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I 

 

Abstract 
 

Synthetic Aperture Focusing Technique (SAFT) is a signal processing technique 

that has evolved the way in the presentation of the inspection results in an ultrasonic 

testing (UT). By using this technique, complicated A-scan waveform signals are 

synthesized, thus the internal images of materials and structures are reconstructed. SAFT 

has been widely used in Non-Destructive Evaluation (NDE) due to its simplicity and 

speedy calculation. However, precise results cannot be obtained in some cases because 

the conventional SAFT considers ultrasonic waves radiating at the same intensities in the 

radial directions, which is different from the actual wave phenomenon. Many researches 

for the improvement of SAFT performance show that the wave theory is a key point to 

efficiently improve such popular imaging technique.  

 

This dissertation proposes the rectification of the above mentioned weak point by 

implementation of the Approximate Wave Solution (AWS) of the ultrasonic beam 

radiation into SAFT. AWS is an explicit solution which uses a stationary phase method to 

reduce double surface integration in the Kirchhoff Beam Transmission model into a 

Surface Integral model, thus the computation becomes less time-consuming. Ultrasonic 

beam radiation modelled using AWS is implemented into SAFT algorithm by a simple 

multiplication. The improved version of SAFT is called the AWS-SAFT. The 

characteristics of the proposed AWS-SAFT are confirmed in a water immersion test and 

a contact transducer test.  

 

Mutual improvement effects which are observed from both test configurations are: 

(1) artifacts from longitudinal wave mode which are normally appeared in transverse 

wave mode results can be eliminated and (2) image reconstruction of flaw located inside 

the region where the intensities of AWS are high will be much clearer than the 

conventional SAFT i.e. flaw image in AWS-SAFT has narrower side lobes with overall 

noise reduction. One drawback of AWS-SAFT is that noises over the region where the 

intensities of AWS are high will be highly amplified, thus sometimes it may obscure the 

flaw image. However, this drawback can be overcome by the use of Structural Similarity 

(SSIM) index in the detection of differences between images from non-defect test 

medium (a benchmark) and a defective one. 

 

AWS can also be used to predict the region in a test medium where high imaging 

capability can be anticipated. The concept of using AWS in such a way is proposed as an 

Effective Region (ER) theory. ER is defined as a region of a test medium where a defect 

will be definitely reconstructed using AWS-SAFT. The cutoff value to be used as a 

boundary of ER is investigated and proposed. Finally, a case study considering the real 

inspection problem is given and the results from applying the ER technique and AWS-

SAFT to such problem verifies that validity of ER technique while also well demonstrate 

the performances of AWS-SAFT. 
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Chapter 1:  Introduction 

 

1.1 Background 
 

Many of crucial infrastructures such as bridges and dams had been constructed 

since the middle of the 20th century. In other words, they have been in-service for more 

than 50 years. Properly designed and built structures are supposed to maintain through 

their design life specified in the design codes [1, 2]. However, without appropriated 

maintenance, they may encounter sudden collapses due to structural deficiencies such as 

fatigue cracks and corrosions [3]. Structural health monitoring [4] is becoming a 

significant part in society because failure of an infrastructure lead to catastrophes to life 

and assets. Understanding of the flaw propagation mechanisms can help to predict the 

detrimental effects from defects on structural performance. However, a reliable method 

to locate defects before they become severe enough to cause a catastrophic damage is 

required. Such importance has been drawing mass attentions from researchers and 

engineers into the development of techniques to precisely identify flaws and defect by 

means of quantitative information such as size, shape and location. 

 

Nondestructive testing (NDT) techniques have been playing an important role for 

some decades since they can be used to assess flaws and defects inside materials and 

structures in a harmless manner. The five standard discipline, defined by United States 

Army [5], can be classified into two categories using the locations of flaws and defects to 

be inspected. Category 1: Liquid Penetrant testing, Magnetic Particle testing and Eddy 

Current testing are disciplines for the inspection of the defects which are already 

appearing on the surface of target. Category 2: Radioactive testing, and Ultrasonic testing 

are used for the inspection of internal defects. Method of NDT was once considered an 

empirical technology based on judgment of skilled operators and a benchmarking. 

However, acceptable results were obtained for decades in simple applications. Concept 

of quantitative nondestructive evaluation (QNDE), introduced by Achenbach [6] had 

emerged the possibility for NDT to deal with much advanced applications. Among a 

bunch of quantitative measurement techniques, imaging techniques had high potential in 

generalizing results, hence non-specialized personnel can understand, visually. Ultrasonic 

testing (UT) and Radioactive testing (RT) are two typical imaging techniques which had 

been using in both medical field and nondestructive evaluation until now. 
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Study on imaging capabilities between UT and RT was conducted by Light [7]. At 

the meantime, RT could provide clearer defect image than UT. However, developments 

of techniques which combines UT and digital visual imaging has great potential in 

improving the resolution of UT image. Considering the drawbacks of RT due to its 

hazardous properties, a feasibility study to replace RT with UT was studied by Moran et 

al [8]. Research on the UT is considered worthwhile because it has high potential to 

replace the use of hazardous substance required in RT. Two interesting points in further 

development of UT imaging are as follows:  

 

1. Improvement of signal processing algorithm to obtain more precise image 

2. Assessment of efficient test method in a specific test situation.  

 

One of the most efficient signal processing techniques to obtain ultrasound image is 

Synthetic Aperture Focusing Technique (SAFT). 

 

SAFT has evolved the way in the interpretation of UT results since its first 

development in 1974 by the US Nuclear Regulatory Commission (NRC) at the University 

of Michigan [9]. SAFT applies the same concept as in Synthesis Aperture Radar (SAR) 

which is an imaging technique utilizing microwave [10]. The principle of SAFT is 

explained in detail by Seydel [11] and a review of SAFT development was reported by 

Doctor et al. [12]. With this signal processing technique, high resolution ultrasound image 

of the scanned volume can be obtained by applying SAFT algorithm to a series of UT 

waveform signals from many independent probe positions. Transverse and longitudinal 

resolution of SAFT was studied by Thomson [13]. Experiences with SAFT in field 

measurement were introduced by Schmitz et al. [14]. Strong points of SAFT lay on its 

simple and flexible algorithm. Improvement of signal-to-noise ratio (SNR) can be 

obtained by superposition of signals from independent probe positions, hence flaw echo 

buried inside the noises become visible. 

 

SAFT was originally developed for use with single element transducer where the 

transducer was scanned along a line to collect waveform signals. Therefore, acquiring 

waveform signals from various probe positions was quite a tedious task until the invention 

of phased-array technology at the end of the 20th century following the same principle as 

phased-array radar technology [15]. Using an array of ultrasonic transducers, waveform 

signals can be easily obtained within a short time. Preliminary use of array system for the 

inspection of weldments was conducted by Lamarre et al. in 1999 [16]. Several years later, 
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Drinkwater et al. reviewed a meantime research progress in the use of ultrasonic arrays 

for NDE which offering a step change over the traditional monolithic transducer [17]. 

Signal processing on vast amount of data is not a problem because computer technology 

has also been developing dramatically in parallel with the phased-array technology.  

 

However, drawback of SAFT is a by-product of its algorithmic simplicity. Hence, 

improvement of ultrasound imaging techniques based on a conventional SAFT algorithm 

had drawn attentions from engineers and researchers for decades in both time and 

frequency domains. In frequency domain, SAFT is treated as a special solution of the 

inverse scattering problem [18-20]. Another example of SAFT improvement is by 

allowing the use of multiple reflections [21, 22]. The most recent state-of-the-art review 

on SAFT was written by Spies et al. [23]. Such accomplishments in improvement of 

SAFT show that wave theory is a key point in getting high accuracy ultrasound image 

since it can predict the characteristic of utilized wave resulting in good approximation of 

reality. One of the wave characteristics which has high potential in improving SAFT 

algorithm is a beam radiation inside a target object. Ultrasonic beam radiations can be 

explicitly computed by approximate wave solution (AWS) derived by Schmerr [24] and 

accounted into SAFT to improve an ultrasound image [25]. It is reported that observed 

improvement effects are (1) to get better contrast and (2) to eliminate artifacts from 

multiple reflections of longitudinal wave in transverse wave mode. However, the 

implementation method was still ambiguous, hence it is necessary to create a clear method 

to implement AWS into SAFT. 

 

1.2 Objectives 
 

This dissertation has three objectives. The first and main objective is to find an 

efficient way to implement AWS into SAFT. The improved version of SAFT using AWS 

is called the AWS-SAFT. Second objective of this dissertation is to confirm the 

improvement effects or the characteristics of AWS-SAFT. Finally, efficient ways to use 

AWS-SAFT are proposed using the demonstrations from two case studies. The 

performance of AWS-SAFT is experimentally tested in water immersion test and angle 

beam test which are two fundamental test configurations in UT. 

Objectives of this dissertation can be listed as follows: 

I. To define a clear implementation method to account AWS into SAFT 

II. To confirm the characteristics of AWS-SAFT 

III. To propose an effective way to use AWS-SAFT 
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1.3 Outline of dissertation 
 

This dissertation is organized into 5 chapters and the first chapter is this introduction.  

 

Chapter 2 presents the theoretical background necessary to understand the work 

developed further in this dissertation. The principle of SAFT in single medium problem 

is first explained and followed by the extension into the two media. Then, modelling of 

ultrasonic wave radiation by using the AWS is explained separately for two cases which 

are: (1) fluid-solid water immersion test and (2) solid-solid angle beam test. Experimental 

verification of beam radiation model is reported to cross-check our approximation with 

the actual wave phenomenon. Then, the implementation method of the AWS into SAFT 

algorithm is defined and demonstrated. AWS-SAFT is defined in the final section of this 

chapter. At this stage, objective I is accomplished. 

 

In Chapter 3, AWS-SAFT is first applied to a water immersion test of an aluminum 

rod processed with a side-drilled hole (SDH) to check the characteristics of AWS-SAFT, 

to fulfill objective II. AWS-SAFT is further applied to an immersed aluminum rod with 

two SDHs to propose an efficient way to use AWS-SAFT in imaging of SDH in arbitrary 

position, thus objective III is accomplished. 

 

In Chapter 4, AWS-SAFT is applied to an angle beam transducer test of a steel plate 

processed with an SDH to check the characteristics of AWS-SAFT in fulfillment of 

objective II. Then, ER theory is proposed as another way to use ultrasonic beam radiation 

modelled from AWS. ER theory can predict the region of tested volume where high 

imaging capability can be anticipated. ER theory is experimentally verified using AWS-

SAFT. Finally, a case study from Kisogawa bridge is introduced to demonstrate the use 

of ER theory in real inspection problem. Using ER theory, an efficient way to use AWS-

SAFT in any arbitrary test configuration is proposed, hence objective III is accomplished. 

 

A wrap-up of this dissertation is given in chapter 5 starting with an overall review, 

followed by main findings from the accomplishment of objectives I, II and III. Eventually, 

future works are given as an intuition for further development of AWS-SAFT and ER 

theory. 
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Chapter 2: Development of AWS-SAFT 

 

This chapter presents the development process of AWS-SAFT. First, the 

fundamental of ultrasonic testing is brief in section 2.1 followed by the principle of SAFT 

in section 2.2. Method for the modelling of ultrasonic beam radiation using Approximate 

Wave Solution (AWS) is explained in section 2.3 with an experimental verification. Then, 

the implementation method to account AWS into the conventional SAFT algorithm is 

explained in section 2.4. A summary of this chapter is given in the final section. 

 

2.1 Fundamental of ultrasonic testing 
 

The term ultrasonic pertains to sound waves of a frequency greater than 20,000 Hz. 

In ultrasonic testing, the ultrasound is generated by a device called a transducer and such 

sound wave can be used on almost any materials to locate internal discontinuities ranging 

from cracks to disbonds. Vibrations of ultrasonic are generated by applying the electrical 

energy to a piezoelectric element cased inside a transducer. Such element transforms the 

electrical energy into mechanical energy i.e. the vibration of a frequency determined by 

the material and thickness of the element. On the contrary, the same element can also 

transform the mechanical energy of received vibration into electrical energy which can 

be displayed as a waveform on an oscilloscope. 

 

Ultrasonic energy that is propagated by the vibration of particles in a material can 

be classified into various modes considering the direction in which the particles vibrate 

in relation to the propagation direction of the bulk ultrasonic beam. This dissertation 

utilize the two fundamental ultrasonic wave modes which are longitudinal and transverse 

wave modes, illustrated in Figure 2.1. 

 

Longitudinal wave (also known as “compressional” or “pressure” or “p” waves) is 

a wave in which the particle motion of a material moves in essentially the same direction 

as the sound wave propagation. This wave mode is generated when a target of inspection 

is subjected to an incident wave with the angle of incidence near normal to the surface of 

a target. The wave velocity (𝑐𝐿)  of longitudinal wave is the highest compared to 

transverse and surface waves, and it is a determinate constant related to elastic modulus 

and density of a material. This wave mode is extensively used for thickness inspection, 

corrosion thinning, and for the detection of other defects parallel to the inspection surface. 
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Transverse wave (also known as “shear” or “s” waves) is a wave in which the 

particle motion is perpendicular to the direction of propagation. Transverse wave travels 

at a velocity (𝑐𝑇) which is approximately half velocity of the longitudinal wave for the 

same material. Transverse wave can exist in any elastic solid, but is not supported by 

liquid or gas. Transverse wave is generated when a target of inspection is impinged on 

the surface by a longitudinal wave at an angle other than normal (90°) ranging from the 

first to the second critical angles. Some part of the wave is reflected while mode 

conversion and refraction occur in the other part, resulting in a longitudinal wave 

propagating at an angle in a target. Shear wave inspections are used extensively for crack 

and other defect where it is suspected to be located at other than parallel to the inspection 

surface. 

 

Longitudinal wave mode will be shortly called as L-mode and transverse wave 

mode will be called as T-mode thorough this dissertation. 

 

 

 

Figure 2.1 Longitudinal and transverse wave modes. 
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2.1.1 Refraction and mode conversion 

 

When a longitudinal wave is impinged on the surface of a target in normal direction 

(θ = 0°) , the longitudinal sound beam is transmitted straight into the target and no 

refraction occurs. However, when the incident angle is other than normal; refraction, 

reflection and mode conversion occur. Refraction is a change in propagation direction. 

Mode conversion is a change in the nature of the wave motion. A portion of the 

longitudinal incident beam is refracted into one or more wave modes traveling at various 

angle in the test piece. Wave refraction at the interface is defined by Snell’s law given in 

Equation 2.1, and illustrated in Figure 2.2. 

 

𝑐𝐿,1

sin 𝜃𝐿,1
=

𝑐𝐿,2

sin 𝜃𝐿,2
=

𝑐𝑇,2

sin 𝜃𝑇,2
 (2.1) 

 

𝜃𝐿,1 represents angle of incidence of longitudinal wave propagating in the plastic wedge 

at the wave velocity of 𝑐𝐿,1, where 𝜃𝐿,2 and 𝜃𝑇,2 represent angles of refractions for 

longitudinal and transverse waves propagating in the target of inspection at the wave 

velocities of 𝑐𝐿,2 and 𝑐𝑇,2, respectively. Waves propagating in both solids can be either 

a longitudinal or transverse wave modes. However, in all experimental setup throughout 

this dissertation, transverse wave mode only exists in a target as a result from mode 

conversion. 

 

 

 

Figure 2.2 Wave refractions at the interface. 
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2.1.2 Test configurations in UT 

 

In UT, there are two fundamental test configurations which are classified by the 

number of probe used in a single measurement. The one probe technique is called a 

“pulse-echo” configuration, and another technique using two probes is called a “pitch-

catch” configuration. 

 

Pulse-echo configuration is illustrated in Figure 2.3 where the same transducer is 

used as both a transmitter and a receiver. First, a transducer is actuated by a signal sent 

from a pulser-receiver and transmits ultrasonic waves into a test medium. Then, its 

behavior is changed into a receiver to received echoes from ultrasonic waves propagated 

through a test medium. An example of received waveform signal is shown in Figure 2.3. 

