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ABSTRACT

In this dissertation different structural materials (aluminum and steel) with different

geometrical shapes (plates, pipes and bars) are studied for damage detection with guided

waves. Specific guided wave modes (also known as Lamb wave modes for plate type

structures) are generated in a laminated aluminum plate for damage detection and

quantification using a broad band piezoelectric transducer structured with a rigid

electrode. Appropriate excitation frequencies and modes for inspection are selected from

theoretical and experimental dispersion curves. Sensitivity of anti-symmetric and

symmetric modes for delamination detection and quantification is investigated.

Longitudinal guided waves are excited and recorded after transmission through

reinforcing steel bars for monitoring its corrosion level. Instead of investigating the

amplitude of the transmitted guided waves, or in other words, monitoring its attenuation,

the differential time-of-flight (TOF) is recorded. A reliable guided wave mode is

identified for the detection and quantification of corrosion in reinforcing steel bars.

Hole type damage, and bonding/de-bonding or lamination/delamination in pipes

are studied with Noncontact Electro-Magnetic Acoustic Transducers and PZT

transducers. An adaptive method using phase of the recorded signals for detection and

quantification of damages in pipes is established using multiple feature extraction

techniques (Time-Frequency representations) and differential time-of-flight cross-

correlation technique.
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CHAPTER 1

INTRODUCTION

1.1 Background

Today’s emphasis on product energy efficiency and liability requires designs to

be not only lighter and tougher, but also systematically verified more than ever before. In

order to reduce costs the product should be used to its mechanical limits, whereas the risk

of failure from the accumulated damage should be reduced. To achieve this goal, reliable

failure estimates have to be made for ensuring safety of fatigued materials and structures.

This can be attained by predictable experimental methods in order to achieve higher

sensitivity with respect to geometries and material properties. Nondestructive evaluation

(NDE) is one of the branches of engineering which deals with these issues. As a

consequence of climate change, aging and other critical factors, such as human error, the

structural failures are unavoidable. The structural safety needs to be monitored

continuously to avoid disasters as much as possible. The final goal is to continuously

monitor critical structure's health over its life time and issue early warnings, well in

advance of a possible structural failure to ensure maximum public safety. In non-

destructive evaluation community this is known as the Structural Health Monitoring

(SHM).

Ultrasonic wave based structural health monitoring gained a lot of popularity in

last few decades. The ability of Lamb waves to propagate long distances in structural

components without significant loss of energy and momentum has made it popular for

NDE and SHM applications [1-9]. Due to their inherent dispersive nature Lamb waves

can easily observe changes in materials, especially materials used in civil infrastructure
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and aviation industry. Guided Lamb waves with appropriate signal processing tools can

detect minor flaws and therefore can be used for the development and implementation of

the online monitoring systems for early warning and predicting remaining life [11-12].

Extensive research has been conducted for understanding the fundamental

mechanics and applications associated with Lamb waves. Lamb wave based inspection

systems are commonly used in NDE and SHM of plates, pipes and bars.

Electromagnetic acoustic transducers (EMAT) are non-contact transducers that

can be deployed easily near a specimen or embedded in it to generate and record guided

waves. In case of cylinders or pipes, cylindrical guided waves can be generated and

detected with the help of EMAT. After appropriate signal processing it is possible to

detect damage without the baseline information, or in other words, in absence of the

experimental results from the defect-free specimen.

Concrete structures go through wear and tear and at times face extreme

environmental conditions. In these conditions any small damage in concrete can oxidize

the steel bar and cause corrosion. Guided ultrasonic waves can be deployed for the

reliable estimation of the corrosion, or in other words for the structural health assessment.

Longitudinal guided waves with appropriate cross-correlation technique enable us to

observe changes in time-of-flight with respect to the structure’s current condition. Active

or passive monitoring of time-of-flight of guided waves allows us to establish an early

warning system related to the health of the structure.
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1.2 Problem statement and objectives:

The complexity of the structural geometry, its surrounding environment and

applied loads make it a challenging task to characterize and evaluate the performance of

the structure from which its current health condition can be predicted. Even under normal

operating conditions, the aerospace and civil structures are subjected to high level of

dynamic loading. Adverse environmental conditions can cause structural damages such

as cracks, delamination, and corrosion. Such damages can negatively affect the safety and

performance of the structure.

The damage detection capability depends on how well the variation in

propagating ultrasonic wave can be associated with the important features of the damage

such as location, size and orientation of the damage. The existence of multiple dispersive

modes makes the damage identification and quantification using guided waves even more

challenging. Some of these issues although might be solved, the solution is not trivial.

