from the central 

rivet hole H2 as shown in Figure 6.1(a). The crack of size 0.02‘‘ was introduced at the 

periphery of the central rivet hole in the direction of the y-axis. The crack‘s open surfaces 

were assumed to be traction-free and point sources were placed to impose zero surface 

traction.  

The plate was excited at a frequency of 250 kHz by the actuator vibrating in the radial 

direction with 0.01'' displacement amplitude. The coordinate notations x, y and z are 

interchangeably used for x1, x2 and x3, respectively. The number of point sources needed for 

computing the ultrasonic field was obtained by satisfying the convergence criterion (Placko 

and Kundu 2004) that the spacing between two neighboring point sources should be less than 

λ/  . All results presented in this chapter were obtained for inter-source spacing of 0.25 

inch. The entire problem was modeled by a total of 904 point sources, out of which 16 were 

placed at the actuator surface. The radius of the point source on the flat surface and on the 
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curved surface of the rivet hole was kept at 0.1 inch. The radius of the point sources on the 

actuator surface was assumed to be 0.01 inch. The crack was modeled by placing 12 point 

sources near each of the two traction free surfaces. The programming code was written in c 

for better memory management. The code was compiled on Intel Core i7 CPU at 2.30 GHz 

with 8 GB of memory. The total time of compilation for running the code was less than 7 

minutes. 

 

6.4 DPSM simulation results and discussion 

The main objective of this work is to numerically simulate and present the results in 

the form of visual images showing ultrasonic wave fields in inhomogeneous thin metallic 

plates. The ultrasonic wave field is computed and results in the form of normal and shear 

stress (S21, S22 and S23) distributions are displayed near the central plane SS', i.e. the plane 

of symmetry of the problem geometry going through the actuator as well as the crack.  

In order to demonstrate the capability of the simulation in identifying the internal 

anomalies the ultrasonic field distribution is also obtained on a cut-through section at x3 = 

0.125'' in the xy plane. The PZT actuator interfaced with plate surface is simulated by 

assuming unit displacement field acting radially throughout the actuator surface about its 

center.     
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(a) 

 

 

 
(b) 

 

 

 

 
 

(c) 

 

 

Figure 6.2 (a) Normal stress (S33) distribution in xy plane at z or x3 = 0.125'' in steel plate 

with un-cracked rivet hole. (b) Normal stress (S33) distribution in xy plane at z or x3 = 0.125'' 

in steel plate for cracked rivet hole. (c) Zoomed in view of the normal stress (S33) 

distribution  close to the crack. 
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Figure 6.2(a) shows the normal stress (S33) in the un-cracked solid metallic plate in xy plane 

at x3 = 0.125'' when a 0.25 MHz PZT transducer is mounted on top of the plate. The 

coordinates of the center of the transducer are x = 4.5'' and y = 0.25''. Figure 6.2(b) shows the 

normal stress (S33) in the cracked solid metallic plate in xy plane at x3 = 0.125''. The 

comparison of two figures shows that in Figure 6.2(b) there is a distinct scattered wave field 

appearing very close to the upper central hole (H2) due to the stress concentration near the 

crack.  Other than the extra brightness near the crack, no significant difference between 

figures 6.2(a) and 6.2(b) is noticed. The area close to the crack opening is zoomed in and 

shown in Figure 6.2(c) for better resolution of stress distribution near the crack opening.  

The shear stress (S32) distribution in the un-cracked and cracked plates in the xy 

plane at x3 = 0.125'' is shown in Figures 6.3(a) and 6.3(b), respectively. The zoomed in image 

of the stress distribution around the crack area is also shown in Figure 6.3(c).  

Figures 6.4(a) and 6.4(b) show the distribution of shear stress (S31) in the solid 

metallic plate in the xy plane at x3 = 0.125'' for un-cracked and cracked hole (H2), 

respectively. It can be seen from Figures 6.4(a) and 6.4(b) that due to the symmetry in the 

problem geometry along plane at x1= 4.5'' the scattered field is symmetric and the shear stress 