At time t2, ultrasonic waves reflected at the bottom is received, hence a relatively high 

amplitude can be observed. This is normally called a bottom echo. 

 

Pitch-catch configuration is illustrated in Figure 2.4 where a transmitter and a 

receiver are provided, separately. Ultrasonic waves transmitted from a transmitter are 

scattered by any discontinuities in a test medium and received at a receiver. Considering 

an example waveform in Figure 2.4, at time t2, scattered ultrasonic waves are received at 

a receiver, thus a relatively high amplitude can be observed at time t2. This received signal 

is normally called a flaw echo. 

 

Time t2, in Figure 2.3 and 2.4 are travelled times of ultrasonic waves in test medium 

at specific propagation routes. In Figure 2.3, it is a bottom echo. In Figure 2.4, it is a 

flaw echo. These travelled times are called the time-of-flights (TOFs). 

 

TOF is used extensively in UT NDT since it can be used to locate the flaw by 

dividing the TOF by corresponding wave velocity in a test medium. However, wave 

propagation route is basically an unknown that inspectors and engineers need to predict. 

SAFT algorithm can be a remedy for this problem since it can stochastically predict the 

location of scatterer by using vast combinations of independent transducer position. Its 

principle is explained in Section 2.2. 
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Figure 2.3 Pulse-echo test configuration. 

 

 

 

Figure 2.4 Pitch-catch test configuration. 
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2.1.3 Representation of UT result 

 

Basically, there are three methods to present measured data in UT. 

 

A-Scan presentation is a plot of time versus amplitude, in other words, is a raw 

waveform signal appeared on an oscilloscope. Horizontal axis normally indicates time 

and is used as a baseline. Any vertically deflected signals from the baseline indicates the 

amplitude of electrical pulses (sound echoes) received from the receiving transducer. 

Example of A-scan presentation and corresponding test configuration is shown in Figure 

2.5. Vertically deflected signals observed at time 2t1 and 2t2 represent reflected ultrasonic 

waves from flaw and bottom surface, respectively.  

 

B-Scan presentation provides a cross-sectional view of a test medium from a linear 

scan over the surface. Horizontal and vertical axes indicate distances in lateral and vertical 

directions, respectively. Considering Figure 2.6, an example of B-scan presentation is 

shown with a corresponding test configuration. Positions of a flaw and bottom surface of 

a test medium can be obtained from plotting the position where vertically deflected 

signals are observed in A-scan. However, the time axis in A-scan shall be divided by the 

wave velocity in a test medium to convert the measurement from time to position. 

 

C-Scan presentation provides a plan view of the discontinuities in a test medium. 

This can be accomplished by collecting A-scan signals over the surface of a test medium 

with a manual or automated two-axis scanner. An example of C-scan presentation is 

shown in Figure 2.7 with a corresponding test configuration. A transducer is moved over 

the surface of a test medium to collect A-scan signals. Then, vertically deflected signals 

in A-scan are plotted with some different intensities corresponding to different depths or 

thickness. Considering Figure 2.7, three colors are used to indicate signals reflected from 

different depths. Most of the scanned area is plotted by the third color (pink) which 

indicate the bottom surface of a test medium. Defects D1 and D2 are plotted with different 

colors, indicating that two defects are located in different depths. 

 

At this stage, it can be noticed that basic data presentations in UT are quite difficult 

to interpret. Therefore, signal processing technique such as SAFT is invented to transform 

these incomprehensible result presentations into an easy to understand digital image. 
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Figure 2.5 A-Scan presentation. 

 

 

 

Figure 2.6 B-Scan presentation. 
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Figure 2.7 C-Scan presentation. 

 

 

2.2 Principle of SAFT 
 

SAFT is a TOF based signal processing technique that can be implemented in both 

2-D and 3-D problems. However, this dissertation is dealing with targets of inspections 

containing cut through type defects. In other words, the cross sections of a target are 

similar, hence it can be considered as a 2-D problem. Therefore, this dissertation will only 

explain the principle of SAFT in 2-D. The same principle can also be applied to a 3-D 

problem. By applying the SAFT algorithm to the received A-scan waveform signals from 

every transmitter and receiver pair, A-scan signals are synthesized so strongly reflected 

echoes in an insonified test medium are refocused. Therefore, the location of scatterer can 

be identified. Comparison between B-scan and SAFT processed images are reported by  

Stepinski [26].  

 

This section explains principle of SAFT, first in a single medium case, then 

followed by the extension of the same principle in two media case which is the one 

actually used throughout this dissertation. 
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2.2.1 SAFT in a single medium case 

 

This section explains the principle of SAFT in a single medium case which is a 

traditional usage of this technique. An outline of a single medium case is illustrated in 

Figure 2.8(a). A phased-array transducer consisting of n  number of piezoelectric 

elements (or channels) is placed over a medium of density 𝜌. Ultrasonic wave velocities 

in such medium are 𝑐𝐿 and 𝑐𝑇 for longitudinal and transverse wave modes, respectively. 

For simplicity, longitudinal wave mode is called as L-mode and transverse wave mode is 

called as T-mode throughout this dissertation. Designated area in a test medium where it 

is to be imaged is normally defined as a Region Of Interest (ROI) which is discretized 

into pixels similar to a production of a digital image [27]. Each pixel is represented by a 

spatial vector 𝒃 = {𝑏1, 𝑏2}. Spatial resolution of a SAFT image can be arbitrarily selected 

by choosing the pixel width. The finer pixel produces a higher resolution image in 

substitute of much more computational time.  

 

𝑇𝑂𝐹𝑎𝑖,𝑐𝑗
𝛾 (𝒃) of a specific wave propagating route to an arbitrary pixel governed by 

the positions of a transmitter (𝒂𝒊 = {𝑎1, 𝑎2})and a receiver (𝒄𝒋 = {𝑐1, 𝑐2}) and a wave 

velocity of mode 𝛾, can be computed as shown in Equation 2.2 

 

𝑇𝑂𝐹𝑎𝑖,𝑐𝑗
𝛾 (𝒃) =

𝑟𝑖
𝛾

(𝒃) + 𝑟𝑗
𝛾

(𝒃) 

𝑐𝛾
 , (2.2) 

 

where 𝑟𝑖
𝛾

(𝒃)  represents wave propagation distance from 𝒂𝒊  to  𝒃 , and 𝑟𝑗
𝛾

(𝒃) 

represents wave propagation distance from 𝒃 to 𝒄𝒋. The subscripts 𝑖 and 𝑗 are used to 

represents channels of a phased-array transducer which are used to transmit and receive 

the ultrasonic wave, respectively. Another subscript 𝛾 represents a wave mode: γ = 𝐿 

for L-mode and γ = 𝑇 for T-mode. Either mode must be selected as a configuration for 

SAFT imaging. SAFT assumes that there may be a scatterer in any points 𝒃 in the ROI, 

hence the calculation must be performed on every point 𝒃. Considering Figure 2.8(a), 

pixel 𝒃𝟏  contain no ultrasonic wave scatterer, such as a side-drilled hole (SDH). 

Therefore, there will be no significant echo detected at such TOF, 𝑇𝑂𝐹𝑎𝑖,𝑐𝑗
𝛾 (𝒃𝟏) in an A-

scan signal. Figure 2.8(b) illustrates the process of acquiring corresponding amplitude 

value from an A-scan signal. In this case, since there is no flaw echoes from a scatterer, 

𝐴𝑎𝑖,𝑐𝑗(𝑇𝑂𝐹𝑎𝑖,𝑐𝑗
𝛾 (𝒃𝟏)) will acquire an amplitude of the noises. 
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(a) 

 

(b) 

Figure 2.8 SAFT computation at a non-defect part in a single medium case;  

(a) Outline and (b) Waveform. 

 

 

In Figure 2.9(a), a pixel 𝒃𝟐 contain a part of an SDH which acts as a scatterer for 

the ultrasonic wave. Therefore, ultrasonic wave transmitted from a transmitter 𝒂𝒊 , 

scattered at 𝒃𝟐 shall be received at a receiver 𝒄𝒋 at a travelled time of 𝑇𝑂𝐹𝑎𝑖,𝑐𝑗
𝛾 (𝒃𝟐). 

Therefore, 𝐴𝑎𝑖,𝑐𝑗(𝑇𝑂𝐹𝑎𝑖,𝑐𝑗
𝛾 (𝒃𝟐)) should acquire a relatively large amplitude value from 

the ultrasonic wave scattered at the curved boundary of an SDH as shown in Figure 2.9(b). 
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(a) 

 

(b) 

Figure 2.9 SAFT computation at a defect in a single medium case;  

(a) Outline and (b) Waveform. 

 

Pixel value 𝐴𝑎𝑖,𝑐𝑗(𝑇𝑂𝐹𝑎𝑖,𝑐𝑗
𝛾 (𝒃)) is computed using the same process for every 

pixels in ROI. At this stage, it can be noticed that pixel value 𝐴𝑎𝑖,𝑐𝑗(𝑇𝑂𝐹𝑎𝑖,𝑐𝑗
𝛾 (𝒃)) is a 

function of time 𝑇𝑂𝐹𝑎𝑖,𝑐𝑗
𝛾 (𝒃) only, hence acquired pixel values will be similar for the 

same transducer pair on every pixel with the similar 𝑇𝑂𝐹𝑎𝑖,𝑐𝑗
𝛾 (𝒃). Therefore, a SAFT 

image using only one transducer pair has no meaning since we cannot identify the location 

of scatterer on the hyperbolic curve of the pixels with similar 𝑇𝑂𝐹𝑎𝑖,𝑐𝑗
𝛾 (𝒃) where the 

pixel values are plotted with similar intensities. This is the reason why it is required to 

have a summation of pixel values from as much combination of transducer pair as 

possible and this is the reason why this technique is called a Synthesis Aperture Focusing 

Technique. Synthesizing the A-scan signals from more apertures will result in higher 

resolution of ultrasound image. However, without synthesizing a number of A-scan 

signals from independent transducer positions, resulting image may be poor or 
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meaningless as mentioned above. Using pixel value calculated from Equation 2.2, 

summation is performed on every pixel in ROI as shown in Equation 2.3 

 

𝑆𝛾(𝒃) = ∑ ∑|𝐴𝑎𝑖,𝑐𝑗(𝑇𝑂𝐹𝑎𝑖,𝑐𝑗
𝛾 (𝒃))|

𝑗𝑖

 (2.3) 

 

where 𝑖 and 𝑗 are numbers of piezoelectric transducer elements used as a transmitter 

and a receiver, respectively. The location of a scatterer can be found by superposing of 

|𝐴𝑎𝑖,𝑐𝑗(𝑇𝑂𝐹𝑎𝑖,𝑐𝑗
𝛾 (𝒃))|  from all available transducer pair since high amplitudes from 

scatterer are repeatedly plotted at the same point 𝒃. Therefore, plotting 𝑆𝛾(𝒃) of every 

point 𝒃 in ROI will result in a SAFT image. Absolute value is used here since phase 

information is not accounted. 

 

2.2.2 SAFT in a two media case 

 

SAFT has traditionally been applied for a single medium ultrasound imaging. 

However, some recent researches have shown potentials of SAFT imaging in multilayered 

mediums. Skjelvareid et al. developed a SAFT imaging for three layered mediums by 

using an Omega-K algorithm [28]. Shih et al. used a Root-Mean-Square velocity to 

improve complicated and time-consuming delay time computation of SAFT imaging for 

two media problem [29]. The only difference between a single medium and two media 

cases is that it is required to determine a refraction point at the interface of two media 

according to Snell’s laws in order to calculate a TOF of a wave propagation inside two 

media. 

 

Outline of SAFT for two media case is shown in Figure 2.10. A phased-array 

transducers is placed over a specimen with two media. Medium 1 has a density of 𝜌1 

and ultrasonic wave velocities of 𝑐𝐿,1  and 𝑐𝑇,1  for L- and T-modes, respectively. 

Medium 2 has a density of 𝜌2 and ultrasonic wave velocities of 𝑐𝐿,2 and 𝑐𝑇,2 for for 

L-mode and T-mode, respectively. Considering Figure 2.10, ultrasonic wave from a 

transmitter at (𝒂𝒊 = {𝑎1, 𝑎2}), refracted at point of refraction 𝒙𝒊 = {𝑥𝑖,1, 𝑥𝑖,2} on the 

interface between two media and propagated to an arbitrary pixel (𝒃 = {𝑏1, 𝑏2}) inside 

the ROI, is called a transmitting route indicated by the subscript 𝑖 which also indicates 

a transducer number which is used as a transmitter. On the other hand, ultrasonic wave 

scattered at point 𝒃 , refracted at refraction point 𝒙𝒋 = {𝑥𝑗,1, 𝑥𝑗,2}  on the interface 

between two media and received at a receiver (𝒄𝒋 = {𝑐1, 𝑐2}) is called a receiving route  
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Figure 2.10 Outline for SAFT in a two media case. 

 

indicated by a subscript 𝑗 that also represents a transducer number used as a receiver. 

TOF which is used to get corresponding amplitude data from received waveform data can 

be calculated from dividing the distance, ultrasonic wave travelled from point 𝒂𝒊 

scattered at 𝒃 and received at 𝒄𝒋 by wave velocities in each medium. 

 

For transmitting route, refraction point 𝒙𝒊  satisfying Snell’s laws shown in 

Equation 2.4 is required to be solved for any 𝒂𝒊 and 𝒃 to get propagated distance 𝑟𝑖,1
𝛾

 

and 𝑟𝑖,2
𝛾

 in first and second medium, respectively. 

 

sin 𝜃𝑖,1
𝐿

𝑐𝐿,1
=

sin 𝜃𝑖,1
𝑇

𝑐𝑇,1
=

sin 𝜃𝑖,2
𝐿

𝑐𝐿,2
=

sin 𝜃𝑖,2
𝑇

𝑐𝑇,2
 . (2.4) 

 

𝜃𝛾,𝛿 is an angle of incidence or angle of refraction on the interface between two media. 

The subscripts 𝛾  and 𝛿  indicate medium and wave mode, respectively. The newly 

introduced subscript 𝛿 = 1 for first medium and 𝛿 = 2 for second medium. Be noted 

that if first medium is fluid, there will be no T-mode exists in the first medium. 𝐶𝛾,𝛿 is a 

wave velocity of wave mode 𝛾 in medium 𝛿. In this dissertation, refraction points are 

determined numerically by bisection method (with admissible error of 10-3 mm) on 
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assumption that refraction points shall locate in between any 𝒂𝒊 and 𝒃 in a transmitting 

route, and any 𝒃 and 𝒄𝒋 in a receiving route. After refraction point has been determined, 

propagated distance can be simply calculated using the Cartesian coordinates of three 

points. For a receiving route, calculation for 𝑟𝑗,1
𝛾

 and 𝑟𝑗,2
𝛾

 can be calculated in the same 

manner. Then, 𝑇𝑂𝐹𝑎𝑖,𝑐𝑗
𝛾 (𝒃) of an arbitrary pixel 𝒃 from an independent transducer pair, 

a transmitter at 𝒂𝒊 and a receiver at 𝒄𝒋, can be calculated using Equation 2.5 with its 

corresponding wave speed for a chosen wave mode 𝛾. 

 

𝑇𝑂𝐹𝑎𝑖,𝑐𝑗
𝛾 (𝒃) =

𝑟𝑖,1
𝛾

+ 𝑟𝑗,1
𝛾

 

𝑐𝛾,1
+

𝑟𝑖,2
𝛾

+ 𝑟𝑗,2
𝛾

 

𝑐𝛾,2
 (2.5) 

 

After TOF is calculated, the second step is to sum pixel value from all available 

combinations of transmitter and receiver which is similar to a single medium case. 