The choice of appropriate signal post-processing method is also a challenge due to

dispersive nature of the signals.
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The core objectives of the research presented in this dissertation are as follows:

i) Quantification and detection of delamination in laminated aluminum plates.

Identification of reliable Lamb wave mode for online monitoring of

delamination.

ii) Investigation of damages (hole type damages, and lamination/delamination or

bonding/debonding) in pipes. Identification of a guided wave mode for

detection and quantification of damages in pipes.

iii) Corrosion detection in reinforcing Steel bars. Identification of a guided wave

mode for detection and quantification of corrosion in reinforcing Steel bars.
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CHAPTER 2

LITERATURE REVIEW

The history of ultrasound dates as far back as 1794 when Lazzaro Spallanzani, an Italian

biologist, demonstrated that bats communicate accurately in the dark by using echo

reflection from high frequency sound (ultrasound). Ultrasound has been used in quality

control in manufacturing since 1940s by exploiting the echoes from a propagating pulse.

The science and exploitation of ultrasound in solids, liquids and gases is called

Ultrasonics. Acoustics or ultrasound investigation principles are similar to those in optics.

Interpretation of spherical wavelets and path recognition of propagating waves have been

studied extensively using optical principles. For example phase sensitive acoustic

microscopy heavily depends on Huygens and Fermat’s [13] approach which was

originally developed for optics. In 1885, Rayleigh wave [14] was introduced by Lord

Rayleigh. During his investigation he observed that the amplitude of the propagating

elastic wave decays exponentially with depth. In 1917 Lamb studied guided wave

propagation in plate like structures. If the elastic wave propagation velocity changes with

the wave frequency then these waves are called dispersive waves. Lamb waves in plates

and Rayleigh waves in layered half spaces are dispersive in nature. The speed of

propagation of the Lamb wave is dependent on the frequency of the wave. At a single

frequency different modes of Lamb wave propagate with different speeds. Propagation of

guided waves along an interface either solid-solid or fluid-solid were observed and

analyzed by Stonely [15] and Scholte [16] in 1924 and 1947, respectively. In 1954,
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Green’s function solutions for the modulation of phase and amplitude were presented by

Sommerfeld [17].

Lamb waves are dispersive, which means that their wave velocity is not only

dependent on the material density, its elastic properties, and environmental effects such

as temperature but also on the frequency. It changes with frequency of the wave, scaled

by the thickness of the plate. The dispersion curves are often shown as the phase velocity

or the group velocity of the modes as a function of the frequency thickness product.

Lamb waves for damage detection in composite and metal plates can be found in a

number of publications [2, 5-7, 11, 12]. Piezoelectric transducers with oblique incidence

and pitch-catch configuration have been used for delamination detection [18, 19].

Alnassar et al. [9] and Rokhlin and Wang [20] have studied scattering of Lamb waves for

delamination detection. The advancement of computational power in last couple of

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

available for digital signal processing (DSP). The signal processing provides an in-depth

insight of a raw signal in terms of some critical parameters e.g., attenuation, frequency,

time-of-flight, phase etc. The success of any damage detection scheme depends on the

proper processing of ultrasonic signals. Experimentally obtained ultrasonic guided wave

dispersion curves have been plotted in time-frequency plane by Short Time Fourier

Transform (STFT) [19, 20], Wigner-Ville distribution (WVD) [21-23], Hilbert-Huang

transform (HHT) [24-27], S-Transform [28], differential time-of-flight detection

technique [29, 30] and continuous wavelet transform technique [31]. Sensitivity of

various techniques to detect corrosion in reinforcing steel bars and the effects of

corrosion on steel-concrete bonding have been reported [32-35]. Wave propagation in
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hollow cylinders has been studied analytically revealing dispersion relations [36].

Displacement fields have been also computed [37-40]. Guided waves propagating in

cylindrical structures have been used for crack and corrosion detection in pipes [41-47].

The research reported in this dissertation extends the current state of the art knowledge in

this field and is described in detail in the following sections.
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CHAPTER 3

PRESENT STUDY

The methods, results, and conclusions of the research have been documented in several

research papers prepared for journal publications and are appended to this dissertation/thesis.

A summary of the important findings of this investigation are documented below.

In Appendix A, guided Lamb waves are used for investigating delmaination in

laminated plates. Mode selective excitation and detection are done using sophisticated

electrical circuitry. Multiple feature extraction techniques are used. Experimentally observed

mode conversion and change in TOF of the anti-symmetric mode are found to be most

reliable for detection and quantification of delamination in laminated plates.