(S31) is zero along the central vertical plane (x1= 4.5'') whereas the normal stress (S33)  has 

some finite values along this plane. In this case the interesting feature is that even though the 

shear stress (S31) is zero along the  central plane (x1= 4.5'') the stress concentration is visible 

close to the crack which is also aligned in that direction. 
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Figure 6.3 (a) Shear stress (S32) distribution in xy plane at z or x3 = 0.125'' in steel plate with 

un-cracked rivet hole. (b) Normal stress (S32) distribution in xy plane at z or x3 = 0.125'' in 

steel plate with cracked rivet hole. (c) Zoomed in view of shear stress (S32) distribution close 

to the crack. 
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(b) 
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Figure 6.4 (a) Shear stress (S31) distribution in the xy plane at z or x3 = 0.125'' in the steel 

plate with un-cracked rivet hole. (b) Shear stress (S31) distribution in the xy plane z or at x3 

= 0.125'' in the steel plate for the cracked rivet hole. (c) Zoomed in view of the shear stress 

(S31) distribution close to the crack in (b). 
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(a) 

 

(b) 

Figure 6.5: Shear stress distributions on the plane of symmetry (SS'), x1 = 4.5'' (a) S23 

distribution in the defect-free plate (b) S23 distribution in the plate with the cracked hole   

 

 

 

 

 

(a) 

 

(b) 

Figure 6.6 Normal stress distributions on the plane of symmetry (SS'), x1 = 4.5'' (a) S22 

distribution in the defect-free plate (b) S22 distribution in the plate with the cracked hole   
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(a) 

 

(b) 

Figure 6.7 Shear stress distributions on the plane of symmetry (SS'), x1 = 4.5'' (a) S21 

distribution in the defect-free plate (b) S21 distribution in the plate with the cracked hole   

 

 

Figures 6.5(a) and 6.5(b) show the distribution of the shear stress (S23) in the metal plate in 

the yz plane at x1 = 4.5'' for un-cracked and cracked hole (H2), respectively. It can be 

observed from Figures 6.5(a) and 6.5(b) that due to the presence of the crack high stress level 

is visible near the crack location. A similar trend is also visible in Figures 6.6 and 6.7 for un-

cracked and cracked holes.  
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6.5 Summary 

In this chapter, ultrasonic fields in cracked and un-cracked thin metal plates with 

circular holes are computed and compared when the central frequency of actuation is set at 

0.25 MHz. Wave propagation in a 3D plate with holes and crack is a complex problem for 

which no analytical solution is available. The semi-analytical DPSM technique is used to 

compute the ultrasonic scattered field in this structure. The effect of the crack on the 

scattered field computation is investigated. The crack is modeled as a thin slit with two 

closely spaced stress-free surfaces. Visually, a significant difference near the crack tip in 

comparison to the un-cracked case is observed.  Advanced signal processing techniques are 

needed for feature extraction to perform damage (crack) characterization.  
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CHAPTER 7 

 

 ULTRASONIC FIELD MODELING FOR SUBMERGED PLATE OF 

FINITE SIZE IN FLUID USING DISTRIBUTED POINT SOURCE METHOD 

  

7.1 Problem definition 

In the past, some studies have been carried out to model ultrasonic scattered fields 

near fluid-solid interfaces (Placko and Kundu 2004; Banerjee et al. 2007) where only two 

dimensional planar surfaces were considered for modeling reflection and transmission of 

ultrasonic fields across interfaces.  Ultrasonic fields in an infinite plate immersed in water 

have been also modeled by DPSM (Banerjee and Kundu 2007). The effect of finite 

dimensions of a three dimensional plate on the scattered ultrasonic field has not been studied 

in detail in those early works. A plate with finite dimensions immersed in a fluid in a three-

dimensional space is a complex problem to model.  

In this chapter a finite size plate submerged in a fluid is considered for modeling the 

ultrasonic field by DPSM. The plate is struck by bounded ultrasonic beams generated by 

finite sized circular transducers located near the top and bottom surfaces of the plate.  The 

schematic diagram of the problem geometry is shown in Figure 7.1. Point sources are 

distributed along the transducer faces and the fluid-solid interfaces as shown in Figure 7.2. 

The circular piston transducers immersed in the fluid is modeled with one layer of point 

sources. The fluid-solid interface is modeled by two layers of point sources. When the 

contributions of all point sources are superimposed the total ultrasonic field inside the fluid 

and the solid is obtained. The coordinate notations x, y and z are interchangeably used for x1, 

x2 and x3, respectively.   
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Figure 7.1 Schematic diagram of the problem geometry - a finite sized plate submerged in a 

fluid near two ultrasonic transducers 

 

 

 

 

 

 

 

 

  

 

 

Figure 7.2 DPSM model for the problem geometry - a plate submerged in a fluid 
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7.2 DPSM modeling 

The problem geometry is modeled and solved in the 3-dimensional space. A thin 

aluminum plate is assumed to be submerged in an unbounded fluid medium.  The ultrasonic 

energy enters into the plate from the surrounding fluid medium and then leaks back into fluid 

from the plate material. Therefore the point sources are needed for modeling the ultrasonic 

fields both inside and outside the plate boundaries. Point sources are distributed along the 

inner and outer surfaces of the six flat bounding surfaces of the plate and behind the two flat 

circular surfaces of the transducers. The continuity of appropriate components of stress and 

displacement across the solid-fluid interfaces and the boundary conditions on the transducer 

surfaces are satisfied to obtain the point source strengths.   

