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ABSTRACT 

This work is aimed at developing a methodology for inspecting large plates, used in 

civil infrastructure, by Lamb waves. The traditional ultrasonic methods of inspecting 

infrastructure are based on scattering of elastic waves from internal defects and on time 

of flight measurements. The methods based on elastic wave scattering can only detect 

defects larger than the wavelength of ultrasound used. The time of flight measurements 

have proven to be unreliable for strength analysis. This work investigates the potential 

of the Lamb wave technique to detect small defects when Lamb waves propagate over 

large distances. An innovative transducer holder setup is developed, which is the key 

to how Lamb waves can be generated and received in large structures. 
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CHAPTERl 

FUNDAMENTALS OF ULTRASONIC TESTING 

1.1 Introductioii 

The mechanics of acoustics and ultrasonics involves the study of time-varying 

deformations or vibrations in material media. Ultrasound is a powerfiil tool for probing 

the properties of all accessible states of matter. The motion of material particles that are 

small enough, but yet contain atoms, are relevant to this study. Within each particle, the 

atoms move in unison. Thus only the macroscopic behavior of a material is studied. By 

interacting directly with the elastic properties of the specimen, an acoustic wave reveals 

structures that are not always revealed by either light or electron microscope, and can 

therefore complement those. 

1.2 Uses of Ultrasound 

During recent years ultrasonics have taken up an increasingty important role in 

medical and industrial nondestructive testing practices. The greatest advantage of 

ultrasonic testing is that it is nondestructive. This is vdiy components can be examined 

at various stages of manufacture and while in service. The testing of components and 

control 
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of process during manufacture keeps production costs down by eliminating defective 

materials before a process is completed. Periodic testing of components in service 

enables one to detect the progress of a crack and the accumulation of damage and 

measure the &tigue life remaining in a component or structure. Ultrasonic NDE can 

also enable the investigation of a production process in vtiuch flaws are likely to occur, 

so that it might be modified to eliminate its shortcomings. 

By definition, ultrasound pertains to fiequencies above human hearing (ie. over 

18 kHz). Applications typically range fi'om 20 kHz to several MH  ̂ Ultrasonic 

applications depend on the ability of a material to transmit mechanical power at small 

mechanical movements. The amplitude of the ultrasonic motion is limited by the 

allowable stress in the ultrasonic transducer material and is fiiequency dependent. This 

is shown in Table 1.1 [1]. Parameters of an ultrasonic transducer of the same design 

and operating at the same stress in the transducer material are tabulated as a fimction of 

fi-equency. Transducer Imear dimensions, displacement amplitude and power capability 

vary inversely with frequent, whereas ultrasonic acceleration increases directly with 

the fi'equency. 

It should be noted that source velocity and power density are constant, whereas 

displacement decreases and acceleration increases direct  ̂with frequency. A 20 kHz 

transducer operating at a peak displacement amplitude of 20 ^m has a peak velocity of 

6.28 m/sec and a peak acceleration of 8*10  ̂g [1]. It is obvious that ultrasound is 
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characterized by high vibrational fiequencies, small displacements, moderate point 

velocities and extremely high accelerations. Di some q>plications the power densi  ̂of 

ultrasound might be around 1 W/cm  ̂ ii^e in high ittensity application, such as 

ultrasonic welding, it might be in the order of tens of thousands of watts per square 

centimeter. 

Table 1.1: Ultrasonic Transducer Parameters as a Function of 

Frequency 

Parameter 

Length l/o 

Diameter 1/g) 

Output Area l/o  ̂

Displacement Amplitude 1/(D 

Velocity Amplitude Constam 

Acceleration OQ 

Output Power 1/(D 

Output Power Density Constant 

Transducer Stress Constant 

The popularity of ultrasonic NDE is attributed to a number of reasons, some of 

which are: 
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a) The basic equipment is simple to operate is very versatfle and can be used for both 

large and small parts. It can be made portable and battery operated for the convenience 

of site work. 

b) The use of equipment is not hazardous. 

c) Large sectional thickness of many materials can be inspected. 

d) Ultrasonic waves can be easfly generated over a wide range of frequencies to give 

the required temporal resolution of defects. 

e) Detection of defects is enhanced by the &ct that they generally provide high 

acoustic impedance (density times wave speed, as shown in equation 1.2) mismatch, as 

a result of which they act as efficient ultrasound reflectors. 

f) Coherent ultrasonic beams are easfly produced at high frequencies. 

Ultrasound has been used in industry mainfy for defect detection. More recently 

the subject has expanded to more than just defect detection. Some of the broad 

applications are listed below: 

• Defect location in castings or forgings and weld examination in &bricated 

structures. 

• Thickness monitoring, corrosion detection and delamination detection where access 

is restricted ( based on time-of-flight or resonant frequenqr measurement). 
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• Detection of liquid levels and liquid intei&ces depending on time-of-flight 

measurements and monitoring liquid flow and liquid compositions from velocity 

measurements 

• Quality control based on velocity and attenuation changes as fimctions of changes 

in grain size, microstructure. 

Other applications are listed in Table 1.2. [1] 

1.3 The Behavior of Ultrasound 

1.3.1 Basic Concepts 

The passage of ultrasonic waves through a medium sets the particles of that 

medium into vibrations at ultra-audible frequencies. The region through which the wave 

propagates is called the ultrasonic field. The particle displacement, u, for a plane wave 

at some point along the x-axis at a time t may be e?q)ressed as 

a = u,sui[<D(t-—)] (1.1) 
c 

where uo represents the displacement amplitude 

o is the angular frequent = 2icf 

c is the wave velocity 

The expression in the square brackets is called the phase angle. 
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Table 12: Industrial Applications of Ultrasound 

.̂ )plications m Liquids 

Cleaning 

Soldering 

Debuning 

Erosion Testing 

Cell disrupticm 

Extraction from plants 

Emulsificatioii 

Dispersion of solids 

Sterilization 

Filtration 

Inhalation therapy 

Fuel atomizatioa 

Drying of textiles 

CrystalGrowth 

Drying 

Metal grain refinement 

Application in solids 

Plastic welding 

Metal welding 

Metal forming 

inqnctgrmding 

Rotary abrasive machining 

Metal cutting 

Fatigue Testing 

Curing 

Trimming of composites 

Dental Hfjcnaitng 

Airborne applications 

Particle agglomeration 

Defoaming 
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For a plane wave traveling in a given direction, the relationship between the 

acoustic pressure p and the particle velocity v is given by the e}q>ression 

E=pc (IJ) 
V 

where p represents the density of the medium. The product pc depends on the 

properties of the medium and is called the characteristic impedance of the medium. 

When the wave is not a plane wave or does not travel in one direction only, then the 

acoustic pressure to particle velocity ratio is not equal to pc, but has a more 

complicated »q)ression. 

A traveling wave transmits energy along the direction of flow. The intensity of 

this energy can be defined as the ratio of the rate of flow of ener ,̂ W, i.e. its power, 

to the area S at right angles to the direction of wave propagation. 

The intensity is independent of the distance of travel for plane waves, but not 

for spherical waves, which originate fi-om a point source. For a spherical wave: 

. - i  

where r is the distance from the source 

W is the power of the source. 
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1.3.2 Transmission of Ultrasonic Waves Through Layers - Concept of Wav^pdes 

Transmission of ultrasonic waves through an infinite medium is simple to 

model. This becomes complicated when the medium has finite dimensions. In a teyered 

medium, harmonic waves can propagate in a layer by being reflected back and forth 

between the two plane suifiices. bi a steady-state situation, which is assumed for 

harmonic waves, the system of inddent and reflected waves fonn a standing wave 

across the thickness of the layer, so that propagation is essentially in the direction of 

the layer. Thus the geometry of the medium serves to guide the propagation of the 

wave i.e. it acts as a waveguide. Any extended body with a cross-section of finite 

dimensions can be termed as waveguide. 

Transmission and reflection of waves takes place at the inter&ce of two 

media. 

Referring to Fig 1.1, the reflection and transmission coefficients of the h^er are given 

by the relations [3]: 

(r»-l)» 
(1.5a) 

' 4r'cot'(^)+(r'+l)' 

4r' 
(1.5b) 

' 4r'cos'(^) + (r» + l)'ihi»(^) 

where li. If and It are the intensities of the incident, reflected and 



Incident waves 

Transmitted waves 

Reflected waves 

Figure 1.1: Effect of a parallel sided layer between two media 
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transmitted waves 

r = pc/poCo 

X is the wavelength in the layer. 

When the characteristic impedance of the layer differs greatly from that of the 

surrounding medium, almost complete reflection occurs, even for very thin layers. It 

can be seen from the above equations that a reduction of the tluckness of a layer of air 

to as little as 10*  ̂mm and of the thickness of a layer of liquid to about 10'̂  mm would 

be necessary for any appreciable amount of transmission to occur for ultrasonic waves. 

1.3.3 Difi&action of Ultrasonic Waves ; 

Ultrasonic waves travel in straight lines in an unbounded medium. If they come 

in contact with an obstacle, a change in their direction of motion, i.e. bending, may 

occur. This is known as difiB'action and occurs with all kinds of waves. DiflB^wtion is 

more pronounced for high ratios of wavdength to obstacle size. 

1.3.4 Absorption of Ultrasonic Waves: 

In a perfectly elastic medhmi elastic potential energy can be considered to 

change into kinetic energy of the vibrating particles and vice-versa without any loss of 

energy. But in practice, we have some losses due to internal friction, heat conduction, 

etc. This causes the wave intensity to diminish with distance, i.e. absorption takes 
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place. The coefiScient of absorption is defined as the logarithniic change of intensity per 

unit length. It can be expressed as; 

I = I,exp(-Yl) (16a) 

where lo is the intensity for 1=0 

1 is the distance traveled. 

In terms of acoustic pressure or stress or particle displacement, a similar 

relationship is used: 

p = p,exp(-al) (1.6b) 

where p and po represent the acoustic pressure or particle velocity or particle 

displacement at distances 1 and 0, respectively. &i this case, a=Y/2. 

The absorption coefiScient depends on the material of the medium and the 

frequency. It increases with increase in frequen .̂ At lower frequencies the absorption 

is mainly due to internal friction losses, and is lineariy related to frequency. At 

frequencies for which the wavelength approaches the grain size, multiple reflections 

occur from the grain boundaries. This is known as scattering and enhances attenuation 

of waves. 
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1.4 Ultrasound in Nfoterial Testing and Evaluation 

1.4.1 Overview 

The earliest nondestructive tests based on stress waves involved the sounding of 

stones by striking them to evaluate their quality based on the sound. This is still used in 

practice today, in detecting areas of voids below slabs or pavements, and to detect 

delaminations of concrete structural elements. More sophisticated methods of 

evaluation of structures by ultrasound has come to vogue after the development of the 

required instrumentation and analysis algorithms. Ultrasonic stress waves are 

commonly used in pulse echo techniques to detect imperfections in structures. 

The commonly used stress wave techniques for nondestructive testing and 

evaluation of structures are direct measurement of stress wave velocities and 

echo techniques using structural dynamic (modal vibration) measurements. 

1.4.2 Factors Guiding the EflSciency of Flaw Detection: 

Several factors influence how well flaws are detected in a medium. 

Frequency : When the frequent is increased, the ultrasonic beam becomes more 

concentrated and hence a beam with higher intensity reaches the defect. An increase of 

frequency causes a decrease of the wavelength in the medium and hence increases the 

chances of detecting flaws. On the other hand, there is an increase in absorption of 

energy as the wavelength approaches the grain size, hence high frequency ultrasonic 

waves are more sensitive as long as th  ̂have a wavelength larger than the grain size. 
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Pulse Width ; The transducer reaches hs maxinaim amplitude after vibrating for some 

time. So the pulse should be wide enough to allow the transducer to reach the 

maximum amplitude. On the other hand, too long a pulse will make it less likely to 

identify separately, two defircts lying very close together. If the defiscts are closer 

together than the pulse width, then only one flaw will be obtained. For example, if the 

duration of the pulse is 2 ^sec. the pulse width in steel is about O.S inch. Thus one 

would not be able to resolve two flaws closer than 0.25 inch, because their respective 

echoes would overlap. 

Often scans are done only with one transducer and it does the task of both 

sending and receiving signals, if the oscillations of the transducer take time to die out, 

this might cause a long trace on the screen. If, during this decay time, a relatively small 

echo from a defect reaches the transducer, the trace corresponding to the defect cannot 

be seen. It is thus impossible to detect flaws in a region close to the sur&ce of the 

transducer and this region is called the "dead zone". A long pulse width increases the 

width of this dead zone and also decreases the resolvability. 