In Appendix B, the influence of corrosion on the guided wave propagation in

reinforcing steel bars is investigated. Two PZTs placed on the two ends of the bar are used

for excitation and detection of signals that propagate through the entire length of the bar. It is

found that TOF measurement is more reliable for quantitative analysis of the progressive

corrosion. L(0,1) mode is found to be reliable for corrosion detection. The corrosion induced

TOF variation obtained from the S-Transform and cross-correlation technique matched well

with each-other and also closely matched with the theoretical dispersion curves.

In Appendix C, the concept of locating the defect and estimating its size and

location in absence of a clear defect signal is demonstrated by conducting the experiment

on a pipe with a simple defect (hole) at a specific location. Non-contact EMATs

(electromagnetic acoustic transducers) are mounted at two fixed locations on the pipe
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away from the defect for the excitation and detection of the signals.  This concept in

principle can be applied for detecting, locating and sizing defects in any long pipe

geometry when the transmitter and receiver are mounted at two fixed locations far away

from the defect. Relatively low frequency guided wave modes, even if generated by the

non-contact electromagnetic acoustic transducers at a distance far from the defect

location, are shown to be affected by the presence of even a single hole on the pipe wall.

In Appendix D, guided waves are generated in the pipe by  piezoelectric

transducers (PZTs) fixed at both ends of the pipe. The transient signals for undamaged

and damaged pipes were processed using multiple feature extraction techniques. During

in-situ measurements the received signal amplitude drop (during the pipe inspection) can

also be a result of the deterioration of the bonding between the sensors and the pipe.

Therefore, instead of the received signal strength monitoring, it is recommended that the

changes in TOF and the signal phase shift should be looked at for pipe wall damage

detection and monitoring, since these parameters are not affected by the bonding

condition between the transducers and the pipe. The results presented in this paper show

that it is possible to detect and quantify hole type defects in a pipe by monitoring the TOF

variation and phase shifts of the appropriate guided wave modes.

In Appendix E, bonding and de-bonding (or lamination and delamination) on the

pipe Wall is investigated experimentally. This experimental set up is similar to the one

discussed in Appendix D. Transient signals for bonded and un-bonded pipes were

processed using multiple feature extraction techniques. It is found that differential TOF

technique is a promising tool for online monitoring of bonding and de-bonding on the

pipe wall.
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APPENDIX  A

DETECTION AND QUANTIFICATION OF DELAMINATION IN LAMINATED
ALUMINUM PLATES

Umar Amjad, Susheel Kumar Yadav and Tribikram Kundu

Dept. of Civil Engg. & Engg. Mechanics, University of Arizona, Tucson, AZ, USA 85721
Email: umaramjad@email.arizona.edu Phone: (520) 621-2403

Email: susheel@email.arizona.edu Phone: (520) 621-2403
Email: tkundu@email.arizona.edu Phone: (520) 621-6573

Abstract

Specific modes of guided Lamb waves have been generated in a laminated aluminum

plate for damage detection and quantification using a broad band piezoelectric

transducer structured with a rigid electrode. Appropriate excitation frequencies and

modes for inspection have been selected from theoretical and experimental dispersion

curves. Sensitivity of anti-symmetric and symmetric modes for delamination

detection and quantification has been investigated by proper signal processing. The

anti-symmetric mode is found to be more reliable for delamination detection and

quantification. Unlike other studies where the attenuation of the propagating waves is

related to the extent of the internal damage in this investigation the changes in the

guided Lamb wave modes and their time-of-flight are related to the damage

progression and quantification. The mode conversion phenomenon of Lamb waves

during progressive delamination is investigated by proper signal processing.

Appropriate features for damage detection and quantification are extracted from the

experimental data. Close matching between the theoretical predictions and

experimental results assured the reliability of the results presented here.
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1. Introduction

The ability of Lamb waves to travel long distances in structural components without

significant energy loss has made these waves a reliable tool for SHM (structural health

monitoring) systems. Extensive research has been conducted for understanding the basic

principles and applications of Lamb waves [1, 2-4]. Previous attempts to use Lamb waves

for damage detection in composite and metal plates can be found in a number of

publications [1,4-8]. Piezoelectric transducers with oblique incidence and pitch-catch

configuration have been used for delamination detection [9, 10, 11]. Others have studied

scattering of Lamb waves for delamination detection [11, 12].

The ultrasonic guided waves are dispersive [2, 13] and propagate in multiple modes.

Appropriate signal processing is needed to extract the necessary information from these

complex signals. To achieve this goal in this paper experimentally obtained ultrasonic

guided wave dispersion curves have been plotted in time-frequency plane by Short Time

Fourier Transform (STFT) [9,12], Wigner-Ville distribution (WVD) [14,15], Hilbert-

Huang transform (HHT) [16,17-19], S-Transform [20], differential time-of-flight

detection technique [21,22] and continuous wavelet transform technique [23].