Stress fields are obtained from appropriate Green‘s functions. Traction components 

on different surfaces are derived from traction-stress relations. By equating traction 

components normal to the interfaces to the pressure field in the fluid medium the traction 

continuity condition was satisfied across the interfaces. Similarly, the displacement 

continuity is enforced by matching the displacement fields from the point sources 

representing the solid medium to the displacement fields from the point sources representing 

the fluid medium. Finally, a set of simultaneous equations were obtained from the continuity 

conditions and the boundary conditions. Through matrix inversion the point source strengths 

were determined. Using these source strengths the displacement and stress components were 

obtained at respective locations. The transducers were excited at 1 MHz and 2 MHz 

frequencies. The number of point sources needed for computing the ultrasonic field was 

obtained by satisfying the convergence criterion (Placko and Kundu 2004) that the spacing 

between two neighboring point sources should be less than λ/  . All results presented in this 
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chapter were obtained for inter-source spacing of λ/ . The entire problem was modeled by a 

total of 1438 point sources, out of which 316 were placed at the actuator surface. The radius 

of the point source on the flat surface was kept at 0.4 mm. The radius of the point sources on 

the actuator surface was assumed to be 0.1 mm. The programming code was written in c for 

better memory management. The code was compiled on Intel Core i7 CPU at 2.30 GHz with 

8 GB of memory. The total time of compilation for running the code was less than 15 

minutes. 

 

7.3 DPSM simulation results and discussion 

In this study the primary focus is to numerically simulate the ultrasonic field and 

present the computed results in the form of visual images. The ultrasonic wave fields are 

computed and the results are presented in terms of stress (S31 and S33) and displacement 

(U3) distributions. Computed results are displayed on the xz or x1x3 plane, which is the plane 

of symmetry of the problem geometry going through the transducers as well as the plate. In 

order to demonstrate the modeling power in identifying the scattering phenomenon the 

ultrasonic field distribution is also obtained for various angles of inclination of the 

transducers.  

The properties of the aluminum plate (the density and wave speeds) are presented in 

Table 7.1. It is assumed that the aluminum plate is immersed in water. Density and ultrasonic 

wave speed in water are also given in Table 7.1. Dispersion curves for an aluminum plate are 

presented in Figure 7.3. Along the abscissa the product of frequency and thickness of the 

plate in MHz.mm is plotted. Along the ordinate the phase velocity in the aluminum plate is 

shown for different propagating modes. 
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Table 7.1. Material properties and critical angle calculation 

Wave speed in water ( cf ) 1.48 km/s 

Density of water ( f ) 1.0 gm/cc 

P-wave speed  Aluminum ( cp ) 6.5 km/s 

S-wave speed  Aluminum ( cs ) 3.13 km/s 

Density of Aluminum ( s ) 2.7 gm/cc 

Critical angle (θs )      (    ⁄ )           

 

 

 

 

Figure 7.3 Lamb wave dispersion curves for a traction-free aluminum plate 
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In this study two fundamental aspects of elastic wave propagation in plate like structures are 

investigated though DPSM based numerical simulation. It can be seen from the dispersion 

curves of the aluminum plate in Figure 7.3 that for frequency-thickness product greater than 

10 MHz-mm the S0 and A0 modes merge together and propagate with Rayleigh wave 

velocity and when the frequency-thickness product is less than 3 MHz-mm then the two 

modes (S0 and A0) propagate with different wave velocities. It should be noted that 1 MHz 

transducer produces Rayleigh wave in a 10 mm thick plate for an inclination angle equal to 

the Rayleigh critical angle        (    ⁄ )       (         ⁄ )        .  