Transducers : If the sur&ce area of a transducer is large, the angle of divergence of the 

beam decreases, thus increasing the amount of energy arriving at the receiving 

transducer. Large transducers should be used, especial  ̂at lower frequencies, where 

the divergence is more. The sensitivity of the transducer depends on its dimensions, 

how it is loaded and most important ,̂ the type of piezoelectric material used. For 

example, the sensitivity of a tnmsducer made from a ceramic such as barium titanate is 
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very much greater than one fix)m quartz, bi practice, the heights of the echoes obtained 

from ceramic transducers are much larger than those obtained with quartz crystals. 

1.4.3 Two of the Common Ultrasonic Testing Techniques; 

Two of the most commonly used ultrasonic techniques for the NDT & E of 

infrastructure are the impact echo technique and the pulse velocity technique. 

1.4.3.1 The Impact Echo technique [S]: 

There is a great need for non-destructive test methods to determine the in-

situ concrete quality and the use of ultrasonics has turned out to be the most practical 

in this area. The impact echo technique has been used with some success to detect 

hon^comb and delaminations in concrete structures. Fig 1.2 shows a setup for this 

purpose, schematically. Hammers with tips of varying hardness, an accelerometer 

receiver or a displacement transducer and a data acquisition system with a digital signal 

analyzer are used in such a setup. Each impulse hammer has a built in load cell to 

measure the force of impacts. A stress pulse is made to propagate through the 

specimen by hitting it with the hammer. This gives rise to P-waves, S-wave and 

Raleigh-waves which travel through the material and scatter from the voids and 

inclusions and inter&ces in it. These waves produce sur&ce particle displacements 

which are received by the receiving transducer and converted into electrical voltage. If 

the transducer is placed near the impact point, most of the received signal will comprise 

of P-waves. The received data can then be analyzed in either the time domain or the 

frequency domain. 



Impact 
Device 

Receiver 

Specimen 
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Figure 1.2: Schematic of an impact-echo system 
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1.4.3.2. The Pulse Velocity Technique 

The most widely used ultrasonic NDE technique in testing concrete is probahfy 

the Pulse Velocity Method. This method became veiy popular due to the absence of a 

better method of nondestructive evahiation of concrete, and has been standardized 

by ASTM C 597. Its advantages are that it is simple, fieldwortl  ̂ and capable of 

penetrating deep into concrete. But it has been repotted in literature that there is no 

reliable relation between concrete strength and ultrasonic pulse velocity [6] though this 

method has been used for over 40 years. 

1.4.3.2.1 Principle of Ultrasonic Pulse Velocity Measurements: 

A pulse is a wave group containing several frequencies. A pulser-receiver with 

an internal timing circuit is used with a pair of piezoelectric transducers. A wave is then 

sent by one transducer and is received by another, usually on the opposite side of the 

material, in what is called the through-transmission mode. The pulse velocity is then 

calculated by dividing the distance traveled by the time taken for the wave to travel that 

distance. These experiments are generaUy done at frequencies lower than those used for 

metals, typically in the frequency range of 20kHz to 200 kHz, because there is higher 

attenuation of high frequency signals in concrete. Attenuation occurs due to absorption 

and scattering in the medhuL It is generalfy assumed that the pulse velocity is 

independent of frequency. The strength of concrete is then estimated fit>m the pulse 

velocity by means of an empirical relation between the two. Pre-detennined calibration 
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curves relating these two properties for a particular q)edinen of concrete can also be 

used. 

Fig 1.3 shows a typical UPV testii  ̂equipment. There are three basic ways in 

which transducers may be arranged. These are shown in Figs 1.4a - 1.4c: 

1) Direct transmission ( opposite &ces) 

2) Semi-direct transmission ( adjacent fiices ) 

3) Indirect transmission ( same &ce) 

The direct method is the most reliable from the point of view of transit time 

measurement since the maximum pulse energy is transmitted at right angles to the fiux 

of the transmitter. Also, the path is clearly defined and can be measured accurately. The 

indirect method is the least satis&ctory. The received signal is dependent upon 

scattering of the pulse by discontinuities and is thus highly subject to errors. 

1.4.3.2.2 Modeling the Strength vs. Pulse Vdocity Rdationship for Concrete: 

The velocity of a monochromatic pure longitudinal wave, in homogenous 

isotropic media, can be shown to be [6] 

V = ( yj (J 7) 
\l + uXl-2o) 

where 

E is the dynamic Young's Modulus 

V is the Poisson's ratio 

p is the mass density. 
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Figure 1.3. Typical UP V testing equipment 
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li dL 
c) Indirect 

Figure 1.4. Types of transducer orientations 
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Since the Young's Moduhis and the strength of the material are controlled by 

the bonds between atoms and molecules, the two properties can be theoretically related 

with equations for certain materials such as glass or metals as [6] 

where 

Fc is the compressive strength of the material 

Y is half of the sur&ce ener  ̂

ao is the interatomic distance 

The above two equations can be combined to give 

where t] is a constant. 

This equation, however, is not valid for concrete because no sound relationship 

exists between E and concrete strength. But the statically measured secant Young's 

Modulus of concrete can be roughly related to compressive strength empirically, as 

where 

Fe is the compres^e strength of concrete 

a is a constant. 

(1.8) 

(1.9) 

E = a(F,)*  ̂ (1.10) 
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Some researchers have proposed a relationship between pulse velocity and 

concrete compressive strength [6]: 

F.=PV' (1.11) 

1.4.3.2.3 Disadvantages of the Ultrasonic Pulse Velocity Method for Strength 

Prediction for Concrete 

Researchers [8-9] have established experimentally that the relationship between 

ultrasonic pulse velocity and concrete strength is, in general, not reliable enough for 

practical purposes. This could be because the pulse velocity in concrete is affected by 

factors other than strength or that the &ctors that affect the strength do not affect the 

pulse velocity to the same extent. A good illustration is the influence of micro-porosity 

on these two properties. The strength of concrete is drastically reduced by increasing 

the water-cement ratio, but this does not change the pulse velocity ^preciably. On the 

other hand, the aggregate content, aggregate type and the maximum particle size in the 

concrete mix have a greater influence on the pulse velocity rather than the strength. 

The compressive strength of a mature wet concrete is typically lower than that of a diy 

specimen, whereas the pulse velocity is higher in a wet concrete. Malhotra [10] showed 

that even with the help of pre-established calibration curves, the predicted strength 

using the pulse velocity technique is accurate to within 20 %. So, if the calibration 

curves are not available, as would be the typical case in practice, this method would be 

even less reliable. 
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This, however, does not imply that there is no relationship between concrete 

strength and pulse velocity. There might be a more complicated relationship between 

the two, which has not been discovered yet. Another ejqilanation of the qiparent lack 

of a relation between ultrasonic velocity and strength is that at low frequencies 

ultrasound is less sensitive to small cracks and voids, which are orders of magnitude 

smaller than the signal wavelength, which affect the strength of concrete. This is 

because the axial resolution [6] of the ultrasound is worsened. But in order to use high 

frequency ultrasound, the problems of attenuation and scatter must be addressed. In 

addition, the frequency dependence of pulse velocity has to be investigated, as concrete 

has been shown to be a dispersive material, in which velocity is a function of frequency 

[9]. Hence we can conclude that ultrasonic pulse velocity technique cannot be used 

reliably to predict the in-place concrete strengths or to detect internal damage and that 

more advanced ultrasonic techniques should be developed. 
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CHAPTER2 

CIVIL INFRASTRUCTURE AND THE LAMB WAVE TECHNIQUE 

2.1 Introductioii; 

A mechanical or uhrasonic wave is intrinsically wdl-siiited to the task of 

inspecting the stroctural int^rity of civil infrastructure. Uhrasound has been used for 

the last several decades for inspecting the structural int^rity of civil infrastructure. 

The main problem &ced by researchers is the interpretation of the recorded data. 

Ultrasound can be used on small as well as large samples and evidently, smaller samples 

can be examined with better resolution than larger ones. Large structures have to be 

inspected at low frequencies because high frequent waves attenuate very quickly. A 

lot of research has been done on testing infi'astructure; most of the testing methods are 

based on the traditional through transmission and the pulse-echo technique. A surv  ̂of 

the research done on inspecting civil infrastructure is given bdow. 

2.2 Literature Surv^: NDT & E of Ch  ̂Infrastructure; 

Poston et al. [11] studied the use of compression, shear, and Raleigh waves to 

detect flaws in structural concrete. The waves are sent through the sample by 

mechanical impact of a transient stress pulse. The method is nondestructive and used 

to study the internal conditions of a structure. In [12], researchers have analyzed 

nondestructive testing of concrete for inspecting internal defects. The methods of 
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testing consist of infrared thermognq)! ,̂ ground penetrating radar, and stress wave 

propagation. The paper also forecasts how research can be developed in the fidd of 

nondestructive testing of concrete. 

Research results on testing done on sintered refractory bricks for defects using 

ultrasound and microwaves is presented in reference [8]. By creating artificial flaws in 

various materials and comparing the results it was found that the ultrasound proved to 

be unsuitable for large measurements but the microwaves proved to be a good 

alternative technique. The ultrasound was not positively accepted "because the open 

pore blocks have to be coupled in water". This testing technique can be used to detect 

defects and inclusions in various structures. Rickards et al. [14] discussed methods of 

nondestructive testing which will ensure quality in the castings. It presents techniques 

used for nondestructive testing which will help with correct procedures for testing and 

use of equipment. Jacobs [15] discussed how laser ultrasonics is used to produce 

broadband ultrasonic waveforms and to investigate the eflfect of the concrete media on 

the amplitude and frequency content of these ultrasonic waves. Laser detection is 

achieved by an interferometer. The advantages of laser ultrasonics are: 1) Absolute 

measurement of ultrasonic pulses without interfering with the process being monitored; 

2) Sensor does not influence the fiequeni  ̂ content of the waveforms being measured; 

3) Good potential for remote, non-contact evaluation of concrete components. 

Popovics and Rose [16 reviewed the current state of ultrasonic nondestructive 

evaluation techniques in the concrete. They examined current methods and discussed 
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possible new methods. Advantages and disadvantages of new techniques, as applied to 

concrete, are discussed. Olson [17] discussed ̂ )plications of MDT methods for forensic 

investigation of problematic concrete structures, and for quality assurance of concrete 

repairs. These NDT methods impact Echo, Uhrasonic Pulse Velocity and Spectral 

Analysis of Sur&ce Waves) use stress waves. Overviews and case history examples of 

each method have been included. Pessild and Johnson [18] described how the Impact-

Echo method (an NDT method based on transient stress wave propagation) is used to 

measure in-place early-age strength of concrete during construction. this method, a 

stress pulse is introduced into an object by mechanical impact on its sur&ce. The 

reflected pulse causes surfice displacement of the object, which is monitored. The P-

wave speed is measured and the changes in the P-wave speed as the concrete matures 

are used to reveal information about the development of strength. Waagaard et al. [19] 

discussed how non-linear FE analysis is used to predict the capacity of reinforced 

concrete offshore structures in areas with complex geometries and with non-

conservative loading from external water pressure. Langberg et al. [20] discussed the 

FE modeling of a large ofi&hore structure for verification purposes, based upon the 

experience gained with the Draugen CffiS platform for A/S Norske Shdl. A 

description of the FE modeling procedures, results, and interpretation are included. 

Berthelot et al. [21] discussed how wave attenuation in concrete has been 

obtained in the case of propagation of plane waves in concrete rods. A transmitter 

transducer attached to one end of the concrete rod generates the plane wave in the rod. 
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The receiver transducer is attached to the other end of the rod senses the signal. The 

experimental results lead to a formula for wave attenuation as a fimction of the 

concrete composition, the propagation distance, and the wave frequency. Thomas et 

al. [22] discussed why NDE of bridges is important in the US aging infrastructure 

problem. NDE techniques are used to improve bridge inspections, such as ultrasonic 

evaluation of the steel pins in the E-9 pier on the San Francisco Bay Bridge, etc. The 

techniques being used for this purpose are ultrasonic evaluation, high energy 

radiographs, limited view computer tomography (CT), dual band infrared imaging 

techniques etc.. Yapura and Kinra [23] discussed the limitations of using Leaky-Lamb 

waves (LLW) in NDT of homogenous and composite materials. LLW suffer from 

rapid spatial decay due to leakage of energy into water. Thus, mai  ̂features of the 

theory cannot be observed experimentalfy. They considered harmonic guided waves, 

which do not suffer any geometrical attenuation. Djordjevic [24] talks about using 

scanning ultrasonic probes for n^id and quantitative ultrasonic testing of large 

composite or bonded structures. Liquid-jet probes, air coupling transducers and laser 

stress wave sensors enable non-immersion ultrasonic measurements. 