Niethammer et al. [24] and Benz et al. [25] have presented guided waves in spectrograms

and identified sensitive Lamb modes for damage detection in narrow frequency bands.

Studies have been conducted for suitable selection of guided wave modes and frequency

ranges for effective delamination detection [19, 26-29].
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In the present study, utilizing the strength of signal processing and feature extraction

an attempt is made to identify the suitable Lamb wave mode for quantification of

delamination.  The quantification aspect has not received significant attention from the

research community yet. The concept of broad band transducers with structured

electrodes to generate selective Lamb modes has been extensively discussed by Shelke et

al. [1] and is followed here.

2. Technique and Experimental Set-up

2.1 Material and Instrumentation

Guided ultrasonic Lamb wave was used to measure the delamination in an aluminum

plate of dimension 1000 mm x19 mm x 1 mm. Aluminum properties are – density = 2.7

gm/cc, P-wave speed = 6.32 km/s and S-wave speed = 3.13 km/s. The entire setup was

secured in a thermal chamber to avoid any temperature variation effect. The block

diagram for wave generation and reception setup and geometry of the plate are shown in

Fig. 1.
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Fig. 1. Schematic of the experimental setup for Laminated plate inspection (top), and

the sample geometry - plan and elevation views - are shown in the middle and bottom

figures.

Two broadband piezoelectric transducers were attached on two sides of the aluminum

plate for generation and detection of Lamb waves.  The electrode to electrode distance

between the two transducers was 362 mm and the end to end distance of the specimen

was 390 mm. The dimensions of the piezo-electric transducer were 20 mm x 20 mm x 0.5

mm. Such an arrangement minimizes the resonance arising due to reflections from the

end boundaries of the waveguide. It also facilitates maximum energy travel in the

direction of propagation of the Lamb wave. The thin electrode helps to excite broad band

frequencies. The in-phase excitation of the structured piezoelectric transducer attached on

both sides of the aluminum plate compressed and expanded the sample simultaneously to

generate symmetric mode. For anti-symmetric excitation one transducer is compressed
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while the other transducer is expanded causing bending of the plate. Because of the

symmetric arrangement of the two transducers the guided wave mode of choice (anti-

symmetric or symmetric) can be easily generated by changing the polarity of the applied

voltage.

Fig. 2. Direction of Polarization of PZT and transmission of Lamb waves in sample.

2.2 Delamination Detection in Aluminum Plate with Guided Ultrasonic Wave

2.2.1 Earlier Investigation

Shelke et al. [1] used ultrasonic guided wave for delamination detection in a

laminated aluminum plate. A second aluminum plate of dimension 265 mm x 19 mm x 1

mm was cut from the same big sheet of aluminum and was attached (using resin) to the

first plate to make the laminated aluminum plate, as shown in Fig. 1. The total thickness

of the laminated plate thus became 2 mm. A wedge of 6 degree was polished at both ends

of the second plate for effective propagation of Lamb waves (see Fig. 1).
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Short Time Fourier Transform (STFT) was applied on anti-symmetric a nd symmetric

transient responses to generate experimental dispersion curves for partially delaminated 2

mm thick plate and 1 mm thick aluminum plate. The signal was multiplied by a Hanning

window function which is non-zero only for a short time period. The window was moved

along the time axis to generate the short-time Fourier transform of the signal. The STFT

function is defined as

where w(t) is the window function and x(t) is the signal to be transformed. X(τ,ω) is the

short-time Fourier Transform of x(t). The STFT sacrifices the precision of either time or

frequency due to Heisenberg uncertainty principle. The time-frequency information

depends on the size of windowing. The wide window gives better frequency resolution

but the time resolution is lost and vice versa. The experimentally obtained dispersion

spectrograms for anti-symmetric and symmetric wave modes were superimposed on the

theoretically obtained dispersion curves for 1 mm thick aluminum plate [1].

2.2.2 Spectrogram Analysis for Anti-symmetric and Symmetric Modes

2.2.2.1 Anti-symmetric Modes

Anti-symmetric ultrasonic guided wave in the frequency range 1 MHz to 3 MHz was

propagated in the 2 mm thick laminated aluminum plate, partially and fully delaminated

plates and 1 mm thick plate. Short time Fourier transform (STFT) of the recorded time

histories revealed the dominant frequencies and corresponding arrival times. STFT

spectrogram results are shown as contour plots in Fig. 3(a) to 3(d).  Therefore, these four

plots show recorded response at various stages of delamination [1].
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Fig. 3. Spectrograms (STFT) of the transient signal with frequency content 1 MHz to 3

MHz during progressive de-lamination a) 2 mm thick defect-free laminated plate, b) 2

mm thick plate after partial delamination, c) after full de-lamination but two plates are in

contact, d) 1 mm thick aluminum plate.