Corresponding amplitude value from a transmitter 𝒂𝒊 and a receiver 𝒄𝒋 from received 

A-scan signal is acquired and stored as pixel value of 𝒃, 𝐴𝑎𝑖,𝑐𝑗(𝑇𝑂𝐹𝑎𝑖,𝑐𝑗
𝛾 (𝒃)). Finally, a 

summation in Equation 2.3 is performed on every pixel 𝒃 in ROI and plotting the 

𝑆𝛾(𝒃) of every pixel in ROI will result in a SAFT image.  

 

2.3 Modelling of ultrasonic beam radiation by the Approximate 

Wave Solution (AWS) 
 

Ultrasonic beam radiation can be modelled by various methods [30-32]. This 

dissertation models the ultrasonic beam radiation from a spatial displacement in a test 

medium, induced by the ultrasonic wave transmitted from a planar type transducer when 

striking at the interface between two media. Such displacement can be approximated by 

various solutions such as Kirchhoff Beam Transmission (KBT) model which is applicable 

to a wide range of general geometries. However, drawback of a KBT model is that it 

requires the numerical evaluation of double surface integration over the surface of 

transducer and interface between two media.  

 

Schmerr et al. used the stationary phase approximation to evaluate the integrations 

over the interface of two media and simplified this problem into a simpler model called a 

Surface Integral (SI) model which only require one 2-D surface integral [24]. The 

drawback of this SI model is that it will fail if caustics in the wave field, usually observed 

in focusing type transducer, are present. However, this problem can be negligible in this 

dissertation since a planar type transducer is used. Main purpose of this dissertation is to 
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implement approximate ultrasonic beam radiation into the SAFT algorithm, thus 

optimization between accuracy and speed in computation must be made. The SI model 

using a method of stationary phase is selected since it consumes less computational time 

than a KBT model. The SI model will be called Approximate Wave Solution abbreviated 

as AWS throughout this dissertation. 

 

This section is divided into four sub-sections. Section 2.3.1 explains the AWS of 

fluid-solid two phase media with curved interface, which is applied to the water 

immersion tests of rod specimens in chapter 3. Then, the AWS of two solids media with 

planar interface, which is applied to the angle beam tests in chapter 4, is explained in sub-

section 2.3.2. Experimental verification of AWS is reported in section 2.3.3. 

 

2.3.1 AWS of fluid-solid two phase media with curved interface 

 

A detail on the derivation of the AWS for fluid-solid curved interface can be 

followed in [24]. This dissertation shows only the final from of equations which are 

actually implemented into the SAFT algorithm. Considering Figure 2.11, an outline of 

water immersion test is illustrated using the same mathematical expressions as in 

explanation of SAFT in section 2.2. Magnitude of the spatial displacement 𝑢𝑖
𝛾(𝒃, 𝜔) of 

point 𝒃  at a circular frequency 𝜔  of a wave mode 𝛾  when the ultrasonic wave 

transmitted from a transducer at 𝒂𝒊 strikes the interface can be represented as shown in 

Equation 2.6, 

 

𝑢𝑖
𝛾(𝒃, 𝜔) =

−𝑝0

2𝜋𝜌2𝑐𝐿,1𝑐𝛾,2
∫

𝑇12
𝛾;𝐿

exp(i𝑘𝐿,1𝑟𝑖,1
𝛾

+ i𝑘𝛾,2𝑟𝑖,2
𝛾

+ i𝜎𝛾)

𝑟𝑖,1
𝛾

𝑟𝑖,2
𝛾 √|ϕ𝑝1

𝛾
||ϕ𝑝2

𝛾
|𝑆𝑇,𝒂𝑖

𝑑𝑆(𝒂𝑖)  (2.6) 

 

where 𝜌𝛿  is the density of media phase 𝛿 (𝛿 = 1,2), 𝑝0 is a uniform pressure acting 

over the transducer surface and 𝑆𝑇,𝒂𝑖 represents the surface of a transducer at point 𝒂𝒊. 

𝑐𝛾,2 is a wave velocity of mode 𝛾 (𝛾 = 𝐿, 𝑇) in media phase 2. 𝑘𝛾,𝛿 is a wave number 

of wave mode 𝛾 in media phase 𝛿, 𝜔 is an angular frequency and i = √−1. 𝑇12
𝛾;𝐿

 is 

a transmission coefficient of ultrasonic wave propagating from medium phase 1 to 2 of 

the wave mode 𝛾 in medium 2 and can be computed using Equation 2.7 and Equation 

2.8 for L- and T-modes, respectively, where ∆ is defined in Equation 2.9 [33]. 
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Figure 2.11 Outline of water immersion test. 

 

 

𝑇12
𝐿;𝐿 =

2 cos 𝜃𝑖,1
𝐿 [1 − 2(sin 𝜃𝑖,2

𝑇 )2]

cos 𝜃𝑖,1
𝐿 +

𝜌2𝑐𝐿,2

𝜌1𝑐𝐿,1
cos 𝜃𝑖,1

𝐿 ∆
 (2.7) 

𝑇12
𝑇;𝐿 =

−4 cos 𝜃𝑖,1
𝐿 cos 𝜃𝑖,2

𝐿 sin 𝜃𝑖,2
𝑇

cos 𝜃𝑖,2
𝐿 +

𝜌2𝑐𝐿,2

𝜌1𝑐𝐿,1
cos 𝜃𝑖,1

𝐿 ∆
 (2.8) 

∆ = [4 (
𝑐𝑇,2

𝑐𝐿,2
)

2

sin 𝜃𝑖,2
𝑇 cos 𝜃𝑖,2

𝑇 sin 𝜃𝑖,2
𝐿 cos 𝜃𝑖,2

𝐿 + 1 − 4(sin 𝜃𝑖,2
𝑇 cos 𝜃𝑖,2

𝑇 )2] (2.9) 

 

ϕ𝑝1
𝛾

, ϕ𝑝2
𝛾

 in Equation 2.6 are given by Equations 2.10 and 2.11. 

 

ϕ𝑝1
𝛾

=
ϕ11

𝛾
+ ϕ22

𝛾

2 
+

1

2
√(ϕ11

𝛾
− ϕ22

𝛾
)2 + 4(ϕ12

𝛾
)2 (2.10) 

ϕ𝑝2
𝛾

=
ϕ11

𝛾
+ ϕ22

𝛾

2 
−

1

2
√(ϕ11

𝛾
− ϕ22

𝛾
)2 + 4(ϕ12

𝛾
)2 (2.11) 
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ϕ11
𝛾

, ϕ12
𝛾

 and ϕ22
𝛾

 are given by Equations 2.12-2.14. 

 

ϕ11
𝛾

=
1

𝑟𝑖,2
𝛾

 
+

𝑐𝛾,2cos2𝜃𝑖,1
𝐿

𝑐𝐿,1cos2𝜃𝑖,2
𝛾

1

𝑟𝑖,1
𝛾 −

(𝑐𝛾,2 cos 𝜃𝑖,1
𝐿 /𝑐𝐿,1 − cos 𝜃𝑖,2

𝛾
)

𝑅𝐼 cos2𝜃𝑖,2
𝛾  (2.12) 

ϕ12
𝛾

= ϕ21
𝛾

=
(𝑐𝛾,2 cos 𝜃𝑖,1

𝐿 /𝑐𝐿,1 − cos 𝜃𝑖,2
𝛾

)

𝑅𝐼0cos2𝜃𝑖,2
𝛾  (2.13) 

ϕ22
𝛾

=
1

𝑟𝑖,2
𝛾

 
+

𝑐𝛾,2

𝑐𝐿,1

1

𝑟𝑖,1
𝛾 −

(
𝑐𝛾,2 cos 𝜃𝑖,1

𝐿

𝑐𝐿,1
− cos 𝜃𝑖,1

𝐿 )

𝑅0

, 
(2.14) 

 

Where curvature terms 𝑅𝐼 , 𝑅𝐼0, 𝑅0 are assumed to be infinitely large. Phase change term 

𝜎𝛾 in Equation 2.6 is given by Equation 2.15, and sgn ϕ𝑝1
𝛾

 and sgn ϕ𝑝2
𝛾

 are signum 

functions of ϕ𝑝1
𝛾

 and ϕ𝑝2
𝛾

. 

 

                                       𝜎𝛾 =
𝜋

4 
(sgn ϕ𝑝1

𝛾
+ sgn ϕ𝑝2

𝛾
) (2.15) 

 

For the receiving process from the point 𝒃 to the receiver 𝒄𝒋, AWS is used in the same 

manner as in the transmitting route, but the transmission coefficient 𝑇12
𝛾;𝐿

 was changed 

to 𝑇21
𝐿;𝛾

 which can be calculated by Equation 2.16. 

 

𝑇21
𝐿;𝛾

=
𝜌1𝑐𝐿,1 cos 𝜃𝑖,2

𝛾

𝜌2𝑐𝛾,2 cos 𝜃𝑖,1
𝐿 𝑇12

𝛾;𝐿
 . (2.16) 

 

Therefore, AWS for the receiving route is obtained as shown in Equation 2.17 

 

𝑢𝑗
𝛾(𝒃, 𝜔) =

−𝑝0

2𝜋𝜌2𝑐𝐿,1𝑐𝛾,2
∫

𝑇21
𝐿;𝛾

𝑑𝑛
𝛾

exp(i𝑘𝐿,1𝑟𝑗,1
𝛾

+ i𝑘𝛾,2𝑟𝑗,2
𝛾

+ i𝜎𝛾)

𝑟𝑗,1
𝛾

𝑟𝑗,2
𝛾 √|ϕ𝑝1

𝛾
||ϕ𝑝2

𝛾
|𝑆𝑇,𝒄𝒋

𝑑𝑆(𝒄𝒋) . (2.17) 
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Examples of ultrasonic beam radiation model using the AWS are shown in Figure 

2.12 and 2.13, in case of γ = 𝐿 and 𝑇, respectively. Frequency is 5 MHz, 𝑝0 = 1 MPa 

and material properties are shown in Table 2.1. First medium is Water and second 

medium is an Aluminum. Element numbers of transducers used in these examples are 

Ch.16 and 32. Element size is 0.4 mm×12.0 mm with 0.5 mm pitch between adjacent 

elements. 

 

Ultrasonic beam radiation of second phase medium in T- and L-modes for any 

transducer positions can be approximated using Equation 2.6. Considering Figure 2.12, 

AWS beam radiation model in L-mode shows that ultrasonic wave from both transducers 

strongly propagated in the direction normal to the nearest interfaces, or the tangential line 

of closest surface of aluminum rod specimen.  

 

Considering Figure 2.13, T-mode AWS beam radiation models are show. In this 

case, ultrasonic wave from both transducers strongly propagated in ±45° directions 

from the normal of the nearest interfaces, or the tangential line of closest surface of an 

aluminum rod specimen. Implementing these beam radiation models into SAFT will 

amplify pixel value in direction where ultrasonic wave strongly propagates for each mode. 

On the other hand, it will suppress the SAFT imaging values at the pixels where ultrasonic 

amplitudes are weak. 

 

 

Material Density (Kg/m3) 𝒄𝑳 (m/s) 𝒄𝑻 (m/s) 

Water 1000 1470 - 

Aluminum 2700 6300 3130 

Table 2.1 Material properties used in water immersion test. 
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(a) 

 

 

(b) 

Figure 2.12 L-mode beam radiation; (a) Ch.16 and (b) Ch.32. 
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(a) 

 

 
(b) 

Figure 2.13 T-mode beam radiation models; (a) Ch.16 and (b) ch.32. 
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2.3.2 AWS of two solids media with planar interface 

 

Outline of angle beam test is shown in Figure 2.7 using the same mathematical 

expressions as in the explanation of SAFT in section 2.2. Detail on the derivation of AWS 

for solid-solid two layered medium with planar interface can also be found in [24]. 

Magnitude of the spatial displacement 𝑢𝑖
𝛾(𝒃, 𝜔) of point 𝒃 at a circular frequency 𝜔 

of a wave mode 𝛾 when the ultrasonic wave transmitted from a transducer channel 𝑖 

strikes the interface of two solids can be represented as shown in Equation 2.18. 

 

𝑢𝑖
𝛾(𝒃, 𝜔) =

𝑝0

2𝜋𝜌1𝑐𝐿,1
2 ∫

𝐾𝛾(𝜃1
𝛾,𝐿

)𝑇12
𝛾;𝐿

exp(i𝑘𝐿,1𝑟𝑖,1
𝛾

+ i𝑘𝛾,2𝑟𝑖,2
𝛾

)

√∆𝑥
𝛾;𝐿√∆𝑦

𝛾;𝐿
𝑆𝑇,𝑎𝑖

𝑑𝑆(𝑎𝑖) (2.18) 

 

where 𝑝0 is a pressure acting on the transducer surface 𝑆𝑇,𝑎𝑖, 𝜌𝛿  is a density of media 

phase 𝛿, 𝑘𝛾,𝛿 represents the wave number of wave mode 𝛾 in solid 𝛿 and i = √−1. 

Directivity function 𝐾𝐿(𝜃1
𝛾,𝐿

) can be computed from Equation 2.19 and Equation 2.20 

for L- and T-modes, respectively. 

 

 

 

 

Figure 2.14 Outline of angle beam test. 
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𝐾𝐿(𝜃𝑖,1
𝐿 ) =

cos 𝜃𝑖,1
𝐿 𝜅1

2(𝜅1
2 2⁄ − sin2(𝜃𝑖,1

𝐿 )

2G(sin 𝜃𝑖,1
𝐿 )

 , (2.19) 

𝐾𝑇(𝜃𝑖,1
𝐿 ) =

𝜅1
3 cos 𝜃𝑖,1

𝐿 sin 𝜃𝑖,1
𝐿 √1 − 𝜅1

2 sin2(𝜃𝑖,1
𝐿 )

2G(𝜅1 sin 𝜃𝑖,1
𝐿 )

 (2.20) 

 

where 𝜅1 = 𝑐𝐿,1 𝑐𝑇,1⁄ . G(x) is the function written as follows: 

 

G(𝑥) = (𝑥2 − 𝜅1
2 2⁄ )2 + 𝑥2√1 − 𝑥2 √𝜅1

2 − 𝑥2 . (2.21) 

 

Considering Equation 2.18, 𝑇12
𝛾;L

 is a transmission coefficient of ultrasonic wave 

propagating from solid 1 to 2 of the wave mode 𝛾 in solid 2 which can be calculated 

using Equation 2.22 and 2.23 for L- and T-modes, respectively. 

 

𝑇12
𝐿;𝐿 =

2 cos 𝜃𝑖,1
𝐿 (1 − 2sin2𝜃𝑖,1

𝑇 )(1 − 2sin2𝜃𝑖,2
𝑇 )

∆1 + ∆2
 (2.22) 

𝑇12
𝑇;𝐿 =

−4 sin 𝜃𝑖,2
𝑇 cos 𝜃𝑖,1

𝐿 cos 𝜃𝑖,2
𝐿 (1 − 2sin2𝜃𝑖,2

𝑇 )

∆1 + ∆2
 , (2.23) 

 

where ∆1 and ∆2 are defined in Equation 2.24 and 2.25 [33]. 

 

∆1= cos 𝜃𝑖,2
𝐿 [1 − 4sin2𝜃𝑖,1

𝑇 cos2𝜃𝑖,2
𝑇 + 4

𝑐𝑇,1
2

𝑐𝐿,1
2 sin 𝜃𝑖,1

𝑇 cos 𝜃𝑖,1
𝑇 sin 𝜃𝑖,1

𝐿 cos 𝜃𝑖,1
𝐿 ], (2.24) 

∆2=
𝜌2𝑐𝐿,2

𝜌1𝑐𝐿,1
cos 𝜃𝑖,1

𝐿 [1 − 4sin2𝜃𝑖,2
𝑇 cos2𝜃𝑖,2

𝑇 + 4
𝑐𝑇,2

2

𝑐𝐿,2
2 sin 𝜃𝑖,2

𝑇 cos 𝜃𝑖,2
𝑇 sin 𝜃𝑖,2

𝐿 cos 𝜃𝑖,2
𝐿 ]. (2.25) 

 

Phase terms ∆𝑥
𝛾;𝐿

 and ∆𝑦
𝛾;𝐿

 in Equation 2.18, which are derived from a stationary phase 

method, are given by Equation 2.26 and 2.27, respectively. 