Methods of testing old and new concrete structures for structural problems 

using NDT methods are discussed by Olson [25]. These methods involve stress waves 

that are known as Impact Echo, Ultrasonic Pulse Velocity and Spectral Anafysis of 

Surface Wave methods. All of these methods are nondestructive and the p^>er 

discusses how each of method can be used for testing. Another nondestructive testing 
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technique has been presented by C. Cheng and M Sansalone [26]. This method used 

transient waves to detect delaminations in concrete plate-like structures. 

Instrumentation and results from testing experiments have been presented. Yiching and 

Sansalone used the impact echo technique for NDT of reinforced concrete beams and 

columns [27], This paper discussed how defects can be identified and located in beams 

and columns using impact echo techniques. Relative values of the ultrasonic inspection 

have been discussed in [28]. The pq)er made reference to various fiictors that 

influence our need for ultrasonic inspection methods. Hertlein [29] suggest that Civil 

Engineers should consider NDT methods seriously because of recent advances made in 

the field of NDT study. Huang [30] presents a discussion of testing the structural 

integrity of an underground reinforced concrete tunnel modifying methods for 

structural integrity of steel pipes. The structural integrity of an underground concrete 

tunnel is examined by analyzing seismic wave propagation. Three new improvements 

for sonic and ultrasonic NDT have been presented in [31]. The NDT of concrete 

structures has been explored with these three new improvements which increase the 

efBciency and speed of NDT. The first improvement allows one to use new parameters 

which were not available earlier. The other two improvements increase the speed of 

NDT by rapid scanning. The first advancement involves the use of Spectral Analysis of 

Surface Waves while the second two involve Ultrasonic Pulse Velocity and bnpact 

Echo scanning techniques. 
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Popovics [32] presented the need for uhrasonic detennination of the location of 

reinforced steel in concrete structures. The paper presented wave propagation ideas 

and models to determine the location of reinforced steel in concrete structures. It also 

discussed how sur&ce waves can be used to obtain this information. The suggestion 

was to use Lamb wave velocity measurements in different directions through a concrete 

structure to determine steel content. Chou [33] discussed wl  ̂ nondestructive 

evaluation (NDE) methods are important for infrastructure management. Chou 

presented ideas on determining the effective NDE method for a specific test and the 

advantages and disadvantages associated with it Because of the advances in the field of 

NDT Hertlein [34] suggested that engineers should use NDT methods more often. The 

reasons for not using NDT methods are becoming a thing of the past and new research 

has improved them greatly. By using modal analysis and automated scanning in an 

immersion tank NDE methods and results have been presented in [35]. Both methods 

were applied to a boat propeUer and the results were presented in the paper. The study 

used very low and very high fi'equen  ̂ vibration of the material being tested to detect 

defects. Ravindrarajah [36] described the relationship between the development of 

compressive strength and pulse velocity of high-strength concrete to different types of 

cement material and curing time. 

Li [37] described high-speed sampling machines connected with the CTS-25 

low frequency ultrasonoscope and computer. He also discussed the study of fi'equen  ̂

spectrum analysis carried out for concrete with voids for both loose and compact 
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coacrete. Popovics and Popovics [38] described the pulse velodty method for testing 

concrete. Th^r went on to describe the method's fiuhire to determine the strength and 

detect the damage in concrete. Olson [39] presented case histories of different NDE 

methods that use stress waves to characterize concrete conditions, bichided are case 

histories of using Dnpact Echo to evahiate cracking in a 1923 thin-arch concrete dam 

and to investigate honeycomb and void conditions. Ultrasonic Pulse Velocity has been 

also used to define cracking damage in bridges. Gaydecki et al. [40] described how 

medium-frequency ultrasonic pulses traveling through concrete are generated, received, 

digitized and analyzed. Experimentation and theoretical modeling show that the 

appearance and decay of discrete fiequency bands depend on the composition and 

external geometry of the concrete. Kausel and Ghibiil [41] described the problem of 

elastic wave scattering by steel reinforcement in concrete. Th  ̂ also examined 

reflection/transmission patterns of plane waves in a homogeneous specimen of concrete 

reinforced by equidistant steel bars. 

Ghorbanpoor et al. [42] discussed the use of the Impact-Echo for determining 

the location and extent of voids in the post-tensioning ducts of concrete structures. It 

was discovered that the location of voids within the concrete may be found by 

examining the wave reflection fiequency values caused fi'om an induced impact at the 

concrete surface. Steber and Ghorbanpoor [43] described the processing and analysis 

of the surface displacement signals in concrete. Results of laboratory studies designed 

to detect voids in different concrete samples were also discussed. 
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Cannard et al. [43] monitored the attenuation and time of propagation of 

ultrasonic waves in order to closely monitor the setting of cement. The pi^er 

presented specific equipment and results of testing. The paper also discussed the types 

of cement, additives, and mix variables which can be examined using this technique. 

Berthaud [44] examined how acoustical and mechanical damage in concrete might be 

linked. Testing was done by measuring the velocity and amplitude of longitudinal shear 

waves on cubic structures. Two forms of anisotropy were then examined, both 

acoustical and mechanical. Berthaud suggests that these two could be present in 

concrete. Acoustical and mechanical anisotropy of geological materials was also 

studied by Desai, Jagannath and Kundu [45]. 

Popovics et al. [46] discussed why ultrasonic testing methods should be 

accepted due to new discoveries in the field of NDT. Ultrasonic methods to test 

concrete materials were discussed. Test results were presemed which prove a number 

of interesting points as well practical uses for NDT. Saka and Fukuda [47] studied 

ultrasonic longitudinal waves in conjunction with &tigue cracks present in a specimen. 

By examining the time of flight of the propagating wave, information about a structure 

can be obtained concerning its structural imegrity. The cracks studied were closed 

with varying depth. Han and Birkeland [48] examined nondestructive testing of wood 

for internal properties. This study is important for the production of wood in sawmills 

so that a log may be examined internally before it is cut. Possible methods of scanning 

were also discussed. Kobayashi et al. [49] discussed a cross-scanning ultrasonic 
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machine that was installed at a steel manufacturing plant. The favorable characteristics 

of the machine were presented which had improved testing efficient. Arkhipov and 

Kondrat'ev [SO] presented methods for flaw detection using ultrasonic methods in 

various materials. The velocity and attenuation of the ultrasonic waves was studied to 

detennine homogenity. 

Karim et al. [51] used analytical and finite element methods to study the 

scattering of elastic waves by inclusions and cracks in a spedmen. A finite zone was 

set up in which the elastic waves aire monitored. The p^)er presented numerical 

results which had shown how the cracks and inclusions interact with the wave. 

2.3 Advantages of Lamb Wave Testing: 

Conventional ultrasonic inspection of large structures is very time-consuming 

because the transducer needs to be scanned over each point of the structure that must 

be tested [S3]. On the other hand. Lamb waves can be excited at one point of the 

structure and can be propagated over considerable distances. These propagating signals 

are picked up by a receiving transducer kept at a distance and this received signal 

contains information about the int^^rity of the r^on between the two transducers. The 

test therefore, monitors a comparatively big r^on rather than a point and considerable 

savings in testing time may be obtained. Since Lamb waves produce stress throughout 

the plate thickness, different modes exciting different depths of the plate, the entire 
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thickness of the plate can be examined. This makes it possible to detect defects near the 

surface as well as those inside the plate. 

The inherent characteristic of the conventional ultrasonic methods of testing 

infrastructure is that detection of defects is based on ultrasound being scattered from 

them. Hence the wavelength used should be of the order of the defect vi^ch is to be 

detected. Naturally, small defects cannot be detected by signals of very low 

frequencies. This is why ultrasonic inspection using Lamb waves is very promising. 

Here, defect detection does not depend only on the scattering of the waves from the 

defects, but on how the waves interact with them. This interaction affects the V(f| ( 

voltage amplitude vs. frequency ) curves in two ways. The peak amplitude 

corresponding to particular modes may change due to the presence of a defect, or there 

might be a frequency shift of the peak amplitude. 

2.4 Fundamentals of Lamb Waves ; 

Lamb waves are guided acoustic waves, ix^ere the boundaries of the medium 

have the effect of guiding waves along their surfices. Examples of wav^uides are 

shown in figure 2.1. The energy of guided waves flows along the direction of the 

guiding configuration, or waveguide. Lamb wave problems are analyzed by finding 

solutions to the field equations and the boundary conditions in which the energy flow is 

along the boundary. Eveiy waveguide structure is capable of supporting an infinite 

number of different guided wave solutions, called waveguide modes. Each of these 
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Figure 2.1 Examples of 
waveguides 

y 

(nddent and reflected longitudinal partial waves 
Incident and reflected venicaUy polarized shear partial waves 

Figure 2.2 Partial wave patterns 
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modes are proportional to e*'̂ , where 3 is the propagation constant. Each mode has a 

different propagation constant and a different field distribution. 

Both longitudinal and transverse waves propagate in soUd media. The particles 

of the medium propagate in the direction of wave propagation in a longitudinal wave, 

while in the shear wave, they vibrate at right-angles to the direction of propagation. 

Longitudinal waves can exist in media which have volume elasticity, i^iile shear waves 

can propagate in media where there is shear elasticity. When an SH Oiorizontal shear) 

wave impinges on a fi-ee boundary, it gets totally reflected. But when SV (vertical 

shear) and P (pressure) waves impinge on a free boundary, th  ̂get partty scattered 

into a reflected waves of the other kind. Hence for a plate with free boundaries SV 

and P waves do not exist individually, but are coupled at a free boundary. A partial 

wave pattern for these polarizations is shown in figure 2.2. The wave vectors of the 

shear and longitudinal partial waves must all have the same component 3 along the z-

axis, and the shear and longitudinal partial waves consequently propagate at different 

angles to the z axis for these modes, which are called Lamb wave modes. Because the 

coupling is very strong, the coupled waves exhibit large departures from the uncoupled 

waves. 

Because of the interference of the longitudinal and transverse waves, two types 

of waves result, which have symmetric and antisymmetric modes shapes. In the 

symmetric modes, the boundaries of the plate periodically dilate and contract and so 

these modes are also called dilational. The antisymmetric modes have periodic flexing 
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motion of the boundaries and are called flexural modes. The Lamb wave particle 

velocity field distributions for P = 0 are shown in figure 2.3 . The particle 

displacement field patterns are shown in figure 2.4. 

2.5 Concepts useful in this woric 

2.5.1. The Dispersion Equation 

The waves propagating in waveguides, which are infinite in the direction of 

propagation and finite in at least one of the transverse dimensions, are characterized by 

a relationship between fi'equen  ̂ and the propagation fiictor. This is known as the 

dispersion relation. These frequencies are found by solving the field equations, subject 

to the appropriate boundary conditions at the resonator boundaries. 

Considering a plane waveguide lying in the x-z plane, having a finite thickness 

along the y-direction, as shown in figure 2.5, we name the displacement components 

along the X, y and z directions as u, v and w. We assume that the displacement and 

stress components are independent of the coordinate z. The plane strain displacement 

components, u and v, can be e}q)ressed in terms of two scalar potentials in the fixm 

[54] 

'—If '  
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Antisynunetric or flexurai Symmetric or dilatational 

Figure 2.4 Lamb wave modes 
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Figure 2.5 Specimen showing the coordinate axes 

Modulation 

Figure 2.6 Propagation of a group 
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The boundary conditions to be satisfied, for Lamb waves being transmitted 

parallel to the x-axis, are 

axy = <% = Oaty=±H for -oe<x <« (2.2) 

where 

and (2.3) 

The potentials are assumed to have the form 

(D(x,y)=F(y)e'̂ . 'F(x.y)=G(y)e'̂  (2-4) 

where k is the unknown but real wavenumber and F(y) and G(y) are functions to be 

determined from the equations 

(A^ + ki^)<D = 0 (2.5a) 

and (A^ + kz^T^O (2.5b) 

Hence, F(y) and G(y) are solutions of 

F"(y)-VF(y) = 0 (2.6a) 

G"(y).Ti2̂ Cj(y) = 0 (2.6b) 

where iii = (k^-lq^)" (2.7) 

Assuming the general solutions of (2.6a) and (2.6b) in the form 

F^) = A sinh(Tiiy) + B cosh(Tiiy) 

and G(y) = C sinh(ii2y) + D cosh(T]2y) 
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where A, B, C and D are constants and utilizing the boundary conditions, we arrive at 

the foUowing two equations after some mathematical manipulations [54]; 

t«nh(TiaH) (2k' -k*)' 
tanh(TiiH) 4k'iiiTij 

and 

tMih(TiiH) (2k' -k^)' 
Unh(TiiH) 4k'iiiTi, 

Equation (2.8) and (2.9) are the dispersion equations. The former gives the 

antisymmetric modes and the latter the symmetric modes. 