For a 1 mm thick aluminum plate the contour plots of STFT spectrograms over a wider

frequency range (0 to 7 MHz) in the time-frequency plane were also obtained and were

found to be in good agreement with the theoretical dispersion curves as shown in Fig.

3(X) and 3(Y). Fig. X and Y show theoretical dispersion curves (continuous lines) for 1

mm thick aluminum plate and experimentally generated spectrograms (contour plots).

Fig. X and Y correspond to symmetric and antisymmetric excitations, respectively.

Contours shown in Fig. a, b, c and d are mostly confined in the two dotted ellipses as

shown in Fig. X and Y [from Ref. 1].

X

Y

d c

ba
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Fig. 3(a) contours correspond to anti-symmetric modes (A0 and A1 for 2 mm thick

plate). Fig. 3(b) contours match with multiple modes (A0, S0 and A1 for 1 mm thick

plate). In Fig. 3(c) and 3(d), maximum energy is confined between 1.7 MHz and 2 MHz.

In this frequency range any of the three modes (A0, S0 or A1 for 1 mm thick plate) can

be detected when the plate is completely delaminated.

2.2.2.2 Analysis for Symmetric Modes

Symmetric ultrasonic guided wave in the frequency range 3.5 MHz to 5.5 MHz was

then propagated through the 2 mm thick laminated aluminum plate, partially delaminated

plate and 1 mm thick aluminum plate. The STFT spectrograms from the symmetric

excitation at various stages of delamination were recorded and presented in Figs. 4a to

4d. In spectrogram results, the mode conversion was evident for the anti-symmetric mode

(see Fig. 3).

The mode conversion was concluded from the TOF and the mode shape. However,

the region of maximum energy in Fig. 3(c) and 3(d) was close to both symmetric (S0)

and anti-symmetric (A0) modes for 1 mm thick plate. Therefore further investigation is

necessary to identify the right Lamb wave mode that was generated due to delamination.

Clearly, STFT analysis is not sufficient for distinguishing these modes. During

symmetric excitation in addition to the symmetric mode (S2) in the frequency range 3.5

MHz to 5.5 MHz, another symmetric mode (S0) was generated in the frequency range 20

kHz to 1.5 MHz. For clear understanding of the propagating Lamb wave modes in 1 mm

and 2 mm thick aluminum plate’s group velocity dispersion curves are calculated for both

symmetric and anti-symmetric Lamb waves and presented in Fig. 5. In these plots along
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the vertical axis TOF (= [distance between the transmitter and the receiver] / [group

velocity]) is shown instead of the group velocity.

Fig. 4. Spectrogram (STFT) of the transient signal with frequency content 3.5 MHz to 5.5

MHz during progressive delamination a) 2 mm thick defect-free laminated plate, b) 2 mm

thick plate after partial delamination, c) after full delamination but two plates are in

contact, d) 1 mm thick aluminum plate, from Ref. 1.
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Fig. 5. (Top) Theoretical group velocity dispersion curves for anti-symmetric Lamb

modes in 1 mm and 2 mm thick aluminum plates. (Bottom) Theoretical group

velocity dispersion curves for symmetric Lamb modes in 1 mm and 2 mm thick

aluminum plates.
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Since two dimensional STFT has limitation related to resolution and interpretation of data

for dispersive guided waves other time frequency representations (TFR) are then tried

out. Signal’s feature extraction techniques from alternate TFR are described in the

following.

2.3 Alternate TFR for Feature Extraction

The feature extraction from recorded signals is an important part of Structural Health

Monitoring (SHM). It involves identifying damage sensitive parameters from the

dynamic response of a structure.  It is needed to facilitate the assessment of the health of

the structure. The following TFR is carried out for 2 mm thick (laminated), partially

delaminated and fully delaminated aluminum plates.

2.3.1Wigner-Ville Distribution Transform (WVD)

The Wigner-Ville distribution of a signal x(t), is defined as [30]






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

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

characteristic of WVD, which essentially correlates the signal with a time- and

frequency-translated version of itself, is that it does not contain a windowing function,

unlike the STFT. This unique feature frees WVD from the smearing effect due to the

windowing function, and, as a result, the WVD provides the representation that has the

highest possible resolution in the time-frequency plane. The advantage of this type of
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distribution over STFT is that it can efficiently locate sharp impulses; however, it has

some limitations related to the interference term.