 

∆𝑥
𝛾;𝐿

= 𝑟𝑖,1
𝛾

+
𝑐𝛾,2cos2𝜃𝑖,1

𝛾

𝑐𝐿,1cos2𝜃𝑖,2
𝛾 𝑟𝑖,2

𝛾
, (2.26) 

∆𝑦
𝛾;𝐿

= 𝑟𝑖,1
𝛾

+
𝑐𝛾,2

𝑐𝐿,1
𝑟𝑖,2

𝛾  (2.27) 

Considering a receiving route, AWS is described in the same manner as a transmitting 
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route but transmission coefficient 𝑇12
𝛾;𝐿

 must be changed to 𝑇21
𝐿;𝛾

 which can be 

calculated using Equation 2.16. AWS for receiving route shown in Figure 2.14 can be 

written as Equation 2.28. 

 

𝑢𝑗
𝛾(𝒃, 𝜔) =

𝑝0

2𝜋𝜌1𝑐𝐿,1
2 ∫

𝐾𝐿(𝜃1
𝛾,𝐿

)𝑇21
𝐿;𝛾

exp(i𝑘𝐿,1𝑟𝑗,1
𝛾

+ i𝑘𝛾,2𝑟𝑗,2
𝛾

)

√∆𝑥
𝛾;𝐿√∆𝑦

𝛾;𝐿
𝑆𝑇,𝑐𝑗

𝑑𝑆(𝑐𝑗) . (2.28) 

 

Using Equation 2.18, displacement 𝑢𝑖
𝛾(𝒃, 𝜔)  when the ultrasonic wave 

transmitted from an 𝑖-th transducer of wave mode 𝛾 strike the interface of two solids 

can be computed, and its magnitude is used to model the ultrasonic beam radiation. 

Examples of AWS beam radiation model will be shown using a central frequency of 5 

MHz, 𝑝0 = 1 MPa and materials properties as shown in Table 2.2 where first solid 

medium is Polystyrene (PS) and second solid medium is Steel. An element number of the 

transducer used in these examples is Ch.16 located near the center of a phased-array 

transducer. The element size is 0.4 mm×12.0 mm with 0.5 mm pitch between adjacent 

elements. 

 

 

Material Density (Kg/m3) 𝒄𝑳 (m/s) 𝒄𝑻 (m/s) 

PS 1000 2320 1153 

Steel 7800 5940 3233 

Table 2.2 Material properties used in angle beam test. 

 

Ultrasonic beam radiation models using AWS are shown in Figure 2.15 and 2.16 for L- 

and T-modes, respectively. Angle 𝜃PA  represents an angle between surfaces of a 

transducer and the second solid, or the line of interface. Figure 2.15(a) shows L-mode 

beam radiation in case of 𝜃PA = 0° and Figure 2.15(b) shows the case of 𝜃PA = 16°. 

The Unit of displacements are in nanometer(nm). Both AWS beam radiations show that 

ultrasonic wave in L-mode strongly propagated in the normal direction to the interface 

between two solids. When angle 𝜃PA is rotated to 16°, transducer no.16 moved to the 

right, thus strong beam radiation region also shifted to the right.  
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Figure 2.16(a) shows the T-mode beam radiation in case of 𝜃PA = 0° and Figure 

2.16(b) shows the case of 𝜃PA = 16°. In these cases, strong beam radiation regions were 

observed in approximately ±45° directions from the normal of the closest interface. 

When angle 𝜃PA is rotated to 16°, transducer no.16 moved to the right, thus strong beam 

radiation region also shifted to the right, however, the high intensity region became wider. 

Implementing these beam radiation models into SAFT will amplify pixel value 

|𝐴𝑎𝑖,𝑐𝑗(𝑇𝑂𝐹𝑎𝑖,𝑐𝑗
𝛾 (𝒃))| in the regions where ultrasonic wave strongly propagates while 

also suppress the opposite. Implementation method of AWS into conventional SAFT will 

be explained in next section. 

 

(a) 

 
(b) 

Figure 2.15 L-mode beam radiation models of transducer ch.16;  

(a) 𝜃PA = 0° and (b) 𝜃PA = 16°. 
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(a) 

 

(b) 

Figure 2.16 T-mode beam radiation models of transducer ch.16; 

(a) 𝜃PA = 0° and (b) 𝜃PA = 16°. 
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2.3.3 Verification of AWS using actual beam measurement  

 

This section explains the verification of an actual ultrasonic beam radiation by 

means of experiments. The objective is to observe the phenomenon shown in Figure 

2.15(a) and (b), where the high intensity region of L-mode beam radiation shifted to the 

right when angle 𝜃PA  is rotated to 16° . However, it is difficult to obtain direct 

comparison using similar situation since the PS wedge used for phased-array transducers 

is quite small. Therefore, an indirect comparison was considered using two experimental 

cases that help in implying above the mentioned phenomenon. 

 

Experiment is divided into two steps. Experiment step-1 is performed on a single 

medium as shown in Figure 2.17(a). The same phased-array transducer (PA) used 

throughout all angle beam tests in this dissertation is placed on a 39.5 mm thick PS 

rectangular prism. A pulse of central frequency at 5 MHz is transmitted from Ch.16 of 

such PA. A circular type single element transducer of 20 mm diameter and central 

frequency of 5 MHz is used as a receiver. There are 23 points for the measurement, where 

Pt.1 starting from the position -27.5 mm to the left of center line of PA. Interval between 

each point is kept as 2.5 mm. The measurements are conducted 3 times and the mean 

from 3 measurements is used to represent the result. 

 

The experimental result for step-1 is shown in Figure 2.17(b). Plotted amplitudes 

are corresponding to the TOF which ultrasonic wave required to travel from the surface 

of a transmitter to the surface of a receiver. Gauss integration is used on the receiver 

surface in order to obtain more precise amplitude data. Yellow line in Figure 2.17(b) is 

drawn using the mean from 3 measurements and it can be used to represent 1-D beam 

radiation on the bottom surface of PS prism. It can be observed that the peak beam 

radiation is located beneath the location of PA Ch.16 which was used as a transmitter. 

This verified the phenomenon which L-mode wave strongly propagated in normal 

direction. 
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(a) (b) 

Figure 2.17 Verification of actual beam radiation in a single medium. 

 

Experiment step-2 on a two solid media case is shown in Figure 2.18(a). The same 

PA is placed on a large PS wedge of known geometry which is used as the first medium. 

A steel plate of thickness 21.5 mm is properly tied to the wedge using clamps. Couplant 

is applied on the interface between these two solids for ultrasonic wave to transmit 

efficiently. A pulse of central frequency at 5 MHz is transmitted from Ch.16 of PA. The 

same circular type single element transducer of 20 mm diameter and central frequency of 

5 MHz is used as a receiver. Measurement is performed on 23 points where Pt.1 starting 

from -27.5 mm to the left of center line C0 as shown in Figure 2.18(a). Interval between 

each point is kept the same as 2.5 mm. Measurements are conducted 3 times, hence the 

mean is used to represent the result. 

 

Experimental result for step-2 is shown in Figure 2.18(b). Plotted amplitudes are 

corresponding to the TOF when the ultrasonic wave propagated from the surface of a 

transmitter, refracted at the interface and received at the surface of a receiver. Yellow line 

in Figure 2.18(b) represents 1-D beam radiation on the bottom surface of steel plate. It 

can be observed that the peak beam radiation is located beneath the location of PA Ch.16 

which was used as a transmitter. This verified the phenomenon which L-mode wave 

strongly propagated in normal direction, even in the case of two solids media. Using such 

results, it can be implied that L-mode ultrasonic beam radiation approximated from the 

AWS is correct.  
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The investigation for T-mode actual beam radiation was performed using the same 

experimental result from step-2. Plotted amplitudes are corresponding to the TOF when 

the ultrasonic longitudinal wave propagated from the surface of a transmitter, converted 

to transverse wave at the interface, and received at the surface of a receiver. The yellow 

line in Figure 2.19(b) represents 1-D beam radiation on the bottom surface of steel plate 

in transverse wave mode. The magnitudes of received waves in this case are very small 

(order of 10−6) compared to those from L-mode (order of 10−2). Hence, it can be 

considered that the yellow line is showing the magnitude of noises. It can be implied that 

the actual beam radiation in transverse wave mode had not been yet verified through 

experiment. Changing of the receiver and its couplant may yield better result, however, it 

had not been tested in this dissertation, due to difficulties in the test setup. 

 

 

(a) (b) 

Figure 2.18 L-mode verification of actual beam radiation in two solids media. 

 

 

(a) (b) 

Figure 2.19 T-mode verification of actual beam radiation in two solids media. 
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2.4 AWS-SAFT 
 

This section explains the AWS-SAFT. Sub-section 2.4.1 explains the 

implementation method used to account the AWS into the conventional SAFT for fluid-

solid water immersion test. The implementation methods are mutual for both fluid-solid 

water immersion and solid-solid angle beam tests. However, it will be explained 

separately to avoid confusion. Therefore, the implementation method is explained again 

in sub-section 2.4.2 for solid-solid angle beam test. 

 

2.4.1 Implementation of AWS into SAFT in water immersion test 

 

This section explains the implementation of AWS into SAFT for fluid-solid water 

immersion test. Considering Figure 2.11, the pixel value at point 𝒃 located in ROI for a 

pair of transmitter 𝑖 and receiver 𝑗 can be computed from |𝐴𝑎𝑖,𝑐𝑗(𝑇𝑂𝐹𝑎𝑖,𝑐𝑗
𝛾 (𝒃))|. In 

principle, however, there are other pixel points 𝒙 in ROI, for which the time of flight 

𝑇𝑂𝐹𝒂𝒊,𝒄𝒋
𝛾 (𝒙) shows the same value as 𝑇𝑂𝐹𝒂𝒊,𝒄𝒋

𝛾 (𝒃). It means that when 𝑆𝛾(𝒃) defined 

by Eq. (3) is plotted as a function of 𝒃  in SAFT imaging, the value of 

|𝐴𝑎𝑖,𝑐𝑗(𝑇𝑂𝐹𝑎𝑖,𝑐𝑗
𝛾 (𝒃))| may be distributed as undesired noises even at other pixel points 

where transmitted waves are very weak and no real scatterer exists. That is why images 

created by a conventional SAFT sometimes become unclear.  

 

As described in the previous section, the displacement amplitude at a pixel point in 

ROI can be easily calculated by using AWS. Then it is expected that the incorporation of 

AWS with SAFT may reduce undesired noises from pixel points where only insignificant 

wave fields exist. Hence we propose the improved formula of AWS-SAFT as 

 

𝐴𝑊𝑆𝛾(𝒃) = ∑ ∑|𝐴𝑖,𝑗(𝑇𝑂𝐹𝑖,𝑗
𝛾

(𝒃))𝑢𝑖
𝛾(𝒃)𝑢𝑗

𝛾(𝒃)|

𝑗𝑖

 . (2.26) 

 

To show the efficiency of AWS-SAFT, we consider a single waveform obtained by a 

pulse-echo experiment using the 32th array element. The experimental conditions used 

are the same as those in case 1A in section 3. On the assumption that longitudinal waves 

propagate in the target specimen, Figure 2.20(a) shows the image of 

|𝐴32,32(𝑇𝑂𝐹32,32
𝐿 (𝒃))| which corresponds to a part of a conventional SAFT. In this figure, 

it is shown that the amplitude of reflected longitudinal wave is distributed not only at the 

real defect position but also in side area of the defect. Figure 2.20(b) shows the 
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displacement amplitudes of AWS, |𝑢32
𝐿 (𝒃)𝑢32

𝐿 (𝒃)|, as a function of the position 𝒃 in 

ROI. Figure 2.20(c) illustrates the values of |𝐴32,32(𝑇𝑂𝐹32,32
𝐿 (𝒃))𝑢32

𝐿 (𝒃)𝑢32
𝐿 (𝒃)|, which 

may be a part of AWS-SAFT. Comparing with Figure 2.20(a), Figure 2.20(c) gives the 

image intensity more concentrated around the defect.  

 

Figure 2.21(a) to (c) are the same figures as Figure 2.20(a) to (c), respectively, but 

for using the pulse-echo signal for 64th array element and assuming the propagation of 

transverse waves in a solid specimen. Similar results are obtained as in the case of Figure 

2.20. 

 

Philosophy for the implementation of AWS into SAFT is to account beam radiation 

computed from AWS into SAFT calculation. The key in accounting AWS beam radiation 

into SAFT is by multiplying 𝑢𝑖
𝛾(𝒃, 𝜔)  from Equation 2.5 and 𝑢𝑗

𝛾(𝒃, 𝜔)  from 

Equation 2.14 of mode 𝛾  into corresponding pixel value |𝐴𝑎𝑖,𝑐𝑗(𝑇𝑂𝐹𝑎𝑖,𝑐𝑗
𝛾 (𝒃))|  of 

point 𝒃 using the same wave mode.  
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(a)  (b)  (c) 

Figure 2.20 L-mode AWS-SAFT for transmitter 𝑖 = 32 and receiver 𝑗 = 32;                          

(a) |𝐴𝑎32,𝑐32(𝑇𝑂𝐹𝑎32,𝑐32
𝐿 (𝒃))|, (b) |𝑢32

𝐿 (𝒃)𝑢32
𝐿 (𝒃)| and  

(c) |𝐴𝑎32,𝑐32 (𝑇𝑂𝐹𝑎32,𝑐32
𝐿 (𝒃)) 𝑢32

𝐿 (𝒃)𝑢32
𝐿 (𝒃)|. 

 

 

(a)  (b)  (c) 

Figure 2.21 T-mode AWS-SAFT for transmitter 𝑖 = 64 and receiver 𝑗 = 64;                          

(a) |𝐴𝑎64,𝑐64 (𝑇𝑂𝐹𝑎64,𝑐64
𝑇 (𝒃))|, (b) |𝑢64

𝑇 (𝒃)𝑢64
𝑇 (𝒃)| and 

(c) |𝐴𝑎64,𝑐64 (𝑇𝑂𝐹𝑎64,𝑐64(𝒃)) 𝑢64
𝑇 (𝒃)𝑢64

𝑇 (𝒃)|. 
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2.4.2 Implementation of AWS into SAFT in angle beam test 

 

This section explains the implementation of AWS into SAFT for a solid-solid angle 

beam test. Considering Figure 2.14, pixel value of point 𝒃 located in ROI for a pair of 

transmitter 𝑖  and receiver 𝑗  for wave mode 𝛾  can be computed from 

|𝐴𝑎𝑖,𝑐𝑗(𝑇𝑂𝐹𝑎𝑖,𝑐𝑗
𝛾 (𝒃))|.  

 

AWS-SAFT uses the same principle for both fluid-solid and solid-solid cases as 

mentioned earlier. The key in accounting AWS beam radiation into SAFT is by simply 

multiplying beam radiation approximate from AWS in Equation 2.18 and 2.28 into 

corresponding pixel value |𝐴𝑎𝑖,𝑐𝑗(𝑇𝑂𝐹𝑎𝑖,𝑐𝑗
𝛾 (𝒃))| for all points 𝒃 in a test medium.  

 

Figure 2.22 illustrates a test configuration which will be used throughout this 

section in order to demonstrate the computation of AWS-SAFT. A side-drilled hole (SDH) 

of diameter 1.5 mm was mocked into the steel plate as an artificial defect for ultrasound 

imaging. Demonstration for L-mode is shown in Figure 2.23 where angle 𝜃PA is set to 

16°, and for T-mode in Figure 2.24 where angle 𝜃PA is set to 38°. These angles are 

selected as the same with those used in Chapter 4 where the rationale of selection is 

explained. A transducers pair where transmitter 𝑖 = 8 and receiver 𝑗 = 24 is selected 

for this demonstration. 