 Theoretically it becomes a very complex wave propagation problem if the wave 

guide is a plate of uniform thickness but of finite width.  It should be noted that the analytical 

solution is available for plates of finite thickness but of infinite width and length as given by 

Lamb (1917).  In other words, in Lamb‘s work the plate had only one finite dimension which 

is its thickness. In the current work, an attempt has been made to understand the influence of 

the finite width of the plate on the ultrasonic field generated in the plate as well as inside the 

fluid when the plate is immersed in the fluid.  

 The following problem geometry is used to model the ultrasonic field in the finite 

plate. The plate thickness (H) is assumed to be 10 mm and the excitation frequency of the 

transducers is 1.0 MHz. The length (L) of the plate is 40 mm and its width (B) is 1.2 mm. 

The diameters of the two transducers are the same and it is equal to 4 mm. It is to be noted 

that in this chapter the dimensions used are in mm for distance whereas pressure or stress are 

measured in GPa. 

First, the results were obtained by ignoring the side boundaries (by not placing any 

point source along the side surfaces of the plate) or, in other words assuming infinite width of 
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the plate. Then the boundaries are added and the changes in the computed results are noted to 

identify the effect of the finite width of the plate. For normal incidence of the ultrasonic 

beams on the plate the computed pressure distribution in water is presented in Figure 7.4(a) 

for the infinite plate (no side boundaries). Similarly for the transducer inclination angle of 

13.39
o
 that generates S2 mode the pressure field generated in the water is presented in Figure 

7.4(b). For the critical angle of inclination of the transducers required to generate the S2 

mode the leaky energy is observed in water as seen in Figure 7.4(b). Next the pressure 

distributions in water are computed for the plate of finite width by placing the point sources 

along the side boundaries of the plate.  Computed results for the plate of finite width are 

shown in Figures 7.5(a) for the normal incidence and 7.5(b) for 13.39
o
 angle of inclination. 

Comparing Figures 7.4 and 7.5 one can conclude that the effect of the finite width of the 

plate on the pressure field in the fluid is negligible. 

The ultrasonic wave field distributions (or stress and displacement fields) for the 

normal incidence of the ultrasonic beam on the plate is calculated first by ignoring the side 

boundaries of the plate.  Computed results are plotted in Figures 7.6(a, b and c). For the same 

plate the ultrasonic fields for inclined incidence are presented in Figures 7.6(d, e and f).  

 Next the point sources are placed along the side boundary surfaces of the plate to 

account for their effects on the computed ultrasonic fields in the plate. Figures 7.7 (a, b and 

c) show wave fields for normal incidence of the ultrasonic beam, whereas Figures 7.7 (d, e 

and f) present the wave field for oblique incidence (incident angle θ = 13.39O
).    

 From Figures 7.6 and 7.7 it is evident that the side boundaries have insignificant 

effect on the computed ultrasonic fields. 
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(a)  Pressure profile, θ = 0O 

 

 

 

 
(b) Pressure profile, θ = 13.39O 

 

 

Figure 7.4 Pressure fields for a plate of finite thickness but infinite width - (a) Ultrasonic 

fields in water for normal incidence of the wave on the plate interfaces (no side boundaries of 

the plate are considered). (b) Ultrasonic field in water for 13.39
o
 angle of incidence of the 

wave on the plate interfaces (no side boundaries).   
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(a)  Pressure profile, θ = 0O                                  

 

 

 

 
(b) Pressure profile, θ = 13.39O                              

 

 

Figure 7.5 Pressure fields for a plate of finite thickness and finite width - (a) Ultrasonic fields 

in water for normal incidence of the wave on the plate interfaces (side boundaries are 

considered). (b) Ultrasonic field in water for 13.39
o
 angle of incidence of the wave on the 

plate interfaces (side boundaries are considered).   
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   (a) Stress profile S33, θ = 0O                             (d) Stress profile S33, θ = 13.39O 

           
   (b) Stress profile S31, θ = 0O                            (e) Stress profile S31, θ = 13.39O 

    
    (c) Displacement profile u3, θ = 0O                 (f) Displacement profile u3, θ = 13.39O 
Figure 7.6 Ultrasonic fields generated in a 10 mm thick aluminum plate (having no side boundaries) 

with 1 MHz transducers for normal (a, b and c) and inclined (d, e and f) incidence of the ultrasonic 

beams. The angle of incidence θ is measured from the normal axis to the plate surface. Figures a and 

d in the top row show the normal stress, figures b and e in the middle row show the shear stress and 

figures c and f in the bottom row show the normal displacement.  
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   (a) Stress profile S33, θ = 0O             (d) Stress profile S33, θ = 13.39O 