2.5.2. Calculation of the Group Velocity 

The velocity of propagation of energy for a general periodic wave motion is 

called group velocity. The group velocity appears when the two plane waves that 

advance in the positive x-direction, with the same amplitude, but with slightly different 

wavenumber, hence slightly different frequency, are superposed [55] 

u = A{sin(kiX - ® jt) + sin(k2X - <d ,t)} 

k , -k j  ®i -®2 .  xk i+^2  = 2Acos(—i - X  i ^t)siii(-^^ 2.x i Lt) 
2 2 2 2 

(2.10) 
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Writing 

(2.11) 

CO 1  —©2 

2 
= Aa 

equation 2.10 can be written as 

u = Csiii(k,x -o>,t) (2-12) 

where 

C = 2A cos( Akx - Aot) (2.13) 

This means that a modulation represented by C is impressed on the carrier, as 

shown in figure 2.6. The modulation results in the building up of groups with amplitude 

C which move along with the group velocity c,. The succession of wavelets represented 

by sin(kox-<Dot) moves along with the phase velocity Co = (Do/kb, which is not very 

different fi-om the phase velocities of the component waves, ci = a>i/ki and oz = Oj/kz, 

respectively. The velocity of propagation of the modulation, or the group is found by 

setting 

Akx - Aot = constant 

which, when differentiated yields 

di _d(D 

dt dk 
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In the limit of Ak 0 we obtain the group velocity as 

The group velocities can be ea^y calculated using the dispersion curves. The 

steps involved are: 

1) Obtain the dispersion curves 

2) Obtain the k (wavenumber) vs. o (angular frequency) plot from the dispersion curve 

data ( figure 2.7) 

3) Obtain the gradients of the above curves at different points. The inverse of the 

gradients gives the group velocities. Figures 2.8 and 2.9 give the group velocities for 

the first two modes, at certain points, as an illustration. 

2.6 Literature Surv^: Lamb and sur&ce waves in defect detection 

Researchers have used Lamb waves to detect defects in a variety of ways. 

Kundu et. al. [56] introduced a method for scanning with leaky Lamb waves ( L-scan ). 

This technique was applied to detect internal defects in a multilayered fiber 

reinforced composite plate specimen. Images obtained by this technique were 

compared with the conventional technique and the L-scan proved to be more efifective 

in detecting some internal defects that did not show up in the C-scan technique. Further 

work has been done by Yang et al. [57] in developing a theoretical model for predicting 
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the response of anisotropic multilayered composite plates to external loading. The L-

scan technique has been applied successfiilly to multilayered composite plates [58]. 

The use of lamb waves in detecting defects in pipe structures has been described 

in [59], The defects mentioned are corrosion defects in steel pipes. The paper states 

that the pipe structure may be tested externally for internal defects. A method for 

measuring the thickness of a non-metal material using ultrasonic techniques was 

presented in [60]. A pulse Lamb wave induces a lateral or transverse wave in the 

tested subject, this wave reflects off the upper and lower boundary of the material. By 

using wave propagation techniques [61] defects can be detected in thin plates of 

different materials. The waves used are shear, Raleigh, Lamb in combination with "air-

coupled piezoceramic ultrasonic transducers'*. The materials mentioned are carbon 

fiber and aluminum. Bozkurt et. al [62] presented a study of the use of Lamb wave 

lenses to obtain subsurface images. The Lamb wave lenses have conical refracting 

surfaces and are operated at frequencies of 400 MHz and IGHz. The shorter 

wavelengths produce a improved resolution and reduce defocus distance. The imaging 

produces adequate results for layered structures. 

By creating a new type of Lamb wave transducer the transduction loss can 

become very low [63]. This p^)er discusses how the lowest losses that have ever 

been were obtained with a pure mode Lamb Wave Transducer. A lens geometry was 

proposed which would allow acoustic microscopes to image layered solid structures 

[64]. Both the v(z) and v(Q curves were discussed in the study of acoustic microscopy. 
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The lens can focus only one of the Lamb wave modes with high efficient. The results 

from this were presented in the paper along with methods of associated 

characterization. All^e et. al [65] describe an NDT method which enables a 

dispersive Lamb wave to be sent and received. The signal, with its frequency 

components superposed, will recombine to form a signal with a simple sh^ at the 

receiver position. This method can detect small changes due to defects along the 

propagation path. Another advantage is that the signal/noise ratio is maximized at the 

receiver position. 

Kimdu and Maxfield [66] described how to generate and detect sur&ce waves 

in isotropic and anisotropic solids using an acoustic microscope. They have shown that 

one can predict if the surface waves have been generated or not by measuring the 

change in the arrival time as the distance between the reflecting surftce and the 

transducer changes. Rose and Ditri [67] have shown that using ultrasonic Lamb waves 

in a contact mode may increase the efBciency and sensitivity of adhesive bond 

inspection. The two types of transducer arrangements discussed were Pulse-Echo and 

Through Transmission. Alleyne and Cawley [68] have shown that individual Lamb 

waves interaa with various defects (simulated by notches). Th^ show that Lamb 

wave interaction with defects can be quantified with a 2-D Fourier transform method. 

The sensitivity of a Lamb wave to a notch depends on the frequency-thickness 

product, the mode type and order, and the notch geometry. Their investigation 



64 

involved thin thin specimens (3 mm thick) and the notch depths were of the order of 

0.5 mm to 2 mm. 

Verdict et al. [69] shows the need for laser induced transient lamb wave 

modelling in plate and shell structures. By using a graphite plate low frequency Lamb 

waves Verdict et. al developed adequate modelling technique for thin plate and shell 

structures. Schumacher et. al. [70] presented their research results in an investigation of 

Lamb waves directed in a unidirectional graphite/epoxy plate. Phase velocities were 

calculated after the transient waves were monitored using Fast Fourier Transforms. 

Alleyne et al. [71] presented a two dimensional Fourier transformation which 

could distinguish between di£ferent wave modes created by propagating lamb waves. 

The paper presents results from numerical and experimental investigations which show 

the effectiveness of the two dimensional Fourier transformation in measuring the 

amplitude and identity of different lamb modes. Schneider et. al. [54] examined 

deformed ceramic specimens using ultrasonic surface waves. Ultrasonic testing was 

done by generating surface waves using laser impulses and then examining the surface 

wave dispersion using Fourier transformations. Creep specimens of ceramic with 

different glass content were examined using this technique. Atalar et. al. [73] studied 

how Lamb wave lens can replace an acoustic microscope lens for some studies. Lamb 

wave lens enables the user to study the excited modes of a retum signal which are 

influenced by the elastic and physical properties of the material studied. This paper 

discussed methods for studying this effect in layered structures. Liu et. al. [74] studied 
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the effect of a "sur&ce breaking crack" in a plate on transient Raleigh-Lamb waves. 

The method of analysis is a "hybrid numerical" one ^ch combines several other 

methods of analysis. The paper presents numerical and experimental data to show the 

effect of a crack in a specified fidd. Jansen and Hutchins [75] discussed how Lamb 

waves can be used to perform tomographic imaging of thin materials. An immersioii 

transducer is placed at an angle with the thin material being tested with a receiving 

transducer positioned at some distance away. Waveforms generated from the 

experiment can then be studied and used to detect defects in the material. 



66 

CHAPTER 3 

THEORY 

3.1 Introduction 

To use ultrasonic techniques more efficiently and to develop new techniques an 

indepth understanding of how ultrasound interacts with materials is essential. Theoretical 

modeling is of paramount importance in interpreting experimental results and in predicting 

material response to external ultrasonic loading. There are a couple of techniques for 

analyzing the response of plates to external loading. Moon, [76] and Sun and Tan [77] 

have developed plate theories for calculating responses of anisotropic plates subjected to 

loads of low-frequency, where the wavelength of the ultrasound is much larger than the 

plate thickness. Waas [78] proposed the semi-numerical method (SNM) for isotropic 

layered structures, which was extended for orthotropic layered half spaces by Seale and 

(Causel [79]. LiuandTani etal [80, 81] proposed the hybrid numerical method (HNM) 

and this was later modified by Liu and Lam [82]. This method is very efficient for 

computing responses of anisotropic laminated plates in the time domain. Liu and 

Achenbach [83, 84] proposed the strip element method ( SEM ). This is useful to analyze 

the response of anisotropic laminated plates in the time domain. The SNM and SEM can 

also be used to obtain responses in the time domain by employing the Fourier Transform 



67 

techniques. The finite element methods can be used for much higher frequencies than 

methods based on plate theories. 

Xu and Mai [85] and Kundu and Mai [86] have proposed exact methods in which 

the equation of motion is solved, subjected to specific boundary conditions. The 

advantage of these methods over the methods based on plate theories is that these can 

consider responses at higher frequencies. Moreover exact solutions can be used to check 

responses obtained by other approximate methods. Here we explore another exact 

method.3.2 Response of a composite plate. 

Consider a plate of N layers of anisotropic materials, as in Fig. 3.1. The thickness 

of the plate is denoted by H and the thickness of the n-th layer is hn . The loading is along 

a line parallel to the y-axis, so as to make the problem independent of the y-axis and 

hence, two-dimensional. The time-harmonic term expC-icat), where O) is the angular 

frequency, has been suppressed. 

3.3 Equation of Motion : 

The system of governing equations, in the absence of body forces is expressed as 

dOs 
pU|--r^ = 0 (3.1) 

dXj  
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Figure 3.1. Specimen axes and loading 
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where 

where 

p is the density of the laminate 

Ui, f=1,2,3 is the displacement in the i direction. The dots represent 

differentiation with respect to time. 

a is the stress, the subscripts denoting which element of the tensor it is 

j = 1,2,3 denotes the axis under consideration. 

The above set of equations can be written as [81, 82] 

pU-L'̂ cLU = 0 (3.2) 

U^= ( u,v,w}, where u, v and w are the displacement components in the 

x,y and z directions respectively. 

the superscript'T' denotes the transposed matrix or vector. 

c is the 6x6 matrix of elastic constants, which, for general anisotropic 

materials has 21 constants. 

L = 

^ 0 0  a 
dx 
0 

0 

0 

di 

0 

0 

0 

0 

dt 

0 

d 
X 

0 

dz 

0 

dx 

0 

(3.3) 

It can be seen easily that 

e=LU (3.4) 
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and 

o=ce (3.5) 

The operator matrix can be written as ; 

 ̂ w 3 r  ̂ (3.6) 

where the matrices Lx and Lz are : 

L = 

1 
0 
0 
0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

1 

0 

(3.7a) 

and 

L = 

0 

0 

0 

0 

1 
0 

0 

0 

0 

1 
0 
0 

0 

0 

1 
0 

0 

0 

(3.7b) 

By using this definition of L, the product L^cL can be written as 

d' L*cL = D. 
dt' 

(3.8) 
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where; 

®ll ®15 

Cu (3-9a) 

Cl5 Csc C55. 

1 
2c ^15 ®14 •'"®« •'"®5S 

C i3+C J5  C45 +€34 (3.9b) 

.«u +C55 ®45 1 

C35 

!>« = ®S5 C44 Cj4 

-Cj5 C34 «». 

The stresses on a plane ZFconstant can be written as ; 

R={ffxz tSyz aa}T=L^^U (3.10) 

3.4 Loading Conditions: 

The external force vector can be written as : 

T(x) = {T,(x) T2(x) T2(x) T3(x) ... Tn(x) Tn.i(x)} (3.11) 

where each of the elements above represent 3 by 1 vectors, such that T/= {q. qy qz }j. 

Tj is the external force acting on the jth inter&ce, j=l is for the lower surfece and 

j=N+l is for the upper surfece of the plate. 