Fig. 6. WVD Transform plots for anti-symmetric excitation, when the specimen is (a)

laminated (2 mm thick), (b) partially delaminated (2 mm thick) and (c) fully

delaminated (1 mm thick) plates.
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2.3.1.1 Anti-symmetric mode:

In Fig. 6 (a, b and c), WVD Transforms of the transient signals obtained for the anti-

symmetric excitation (in 1 to 3 MHz frequency range) of the 2 mm thick laminated,

partially delaminated and 1 mm thick aluminum plates are shown. For investigating the

attenuation variation during the delamination process, the signal magnitude is normalized

with respect to the maximum magnitude obtained for the 2 mm thick aluminum plate.

Different peaks in the WVD-transform plots of Fig. 6 were monitored as the delamination

increased. In Table 1, changes in TOF, frequency and peak magnitude from Fig. 6 are

presented.

Table 1

TOF, frequency and magnitude for anti-symmetric Lamb wave modes from WVD

Transform plots

Thickness
(mm)

TOF
(µs)

Frequency
(MHz)

Magnitude
(normalized)

Lamb wave
(mode)

Laminated
plate

(2 mm)
128±0.25 1.85±0.1 1 A1 for 2mm

Partially
delaminated

plate
(2 mm)

124±0.25 1.83±0.1 3.72 A1 for 1 mm
and A1 for 2

mm

124±0.25 1.27±0.1 3.26 A0 for 2 mm

Delaminated
plate

(1 mm)

124±0.25 1.85±0.1 7.51 A1 for 1mm

124±0.25 1.321±0.1 5.128 A0 for 1mm
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2.3.1.2 Symmetric mode (S0)

In Fig. 7 (a, b and c), WVD Transforms of the transient signals are shown for the

symmetric mode (S0) excitation (in the frequency range 20 kHz to 1.5 MHz) for 2 mm

thick laminated, 2 mm thick partially delaminated and 1 mm thick aluminum plates.

Signal magnitudes are normalized with respect to the maximum magnitude obtained for

the 2 mm thick aluminum plate.
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Fig. 7. WVD Transform plots for Symmetric mode S0, for (a) laminated (2 mm

thick), (b) partially delaminated (2 mm thick) and (c) for fully delaminated plates (1

mm thick)
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Different peaks in the WVD-transform plots of Fig. 7 were monitored as the delamination

increased. In Table 2, changes in TOF, frequency and magnitude from Fig. 7 are

presented.

Table 2

TOF, frequency and magnitude for symmetric Lamb wave mode (S0) from WVD

Transform plots

Thickness
(mm)

TOF
(µs)

Frequency
(kHz)

Magnitude
(normalized)

Lamb wave
(mode)

Laminated

plate

(2mm)

100±0.25 451±10 1 S0 2mm

Partially

delaminated

plate

96±0.25 561±10 1.96 S0 for 1mm
and 2mm

Delaminated

plate

(1mm)

96±0.25 545±10 1.96 S0 for 1mm

88±0.25 510±10 1.85 S0 for 1mm

2.3.1.3 Symmetric mode (S2)

In Fig. 8 (a, b and c), WVD Transforms of the transient signals are shown for the

symmetric mode (S2) excitation in the frequency range (3.5 to 5.5 MHz) for 2 mm thick

laminated, partially delaminated, and 1 mm thick aluminum plates. Signal magnitudes are
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normalized with respect to the maximum magnitude obtained for the 2 mm thick

aluminum plate.

Fig. 8. WVD Transform plots for symmetric mode S2, for (a) laminated (2 mm), (b)

partially delaminated (2 mm) and (c) fully delaminated (1 mm) plates.
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Different peaks in the WVD-transform plots of Fig. 8 were monitored as the delamination

increased. In Table 3, changes in TOF, frequency and magnitude from Fig. 8 are

presented.

Table 3

TOF, frequency and magnitude for symmetric Lamb wave mode (S2) from WVD

Transform plots

Thickness
(mm)

TOF
(µs)

Frequency
(MHz)

Magnitude
(normalized)

Lamb wave
(mode)

Laminated
plate

(2 mm)
120±0.25 4.63±0.1 1 S0 for 2mm

Partially
delaminated
plate (2 mm)

120±0.25 4.27±0.1 1.35 S0 and S2 for
1mm

Delaminated
plate

(1 mm)
120±0.25 4.5±0.1 4.5 S0 for 1mm

Cross-terms are artifacts that appear in the WVD Transform representation between auto-

terms, which correspond to physically existing signal components. These cross-terms

falsely indicate the existence of signal components between auto-terms. To overcome this

shortcoming S-Transform is used next.
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2.3.2 S-Transform