                
   (b) Stress profile S31, θ = 0O            (e) Stress profile S31, θ = 13.39O

 

      
(c) Displacement profile u3, θ = 0O                         (f) Displacement profile u3, θ = 13.39O 
Figure 7.7 Ultrasonic fields generated in a 10 mm thick aluminum plate (having side boundaries) with 

1 MHz transducers for normal (a, b and c) and inclined (d, e and f) incidence of the ultrasonic beam. 

The angle of incidence θ is measured from the normal axis to the plate surface. Figures a and d in the 

top row show the normal stress, figures b and e in the middle row show the shear stress and figures c 

and f in the bottom row show the normal displacement.  
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More investigations have been carried out by altering the plate dimensions. The plate 

thickness is then reduced to 1 mm keeping its width 1.2 mm unchanged.  It is excited by 1 

MHz transducers as before.   

 From the dispersion curves in Figure 7.3 it can be seen that the symmetric mode (S0) 

in 1 mm thick aluminum plate propagates with a phase velocity of 5.33 km/sec at 1 MHz 

frequency. In order to generate this mode the transducers must be inclined at an angle 

of       (    ⁄ )       (        ⁄ )        . Figure 7.8 shows the ultrasonic fields in the 

plate generated by the symmetric mode S0 excited by 1 MHz transducers inclined at an angle 

of       . The left column of Figure 7.8 (i.e. a-c) presents the ultrasonic wave field when the 

side boundaries are neglected while the right column shows the stress distribution when the 

side surfaces are included in the model. As before, the effect of the side boundaries is found 

to be insignificant. Another fundamental mode of wave propagation in plates is anti-

symmetric mode. This mode at 1 MHz frequency travels with a velocity of 2.33 km/sec in 

this plate as evident from Figure 7.3. Therefore to generate this anti-symmetric mode the 

transducers need to be inclined at an angle of       (    ⁄ )       (        ⁄ )        . 

Figure 7.9 shows the ultrasonic fields computed inside the 1 mm thick aluminum 

plate for the transducers inclined at an angle equal to        . The anti-symmetric mode 

generated stress and displacement fields inside the plate are shown in Figure 7.9 – left 

column (a-c) is for unbounded plate and the right column (d-f) is for a plate of finite width.  
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  (a) Stress profile S33, θ = 16.11O                        (d) Stress profile S33, θ = 16.11O 

         
   (b) Stress profile S31, θ = 16.11O                      (e) Stress profile S31, θ = 16.11O                   

      
  (c) Displacement profile u3, θ = 16.11O

                  (f) Displacement profile u3, θ = 16.11O 

 

Figure 7.8 Symmetric mode (S0) generated stress fields inside the 1 mm thick aluminum 

plate.  This mode is excited by 1 MHz transducers inclined at 16.11
o
 angle: (a-c) ignoring the 

side boundaries of the plate and (d-f) considering the side boundaries, the plate width B =1.2 

mm 
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    (a) Stress profile S33, θ = 39.43O

                              (d) Stress profile S33, θ = 39.43O 

           
   (b) Stress profile S31, θ = 39.43O                     (e) Stress profile S31, θ = 39.43O    

      
  (c) Displacement profile u3, θ = 39.43O

                (f) Displacement profile u3, θ = 39.4343O 

 

Figure 7.9 Anti-symmetric mode (A0) generated stress fields inside the 1 mm thick 

aluminum plate.  This mode is excited by 1 MHz transducers inclined at 39.43
o
 angle: (a-c) 

ignoring the side boundaries of the plate and (d-f) considering the side boundaries, the plate 

width B =1.2 mm  
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7.4 Summary 

In this chapter, ultrasonic fields in a plate of finite width submerged in a fluid have 

been computed using DPSM and the effects of the side boundaries has been investigated. The 

computed fields showed that the presence of the side boundaries has negligible influence on 

the computed field at the central plane.  However, on other planes and for other plate 

dimensions the computed fields may show some difference in plates of finite and infinite 

width if both plates have the same thickness. It will be investigated in the future. 
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CHAPTER 8 

 

CONCLUSIONS 
 

 

 

In this dissertation plate damages in the form of radial cracks around rivet holes has been 

characterized using prominent feature extraction techniques on simulated data. For this 

purpose scattered ultrasonic fields in plates with complex geometry have been modeled. The 

wave field modeling has been carried out by both finite element method and distributed point 

source method.  Two-dimensional approximation (plane stress condition) is assumed for the 

finite element model while three-dimensional analysis is carried out by DPSM.  DPSM 

model for the first time is extended in this dissertation to fully three-dimensional objects.    