 

 

 

 

 

Figure 2.22 Test configuration for sub-section 2.4.2. 
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Considering Figure 2.23(a) and 2.24(a), plots of pixel values for all points 𝒃 in 

ROI are shown with location of the defect. In these figures, it is shown that the amplitude 

of reflected longitudinal wave is distributed not only at the real defect position but also 

in side area of the defect. Displacement field computed from AWS for the same pair of 

transmitter and receiver are shown in Figure 2.23(b) for L-mode and Figure 2.24(b) for 

T-mode. Absolute value |𝑢8
𝛾(𝒃, 𝜔)| and |𝑢24

𝛾 (𝒃, 𝜔)| are used in plotting displacement 

field here since we only required the magnitude. Beam radiation of this transducers pair 

is then multiplied with SAFT pixel value, thus the pixel value for AWS-SAFT 

became |𝐴𝑎8,𝑐24(𝑇𝑂𝐹𝑎8,𝑐24
𝛾 (𝒃))𝑢8

𝛾(𝒃)𝑢24
𝛾 (𝒃)|. 

 

AWS-SAFT pixel plots for all pixel in ROI are shown in Figure 2.23(c) and 2.24(c) 

for L- and T-mode, respectively. Comparing with Figure 2.23(a) and 2.24(a), Figure 

2.23(c) and 2.24(c) give the image intensity more concentrated around the defect. It can 

be observed that ultrasonic beam radiation model computed from the AWS had been 

accounted into SAFT, resulting in the amplification of pixel values over the region where 

the intensities of ultrasonic beam radiation is high. On the other hand, the pixel values 

over the region where the intensities of ultrasonic beam radiation are low are suppressed. 

Summation similar to conventional SAFT in Equation 2.3 is represented in Equation 

2.26 for AWS-SAFT. 

 

Plotting of 𝐴𝑊𝑆𝛾(𝒃) results in AWS-SAFT image which accounts ultrasonic 

beam radiation into the computation. Characteristics of this improved version of SAFT 

will be explained in chapter 4 for solid-solid angle beam test using a case study on 

ultrasound imaging of steel bottom defect. 
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(a) 

 

(b) 

 

(c) 

Figure 2.23 L-mode AWS-SAFT for transmitter 𝑖 = 8 and receiver 𝑗 = 24; 

(a) |𝐴𝑎8,𝑐24 (𝑇𝑂𝐹𝑎8,𝑐24
𝐿 (𝒃))|, (b) |𝑢8

𝐿(𝒃)𝑢24
𝐿 (𝒃)| and 

(c) |𝐴𝑎8,𝑐24(𝑇𝑂𝐹𝑎8,𝑐24
𝐿 (𝒃))𝑢8

𝐿(𝒃)𝑢24
𝐿 (𝒃)|. 
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(a) 

 

(b) 

 

(c) 

Figure 2.24 T-mode AWS-SAFT for transmitter 𝑖 = 8 and receiver 𝑗 = 24; 

(a) |𝐴𝑎8,𝑐24 (𝑇𝑂𝐹𝑎8,𝑐24
𝑇 (𝒃))|, (b) |𝑢8

𝑇(𝒃)𝑢24
𝑇 (𝒃)| and 

(c) |𝐴𝑎8,𝑐24(𝑇𝑂𝐹𝑎8,𝑐24
𝑇 (𝒃))𝑢8

𝑇(𝒃)𝑢24
𝑇 (𝒃)|. 
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2.5 Summary 
 

As a fundamental knowledge to fully understand this dissertation, three significant 

components are explained:  

 Fundamental of ultrasonic testing 

 Principles of SAFT in single medium and two media cases 

 Modelling of ultrasonic beam radiation using the AWS 

 

Ultrasonic beam radiation computed from AWS was verified using actual beam 

measurement. However, only L-mode could be verified successfully. For T-mode, the 

changing of receiving transducer and couplant may help to get meaningful result. 

 

AWS-SAFT, an improved SAFT using the implementation of ultrasonic beam 

radiation computed using the AWS, was proposed. AWS can be accounted into SAFT 

using multiplication. At this stage, objective I, define a clear implementation method to 

account AWS into SAFT algorithm, was accomplished. 

 

Performance of the proposed AWS-SAFT will be reported in Chapter 3 for fluid-

solid water immersion test, and Chapter 4 for solid-solid angle beam test. 
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Chapter 3:  Application of AWS-SAFT in water    

immersion ultrasonic test 

 

In this chapter, the performance of the proposed AWS-SAFT in fluid-solid two-

phase medium is evaluated by comparing ultrasound images from AWS-SAFT, with those 

from conventional SAFT. Experimental setup which is typical for all cases is explained 

in section 3.1. Experiment is organized in two steps, first, study on the characteristics of 

AWS-SAFT image is explained in section 3.2 (to accomplish Objective II). Then, efficient 

method to obtain ultrasound image of a rod specimen is proposed and tested in section 

3.3 (to accomplish Objective III). A summary is given in section 3.4. 

 

3.1 Experimental setup 

 
All ultrasonic tests are performed using a 64 channels linear phased-array 

transducer (PA) with main frequency of 5 MHz produced by KGK (Kanagawa, JAPAN) 

as shown in Figure 3.1. Element size is 0.4 mm×12.0 mm aligned with 0.5 mm pitch 

between adjacent elements. A pulser-receiver (TOSHIBA CC-TW-215MRY, Tokyo, 

JAPAN) as seen in Figure 3.2 is used, which generates pulses with main frequency of 5 

MHz. Wave data is acquired using control software from the same maker with sampling 

frequency of 50 MHz and averaged 128 times to get stabilized signals. No gain is added 

in order to suppress noises to minimum level. An aluminum rod specimen is shown in 

Figure 3.3. Diameter and the length of a rod specimen is 30 mm and 50 mm, respectively. 

Diameter of a side-drilled hole (SDH) is 2 mm and is typical for all SDHs. The water 

distance between the center of a PA to the specimen’s top surface is set to 10 mm as shown 

in Figure 3.4. 

 

A sketch of experimental setup is shown in Figure 3.4, and the actual photo of the 

experimental setup is shown in Figure 3.5. The earliest reflection or the ultrasound 

transmitted from transducer channel 32 or 33 located at the center of PA to the nearest 

curved surface and reflected back to the same transducers arrived at 13.6μs, hence delay 

time is set as 12.5μs in order to record earliest reflection wave data. Number of recorded 

digitized data is 1024 points yields time increments of 0.02μs, thus end recording time 

would be 32.98μs.  
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L-mode wave velocity in water is 1470 m/s and the L- and T-mode wave velocities 

in aluminum are 6300 m/s and 3130 m/s, respectively. The longest travelling route 

expected to be recorded in this setup is ultrasound wave travelling from transducer 

channel 32 or 33 striking at the interface and propagated to the side surface of rod 

specimen in T-mode, then reflected back via the same route. Round trip travelling distance 

in water is 20 mm and in rod specimen is 60 mm, assumed using the diameter of a rod 

which is the largest distance in a circle. Using wave velocities mentioned above, TOF of 

this route can be calculated as 32.77μs. Therefore, wave data recorded from 12.5μs to 

32.98μs as mentioned before is enough to record every scattered wave from both L- and 

T- modes. 

 

 

 

 

 

Figure 3.1 64 channels linear phased-array transducers. 
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    Figure 3.2 Pulser-receiver and wave acquisition system. 

 

 

 

 

Figure 3.3 A typical rod specimen. 
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Figure 3.4 Outline of water immersion test 

 

 

 

 

 

Figure 3.5 Photo of experimental setup. 
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3.2  Study on characteristics of an AWS-SAFT image 
 

In this section, the characteristics, or the performances of AWS-SAFT are 

confirmed using ultrasound imaging of an SDH in an aluminum rod specimens, each one 

located in different position. Position of SDHs are designed to evaluate performance of 

AWS-SAFT in the cases when SDHs are located inside and outside the region where 

intensities of AWS ultrasonic beam radiation are high. Summed beam radiations from all 

available transducer of this PA for L- and T-modes, which are computed by AWS, are 

shown in Figure 3.6 and 3.7, respectively. Plotted values were normalized and contour 

lines were added to indicate the intensity of ultrasonic beam radiation in various region 

over the cross-section of a rod specimen. 

 

Considering the intensity of radiated ultrasound, improvement effect of AWS-

SAFT can be predicted using the consideration that the region where the intensities of the 

AWS ultrasonic beam radiation are high (White and yellow region in Figures 3.6 and 3.7) 

is supposed to get more improvement effect than the region where the intensities of AWS 

are low. If an SDH is located inside the AWS’s high intensity region (assume that it is 

where the magnitudes of normalized displacement values are larger than 0.1 in both L and 

T-modes), high improvement effect when using AWS-SAFT can be anticipated. On the 

other hand, if defect is located outside the high intensity region where displacement 

values are smaller than 0.1, improvement effect will be gradually minimized according 

to defect location.  

 

Region in which normalized magnitude of displacement values are larger than 0.1 

will be called the Effective Region (ER).  
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Figure 3.6 L-mode summed AWS beam radiations from all 64 transducers; 

∑ ∑ |𝑢𝑖
𝐿𝑢𝑗

𝐿|𝑗𝑖 . 

 

 

Figure 3.7 T-mode summed AWS beam radiations from all 64 transducers; 

∑ ∑ |𝑢𝑖
𝑇𝑢𝑗

𝑇|𝑗𝑖 . 
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Four specimens shown in Figure 3.8 were designed to confirm the performance of 

this theory. Numbering codes for each specimen shown under specimen photo in Figure 

3.8 represent as follows: 1 stands for step 1 and alphabets after the number are used to 

designate each case. Case 1A and 1B are those which high improvement effect is 

anticipated for L- and T-mode, respectively. Case 1C and 1D were designed to test our 

assumption that if defects are outside the AWS’s high intensity area, the improvement 

effect will be minimized. In these two cases, SDHs are both located outside the ER hence 

improvement effect should be remarkably small. 

 

Experimental results are shown in Figures 3.9-3.12. The pixel width used 

throughout this paper is 0.1 mm. In each figure, the benchmark image is shown in Figure 

a as a reference image, where the pixel value on the boundary of an SDH is 1.0, while the 

values are zero outside the SDH and inside the boundary of an SDH. The width of the 

boundary strip of an SDH is assumed as 0.15 mm. Figures b and c show the flaw images 

obtained by means of the conventional SAFT and the AWS-SAFT, respectively. For 

images in Figures a-c, the index for image quality assessment, called Mean Structural 

Similarity (MSSIM, see Appendix A), is calculated. For a reference image shown in 

Figure a, MSSIM is set to 1, and MSSIM (0 ≤ MSSIM ≤ 1) gives a higher value for 

an image more similar to the reference image. Constants used in MSSIM calculation using 

Equation A1-A8 in the Appendix A are 𝐾1 = 0.01, 𝐾2 = 0.03 and 𝐿 = 1. 

 

 

Figure 3.8 Specimens for experiment step 1. 
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Figure 3.9 shows results of AWS-SAFT using the L-wave mode for case 1A where 

the SDH is inside the effective zone of L-mode. As seen in Figures b and c, the SDH 

images are localized correctly by both SAFT and AWS-SAFT, respectively. Using AWS-

SAFT, overall noises of the image are reduced, hence the SDH image becomes clearer. 

Moreover, the SDH image by AWS-SAFT has less side lobes than SAFT. The MSSIM 

values for Figures b and c are 0.2713 and 0.2881, respectively. Therefore, there is not 

much difference in MSSIMs for AWS-SAFT and SAFT since the image configuration 

does not differ much compared to the benchmark in Figure a. 

 

 

 

 

 

 

(a) 

Figure 3.9 Case 1A results when SDH is inside the ER of L-mode.   

(a) Benchmark, MSSIM = 1; (b) SAFT, MSSIM = 0.2713 and (c) AWS-SAFT, MSSIM 

= 0.2881. 
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(b) 

 
(c) 

Figure 3.9 (con’t.) Case 1A results when SDH is inside the ER of L-mode.   

(a) Benchmark, MSSIM = 1; (b) SAFT, MSSIM = 0.2713 and (c) AWS-SAFT, MSSIM 

= 0.2881. 
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The images using the T-wave mode, for case 1B are shown in Figure 3.10, where 

the SDH is inside the effective zone of T-mode. The SDH images are localized correctly 

by both SAFT and AWS-SAFT in Figure (b) and Figure (c), respectively. However, in 

SAFT, artifacts due to the longitudinal wave reflected from the bottom of the specimen 

are observed in the central area of the specimen making the conventional SAFT result 

inappropriate for NDE since those artifacts may lead to misinterpretation. However, these 

artifacts are eliminated in AWS-SAFT and overall noises of the image are remarkably 

reduced. In addition, the SDH image between the right side of SDH and the boundary of 

a rod is suppressed because it is outside the effective zone. The MSSIM values for figures 

b and c are 0.2727 and 0.4878, respectively. In this case, the elimination of artifacts in 

AWS-SAFT strongly influences the image configuration, hence the SDH image by AWS-

SAFT is much similar to the benchmark in Figure (a). In this case, the use of AWS-SAFT 

helps making the ambiguous result more meaningful. 

 

 

 

(a) 

Figure 3.10 Case 1B results when SDH is inside the ER of T-mode.   

(a) Benchmark, MSSIM = 1; (b) SAFT, MSSIM = 0.2727 and (c) AWS-SAFT, MSSIM 

= 0.4878. 
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(b) 

 
(c) 

Figure 3.10 (con’t.) Case 1B results when SDH is inside the ER of T-mode.   

(a) Benchmark, MSSIM = 1; (b) SAFT, MSSIM = 0.2727 and (c) AWS-SAFT, MSSIM 

= 0.4878. 
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Figure 3.11 shows results using the L-wave mode for case 1C where the SDH is 

outside the effective zone of L-mode. The location of an SDH is detected correctly by 

both SAFT and AWS-SAFT in Figures b and c, respectively. In Figure c, however, noises 

inside the L-mode effective zone are amplified. The MSSIM values for Figures b and c 

are 0.2714 and 0.2792, respectively. Therefore, there is little difference in MSSIMs for 

AWS-SAFT and SAFT since the image configuration does not differ much compared to 

the benchmark in Figure a. Results in this case are considered inappropriate for NDE as 

they lead to misinterpretation. AWS-SAFT has negligible effect in this cases since the 

difference between two cases is mainly on luminance comparison function defined in 

Equation A2. 

 

 

 

 

 

 

 (a) 

Figure 3.11 Case 1C results when SDH is outside the ER of L-mode. 

(a) Benchmark, MSSIM = 1; (b) SAFT, MSSIM = 0.2714 and (c) AWS-SAFT, MSSIM 

= 0.2792. 
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(b) 

 
(c) 

Figure 3.11 (con’t.) Case 1C results when SDH is outside the ER of L-mode. 

(a) Benchmark, MSSIM = 1; (b) SAFT, MSSIM = 0.2714 and (c) AWS-SAFT, MSSIM 

= 0.2792. 



54 

SDH images using T-wave mode, for case 1D are shown in Figure 3.12, where the 

SDH is outside the effective zone of T-mode. As shown in Figures b and c, the SDH 

images contain high level of noises. Using AWS-SAFT, however, artifacts from L-mode 

are eliminated. On the other hand, noises inside the effective zone of T-mode are 

amplified, hence the SDH image does not become as clear as in case 1B. The MSSIM 

values for Figures b and c are 0.2740 and 0.3956. Therefore it is said that the elimination 

of L-mode artifacts makes AWS-SAFT image much similar to the reference image in 

Figure a. Results in this case are also considered inappropriate for NDE since they lead 

to misinterpretation. 

 

 

 

 

 

 

 

 (a) 

Figure 3.12 Case 1D results when SDH is outside the effective zone of T-mode. 