For the lower surfece of the plate 

-Ri^=Ti. (3.12) 

For the interfaces. 
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R." - R.,^1^ = T^i, U." = for 1 ̂  n ^ (N-1) (3.13) 

For the upper sur&ce of the plate: 

Rn" = Tiim- (3.14) 

The subscripts, in the above equations, indicate the layer numbers and the 

superscripts U and L stand for the upper and lower surfaces of a layer, respectively. 

3.5 Solving the problem in the wavenumber domain 

To convert the problem to the Wavenumber domain, we take the Fourier 

transform with respect to the horizontal coordinate, x: 

m  

U(z,k)= JU(z,x)e»'dx (3.15) 

where 

i = and k is the wavenumber. Applying the Fourier transform to equation (3.2) 

gives: 

p U+k'D„ U+i2kD„ ̂  - D„ ̂  = 0 (3.16) 

We assume a solution ofEq. (3.13) in the form 

U = dexp(i^) (3.17) 

where 

d is the amplitude of the displacement in the wavenumber domain 
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C is the wavenumber in the z direction. 

The time dependence e*"^ has been suppressed. 

Substituting from (3.17) into (3.16) we have 

((po)'I-k'D„)+C (2ld>.)-C'D„)<l = 0 (3.18) 

This equation, after some manipulation can be written in the form of an 

e igenva lue  p rob lem as ;  

_D;'(po'I-k'D.) IkD-D.lcdl'^O l|cd}°® 

Where I is a 3 x 3 identity matrix. This problem can be solved for six eigen 

vectors and six eigen values. For a problem as this, where the first matrix is non-

symmetric, the eigenvectors and eigenvalues will be complex. The displacement in the 

wavenumber domain can be written in terms of these eigenvectors and eigenvalues as : 

® "iKi? +t cji] «pK7(. - h)l (3.20) 
J=t J=l 

where Cj = the constants to be determined from the boundary conditions 

h = thickness of the layer under consideration 

the''+" denotes variables corresponding to dgenvalues related to waves 

travelling in the positive z direction 

the denotes variables corresponding to eigenvalues related to waves 

travelling in the negative z direction. 

Equation (3.20) can be rewritten as ; 
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U = V"E*(2)C* + V-E-(Z)C-=(V*E" V-E"! (3.21) 

where 

c* = [C*, Cj c, f, C = (C, C, C3 f (3^a) 

and 

\r=[d\ d"2 d"3 ] \  
C- = [d-i d-jd-sf (3.22b) 

0 0 
E*(z) = 0 0 (3.23a) 

0 0 

E-(z) = 

i?7 (*-fc) 

0 

0 

0 
r(*-

0 

0 

0 (323b) 

The stress on a plane can be expressed as 

where 

R = L^c(L.^+L,^)U 
9x ' dz 

or (3.24) 

Csi C56 C55 

!>,= C41 C45 

.Cjl C36 C35. 

(3.25) 
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Csi C5« C55 

II M 
Q

 C41 C4« C45 
-«3I C3« C35. 

Appljdng the Fourier transfonn to equation 3.24 we have 

R = -ikD.U+D„^ 

(3.25) 

(3.26) 

From equations (21) and (26) we have 

R=(P*E"  PE ' l  
C* 

(3.27) 

where 

and 

P* =-ikD,V"+D„V* 

P" =-ikD,V-+D„V-

V* = [iC,X 

= i^^d- iCidji 

(3.28) 

(3.29) 

Using a Fourier transform on the boundary conditions, we get the T vector, the 

vector of external loads. 

The equations for all the layers and interfaces are then summed up together to 

produce the following set of equations : 

AC = T (3.30) 



where C consists of the constant vectors for the layers : 
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A = 

c= {cr cr c; Cj ••• Cfj} (3.31) 

The matrix A is ; 

r -K -prEw 0 0 0 0 0 

-y:K 0 -V, - VfEi, 0 0 0 

~KK 0 -PI - prE« 0 0 0 
0 0 v; -v; -V,-E,3 0 

0. 0 0 
• • 

Pz" 
• 

-p; 

• 
-P,-Ei3 . 

• • 
0 

• • • 

0 
_ 

• 
• 
0 

• 
• 
0 

• 
• 
0 

• 
• 
0 

• • 
• • 
0 

• • • 
• • • 

• PNE;. P; 

(3.32) 

The solution of this equation gives the constant vector, from which the 

displacement can be obtained. 
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CHAPTER 4 

EXPERIMENTAL INVESTIGATION 

4.1 Introduction: 

The first step for any experimental investigation is to decide what to look for 

and how to find it. The traditional way of conducting C-scans and L-scans is to 

immerse the specimen and transducers in a bath of coupling liquid, and conducting the 

experiments there, or to conduct experiments with transducers in direct contact with 

the specimen. Both of these techniques have their limitations and hence experiments 

could not be carried out on infrastructure in the traditional manner. Figure 4.1 shows 

the conventional settings of ultrasonic transducers with respect to the specimen when 

only one side of the specimen is accessible. Since this research is on inspecting laige 

structures, the idea of immersing them in a bath is automatically ruled out. Also, as can 

be seen in figure 42, the received signal is drastically influenced by multiple reflections 

of ultrasonic signals &om the top and bottom surfaces of the coupling fluid. This is 

shown in the four different signals obtained by disturbing the water surface. Figure 4.3 

shows the various possible paths taken by the ultrasonic signal while traveling &om 

one transducer to the other. Figure 4.4.a shows an arrangement, having two small 

pools of water on the specimen, that might help mitigate the problem of multiple 

reflections. In this arrangement the transducers have been placed away from the edge of 
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b) With specimen and transducers immersed in water 

Figure 4.1; Conventional scanning methods 



4 different signals for immersed aluminum sample 
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Figure 4.3 Multiple reflections of ultrasound 
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Figure 4.4 Setups using pools of water 
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the pool of water. This is also not good as there are multiple reflections in the water 

ahead of the transducers. Figure 4.4.b shows a slight modification, in which the 

transducers have been moved closer to the edges of the water pools to reduce multiple 

reflections. The transducers should, however, be sufQciently far from the edges to 

eliminate the possibility of interference of the wall of the container with the passage of 

the ultrasonic waves. 

The above arrangement is amenable to the angles of the transducers being 

changed to any desired angle. This is important as different combinations of angles and 

frequencies «ccite different Lamb modes. As explained by Yang and Kundu [57], 

different modes of Lamb waves excite particles differently at different depths, and 

hence one mode may be sensitive to defects near the surface while another mode may 

be sensitive to defects at a greater depth. 

Since the specimen is not to be immersed in the fluid, it would not be feasible 

to scan the specimen by moving the transducers all over the specimen, as is done in the 

conventional C-scan or L-scan. This inspection can be made along a number of straight 

lines, which are parallel to one another. 

Contact transducers have predominantly been used for infrastructure 

inspection. This has certain disadvantages. The received signal depends on contact 

pressure and the amount of coupling gel used. Figure 4.5 shows two V(f) curves taken 

at the same location. Due to an inadvertent change in the contact pressure, the curves 

have changed drastically. The time of flight, however, does not seem to change as 
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drastically as the V(Q curves do, hence the experiments based on the time of flight 

calculations might be fairly accurate when performed with contact transducers. 

Moreover, experiments on time of flight can be repeated several times with different 

contact conditions to test for accuracy of results. Generating V(f) curves several times 

would be very time-consuming. There is another difBculty with the contact transducer. 

The coupling material may damage the surface of the test specimen. It is also difficult 

to remove it completely from the surface of the specimen, if the specimen is porous, as 

is concrete. These difBculties are avoided when a coupling fluid is used instead of 

contact gels. 

Using non-contact transducers with a coupling fluid has another advantage. The 

angle can be adjusted so as to have a strong Lamb wave mode which would propagate 

long distances. This is exhibited in figure 4.6, where the received signal is stronger for 

an angle of inclination of 20 deg., as compared to the signal for a vertical transducer. 

4.2 Experimental Setup: 

Figure 4.7 shows a schematic of the experimental setup. A pc-based data 

acquisition software controls a model 395 Wavetech arbitrary waveform generator, 

which sends out toneburst signals in the sweeping firequency mode, continuously 

varying firom a lowest frequency to the highest frequency. The signal from this 

generator is amplified by a model 310 Matec broadband gated amplifier and then 

excites the sending transducer. The received signal is amplified by a Tektronix TM 506 
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Figure 4.7 Schematic of experimental setup 
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amplifier and is routed back to the computer through an interface. The software 

processes the signals and produces a V(f) (fi%quency vs. amplitude) curve which is 

displayed on the screen. This data can also be saved in a file for fixture analysis. 

Figure 4.8 shows an experiment in progress. In the foreground is an aluminum 

sample with transducers mounted on containers holding water as the coupling fluid. An 

electronic angle measuring device is used in order to check the angle of inclination. The 

picture shows this measurement being done on the transducer on the right, the black 

hand-held object being the angle measuring device. In the background are the personal 

computer (left), the waveform generator ( right top ) and the Tektronix amplifier 

(right bottom). A V(f) curve can be seen on the computer screen as a thick firm white 

line. The other faint lines represent the phase information. The author (right) is being 

assisted by an undergraduate research assistant, Aaron Stocek. 

4.3 Designing a setup to hold the transducers and the coupling fluid ; 

4.3.1 General Requirements 

The requirements of a setup for holding transducers and the coupling fluid are 

the following: 

1) The setup should be small and portable. 

2) The holder should be able to hold the transducer at any required angle. 

3) The holder should be stable enough to hold the heavier and larger transducers for 

lower fi^quencies. 



Figiire4.8 E}q)erimeiit in progress 
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4) The container should hold a small quantity of coupling fluid to immerse the face of 

the transducer 

5) The base of the container should have good transmissibility for ultrasonic waves to 

pass through. 

6) Leakage of the coupling fluid should be minimum 

The first concern was the container to hold the coupling fluid in. The coupling 

fluid used in our experiments was water in most of the cases. Using glycerin as a 

coupling fluid gave a very strong signal as the acoustic impedance of glycerin is closer 

to that of aluminum when compared to the acoustic impedance of water. However, the 

use of glycerin was not necessary, because the signal with water as the coupling fluid, 

was strong enough for our purposes. But it is noteworthy that the increased strength 

of the signal, when glycerin is used, can be utilized for larger samples when the 

transducers are further apart firom each other. 

The container can be of any shape, as long as it is small enough to fit on the 

specimen and large enough to accommodate a transducer. As was discovered 

subsequently, smaller containers were desirable to have the smallest quantity of water 

required for the experiments so as to eliminate unwanted reflections from the water 

surface. A plexiglass box, as shown in figure 4.9 was tried out first. But the received 

signal strength was very small as the ultrasonic waves were getting attenuated during 

their passage firom the water to the sample, passing through the plexiglass bottom and 
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a thin layer of vaseline which was used as a coupling medium between the box and the 

sample. 

The next attempt was to have a latex sheet (see figure 4.10) for the bottom of 

the containers. The thought being that since the acoustic impedance of latex is close to 

that of water, lesser amount of ultrasonic energy would be reflected back at the water-

latex interface. The latex sheet had to be attached to the specimen with a thin layer of 

vaseline. This was difBcult to do without trapping air bubbles at the interface and it 

was very time consuming to produce a good interface. So this idea was given up in 

favor of using an open ended container. This would be fixed to the sample with putty 

to have a watertight contact, as shown in figure 4.11. The initial efforts of having a 

container with a base would make it easier to move the container on the specimen. 

Using the open ended containers makes it necessary to remove the water from the 

containers whenever they need to be moved from one point to another. 

Though this setup is a significant improvement from where we started off, it 

still had the disadvantage of multiple reflections, as explained in figure 4.4. Probably 

for this reason, this arrangement did not give results that were consistent enough to be 

acceptable. Figure 4.12 shows four V(f) curves, two of which are over a defective 

region (shown as dashed lines) and two over a non-defective region of a 1.03 inch thick 

aluminum plate, at an incident angle of 20 degree. Frequencies corresponding to the 

different peaks of the V(f) curves coincide, but the amplitudes vary. A number of 

experiments showed a lack of consistency in the results. Disturbing the water surface 
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caused the signal (which could be observed on the computer screen) to be disturbed. 

This is caused probably due to an interaction between lealQ^ Lamb waves and the 

reflected waves in the pool of water. The level of water and the movement of water 

affected the results. 