Effect of cracks on propagating waves is investigated.  Radial cracks around rivet 

holes in a steel panel of a truss bridge have been considered. The ultrasonic wave scattering 

in complex plate geometries are modeled by the finite element method using COMSOL 

multi-physics software. Crack type damages are introduced to investigate the capability of 

the state-of-the-art signal processing tools in characterizing cracks. Various signal processing 

techniques including Short Time Fourier Transform (STFT), Wavelet Transform (WT), 

Wigner-Ville Distribution (WVD), Choi-Williams Distribution (CWD), S Transform (ST) 

and Hilbert-Huang Transform (HHT) have been explored for extracting features that are 

sensitive to crack type damage in a prototype problem of steel panel plate with rivet holes. It 

is observed that no single feature extraction tool working alone is effective in capturing 

information on both the crack size and its orientation. However, these techniques have shown 

to provide valuable information about the damage when used in a sequence.  
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Ultrasonic wave field modeling in steel panel is also carried out using Distributed Point 

Source Method. DPSM has been extended to solve the problem with complex 3-dimensional 

geometries. The wave field actuation is done by imposing in-plane unit displacement field. 

The damaged steel panel is modeled by considering a radial crack on the periphery of one 

rivet hole. DPSM technique is used to model the ultrasonic wave field inside the steel panel 

and the results are compared for undamaged and damaged panels. 

 The ultrasonic field in a plate with uniform thickness and finite width submerged in a 

fluid medium has also been computed using DPSM and the effects of the side boundaries of 

the plate has been investigated. The computed fields showed that the presence of the side 

boundaries has negligible influence on the stress and displacement fields at the central plane.    
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APPENDIX A 

 

LIST OF PUBLICATIONS SO FAR  

 

The following papers have been published so far in journal and conference proceedings. 

Couple of more papers will be submitted for journal publication in the near future.  

Yadav, S. K., S. Banerjee and T. Kundu  ―On sequencing the feature extraction technique for 

online damage characterization‖, Journal of Intelligent Material Systems and Structures. 

Vol.24(4), pp. 473-483, 2013.  

Yadav, S. K., S. Banerjee and T. Kundu, ―Effective damage sensitive feature extraction 

methods for crack detection using flaw scattered ultrasonic wave field signal‖, Structural 

Health Monitoring 2011, Proceedings of the 8th International Workshop on Structural Health 

Monitoring, Stanford University, California, USA, September 13-15, 2011, Vol. 1, pp. 167-

174, 2011. 

Yadav, S. K., S. Banerjee and T. Kundu, ―On suitability of feature extraction techniques for 

local damage detection‖, Nondestructive Characterization for Composite Materials, 

Aerospace Engineering, Civil Infrastructure, and Homeland Security 2011, Vol. 7983, Ed. F. 

Wu, SPIE's 2011 Annual International Symposium on Smart Structures and Nondestructive 

Evaluation San Diego, USA, March 7-10, Article 79832U (April 19, 2011), doi: 

10.1117/12.880307  2011. 

Yadav, S. K., S. Banerjee and T. Kundu, ―Advanced DPSM approach for modeling 

ultrasonic wave scattering in an arbitrary geometry‖, Health Monitoring of Structural and 

Biological Systems 2011, Ed. T. Kundu, SPIE's 2011 Annual International Symposium on 

Smart Structures and Nondestructive Evaluation, San Diego, California, March 7-10, Vol. 

7984(2), pp. 7984 1W-1 to 7984 1W-7, 2011.  

Yadav, S. K., S. Banerjee and T. Kundu, ―Artificial Neural Network based Local Damage 

Detection in Aging Steel Bridge Joints‖, Proceedings of the 3rd Asia Pacific Workshop on 

Structural Health Monitoring , Tokyo, Japan, Nov. 30 to Dec. 2, 2010. 

Yadav, S. K., S. Banerjee and T. Kundu, ―Local Damage Detection process for Aging Steel 

Bridge Joints‖, Proceedings of the Fifth European Workshop on Structural Health 

Monitoring, Sorrento, Italy, June 29 to July 2, 2010, Eds. F. Casciati and M. Giordano, Pub. 

DEStech Publications Inc, Lancaster, PA, USA, pp. 1211-1216, 2010. 
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