(a) Benchmark, MSSIM = 1; (b) SAFT, MSSIM = 0.2740 and (c) AWS-SAFT, MSSIM 

= 0.3956. 
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(b) 

 
(c) 

Figure 3.12 (con’t.) Case 1D results when SDH is outside the effective zone of T-mode. 

(a) Benchmark, MSSIM = 1; (b) SAFT, MSSIM = 0.2740 and (c) AWS-SAFT, MSSIM 

= 0.3956. 
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From the results of step 1, performances of the AWS-SAFT were studied and it was 

shown that this proposed method improved the conventional SAFT, if used with a 

consideration of the ER in each wave mode. Strong points of the AWS-SAFT were 

observed as follows: 

 

1. Improvement effects: SDH image can be obtained with narrower side lobes and 

overall noises reduction, if an SDH is located inside the ER. 

2. Artifacts of L-mode which are normally appear in T-mode results can be 

eliminated. 

3. Noises outside the ER are remarkably reduced.  

 

On the other hand, drawback was observed when an SDH located outside the ER. 

In that case, noises inside the ER would be highly amplified, hence the SDH image 

became less clear.  

 

In the next section, an efficient way to use AWS-SAFT to obtain the ultrasound 

images of SDHs in a rod specimen will be explained as a demonstration on how to use 

the AWS-SAFT with consideration of the ER concept. 

 

 

3.3 Efficient way to obtain ultrasound images of SDHs in a rod 

specimen by AWS-SAFT 
 

In this section, an efficient way to get ultrasound image of a rod specimen with 

SDHs in arbitrary locations is proposed. AWS-SAFT will be used as a typical method to 

obtain images of SDHs in rod specimens since it is verified in section 3.2 that AWS-SAFT 

supersedes the conventional SAFT if SDH located inside the ER. Considering Figure 3.6 

and 3.7 again, shape of the ERs for L- and T-modes when transducer is placed on the top 

of specimen are known.  

 

Considering Figure 3.13(a), ER of L- and T-modes when a PA is located on the top 

of a rod specimen are superposed. From this result, it can be predicted that using AWS-

SAFT in both L- and T-modes can provide ultrasound image, sufficient to see an SDH 

located in any region over the upper half of a rod specimen except for the two low 

intensity area on the rims which are outside the ER.  
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However, lower half of a rod specimen has low improvement effect as verified in 

section 3.2, thus from inspection by placing a PA only on the top may yield insufficient 

result to localized an SDH in the lower half of a rod specimen. L- and T-modes ER when 

transducer is located under the bottom of a rod specimen is shown in Figure 3.13(b). It 

can be predicted that sufficient result to localize SDH in lower half can be obtained by 

performing one more set of an ultrasonic test by placing a PA under the bottom of a rod 

specimen. 

 

 

(a) 

 

 

(b) 

Figure 3.13 L- and T-mode combined ER in case transducer on (a) top and (b) bottom. 
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Eventually, using a superposition of these two results, an SDH inside most area of 

a rod specimen can be localized. This section will experimentally prove this theory. 

Basically, adding two more sets of UTs when a PA is located on the left and right sides of 

a rod shall make the SDH image much clearer, however, twice in experimental and 

computational time. Therefore, we will also prove that only two sets are enough to 

localize an SDH inside most area of the specimen by comparing superposed results from 

two and four sets. 

 

Two cases of experiment are designed to prove the above-mentioned theory. Case 

2A is shown in Figure 3.14(a) where two SDHs are both located inside the ER of T-mode, 

one in the upper half and another one in the lower-half. T-mode ERs where transducers 

are on the top and the bottom of the specimen are shown in Figure 3.14(b) and (c), 

respectively. It can be predicted that both SDHs would be sufficiently localized using T-

mode AWS-SAFT on two sets of UTs when a PA is placed over and under a rod specimen.  

 

Case 2B is shown in Figure 3.15(a) where one SDH is inside the ER of L-mode 

shown in Figure 3.15(b) and another one is inside the ER of T-mode shown in Figure 

3.15(c). In this case, two sets of UTs using the same configuration as in case 2A are 

required to localize the SDHs. In addition, both L- and T-modes AWS-SAFT images are 

required since each SDH is located inside the ER of different mode. It can be predicted 

that sufficient localization of both SDHs would be obtained by superposing the L-mode 

result with the T-mode result.  
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(a)   (b) (c) 

Figure 3.14 (a) Specimen for experiment case 2A and its ER in case of 

 (b) T-mode with transducer on top and (c) T-mode with transducer at the bottom. 

 

 

(a)   (b) (c) 

Figure 3.15 (a) Specimen for experiment case 2B and its ER in case of 

(b) L-mode with transducer on top and (c) T-mode with transducer at the bottom. 

 

 

 

Figure 3.16 shows results from case 2A where SDHs d1 and d2 are both inside the 

ER of T-mode. Figures 3.16(b) and 3.16(c) are superposed images using AWS-SAFT 

results from two and four sets, respectively.  

 

Using HVS, both SDHs are localized correctly using only two sets of UTs. By 

adding two more sets where transducers are on the left and right sides of a rod specimen, 

the opposite boundaries of both SDHs can be imaged which give more information 

regarding the shape of SDHs as a benefit from doubling the time-consuming. The MSSIM 

values for two and four sets are 0.3508 and 0.3231, respectively, hence the difference is 

0.0277. Difference in MSSIMs are very small since image configurations of both results 

do not differ much comparing to the benchmark in Figure 3.16(a). 
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(a) 

 
(b) 

Figure 3.16 Case 2A results where both d1 and d2 are inside ER of T-mode. 

(a) Benchmark, MSSIM = 1; (b) two tests, MSSIM = 0.3508 and  

(c) four tests, MSSIM = 0.3231. 
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(c) 

Figure 3.16 (Con’t.) Case 2A results where both d1 and d2 are inside ER of T-mode. 

(a) Benchmark, MSSIM = 1; (b) two tests, MSSIM = 0.3508 and  

(c) four tests, MSSIM = 0.3231. 

 

 

Results from case 2B where d1 is inside the ER of L-mode, and d2 is inside the ER 

of T-mode are shown in Figure 3.17. Superposed images from two and four sets of AWS-

SAFT results are shown in Figure 3.17(b) and (c), respectively. Another difference is that 

Figure 3.17(b) is a superposed image using L- and T-modes results, whereas, Figure 

3.17(c) is a superposed image using only L-mode.  

 

Using HVS, both SDHs are localized correctly by using only two sets of UTs with 

analysis results from L- and T-modes. By adding two more sets where transducers are on 

the left and right sides of a rod specimen, both SDHs are localized with the same accuracy 

as using two sets but twice the time-consuming. Evaluating by MSSIM, values for two 

and four tests are 0.2737 and 0.2787, respectively, hence the difference is 0.005. 

Difference in MSSIMs are remarkably small since image configuration of both results do 

not differ much comparing to the benchmark in Figure 3.17(a). 
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(a) 

 
(b) 

Figure 3.17 Case 2B results where d1 is inside ER of L-mode and d2 is inside ER of T-

mode; (a) Benchmark, MSSIM = 1; (b) two tests with L- and T-modes, MSSIM = 

0.2737 and (c) four tests with L-mode only, MSSIM = 0.2787. 
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(c) 

Figure 3.17 (Con’t.) Case 2B results where d1 is inside ER of L-mode and d2 is inside 

ER of T-mode; (a) Benchmark, MSSIM = 1; (b) two tests with L- and T-modes, MSSIM 

= 0.2737 and (c) four tests with L-mode only, MSSIM = 0.2787. 

 

 

From the results of step 2, two SDHs arranged in two different locations were 

imaged clearly using AWS-SAFT. Efficient way to use AWS-SAFT in imaging of a rod 

specimen with SDHs in arbitrary locations requires two step:  

 

1. Conduct two tests, one where a PA is placed on the top and the another where 

a PA placed under the bottom 

2. Obtain both L- and T-modes AWS-SAFT results, thus the ERs of L- and T-

modes cover most region of a rod specimen. 

 

Results from four sets of UTs were compared with two sets and it was observed that four 

sets were not necessary if AWS-SAFT was used following the above-mentioned way. 
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3.4 Summary 
 

Objective II: To confirm the characteristics of AWS-SAFT 

Performance of the AWS-SAFT was tested in fluid-solid two-phase media 

ultrasonic water immersion test of an aluminum rod specimens with an SDH in various 

locations. Characteristics of the AWS-SAFT were observed as follows: 

 

Strong points 

1. Improved ultrasound image can be obtained if SDH located inside the ER of 

either mode. Such improvement are (a) flaw image with narrower side lobes 

and (b) overall noise reduction. 

2. Artifacts of L-mode which are normally observed in T-mode conventional 

SAFT image can be eliminated using the AWS-SAFT. 

3. Noises outside the ER can be remarkably reduced. 

 

Drawback: If SDH was located outside the ER, noises inside the ER would be 

highly amplified, hence the image of SDH became less clear. 

 

 

Objective III: To propose an effective way to use AWS-SAFT 

With the above-mentioned knowledge about strong points and drawback of the 

AWS-SAFT. An efficient way to use AWS-SAFT in imaging of a rod specimen with 

SDHs in arbitrary locations was proposed that it is required two steps as follows: 

 

Step 1: Conduct two sets of UTs, one where a PA is placed over the top and another 

where a PA is placed under the bottom of the specimen. 

Step 2: Obtain both L- and T-modes AWS-SAFT results so the superposition of 

ERs from both modes covers most region of a rod specimen. 

 

The AWS-SAFT can improve the conventional SAFT if it is used with the 

consideration of ERs in a specific test configuration. Beam radiation model computed by 

AWS is a key to efficiently use AWS-SAFT, since it is required to plan the test so that 

ERs of either mode or the superposition of both modes cover the ROI of a target of 

inspection. 
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List of Publication for AWS-SAFT in fluid-solid water immersion ultrasonic test 

 

Journal paper 

1. Worawit Padungsriborworn, Akira Furukawa, Sohichi Hirose: Improvement of SAFT 
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Nondestructive Evaluation 34:15, May.2015. 

 

Domestic conferences 

I. Worawit Padungsriborworn, Akira Furukawa, Sohichi Hirose: Approximated Wave 

Solution based Imaging of Rod by Water Immersion Ultrasonic Test, Proceedings of 

the 21st Symposium on Ultrasonic Testing, pp.21-22, Jan.2014. 

 

II. Worawit Padungsriborworn, Akira Furukawa, Sohichi Hirose: Improvement of 

SAFT by Considering Ultrasonic Wave Propagating Characteristics and Imaging of 

Rod by Water Immersion Test, Proceedings of the JSNDI Spring conference 2014, 

pp.11-12, Jun.2014. 

 

III. Worawit Padungsriborworn, Akira Furukawa, Sohichi Hirose: Improvement of 

SAFT in Ultrasound Imaging of Two-Phase Media, The 7th Thailand-Japan 

International Academic Conference 2014, Nov.2014. 

 

IV. Worawit Padungsriborworn, Akira Furukawa, Sohichi Hirose: Decisive Assessment 

of Effective Region for Flaw Detection in Ultrasound Imaging by AWS-SAFT, 

Proceedings of the 22nd Symposium on Ultrasonic Testing, pp.1-4 ,Jan.2015. 
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Chapter 4:  Application of AWS-SAFT in angle 

beam ultrasonic test 

 

In this chapter, the performances of the proposed AWS-SAFT is further investigated 

in solid-solid two solid media. The significance of Effective Region (ER) computed by 

AWS was observed in the previous chapter as a potential way to determine effective 

imaging region in ROI. Experimental setup which is typical for all cases is firstly 

explained in section 4.1. Experiment is organized in three sections: Section 4.2 explains 

the characteristics of AWS-SAFT in solid-solid two solid media case. Section 4.3 explains 

ER technique followed by its verification. Section 4.4 demonstrates the use of AWS-

SAFT and ER technique in a case study of imaging the steel plate with bottom defect. 

Summary of this chapter is given in section 4.5. 

 

 

4.1 Experimental setup 
 

All ultrasonic tests in this chapter are performed using a 32 channels linear phased-

array transducer (PA) with main frequency of 5 MHz produced by KGK (Kanagawa, 

Japan) as shown in Figure 4.1. Element size is 0.4 mm×10.0 mm aligned with the pitch 

of 0.5 mm between adjacent elements. Angle adjustable wedge with the range of 𝜃PA =

0~60° ,produced from Polystyrene is attached to the PA. Pulser-receiver JPR-600C 

produced by Japan Probe (Japan) as shown in Figure 4.2 is used. It can generate pulses 

with the main frequency of 5 MHz. Wave data is acquired using control software form 

the same maker. Sampling frequency is 50 MHz with 16 times averaging to get stabilized 

signals. No gain is added in order to suppress noises to minimum level.  

 

Steel plate specimen has a size of 100 mm×500 mm×21.5mm. Two SDHs of 

diameter 1.5 mm are processed into the specimen at two different depths. Typical setup 

of experiment is shown in Figure 4.3. L- and T-modes wave velocities in Polystyrene 

(PS) are 2300 m/s and 1140 m/s, respectively, where they are 5938 m/s and 3240 m/s for 

a steel specimen. All waveform data are recorded as 2000 discrete points with time 

interval of 0.02μs. Delay time is set to 15μs in order to minimize data length while first 

reflection from the interface and farthest T-mode reflection inside ROI can still be 

recorded. 
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Figure 4.1 32-channels phased-array transducers with PS wedge. 

 

 

Figure 4.2 Pulser-receiver system. 
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Figure 4.3 Typical setup for experiments in this Chapter. 

 

4.2  Characteristics of AWS-SAFT 
 

This section demonstrates the ultrasound imaging by AWS-SAFT and describes its 

characteristics using the experimental results from the two cases explained in section 

2.3.2 in chapter 2. Outline of experiment is shown in Figure 2.14. Gain was set to zero 

in all cases to minimize noises and averaging was taken at the rate of 16 times to get 

stabilized signals. 

 

For L-mode case where 𝜃PA is set to 16°, ultrasound images from conventional 

SAFT and AWS-SAFT are shown in Figure 4.4(a) and (b), respectively. Defect image is 

reconstructed correctly by both SAFT and AWS-SAFT. In AWS-SAFT image, noises in 

the region where intensities of ultrasonic beam radiation are low are mostly suppressed 

making the defect image reconstruction much more clearly from the background noises 

than in SAFT. However, reflection from the interface is very strong in L-mode, hence the 

pixel value over region closed to the interface was highly amplified. 

 

Considering T-mode where 𝜃PA  is set to 38° , ultrasound images from 

conventional SAFT and AWS-SAFT are shown in Figure 4.5(a) and (b), respectively. 

Defect image is also reconstructed correctly by both SAFT and AWS-SAFT. In SAFT 

image, artifacts resulting from bottom echoes and its multiple reflection of L-mode 

ultrasonic wave can be observed at various locations. This may mislead the justification 
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of engineer and inspector in evaluating the defect position. By using AWS-SAFT, these 

artifacts can be screened out by the applied ultrasonic beam radiation, thus they are 

eliminated from the results. Similar to L-mode, noises in the region where intensities of 

ultrasonic beam radiation are low are mostly suppressed. However, pixel values over the 

region closed to the interface are highly amplified. 

 

 

(a) 

 

(b) 

Figure 4.4 L-mode experimental result; (a) SAFT and (b) AWS-SAFT. 

 

(a) 

 

(b) 

Figure 4.5 T-mode experimental result; (a) SAFT and (b) AWS-SAFT. 
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4.3  ER technique and AWS-SAFT 
 

Considering results in section 4.2, it is obvious that AWS-SAFT can boost up 

resolution of defect image reconstruction over the region where intensities of ultrasonic 

beam radiation are high. Such region will be called an Effective Region (ER) and will be 

defined and explained in this section. 