4.3.2 Using Water Columns 

The previous experiments showed that the following requirements had to be 

met by a good transducer holder mechanism. 

i) Reflected waves firom the top surface of the water should not be allowed to reach 

the transducer face. 

ii) The contact area of water with the sample should be kept to the very minimum in 

order to avoid leakage and absorption of energy. Since the experimental results depend 

on the surface finish of the sample surface on which the transducers are mounted, it is 

to our advantage to use a smaller area of the surface. 

With these requirements in mind, a holder was envisioned as a narrow column 

of water, slightly larger than the transducer diameter. The water fills the space between 

the transducer face and the specimen. This was done by cutting short lengths of a 

copper tube which were to hold the transducers inside. Copper tubes were chosen for 

ease of availability. When one end of a tube was cut to a certain angle and placed on the 

specimen, the transducer would be inclined to the specimen at that angle when it is 

inserted inside the mbe. This is shown in figure 4.13 and is similar to the setup 

described in [68]. This arrangement gave more consistent results than any of the 
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previous arrangements. One disadvantage of this arrangement was that one tube was 

good for only one angle and hence a pair of new tubes had to be cut for every angle the 

experiment was required to be conducted at. 

This setup had the problems of inconsistency also. This was probably caused 

by multiple reflections of ultrasonic waves firom the walls of the mbes. There was 

scope for multiple reflections off the tube walls in front of the transmitters and the 

receiving transducer. 

Figures 4.14 and 4.15 show two sets of four V(f) curves each, for an aluminum 

sample, 0.51 inch thick, without and with defects respectively. Details of the sample 

geometry and the nature of the defect are given in Chapter 5, figure 5.1. This sample is 

referred to as specimen 2. Curves shown in figures 4.14 and 4.15 are summarized in 

tables 4.1a and b (see page 101). For the six peaks at six frequencies, the "high" for 

each peak refers to the values of the six tallest peaks. "Low" refers to the values of the 

six shortest peaks. "Range/low" is the difference of the "high" and "low" values 

divided by the "low" value corresponding to a specific peak. The "average" is 

computed by the least squares error minimization technique for all the six peaks. These 

six peaks are marked by numbers 1 to 6 in figures 4.14 and 4.15. 

As can be seen from the figures 4.14 and 4.15, there are six prominent peaks 

which may or may not correspond to Lamb modes. It is noteworthy that the 

frequencies at which these peaks occur, show very good agreement with the peaks in 

figures 5.14 and 5.15, though only a fewer nimiber of peaks are strong in figures 5.14 
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and 5.15. Figures 5.14 and 5.15 are V(f) curves obtained experimentally from the same 

sample, with the same transducers, at the same angle of incidence, though with a 

completely different transducer holder which was developed after a few months. The 

new mechanism is described in the next section. 

From tables 4.1a and b, one can see that the difference between the average 

values of the peaks numbered 1, 2, 3, 4 5 and 6 are 87.51, 13.36, 65.65, 5.84, -21.82 

and 42.11 percent respectively. If peak # 1 represents a Lamb mode, then this peak 

should detect the defect very well. But if we look at the "range/low" ratios in tables 4.1 

a and b we can see that there has been considerable experimental scatter. This means 

that consistency of results and repeatabili^ of the experiment is quite unsatisfactory. 

The same conclusion can be drawn &om peaks 3, 4, 5 and 6 where the '̂ range/low'' 

ratios are 1.8, 2.83 and 2.28 for peaks 4, 5 and 6. This means that all peaks are not 

necessarily due to Lamb modes, but might be due to the interference between Lamb 

waves and waves reflected from the walls of the copper tubes. 

So it is necessary to prevent these multiple reflections. This requirement is 

now added to the list of two requirements discussed in the beginning of this section. 

The next section describes a more advanced setup which satisfies all three 

requirements. 

4.3.3 Conical Container 

If the water container is made conical, as shown in figure 4.16, the contact area 

of the coupling fluid and the specimen becomes small. Since the walls of the container 



Transducer Water in conical container 

Bgure 4.16 Transducer in conical container 
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are diverging, reflected waves from the container walls do not be reach the transducer 

face as shown in figure 4.16 by rays I and 2. The transducer can be held by a holder at 

the larger end of the container fadag the smaller end (see figure 4.16), so that most of 

the ultrasonic energy is transmitted from the transducer face to the specimen. This 

design would satisfy all the requirements posed in the previous section. The added 

advantage of this setup is that transducers can be inclined at any required angle inside 

the conical container. Hence, the transducer inclination angle between experiments can 

be changed very easily and quickly. While conducting experiments with this setup it 

was noted, that disturbing the water in the container did not affect the signal or the 

V(f) curve. Experiments done with this arrangement showed very consistent results. 

Very good agreement was observed between these experimental results and theory, 

details of which are presented in Chapter 5. 

Some of these results have been summarized and presented in table 4.2, to 

compare with the results of the previous setup. Comparing figures 4.14 and 4.15 with 

figures 5.14,5.15 and the dispersion curves (figure 5.16), we can see that peaks 2, 4 

and 6 of figures 4.14 and 4.15 correspond to Lamb modes. This explains the large 

scatter in experimental results for peaks 1, 3 and 6, they are not Lamb modes, but 

strong waves generated as an interaction of many waves. It is noteworthy that peaks 1, 

3 and 5 are very small in figures 5.14 and 5.15 because the multiple reflections from the 

holder walls were eliminated. It is also obvious, that the transducers in the conical 

holders were more sensitive to defects, since modes SO, A1 and SI showed changes of 



Table 4.1 Amplitude information for sample with and without defect 

(a) Amplitude information, without defect (figure 4.14) 
Peak# 

1 2 3 4 5 6 
High 7598 8630 4229 6912 2780 5753 
Low 2845 6941 2386 2435 724 1751 
Range/low 1.67 0.24 0.77 1.83 2.83 2.28 
Average 4851 7636 3179 4457 1605 3375 

(b) Amplitude infonnation, with defect (figure 4.15) 
Peak# 

1 2 3 4 5 6 
High 3629 7421 3866 7212 3591 3917 
Low 1525 5664 1007 2075 760 1591 
Range/low 1.32 0.31 2.83 2.47 3.72 1.46 
Average 2587 6736 1931 4211 2053 2375 



Table 4.2 Mode information for sample with and without defect 

Peak# 
1 2 3 4 5 6 

Corresponding mode as in 
dispersion curves 

- SO - A1 - SI 

% change due to defect 
for setup using copper tubes 

87.51 13.36 65.56 5.84 -21.82 42.11 

% change due to defect for 
advanced setup 

- 44.61 m 18.47 - 57.48 

Peaks with setup using 
copper tubes 

large large fairly large large fairly large large 

Peaks with setup using 
conical containers 

very 
small 

large very 
small 

large very small large 
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44.61 %, 18.47 % and 57.48 % respectively, as opposed to 13.36 %, 5.84 % and 42.11 

% obtained with the previous setup. 
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CHAPTERS 

EXPERIMENTAL RESULTS AND THEORETICAL CORRELATION 

S.l Sample Selection 

Two materials, aluminum and steel, were selected for the experimental 

investigation because of the availability of relatively large specimens made of the same 

materials and the availability of their material properties in literature. The steel 

specimen was 0.39 inch thick and will be called specimen 1. Two aluminum samples 

were obtained, one O.Sl inch thick and the other 1.03 inch thick. The thickness were 

recorded by averaging the measurements at different locations on the specimens. In the 

following discussions, these specimens will be referred to as specimen 2 and specimen 3 

respectively. The specimens are shown in figure S.l. Specimen 1 has a 2 inch long hole 

parallel to the plate surface. Specimen 2 has two 2 inch long holes located side by side, 

the holes being parallel to the plate surface. Specimen 3 has two holes drilled side by 

side, perpendicular to the plate surface. 

S.2. Sample Preparation 

Sample preparation is an important aspect of ultrasonic measurements. 

Experiments showed that a bad surface finish can give erroneous and inconsistent 

results. The sample surface between the two transducers should be diy because the 
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presence of liquids might cause leakage and absorption of ultrasonic energy. During the 

experiments, care had to be taken to keep the sur&ce of the specimen and the 

transducer face clear of bubbles. Any grease on the surface had to be carefully cleaned 

away. 

5.3 Experimental V(f) curves 

5.3.1 Defect Detection 

The aim of these experiments was to see if any particular Lamb mode or modes 

were more sensitive to the defects than other modes. For this purpose, many V(f) 

curves were experimentally obtained. The distance between the transducers was kept 

constant at 12 inches, during the experiments. Repeatability was an important issue in 

these experiments. The V(f) curves are very sensitive to the surface finish, the angle of 

inclination of the transducers and the distance of the transducers from the specimen, 

experiments were repeated several times at different locations of the sample, with the 

same experimental parameters such as the transducer inclination angle, the 

amplifications and the bandwidth of excitation. These results showed good consistency 

as can be seen from the figures furnished. If the results were not consistent, the 

proposed technique could not have been used as a reliable nondestructive evaluation 

technique. 
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5.3.2 Experimental Parameters 

In the Lamb wave inspection of materials, the important experimental 

parameters, which have to be determined prior to carrying out experiments, are the 

excitation frequency, inclination angle of the sending and receiving transducers, and the 

distance of the transducers from the specimen. This distance was adjusted to have the 

strongest signal strength, while all other parameters remained constant. Broad band 

transducers manufactured by James Instruments (0.25 in. dia., with a central frequency 

of 500 kHz) were chosen, for both sending and receiving ultrasonic waves. 

Experiments were carried out at angles of inclination of 17 degrees and 26 degrees to 

the vertical. For all experiments, the angles of inclination of the sending and receiving 

transducers were equal. The frequency of excitation was varied from 50 kHz to 800 

kHz and a toneburst of 25 cycles was used. 

For all the experiments, the distance between the sending and receiving 

transducers was maintained at 12 inches. Important parameters for obtaining 

theoretical dispersion curves are longitudinal and shear velocities of ultrasound, and the 

density of the specimen material. The longitudinal velocity was obtained by direct 

measurement. The shear velocity was then calculated by taking the Poisson's ratio 

equal to 0.33 for specimens 2 and 3, and 0.3 for specimen I. The longitudinal velocity, 

shear velocity and density of specimen 1 (steel) was 5.72 km/sec, 3.05 km/sec and 7.9 

gm/cc respectively. The corresponding values for specimens 2 and 3 (aluminum) were 

5.9 km/sec, 2.9 km/sec and 2.7 gm/cc. 
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5.3.3 Experimental Results 

5.3.3.1 Introduction 

Lamb waves propagate in different modes. The angle of inclination of the 

sending transducer and the frequency of excitation determines which mode becomes the 

strongest mode for that orientation. The receiving transducer receives the signal and 

when the strength of this signal is plotted against frequency, we get the V(f) curves 

(amplitude versus frequency curves). Different V(f) curves are presented in this 

chapter. 

The remainder of this section describes the general format in which the results 

are presented. The results are shown in terms of dispersion curves, V(f) curves, data 

tables and stress plots. 

The V(f) curves give us a quick qualitative comparison between strengths of 

different modes. When two V(f) curves, taken at non-defective and defective locations 

are compared, one can see whether or not a certain mode has been affected by the 

presence of the defect Care has to be taken to conduct these experiments at the same 

signal amplification. 

Theoretical dispersion curves have been presented for all three samples. The 

experimental points (frequencies at which peaks occur) obtained from the V(f) curves 

have been plotted along with the theoretical curves to identify the theoretical Lamb 
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mode corresponding to each peak. The strong modes of the V(f) curves have been 

denoted by the symbol while the weak modes are denoted by the symbol. 

Since the peaks in all V(f) curves were rounded, each mode has been represented by 

plotting a frequency range (as opposed to a single value of frequency). Theoretically, 

the frequency corresponding to this mode should lie within this range. 

The results of the V(f) curves have been summarized in tables. These tables 

give the results for both defective and nondefective specimens. Most figures show four 

V(f) curves, for four different experiments taken under similar conditions but at 

different locations. Individual modes have been identified in the table and each mode 

has a frequency range associated with it, which follows the same logic as for the 

experimental points plotted along with the dispersion curves. The amplitudes of the 

modes corresponding to the curves obtained at locations on the specimen where 

defects had been introduced are labeled "def and the amplitudes corresponding to the 

locations where no defects had been introduced are labeled "non-def. Some of the 

experiments have been conducted at more than one gate position, where the "gate" 

represents the time window of the received signal being analyzed by the computer to 

obtain the V(f) curve. 