The S-Transform is a combination of both Short Time Fourier Transform and

Continuous Wavelet Transform [20, 30]. The S-Transform of a signal can be seen as a

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

height as a function of frequency. It is a modified wavelet transform (WT) with the phase

correction in the mother wavelet. However, this modified wavelet does not satisfy the

wavelet's admissibility criterion of having the zero mean and hence it cannot be

considered as a wavelet transform. The S-Transform of a signal x(t), as given by

Stockwell et al.[20] is:
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2.3.2.1 S-Transform Results

Fig. 9, 10 and 11 are the S-transformed plots that correspond to the WVD transformed

plots shown in Fig. 6, 7 and 8, respectively.



36

Fig.9. S-Transform plots for anti-symmetric excitation, when the specimen is (a)

laminated (2 mm thick), (b) partially delaminated (2 mm thick) and (c) fully

delaminated (1 mm thick) plates.
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Fig.10. S-Transform plots for symmetric mode (S0), for (a) laminated (2 mm thick),

(b) partially delaminated (2 mm thick) and (c) fully delaminated (1 mm thick) plates.
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Fig.11. S-Transform plots for symmetric mode (S2) excitation, for (a) laminated (2

mm thick), (b) partially delaminated (2 mm thick) and (c) fully delaminated (1 mm

thick) plates.
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Different peaks in the S-transform plots of Fig. 9, 10 and 11 were monitored as the

delamination progressed. Changes in TOF, frequency and magnitude from Fig. 9, 10 and

11 are presented in Tables 4, 5 and 6, respectively.

Table 4

TOF, frequency and magnitude for anti-symmetric Lamb wave mode from S-Transform

plots

Thickness
(mm)

TOF
(µs)

Frequency
(kHz)

Magnitude
(normalized)

Lamb wave
(mode)

Laminated
plate

(2 mm)

127.4±0.25 1.92±0.1 1 A1 for 2mm

124±0.25 2.16±0.1 0.84 A0 for 2mm

Partially delaminated
plate (2 mm) 117.3±0.25 1.96±0.1 3.24 A1 for 2mm

and A0 1mm
Delaminated plate

(1 mm) 117.5±0.25 1.99±0.1 7.45 A0 for 1mm
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Table 5

TOF, frequency and magnitude for symmetric Lamb wave mode (S0) from S-Transform

plots.  For the same mode multiple TOFs correspond to multiple frequencies.

Thickness
(mm)

TOF
(µs)

Frequency
(kHz)

Magnitude
(normalized)

Lamb wave
(mode)

Laminated
plate

(2 mm)

105±0.25 487±10 1 S(0) for 2mm
88±0.25 587±10 0.9 S(0) for 2mm

242±0.25 436±10 0.40 A(0) for 2mm
222±0.25 420±10 0.41 A(0) for 2mm

Partially
delaminated

plate
(2 mm)

86.6±0.25 591±10 1.53 S(0) for 1mm
and 2mm

104±0.25 501±10 1.43 S(0) for 1mm
and 2mm

221±0.25 408±10 0.76 A(0) for 1mm
and 2mm

Delaminated
plate

(1 mm)

86.6±0.25 595±10 1.71 S(0) for 1mm
104±0.25 495±10 1.40 S(0) for 1mm
220±0.25 408±10 0.75 A(0) for 1mm

Table 6

TOF, frequency and magnitude for symmetric Lamb wave mode (S2) from S-Transform

plots.

Thickness
(mm)

TOF
(µs)

Frequency
(kHz)

Magnitude
(normalized)

Lamb wave
(mode)

Laminated
plate

(2 mm)
118.6±0.25 4.89±0.1 1 S0 for 2mm

Partially
delaminated
plate (2 mm)

117±0.25 4.73±0.1 1.61 S0 and S2 for
1mm

Delaminated
plates
(1 mm)

117±0.25 4.75±0.1 4.12 S0 for 1mm
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3. Results and Discussion

This investigation revealed that for the delamination detection in the laminated

aluminum plate considered here anti-symmetric modes in the frequency range 1 to 3

MHz are preferred over symmetric modes (S0 and S2) for the following reasons.

1) Anti-symmetric mode (A1) goes through strong mode conversion as

delamination progresses. Symmetric modes S2 and S0 do not undergo consistent

conversion by the delamination. In Fig. 12, maximum normalized magnitudes

calculated by the S-Transform are shown as a function of the degree of

delamination to quantify the delamination damage.