 

4.3.1 Effective Regions for each wave mode of AWS-SAFT 

 

Intensity of ultrasonic beam radiation in a test medium from a specific transducer, 

can be approximated from normalized magnitude of displacement in Equation 2.18 

which can be expressed as |𝐮|(𝜌1𝑐𝐿,1
2 )/(a𝑝0),where a is the width of the array element. 

When producing an ultrasound image by AWS-SAFT, and also the conventional SAFT, 

phased-array transducer consisting of many elements separated by channels is normally 

used. Therefore, it is necessary to approximate the trend of ultrasonic beam radiation 

when all channels are occupied. These concept can be demonstrated by using 

∑ |𝑢𝑖
𝛾(𝒃, 𝜔)|𝑛

𝑖=1 , where non-dimensional displacements are used, to predict the trend of 

ultrasonic beam radiation when all channels are used, separately. Considering Equation 

2.18, pressure acting over the transducer surface 𝑝0 shall be fixed since altering this 

parameter will affect the magnitude of AWS displacement. Model of ultrasonic beam 

radiation using the summation of all available channels ∑ |𝑢𝑖
𝛾(𝒃, 𝜔)|𝑛

𝑖=1  will be called 

Approximate Beam Radiation (ABR). 

 

ABR for a 32 channel PA which is used throughout this dissertation is shown in 

Figures 4.6 and 4.7 for L-mode (𝜃PA = 16°) and T-mode (𝜃PA = 38°), respectively. 

These angles are chosen empirically since they provide high ABR intensities for this 

experimental setup. Contour lines are marked with equally spaced intervals of 0.025. 

Regions between different contour lines are governed by different ABR intensities which 

means ultrasonic wave do propagates through different regions with different ultrasonic 

wave intensities. It is assumed that the region with higher ABR intensity tends to have 

higher flaw imaging capability than the lower one. In other words, defect exists inside the 

higher ABR region is predicted to be reconstructed more clearly than inside the lower 

ABR. 

 

Here, we define Effective Region (ER) as a region with the ABR intensity over a 

certain threshold value, where a flaw can be imaged properly, governed by a known PA 
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location and a geometry of the test medium. In the following section, a proper threshold 

of ABR intensity is deter-mined experimentally to find a reasonable ER. 

 

 

Figure 4.6 L-mode ABR using 𝜃PA = 16°. 

 

 

Figure 4.7 T-mode ABR using 𝜃PA = 38°. 

 

4.3.2 Experimental verification of ER technique 

 

The objective of this section is to verify ER defined in section 4.3.1. Experiments 

are separated into case-L for L-mode using 𝜃PA = 16°, and case-T for T-mode using 

𝜃PA = 38°. This paper uses Structural SIMilarity (SSIM) index, which is explain in the 

Appendix A, as a supporting aid in viewing the results. SSIM can help in identifying 

differences between two images. Therefore, if result from non-defective specimen is 

available, this technique can be used to clearly boost the defect image from other mutual 

echoes such as interface and bottom echoes or even background noises. Detail on this 

method is explained in the Appendix A, together with mathematical expressions of SSIM 

index. A plot of differences between two images is called an SSIM index map, thus it will 

be simply called an SSIM-MAP. 

 

All experiments introduced in this section are used to find out the smallest value of 

ABR intensity 𝜒 , that can be used as a cutoff value in determination of the ER. 

Considering Figure 4.8(a) for case-L1, SDH D1 is located inside the region where 𝜒 > 

0.075. If such region can be defined as ER, D1 shall be reconstructed clearly. SSIM-MAP 
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is shown in Figure 4.8(b) where D1 is clearly reconstructed with high resolution; means 

that image of D1 can be distinguished from background very easily. Magnified image is 

shown in Figure 4.8(c) to show that defect reconstruction is very clear. As a result, region 

where 𝜒 > 0.075 can be used as ER. However, it is probably not the smallest value yet, 

thus next case will try with 𝜒 = 0.05. 

 

 

(a) 

 

(b) 

 

(c) 

Figure 4.8 Case-L1 results testing 𝜒 = 0.075;  

(a) Outline, (b) SSIM-MAP and (c) Magnified SSIM-MAP. 
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Considering Figure 4.9(a) for case-L2, SDH D2 is located inside region where, 

0.05 < 𝜒 <  0.075. If 𝜒 =  0.05 can be used as cutoff value for ER, D2 shall be 

reconstructed clearly. SSIM-MAP is shown in Figure 4.9(b) where D2 is clearly 

reconstructed with high resolution. Magnified image is shown in Figure 4.9(c) to prove 

that defect reconstruction was very clear. As a result, region where 𝜒 > 0.05 can be used 

as ER. By the way, it is probably not the smallest value yet, hence next case will try using 

𝜒 = 0.025. 

 

(a) 

 

(b) 

 

(c) 

Figure 4.9 Case-L2 results testing 𝜒 = 0.05;  

(a) Outline, (b) SSIM-MAP and (c) Magnified SSIM-MAP. 
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Figure 4.10(a) shows results from case-L3 where SDH D3 is located inside region 

where, 0.025 < 𝜒 < 0.05. If 𝜒 = 0.025 can be used as cutoff value for ER, D3 shall be 

reconstructed clearly. SSIM-MAP is shown in Figure 4.10(b) where D3 cannot be 

observed. Magnified image is shown in Figure 4.10(c) to confirm that defect was not 

reconstructed. As a result, region where 0.025 < 𝜒 <  0.05, cannot be used as ER. 

Therefore, 𝜒 = 0.05 is selected as cutoff value for ER in L-mode. 

 

 

(a) 

 

(b) 

 

(c) 

Figure 4.10 Case-L3 results testing 𝜒 = 0.025;  

(a) Outline, (b) SSIM-MAP and (c) Magnified SSIM-MAP. 
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ER for T-mode will be verified using the same method as L-mode. Considering 

Figure 4.11(a) for case-T1, SDH D1 is located inside region where 𝜒 > 0.125. If such 

region can be defined as ER, D1 shall be reconstructed clearly. SSIM-MAP is shown in 

Figure 4.11(b) where D1 is clearly reconstructed with high resolution. Magnified image 

is shown in Figure 4.11(c) to show that reconstruction of defect was very clear. As a 

result, region where 𝜒 > 0.125 can be used as ER. However, it is probably not the 

smallest value yet, thus next case will try with 𝜒 = 0.1. 

 

(a) 

 

(b) 

 

(c) 

Figure 4.11 Case-T1 results testing 𝜒 = 0.125; 

(a) Outline, (b) SSIM-MAP and (c) Magnified SSIM-MAP. 
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Figure 4.12(a) shows outline of case-L2 where SDH D2T is located inside region 

where, 0.1 < 𝜒 < 0.125. If 𝜒 = 0.1 can be used as cutoff value for ER, D2T shall be 

reconstructed clearly. SSIM-MAP is shown in Figure 4.12(b) where D2T is clearly 

reconstructed with high resolution. Magnified image is shown in Figure 4.12(c) to prove 

that defect reconstruction was very clear. As a result, region where 𝜒 > 0.1 can be used 

as ER. By the way, it is probably not the smallest value yet, hence next case will try using 

𝜒 = 0.05.  

 

(a) 

 

(b) 

 

(c) 

Figure 4.12 Case-T2 results testing 𝜒 = 0.1; 

(a) Outline, (b) SSIM-MAP and (c) Magnified SSIM-MAP. 
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Outline of case-T3 is shown in Figure 4.13(a) where SDH D3T is located inside 

region where, 0.05 < 𝜒 < 0.1. If 𝜒 = 0.05 can be used as cutoff value, D3T shall be 

reconstructed clearly. SSIM-MAP is shown in Figure 4.13(b) where D3T is reconstructed. 

Location of defect can still be precisely identified. However, reconstruction of defect is 

not as clear as in case-T1 and T2. Magnified image is shown in Figure 4.13(c) to show 

that defect was precisely reconstructed. As a result, region where 𝜒 > 0.05 can be used 

as ER. However, 𝜒 = 0.05 may not be the smallest value yet to determine ER, thus next 

case will try on 𝜒 = 0.025. 

 

 

(a) 

 

(b) 

 

(c) 

Figure 4.13 Case-T3 results testing 𝜒 = 0.05; 

(a) Outline, (b) SSIM-MAP and (c) Magnified SSIM-MAP. 
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Figure 4.14(a) shows outline of case-T4 where SDH D4T is located inside region 

where, 0.025 < 𝜒 < 0.05. If 𝜒 = 0.025 can be used as cutoff value, D4T shall be 

reconstructed clearly. SSIM-MAP is shown in Figure 4.14(b) where defect image is not 

observed. Magnified image is shown in Figure 4.14(c) to confirm that defect was not 

reconstructed. Only patterns similar to ABR computed from AWS can be observed as a 

result from amplification of background noises. Therefore, region where, 0.025 < 𝜒 < 

0.05, cannot be used as ER. Finally, 𝜒 = 0.05 is selected as cutoff value for ER and it is 

the same value confirmed in L-mode.  

 

 

(a) 

 

(b) 

 

(c) 

Figure 4.14 Case-T4 results testing 𝜒 = 0.025; 

(a) Outline, (b) SSIM-MAP and (c) Magnified SSIM-MAP. 
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According to the results from this section, it can be implied that ERs in both L- and 

T-mode are regions where intensities of ABR are greater than 0.05. In L-mode, ER is the 

region underneath the transducer where it is the inclined regions at approximately ±45° 

directions in T-mode. L- and T-modes are effective in different ER, hence it is very useful 

to know those regions so appropriated mode can be selected for any test configurations. 

Next section will be used to demonstrate an application of ER technique in a case study 

on steel plate bottom defect. 

 

4.4 A case study: Imaging of steel bottom defect 
 

ER technique was introduced and verified in section 4.3. This section aims to apply 

such principle to a case study originated from fracture of truss member embedded inside 

concrete slab, at the Kisogawa bridge (Mie prefecture, Japan). Section 4.4.1 first explain 

the outline of studied case. Then, experimental setup is explained in section 4.4.2, 

followed by the results. Additional results are shown in section 4.4.3 as examples for 

circular and triangular flaw shapes. 

 

4.4.1 Outline of studied problem and experimental setup 

 

Truss fracture accident at Kisogawa bridge occurred in June 2007. Photos of the 

bridge and its fractured part are shown in Figure 4.15 [4.2, 4.3]. Corrosion of the steel 

truss had been progressing inside the concrete slab, thus it could not be detected until it 

fractured. This emerged a demand to find the way in early detection of defect inside 

regions which are difficult to inspect with conventional NDT methods.  

 

This dissertation attempts to use the AWS-SAFT and the ER technique in early 

detection of such defect because of the following two reasons: AWS-SAFT improved 

SAFT in a way that T-mode result can be used without artifacts. ER technique can be used 

to predict the region in ROI where defect shall be reconstructed, definitely. However, it 

would be too complicated if first attempt is applied with actual concrete embedded truss 

member. This leads to a simplification of actual problem by using the model on the right 

of Figure 4.16, where concrete is imitated by an inspection limit. Parameter L is defined 

as distance from the front edge of PS wedge to the front edge of rectangular defect. A 

long rectangular notch with the size of 20 mm×5 mm is processed onto the steel plate 

bottom surface to imitate corrosion. Objective of this study is to find the most farthest 

distance L where such artificial defect can still be detectable. All devices and materials 
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used in this section are similar to those in section 4.2, 4.3 and typical setup of experiment 

in this section is shown in Figure 4.17. 

 

 

Figure 4.15 Photo and illustration of Kisogawa bridge case. 

 

 

Figure 4.16 Simplified model used in this study. 

 

 

Figure 4.17 Typical setup of experiment in this section. 
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4.4.2 Experimental results 

 

According to results in section 4.3, cutoff value of ABR intensity used to determine 

ER is 0.05 and if defect existed inside ER, it shall be reconstructed clearly. ER technique 

will be applied here, hence before performing an ultrasound imaging of specified test 

volume with a selected transducer, ER shall be computed in order to check the effective 

imaging region. Experiments are done as 3 cases using 𝐿 = 1 mm, 10 mm and 20 mm 

and ultrasound image results are shown using SSIM-MAP as explained in Appendix A. 

 

First, in case-1 where 𝐿 = 1 mm, 𝜃PA is selected empirically as 20° and ER in L-

mode is shown in Figure 4.18(a). In this case, rectangular notch defect, represented by 

dashed lines, is outside the ER hence it is considered impossible to reconstruct such defect 

with L-mode in this configuration based on ER technique. ER of T-mode is shown in 

Figure 4.18(b). In this case, ER can cover the defect thus it is predicted to be 

reconstructed clearly according to ER technique. Therefore, T-mode is considered the 

appropriated wave mode for this problem. 

 

Experimental result using SSIM-MAP from T-mode AWS-SAFT is shown in Figure 

4.18(c). Right corner of the defect is reconstructed clearly, and even the top-right corner 

of defect can be imaged as seen in Figure 4.18(d), hence the depth of notch can be 

precisely determined using location of top-right and bottom-right corners of reconstructed 

defect. Result proved the effectiveness of using ER technique in checking the high 

imaging capability region inside ROI. It can be known here that in case of 𝐿 = 1 mm, 

steel bottom defect can be clearly reconstructed. 
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(a) 

 

(b) 

 

(c) 

 
(d) 

Figure 4.18 Case-1: 𝐿 = 1 mm;  

(a) L-mode ER, (b) T-mode ER (c) T-mode SSIM-MAP and (d) Zoomed SSIM-MAP 
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Case-2 is conducted to check the situation where 𝐿 is shifted by 10 mm, 𝜃PA is 

fixed at 20° and ER in T-mode is shown in Figure 4.19(a). In this case, defect is still 

inside the ER thus it shall be reconstructed clearly. Experimental result is shown in Figure 

4.19(b). Right corner of the defect is detected clearly. In this configuration, the top-right 

edge of defect was not reconstructed so the depth of notch cannot be determined. However, 

it still proved the effectiveness of ER technique in checking the region inside ROI where 

defect image can definitely be reconstructed. Case-2 result shows that in case of 𝐿 = 10 

mm, steel bottom defect can still be reconstructed, clearly. 

 

 

 

(a) 

 

(b) 

Figure 4.19 Case-2: 𝐿 = 10 mm T-mode; (a) ER and (b) SSIM-MAP. 
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In case-3, 𝐿 is shifted to 20 mm while 𝜃PA is still fixed at 20°. T-mode ER is 

shown in Figure 4.20(a) and it can be observed that right corner of the defect is still inside 

the ER, hence it shall be reconstructed clearly. Experimental result is shown in Figure 

4.20(b). In this case, right corner of the defect can still be reconstructed, clearly. However, 

the intensity of defect image is dropped than in case-1 and 2 but it still clear. This proves 

the effectiveness of ER technique in checking the effective region inside ROI where 

defect image can surely be reconstructed. Case-3 result ensures that in case of 𝐿 = 20 

mm, steel bottom defect can still be reconstructed, clearly.  

 

Considering Figure 4.20(a) again, it 𝐿 is shifted to 30 mm, defect will be outside 

the ER so it cannot be reconstructed with this configuration. Therefore, this paper stopped 

the investigation for farthest 𝐿 and concludes that it is 20 mm for this configuration. 

 

 

(a) 

 

(b) 

Figure 4.20 Case-3: 𝐿 = 20 mm T-mode; (a) ER and (b) SSIM-MAP. 
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4.4.3 Additional results 

 

Actual corrosion can be considered as a mixture of various geometries which are 

rectangular, circular and triangular. Two cases are introduced here to check the flaw 

detectability in case of circular and triangular notch, which wave scattering characteristics 

are different from the rectangular one. The two experiments are done in the same manner 

with rectangular notch. 𝜃PA = 20°, and 𝐿 = 1 mm, where the flaw imaging capability 

is the highest from three cases in section 4.4.2, using the ER technique. 