The average amplitude in these tables is the average of the peak amplitude 

values obtained in the following manner. For every set of n curves and for each mode 

of this set, a narrow strip was selected so as to include all n peaks. Then a curve fit of 

"y=c" was done by least squares error minimization. The y-intercept of the line 
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(parallel to the x-axis) obtained from this curve-fitting is the average amplitude. The 

percent change reflects the change in the average amplitudes of the non-defective and 

the defective portions. The maximum and minimum values are the amplitudes of the 

tallest and shortest peaks respectively. 

The variation of nomial and shear stresses can be plotted as a function of the 

phase velocity for a particular node or as a fimction of the frequency for a particular 

angle of incidence. Both kinds of plots are usefid in interpreting experimental results, 

and both kinds have been provided for ail three samples. The specimen axes are shown 

in figure 3.1 

5.3.3.2 Results for Specimen 1 (0.39 inch thick steel plate) 

Figure 5.2 shows the V(f) curves for specimen 1 for 26° angle of incidence, that 

corresponds to a phase velocity of 3.39 km/s. Mainly two strong distinguishable 

peaks - one near 230 kHz and the second one near 600 kHz can be observed for the 

nondefective specimen in figure 5.2. Since the transducer had a central frequency of 

500 kHz the peak near the 600 kHz frequency is much stronger and smoother (less 

noise) compared to the one near 230 kHz. Another peak near 540 kHz is also 

observed in the V(£) plot, however, it is much weaker than the peak near 600 kHz. As 

mentioned before, the four different curves in the V(f) plot correspond to four different 

sets of experiments carried out at four different locations. When these points are 

plotted with the theoretical dispersion curves (figure 5.3) for the 0.39 inch steel plate 



I l l  

1.0x10 

0.8x10'* 

0.6x10 

0.4x10 

0.2x10 

f in KHz 
Figure 5.2 4 V(f) curves for specimen 
1 without defect, at 26 deg. inclination 



Dispersion curves for specimen 1 
6 

5.5 

5 

o 4.5 

4 

3.5 

3 
0 100 200 300 400 500 600 700 800 900 1000 

Frequency in kHz 
Figure 5.3 



113 

one can see that these two peaks correspond to the zeroth order symmetric (SO) and 

first order antisymmetric (Al) modes. 

V(f) curves for the defective steel specimen (a horizontal hole parallel to the 

plate surfaces, located at the central plane between the two surfaces, see figure 5.1) are 

shown in figure 5.4. Note that the SO mode has been strongly affected (almost 

disappeared) by the defect but the Al mode is practically insensitive to the defect As 

can be seen in table 5.1a, the change of the average amplitudes due to the defect for the 

SO mode is 78.8 % while the change of the Al mode is 0.89 %. The four curves of 

figure 5.4 are for four different sets of experiments carried out at four different 

locations, however the hole was located between the transmitter and the receiver in all 

four cases. The computed stress patterns inside the plate for phase velocities (vaiying 

fi-om 3 to 5.5 km/s) for the SO, Al and SI modes are shown in figures 5.5, 5.6 and 5.7. 

For the SO mode (figure 5.5) at 3.39 km/s phase velocity the normal stress s33 is very 

large near the middle of the plate but sl3 is zero. In presence of the hole s33 is 

released and hence that mode is affected. For the Al mode (figure 5.6) normal stresses 

(sll and s33) are zero near the center of the plate and sl3 is laige at that location. 

Apparently the hole type defect does not have much effect on the shear stress sl3 and 

hence the Al mode is not sensitive to this defect 

Two distinct modes can be seen in figure 5.8, which gives the stress 

distribution for a range of fiequencies for the angle of incidence equal to 26 degrees. 

Frequencies corresponding to these modes show good agreement with the experimental 
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4 V(f) curves for specimen 1 with defect, at 26 deg. inclination 
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Table 3.1 Amplitude and mode information for specimen 1 

(a) Mode Information for 26 deg. incidence (Figures 5.2. 5.4) 
mode SO A1 
freq. range (kHz) 224-241 588-617 

Amplitude Infonnation 
non-def def non-def def 

min 3333 203 8782 8637 
max 4782 1534 9797 9536 
averaxe amp. 3713 785.5 9116 9034 
percent change (%) 78.8 0.89 

(b) Mode Infonnation for 17 deg. incidence, gate 1 (Figures 5.10.5. 2) 
mode SO A1 SI 
freq. range (kHz) 201-219 334-352 573-595 

Amplitude Information 
non-def def non-def def non-def def 

min 2335 511 955 835 3504 724 
max 4559 1872 2486 2177 4088 1835 
aveniKC amp. 3867 906 1739 1411 3404 1268 
percent change (%) 76.57 18.86 62.74 



Table 5.1 (cont'd.) 

(c) Mode Information or 17 deg. incidence, gate 2 (Figures 5.9, 5.11) 
mode SO A1 SI 
Ireq. range (kHz) 201-219 334-352 573-595 

Amplitude Information 
non-def def non-def def non-def def 

min 2523 133 1294 1469 3504 950 
max 4597 1544 2169 2335 4013 1830 
aveniKC amp. 3161 860 1625 1568 3714 1319 
percent change (%) 72.79 3.5 64.48 
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results. From figure 5.8 one can see that. s33 is strong in the middle of the plate 

thickness for the SO mode while it is zero for the A1 mode. This is why the SO mode is 

so sensitive to the presence of the defect, si 1 is also large at the middle of the plate for 

the SO mode and zero for the A1 mode, at the same location. This also contributes to 

the sensitivity of the SO mode to defects. 

For 17° incidence (phase velocity 5.1 km/s) strong peaks in the V(f) curves for 

the plate without any defect are observed near 210, 340 and 580 kHz (figures 5.9 and 

5.10). These correspond to SO, A1 and SI modes respectively. Theoretical A1 and SI 

modes are very close to the experimental values (see figure 5.3). However, the 

experimental points corresponding to the SO modes are not very close to the theoretical 

SO curve. This is probably due to the fact that the transducer response below 200 kHz 

is not very good, or may be the steel material properties which are used for computing 

the theoretical dispersion curves are slightly different firom the actual properties of the 

steel plate and this difference affected the SO mode, near phase velocity 5.1 km/sec, 

more than the A1 and SI modes. V(f) curves with the defect are shown in figures 5.11 

and 5.12. One can clearly see that SO and SI modes change significantly but the A1 

mode is not very sensitive to the defect This can be also seen in tables 5.1b and 5.1c. 

These tables show that the change of the amplitude corresponding to the SO mode is 

more than 70 % and for the SI mode is more than 62%, while for the A1 mode, the 

change is between 3 and 19 %. There is a good agreement between the results 

simimarized in these two tables. Justifications for the symmetric modes being 
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4 V(f) curves for specimen 1 without defect, at 17 deg. incidence 
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4 V{f) curves for specimen 1 without defect at 17 deg. incidence 
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4 V(f) curves for specimen 1 with defet at 17 deg. incidence 
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4 V(f) curves with defect for specimen 1. at 17 deg. incidence 
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sensitive to the defect are same as before. Figure 5.13 shows that for the SO mode, si 1 

is very large and s33 is moderately large at the central plane. Hence, this mode has been 

significantly affected by the presence of the defect at the central plane, sll is very 

small for SI mode and s33 is moderately large for this mode. Hence this mode has been 

also affected by the defect, although to a lesser degree than the mode SO. In simmiary, 

one can say that SO and SI modes produce large nomial stress s33 near the middle of 

the plate which is partially released by the presence of the circular hole. The A1 mode 

on the other hand produces large sl3 near the midsection of the plate which is not 

affected much by the presence of the hole and thus this mode remains practically 

insensitive to this defect 

5.3.3.3 Results for Specimen 2 (0.51 inch thick alimiinum plate) 

For specimen 2 we find three distinct peaks (figures 5.14 and 5.15) for 26° 

incidence near 230,350 and 590 kHz fiequencies. From the dispersion curves (figure 

5.16) one can see that these three correspond to SO, A1 and SI modes at 3.39 km/s 

phase velocity. V(Q curves for the defective sample are shown in figures 5.17 and 

5.18. Again SO and SI modes are affected strongly by the defect while the A1 mode 

remains insensitive. The reasons are same as discussed above for specimen 1. The 

stress patterns for this specimen are shown in figures 5.19-5.22. From table 5.2a we 

can see that the average amplitudes of modes SO and SI underwent a change of 44.61 % 

and 57.48 % respectively, while that change for mode A1 was only 18.47 %. 
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4 V(f) curves for specimen 2 without defect, at 26 deg. incidence 
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4 V(f) curves for specimen 2 without defect at 26 deg. incidence 
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4 V(f) curves for specimen 2 with defect, at 26 deg. incidence 
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3 V(f) curves for specimen 2 with defect at 26 deg. incidence 
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Table 5..2 Amplitude and mode information for specimen 2 

(a) Mode Information for 26 deg. incidence ( Figures 5.14.5.16) 
mode 1 SO A1 SI 

freq. range (kHz) | 214-241 344-362 580-600 

Amplitude Information 
non-def def non-def def non-def def 

nun 1519 663 984 771 2173 506 
max 2124 1172 1328 1295 2794 1896 
avcniKe amp* 1820 1008 1164 949 2500 1063 
percent change (%) 44.61 18.47 57.48 

(b) Mode Information for 17 deg. incidence, gate 1 (Figures 5.22.5.24) 
mode SO A1 SI A2 S2 
freq. range (kHz) 226-251 343-361 461-478 573-594 

Amplitude Information 
non- def non- def non- def non- def non- def 
def def def def def 

min 388 146 636 77 338 218 1249 634 
max 776 918 1003 1177 480 534 1729 902 
average amp. 554 469 777 523 412 395 1428 756 
percent change 15.3 32.69 4.12 47.05 



Table 5.2 (cont'd.) 

(c) Mode Information for 17 deg. incidence, gate 2 (Figures 5.23. 5.25) 
mode SO A! SI A2 S2 
freq. range (kHz) 226-251 343-361 461-478 573-594 

Amplitude Information 
non- def non- def non- def non- def non- def 
def def def def def 

min 750 291 726 345 417 281 1023 162 
max 1296 797 1085 1333 575 654 1257 704 
avcniKe amp. 946 597 877 801 473 455 1106 424 
percent chance (%) 36.9 8.66 3.80 61.66 

u> 00 
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4 V(f) curves for specimen 2 without defect at 17 deg. incidence 
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4 V(f) curves for specimen 2 without defect at 17 deg. incidence 
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For the 17° incident angle distinct peaks are observed near 240, 350, 470 and 

590 kHz (figure 5.23). Among these four peaks the peak near the 590 kHz is the 

strongest one. There are few other small peaks observed in the figure; however, when 

the receiving time window gate is changed those small peaks disappear but the main 

four peaks appear again in figure 5.24. These four frequencies are shown in the 

dispersion curve, they correspond to the Al, SI, A2 and S2 modes. Since the 

frequency corresponding to the SO mode (less than 100 kHz) is beyond the transducer 

bandwidth, this mode could not be seen in the V(f) curves of figures 5.23 and 5.24. 

V(f) curves for the defective specimen are shown in figures 5.25 and 5.26. The only 

mode that consistently shows significant reduction in its strength is the S2 mode. The 

stress variations in the plate for A2 and S2 modes are shown in figures 5.27 and 5.28. 

One can see from these figures that for the SI mode at 5.1 km/s phase speed or 17° 

incident angle, both stress components sl3 and si 1 are zero near the central plane of 

the plate and only s33 is nonzero. Thus the presence of the circular holes only affects 

the s33 stress component and thus this mode is affected less at 17°. However, at the 

3.39 km/s phase speed or 26° incident angle both si 1 and s33 are non-zero at the 

central plane of the plate for the SI mode and that is why the same SI mode was 

affected much more for 26° incidence. For the S2 mode however both si 1 and s33 

stress components are nonzero at the central plane of the plate for all phase speeds 

between 3.5 and 5.5 km/s. Hence, the S2 mode is equally affected for 17° and 26° 

incidence. It can be observed in figure 5.29, that the stress si 1 is larger for mode S2 
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4 V{f) curves for specimen 2 with defect, at 17 deg. incidence 
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4 V(f) curves for specimen 2 with defect at 17 deg. inclination 
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4 V(f) curves for specimen 3 without defect at 26 deg. incidence 
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4 V(f) curves for specimen 3 without defect at 26 deg. inclination 
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Figure 5.31 (different gate) 
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than for mode SI. Tables 5.2b and 52c show the percentage change of the signal 

strengths at different modes when the defect is introduced. The S2 mode showed the 

maximum change; for two sets of readings the changes in amplitude are 47.05 % and 

61.66 % for the S2 mode. 

5.3.3.4 Resiilts for Specimen 3 (1.03 inch thick aluminum plate) 

For the nondefective specimen and for 26** incident angle, two distinct and 

strong peaks of the V(f) curves are observed near 230, and 600 kHz (figures 5.30 and 

5.31), with the strongest peak near 600 kHz. In addition to these two strong peaks 

there are some smaller and weaker but consistent peaks are observed in these figures; 

theweakerpeaksareobservednearl60,350,460, 530 and 700 kHz. When all these 

firequencies are plotted with the theoretical dispersion curves of 1 inch thick aluminum 

plate (figure 5.32) one can see that the two strong peaks correspond to the A1 and S2 

modes and the weak ones correspond to SO, SI, A2 and A3 modes. The SO mode 

shows peak near 160 kHz instead of near 100 kHz (theoretical value). This is because 

the lower cut-off fi-equency of the transducer is about 150 kHz. V(f) curves in 

presence of the defects (figures 5.33 and 5.34) show a change of 29 % to 31 % for the 

S2 mode but show much lesser sensitivity for the A1 mode (only 13 %, see tables 5.3a 

and 5.3b). In this case also, most symmetric modes show higher sensitivity to defects 

than antisymmetric modes. When the Lamb waves are generated by placing the 

transducers on the other side of the plate (or simply placing the plate upside down), 

the strong two peaks are again observed (figures 5.35 and 5.36). In this case the defects 
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4 V(f) curves for specimen 3 with defect at 26 deg. Incidence 
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Figure 5.33 
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4 V{f) curves for specimen 3 with defect at 26 deg. incidence 
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Figure 5.34 (different gate) 
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3 V(f) curves for specimen 3 {oppo. side) without defect at 26 deg. 
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Figure 5.35 
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4 V(f) curves for specimen 3 {oppo. side) without defect at 26 deg. 
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Figure 5.36 (different gate) 
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4 V(f) curves for specimen 3 (oppo. side) with defect, for 26 deg. 
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Figure 5.37 
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4 V{f) curves for specimen 3 (oppo. side) with defect, at 26 deg. 
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Figure 5.38 (different gate) 
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4 V(f) curves for specimen 3 without defect at 17 degincidence 

1250 

1000 

750 

500 

250 

0 
800 200 0 400 600 

f in kHz 

Figure 5.46 
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4 V(f) curves for specimen 3 without defect at 17 deg. incidence 
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Table S.3 Amplitude and mode information for specimen 3 

(a) Mode Infonnation or 26 deg. ang e of incidence gate 1 (Figures 5.29, 5.32) 
mode SO AI SI A2 S2 A3 
freq, range (kHz) 149-167 219-242 339-362 445-472 585-605 690-716 

Amplitude Information 
no-
def 

def no-
def 

def no-
def 

def no-
def 

def no-
def 

def no-
def 

def 

min 360 192 798 702 28 72 141 154 2001 2132 203 225 
max S80 399 987 853 278 157 230 273 2358 1736 487 292 
avcniKe 453 286 855 738 146 116 188 231 2167 1531 326 248 
percent change (%) 36.86 13.68 20.54 -22.87 29.34 23.92 

(b) Mode Information or 26 d«g. ang e of incidence gate 2 (Figs. e7, e8) (Figures 5,30, 5.33) 
mode SO Al SI A2 S2 A3 
freq. range (kHz) 149-167 219-242 339-362 445-472 585-605 690-716 

Amplitude Infonnation 
no-
def 

def no-
def 

def no-
def 

def no-
def 

def no-
def 

def no-
def 

def 

min 235 216 746 700 34 79 176 134 1943 1306 249 245 
max 493 321 1044 931 311 128 220 254 2391 1674 505 296 
average 343 231 905 788 138 104 192 202 2171 1516 341 261 
percent change (%) 32.65 12.92 24.63 -5.2 30.17 23.46 



Table 5.3 (cont'd.) 

(specimen 3 - opposite side) 

mode SO A1 SI A2 S2 A3 
freq. range (kHz) 149-167 219-242 339-362 445-472 585-605 690-716 

Amplitude Information 
no- def no- def no- def no- def no- def no- def 
def def def def def def 

min 373 108 567 455 98 36 135 157 2454 2860 258 265 
max 590 479 852 701 145 99 274 173 2696 2089 298 383 
avciUKC 453 253 658 519 104 65 199 259 2524 1999 269 308 
percent change (%) 44.1 21.12 37.5 -30.15 20.80 -14.49 

mode SO A1 SI A2 S2 A3 
freq. range (kHz) 149-167 219-242 339-362 445-472 585-605 690-716 

Amplitude Information 
no-
def 

def no-
def 

def no-
def 

def no-
def 

def no-
def 

def no-
def 

def 

min 308 121 473 543 60 17 111 241 2273 1795 287 296 
max 599 346 947 673 112 118 288 269 2604 1996 342 433 
average 422 220 689 571 75 68 204 254 2406 1866 305 342 
percent change (*/•) AIM 17.12 9.33 -24.50 22.44 -12.13 ON -J 



Table 5.3 (cont'd.) 

(Specimen 3 - first side) 

(e) Mode Information or 17 deg. angle of incidence ( Figures 5.46, 5.48) 
mode SI A2 S2 
freq. range (kHz) 180-201 226-256 347-374 575-598 627-655 

Amplitude Information 
no-def def no-def def no-def def no-def def no-def def 

min 368 203 412 444 215 65 774 721 595 613 
max 702 781 569 584 317 282 1173 1031 733 825 
avcniKe 492 490 473 487 232 165 981 864 670 730 
percent chance (%) 0.40 -2.9 28.8 11.92 -8.9 

(0 Mode Information for 17 deg. angle of incidence (another set) (Figures 5,45, 5.47) 
mode SI A2 S2 
freq. range (kHz) 180-201 226-256 347-374 575-598 627-655 

Amplitude Information 
no-def def no-def def no-def def no-def def no-def def 

min 269 250 253 218 163 56 831 838 603 698 
max 677 670 569 681 360 256 1130 1269 983 877 
avcniKe 460 483 433 473 276 157 979 988 768 767 
percent change (*/•) -5.0 -9.2 43.11 -0.91 0.13 



Table 5.3 (cont'd.) 

(Specimen 3, opposite side) 

(g) Mode Infonnation for 17 deg. ang e of incidence (Figures 5.49. 5.50) 
mode 1 SI A2 S2 
freq. range (kHz) ' 180-201 226-256 347-374 575-598 627-655 

Amplitude Infonnation 
no-def def no-def def no-def def no-def def no-def def 

min 338 278 516 384 89 50 678 701 592 475 
max 639 683 661 875 260 181 848 1013 813 929 
aveniKe 467 482 566 515 140 92 753 859 682 635 
percent chanse -3.21 9.01 34.28 -14.02 6.89 
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affect both A1 and S2 modes almost equally - percentage changes are approximately 20 

% for both cases (see figures 5.37 and 5.38). We can see from tables 5.3c and 5.3d that 

the SO mode has been affected strongly (44-48 % change) by the presence of the defect 

and the other strong peak corresponding to the S2 mode has been also affected, but to a 

lesser degree (20-23 % change). The stress plots for the modes discussed above are 

shown in figures 5.39-5.45. One can see from figure 5.45 that s33 and s II are large near 

the central plane of the plate for the SO mode. This is why this mode is so sensitive to 

the defects. 

For 17° angle of incidence, peaks are observed near 180,230,340,520, 590 and 

640 kHz (figures 5.46 and 5.47). Strong and clear peaks are observed only near 590 

and 640 kHz. These fi%quencies are shown in the dispersion curve plot in figure 5.32. 

Note that SO and A1 modes could not be detected in the V(f) curves of figures 5.46 and 

5.47 because corresponding frequencies are less than the lower cut-off fi^quency of the 

transducer. The peak positions and their magnitudes remain almost unchanged in 

presence of defects, see figures 5.48 and 5.49. Similar results are observed when the 

experiments are carried out by putting the aluminum plate upside down, see figures 

5.50 and 5.51. From tables 5.3e, 5.3f and 5.3g one can see that the most promising 

mode for defect detection is the S2 mode where the defects affected the peak amplitude 

from 28 % to 44 %. Figure 5.52 shows the stress plots for 17 degree incidence. These 

plots are not as clean as the corresponding ones for 26 degree. They are jagged, very 

close together and the stresses are quite low. It appears that the modes generated at 
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4 V(f) curves for specimen 3 with defect at 17 deg. incidence 
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Figure 5.48 
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4 V(f) curves for specimen 3 with defect, at 17 deg. incidence 

1500 

1000 

500 

0 
0 200 800 400 600 

f in kHz 

Figure 5.49 (second set) 
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4 V(f) curves for specimen 3 (oppo. side) without defect at 17 deg. 
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Figure 5.50 
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4 V(f) curves for specimen 3 (oppo. side) with defect at 17 deg. 
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Figure 5.51 
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this angle of incidence do not have very distinct stress patterns and hence are not very 

distinct in their interaction with defects. Tables 5.3e - 5 Jg also show that the modes 

are not veiy sensitive to the presence of defects. 

These experimental results show that Lamb waves are not very effective in 

detecting one or two vertical holes in the plate. In that case a few modes show only 20 

% change in their peak values. However, Lamb waves are very effective in detecting 

horizontal holes, when some modes had more than 60 % reduction in their strengths 

due to defects. When the defects are vertical, the wavefront of the propagating Lamb 

wave is not greatly affected because the vertical hole only partially obstructs the 

prope^ating wavefront. However, when the hole is horizontal, the entire wavefront at a 

given depth of the plate is obstructed, hence it has a greater effect on the received 

signal. That is why the presence of defects affected the symmetric Lamb modes in 

specimens I and 2 by amoimts ranging from 57 % to 79 %, whereas the maximum 

variation we noticed in the third specimen is 47.86 %. The 26° incident angle always 

produced better results when compared with the 17° incidence. 
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CHAPTER 6 

CONCLUDING REMARKS 

The main contribution of this research was to come up with a design of a 

transducer holder setup to efficiently generate and detect Lamb waves in large plates. 

The initial attempt of experimenting with the conventional setup of having both the 

transducers and the specimen immersed in water encountered the problem of multiple 

reflections of ultrasonic waves from the water surface. Hence the conventional setup 

gave way to a more innovative setup which had small pools of water in containers over 

the specimen, with the transducers close to the container walls. Different types of 

containers were tried, including those which held narrow water columns inside copper 

tubes. The most promising design was the conical one. The conical containers used in 

this work were made of plastic for ease of fabrication and for reduced ultrasound 

reflection from the container walls. This arrangement is more efficient than using 

contact transducers, since the former facilitated the generation of stronger Lamb modes, 

which are required for inspecting big plates over long distances. 

Theoretical dispersion curves were generated for aluminum and steel specimens 

and these matched the experimentally obtained data closely. The method of inspecting 

V(f) curves obtained over regions with and without defects proves to be quite 

promising because significant differences were observed between the peak amplitudes 
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corresponding to different modes over defective and nondefective regions. In this 

investigation, the lowest frequency at which a noticable difference between defective 

and nondefective specimens was observed is less than 350 kHz. At this frequency, the 

wavelength of the longitudinal wave is approximately 18 mm. The defect in the 

aluminum sample was a hole of 3.6 mm diameter. This hole could be detected by Lamb 

waves. On the other hand, as shown in chapter 4, the V(£) curves obtained by the 

through transmission technique were too unreliable to detect such small defects. It 

should be noted here, that the conventional techniques based on wave scattering and 

time of flight readings cannot be used in this case as these techniques work only for 

defects which are greater in size than the wavelength of the ultrasonic signal used for 

the defect detection. 

In this study it is found that defects parallel to the plate surface affect Lamb 

modes more than the defects normal to the plate stirface. Symmetric modes are more 

sensitive to the defects located near the central plane, however some symmetric modes 

are more sensitive than others. The reasons behind this have been explained in 

conjunction with the theoretical stress plots. 

The evolution of the experimental setup has been stmmiarized in figure 6.1. 

Scope for Future Woric 

The Lamb wave inspection technique should be applicable for inspecting 

hollow cylindrical tubes, for detecting and quantifying corrosion and other damage. 
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This method has great potential in pipiine inspection. 
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