 

Considering Figure 4.21(a), the circular notch is inside the ER, hence it shall be 

reconstructed clearly. Experimental result is shown in Figure 4.21(b). In this case, right 

side of the circular notch can be reconstructed clearly, however, the circular shape of the 

flaw cannot be known. 

 

 

 

(a) 

 

(b) 

Figure 4.21 Circular notch: 𝐿 = 1 mm T-mode; (a) ER and (b) SSIM-MAP. 
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ER for a case of triangular notch is shown in Figure 4.22(a), the triangular notch is 

inside the ER hence it shall be reconstructed clearly, based on ER technique. Experimental 

result is shown in Figure 4.22(b). In this case, no flaw image can be observed. It can be 

considered from such flaw shape that the ultrasonic waves propagated to the side of the 

flaw and reflected away to another side so the PA cannot receive the scattered waves. This 

demonstrate the case that ER technique is not efficient and will be noted as the limitation 

of this method. 

 

 

 

 

 

 

 

 

 

(a) 

 

(b) 

Figure 4.22 Triangular notch: 𝐿 = 1 mm T-mode; (a) ER and (b) SSIM-MAP. 
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4.5 Summary 
 

Objective II: To confirm the characteristics of AWS-SAFT 

This chapter focused on the performances of AWS-SAFT in solid-solid angle beam 

test. Two strong points of AWS-SAFT, similar to fluid-solid two-phase media in chapter 

3, were confirmed as follows: 

 

(1) Artifacts from L-mode bottom echoes and multiple reflections can be 

eliminated in T-mode results, thus helps to avoid wrong justification of 

engineer and inspector. 

(2) Defect image in AWS-SAFT is more distinctive from background noises than 

SAFT because noises in the regions where intensity of ABR are low would 

be suppressed. 

 

One drawback of AWS-SAFT is that pixel value over the region closed to the 

interface will be highly amplified, thus it may obscure the defect information in such 

region. However, this drawback can be overcome by using SSIM index, explained in 

Appendix A. 

 

 

Objective III: To propose an effective way to use AWS-SAFT 

ER technique was proposed and verified in section 4.3. Region in either L- or T-

mode where ABR intensities are over 0.05 is defined as ER which is the region where 

image capability is remarkably high. ER for L-mode is the region underneath the 

transducer where it is the inclined region approximately 45° direction for T-mode. ER 

technique is very useful in helping engineer and inspector select an appropriated 

transducer for a geometrically known specimen. 

 

Finally, ER technique was demonstrated using a case study on imaging of steel 

bottom defect, restrained by an inspection limit. Imaging capability was well predicted 

using ER technique. However, for a triangular notch, ER technique cannot predict the 

imaging capability correctly, because the ultrasonic waves reflected to another side and 

cannot be acquired by the PA. 
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2015. (Accepted on 31 August 2015, Tentative to be published on 20 October 2015) 

 

Domestic conferences 

I. Worawit Padungsriborworn, Akira Furukawa, Sohichi Hirose: 超音波伝搬特性を

考慮した開口合成法の改良と鋼板裏面の画像化, JSCE Annual conference 2014, 

Sep.2014. 
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of Effective Region for Flaw Detection in Ultrasound Imaging by AWS-SAFT, 

Proceedings of the 22nd Symposium on Ultrasonic Testing, pp.1-4 ,Jan.2015. 
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Chapter 5:  Conclusion 

 

5.1 Review of dissertation 
 

AWS-SAFT, an improved version of SAFT, a typical method for ultrasound 

imaging, was developed using the implementation of Approximate Wave Solution (AWS) 

for ultrasonic beam radiation. Characteristics (or improvement effects) of AWS-SAFT 

was investigated in: (1) Fluid-solid water immersion test and (2) Solid-solid angle beam 

ultrasonic test. Results from both cases well verified the characteristics of the proposed 

AWS-SAFT. With the understanding of such characteristics, efficient method for applying 

AWS-SAFT with both cases was proposed and demonstrated. 

 

Moreover, ER technique was found as a by-product of this studying and it can be 

used to determine effective region, where high imaging capabilities can be anticipated, in 

ultrasound imaging. 

 

5.2 Summary of findings 
 

Chapter 2: (to accomplish Objective I) 

AWS-SAFT was proposed with the following points: 

2.1. Ultrasonic beam radiation can be accounted into SAFT using multiplication. 

2.2. Ultrasonic beam radiation computed from AWS was verified using actual beam 

measurement. However, only L-mode could be confirmed. It can be considered 

that changing of receiving transducer and couplant to ones of the transverse 

wave may help, however the experimental setup will be much difficult. 

 

Chapter 3: (to accomplish Objective II and III) 

The followings were confirmed in fluid-solid water immersion test: 

3.1. Using AWS-SAFT, improved ultrasound image can be obtained if SDH located 

inside the ER of either mode. Such improvements are: (a) flaw image with 

narrower side lobes and (b) overall noise reduction 

3.2. Using AWS-SAFT, artifacts of L-mode which are normally observed in T-

mode SAFT image can be eliminated. 

3.3. Noises outside the ER can be remarkably reduced. 

3.4. A drawback of AWS-SAFT: If an SDH is located outside the ER, noises inside 



90 

the ER will be highly amplified hence the image of SDH outside the ER get 

suppressed and may be obscured. 

 

Efficient way to use AWS-SAFT in imaging of an immersed rod specimen is 

proposed as the following 2 steps: 

Step 1: Conduct two tests, one where the phased-array transducer (PA) is placed 

over a rod specimen, and another where the PA is placed under a rod 

specimen. 

Step 2: Obtain both L- and T-modes AWS-SAFT results so the superposition of 

ERs from both modes cover most area of a rod specimen. 

 

Chapter 4: (to accomplish Objective II and III) 

The followings were confirmed in solid-solid angle beam ultrasonic test: 

4.1. Using AWS-SAFT, artifacts from L-mode bottom echoes and multiple 

reflections can be eliminated from T-mode results, which helps to avoid wrong 

justification of engineer and inspector. 

4.2. Defect image in AWS-SAFT is more distinctive from background noises than 

SAFT because noises in the regions where intensity of Approximate Beam 

Radiation (ABR) are low would be suppressed. 

4.3. A drawback of AWS-SAFT: pixel value over the region closed to the interface 

will be highly amplified, thus it may obscure the defect information in that 

region. However, this drawback can be overcome by using the SSIM index. 

 

ER was defined as the region where image capability is remarkably high and can 

be predicted using the region where ABR intensities are over 0.05. ER for L-mode is the 

region underneath the transducer, where it is the inclined region approximately in ±45° 

directions for T-mode. The use of computed ABR to determine effective region for 

ultrasound imaging is called the ER technique. 

 

ER technique is very useful tool in helping engineer and inspector to select an 

appropriate transducer for a specimen with known geometry. ER technique was 

demonstrated using a case study on imaging of steel bottom defect, restrained by an 

inspection limit. Imaging capability was well predicted, excepted for the case of triangular 

notch. 
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5.3 Limitation in using the AWS-SAFT 
 

This section suggest the principles and the limitations which are required to be taken 

into consideration while using the AWS-SAFT. 

 

The principles: 

1. ERs shall be computed beforehand and they must cover the ROI of the target, 

because AWS-SAFT can reconstruct flaw image with higher resolution than 

SAFT if the flaw is inside the ERs of either L- or T-modes. 

2. If the AWS-SAFT image appears like the ERs of either L- or T-modes, it can be 

implied that there is no flaw in the ERs. 

3. It is highly recommended but not compulsory to use SSIM-MAP (Appendix A) 

in viewing results in order to eliminate the strong echoes from the interface 

which is likely to obscure the flaw image. 

 

The limitations: 

1. AWSs are currently available for planar and curve interfaces. 

2. This method can detect the presence of flaw, but it is difficult to determine the 

size and shape. 

3. This method can be used for any homogeneous and isotropic materials.  

4. Sizes of detectable flaws should not be smaller than the wavelength of the 

ultrasonic waves used in the test. Increasing the frequency can help minimizing 

the wavelength with the exchange of higher attenuation. 

5. Shapes of flaws which can be detected are rectangular and circular, while it is 

difficult for a triangular one due to the wave scattering characteristics.  

6. Types of defects which can be detected are cavity type. For other types such as 

inclusion, it is required to be further tested, however, the same principles are 

considered applicable. 
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5.4 Future work 
 

At this stage, AWS-SAFT was developed for 2-D problem using a linear phased-

array transducer. In the future, 3-D AWS-SAFT can also be developed since the AWS 

equations itself are originally derived in 3-D space. Trial of this technique in detection of 

flaw inside the concrete is also interesting. However, using of low frequency may require 

some additional signal processing. 

 

ER technique can be a powerful tool in helping engineer and inspector to determine 

the most efficient test configuration for a given problem. However, this technique should 

be further verified in various inspection configurations such as different materials, 

transducer sizes and frequencies. 
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Appendix A:  Structural SIMilarity (SSIM) index 

 

Image Quality Assessment (IQA) had been used tremendously in the field of image 

processing to evaluate the quality of distorted image which usually occurs during 

acquisition, processing, compression, storage, transmission and reproduction. Subjective 

evaluation by using Human Visual System (HVS) is normally the most correct method. 

However, it is usually inconvenient hence objective evaluation plays an important role to 

overcome this problem. 

 

Various method such as mean squared error and peak signal-to-noise ratio are the 

traditional image quality metrics until the introduction of Structural Similarity (SSIM) 

Index in 2004 by Zhou Wang et al. [34, 37]. SSIM was proved that it is a tool that highly 

correlated with HVS [34] and had gained widespread popularity as a tool to assess quality 

of images and also to evaluate the performance of image processing algorithms and 

system [38]. 

 

Using SSIM index, a reference image which is knows as an undistorted image or a 

benchmark in comparison with any distorted images are required. Suppose 𝒙 and 𝒚 are 

two non-negative images and consider 𝒙  as an image with perfect quality or a 

benchmark and 𝒚 as a distorted image or the target in which the difference from 𝒙 will 

be computed. SSIM of image 𝒚 compared with 𝒙 can be calculated by the following 

equation: 

 

𝑆𝑆𝐼𝑀(𝒙, 𝒚) = {𝑙(𝒙, 𝒚)}𝛼 ∙ {𝑐(𝒙, 𝒚)}𝛽 ∙ {𝑠(𝒙, 𝒚)}𝛾 (A1) 

 

where 𝛼, 𝛽 and 𝛾 in Equation A1 are indices which can be used to bias the three 

comparison functions. In this paper, we do not use biased comparison so 𝛼 = 𝛽 = 𝛾 =

1. Comparison functions for luminance 𝑙(𝒙, 𝒚), contrast 𝑐(𝒙, 𝒚) and structure 𝑠(𝒙, 𝒚) 

are defined as follows: 

 

𝑙(𝒙, 𝒚) =
2𝜇𝑥𝜇𝑦 + 𝐶1

𝜇𝑥
2 + 𝜇𝑦

2 + 𝐶1
,          𝐶1 = (𝐾1𝐿)2, (A2) 

𝑐(𝒙, 𝒚) =
2𝜎𝑥𝜎𝑦 + 𝐶2

𝜎𝑥
2 + 𝜎𝑦

2 + 𝐶2
, 𝐶2 = (𝐾2𝐿)2, (A3) 
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𝑠(𝒙, 𝒚) =
𝜎𝑥𝑦 + (𝐶2/2)

𝜎𝑥𝜎𝑦 + (𝐶2/2)
 .                                (A4) 

 

In the above-mentioned equations, 𝐶1, 𝐶2  and 𝐶3  are small constants introduced to 

avoid instability when the denominators are very close to zero. Arbitrary constants 𝐾1 

and 𝐾2 ≪ 1 and 𝐿 is the dynamic range of the pixel values. Constants used in the 

MSSIM calculation of this dissertation are are 𝐾1 = 0.01, 𝐾2 = 0.03 and 𝐿 = 1. 𝜇𝑥 

and 𝜇𝑦 are mean intensities of images and can be calculated from Equation A5. 

 

𝜇𝑥 =
1

𝑁
∑ 𝑥𝑖

𝑁

𝑖=1

 , 𝜇𝑦 =
1

𝑁
∑ 𝑦𝑖

𝑁

𝑖=1

 (A5) 

 

where 𝑁 is total number of pixel and 𝜎𝑥 and 𝜎𝑦 are standard deviation of each image 

which can be calculated from Equation A6. 

 

𝜎𝑥 = (
1

𝑁 − 1
∑(𝑥𝑖 − 𝜇𝑥)2

𝑁

𝑖=1

)

1/2

  , 𝜎𝑦 = (
1

𝑁 − 1
∑(𝑦𝑖 − 𝜇𝑦)2

𝑁

𝑖=1

)

1/2

. (A6) 

 

In Equation A4, 𝜎𝑥𝑦  is a correlation coefficient of image 𝒙  and 𝒚 , defined in 

Equation A7. 

 

𝜎𝑥𝑦 =
1

𝑁 − 1
∑(𝑥𝑖 − 𝜇𝑥)(𝑦𝑖 − 𝜇𝑦)

𝑁

𝑖=1

. (A7) 

 

Using above mentioned equations, SSIM index for any pixels in 𝒚 compared to 𝒙 can 

be computed. If 𝑆𝑆𝐼𝑀(𝒙, 𝒚) < 1, it means that such pixel in 𝒚 contain difference from 

benchmark 𝒙.  

 

Once the SSIM for every pixels are computed, MSSIM which is mean of SSIM can 

be calculated from Equation A8 and it can be used to globally compare the quality of 

image 𝒚 from 𝒙 
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𝑀𝑆𝑆𝐼𝑀(𝑿, 𝒀) =
1

𝑀
∑ 𝑆𝑆𝐼𝑀(𝑥𝑗 , 𝑦𝑗)

𝑀

𝑗=1

 . (A8) 

 

MSSIM of image 𝒙 which is a benchmark shall be “1” and the smaller the MSSIM of 𝒚 

than “1” means the more distortion the image 𝒚 from a benchmark 𝒙. 

 

This theory can be applied to NDE problem where ultrasound image of a benchmark 

or non-defect part is considered as 𝒙 and an ultrasound image where the existence of 

defect is unknown would be considered as 𝒚. Existence of defect can be considered as 

image difference between 𝒙 and 𝒚 and plotting of SSIM index, so-called SSIM-MAP, 

can show the clear location of defect than observing the raw SAFT and AWS-SAFT 

images. 

 

A sample case from case-T3 in section 4.3 is used here. Figure A1 shows results 

obtaining from conventional SAFT and Figure A2 shows results from AWS-SAFT. 

SAFT and AWS-SAFT images for non-defect part of test volume are shown in Figure 

A1(a) and Figure A2(a), respectively, and they are considered as 𝒙 in the computation 

of SSIM index. SAFT and AWS-SAFT images from region of test volume with defect 

SDH D3T inside dashed line, are shown in Figure A1(b) and Figure A2(b), respectively, 

and they are considered as 𝒚. Observing the two images, defect image cannot be noticed 

because of background noises and mutual echoes which are identical to results from non-

defect case. 

 

SSIM-MAPs comparing 𝒙 and 𝒚 are shown in Figure A1(c) and Figure A2(c) 

for SAFT and AWS-SAFT, respectively. Defect image which cannot be identified in the 

raw image results is now identified in both SAFT and AWS-SAFT. Especially in Figure 

A2(c) from AWS-SAFT, defect image is very distinctive from background noises and 

artificial echoes. This proves the effectiveness of using SSIM-MAP in identifying defect 

from ambiguous ultrasound images, while also shows the effectiveness of AWS-SAFT in 

boosting the defect image from background noises and eliminating the artificial echoes. 
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(a) 

 

 

(b) 

 

 

(c) 

 

Figure A1 Results from conventional SAFT;  

(a) Non-defect, (b) Defect and (c) SSIM-MAP. 
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(a) 

 

 

(b) 

 

 

(c) 

 

Figure A2 Results from AWS-SAFT;  

(a) Non-defect, (b) Defect and (c) SSIM-MAP. 
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