Fig. 12. Maximum normalized magnitudes of the anti-symmetric mode (from S-

Transform, Table 4) as a function of the progressive delamination.

2) When anti-symmetric mode is used for monitoring the laminated plate then

both magnitude and TOF of the signal are affected by the delamination as shown
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in Fig. 6 (Table 1) obtained from WVD Transform and Fig. 9 (Table 4) evaluated

from S-Transform. However, when the symmetric mode is used for plate

monitoring then inconsistent changes of TOF and magnitude are observed with

the degree of delamination.

Fig. 13. Group velocity dispersion curves for anti-symmetric modes for (a) laminated

plate (2 mm thick), (b) partially delaminated plate (2 mm thick), and (c) fully

delaminated plate (1 mm thick). Dotted ellipses show the locations of the strong peaks in

S-Transform contour plots for anti-symmetric excitation.
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3) Interpretation of the delamination data from WVD Transform and two

dimensional STFT is not very reliable due to their inherent limitations related to

artifacts and resolution. However, S-Transform is found to be a reliable tool for

delamination detection and quantification.

For anti-symmetric excitation the strong peak locations calculated from the S-Transform

are shown by dotted ellipses on top of the theoretical dispersion curves in Fig. 13.

4. Conclusions

Advanced signal processing on the recorded time histories revealed that fundamental

anti-symmetric mode is highly sensitive to the presence of delamination in laminated

plates. Anti-symmetric mode shows mode conversion when it interacts with a

delamination defect. S-Transform is a powerful tool for identification of different

propagating modes and selecting the right mode for damage detection. Measuring the

time of flight of Lamb waves in laminated and delaminated plates for delamination

detection appears to be a promising new technique for delamination monitoring.

Conversion of anti-symmetric (A1) mode to fundamental anti-symmetric (A0) mode

indicates the presence of delamination. Fundamental symmetric mode (S0) was also used

for this purpose but it was found that at low frequencies it is strongly influenced by the

side boundaries of the plate and hence is not very reliable. At higher frequencies

symmetric modes S2 and S0 showed change in TOF, magnitude and frequency with

delamination but the degree of change was inconsistent. Therefore, it is concluded that

the anti-symmetric mode A0 is most consistently sensitive to delamination. Therefore this
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mode is recommended for delamination monitoring in laminated plates.  Without the

proposed signal processing techniques it is not possible to draw the above conclusions or

the quantification of the delamination as done here.
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Abstract

Guided wave techniques are becoming very popular for damage detection in pipes, rods
and plates. For monitoring reinforced concrete beams the longitudinal guided wave is
excited and recorded after its transmission through the reinforcing steel bar for estimating
its corrosion level.  Recorded signal amplitude is affected by the corrosion level. Thus the
corrosion level is estimated from the transmitted wave amplitude.  Instead of
investigating the amplitude of the transmitted guided waves the differential time-of-flight
(TOF) of the propagating wave modes is recorded in this paper. The differential TOF is
obtained from the time-frequency representations of the recorded transient signals, and
from the high temporal resolution using the cross-correlation technique.  It is observed
that the corrosion level can be quantified from the change in TOF of the L(0,1) mode.
The guided wave modes are experimentally generated, recorded and compared with the
theoretical dispersion curves to identify different modes and select the most efficient
mode for quantifying the corrosion level. Unlike the recorded signal strength the TOF is
not influenced by the bonding condition between the sensors and the specimen therefore
the TOF based corrosion monitoring technique will be less influenced by sensor bonding
condition. This investigation is necessary because most investigators have studied the
effect of corrosion on the recorded signal strength instead of its TOF.

Keywords Guided wave, dispersion curves, TOF, corrosion, steel bars, STFT, Wavelet
Transform, S-Transform

Introduction

Oxidization of steel bars either in the open environment or inside concrete causes

corrosion. Any damage (such as crack) in concrete can accelerate the corrosion process

leading to the eventual failure of the structure.

Guided wave based techniques have been found to be very efficient and reliable

for damage detection and structural health assessment of both aerospace and civil
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infrastructures. In recent years researchers have made significant effort to develop

monitoring techniques using guided acoustic waves to detect the corrosion level of

reinforcing steel bars in concrete. Sensitivity of various developed techniques to detect

corrosion in reinforcing steel bars and the effects of corrosion on the bonding between

concrete and steel have been reported in the literature1-4. The feasibility of detecting

interface degradation and separation of steel bars from the surrounding concrete has been

studied extensively using guided Lamb waves. Lamb waves are dispersive, can travel a

long distance and detect changes in the interface bonding condition5-8. The efficiency and

reliability of guided wave based inspection techniques have been reported extensively in

the literature9-13. Guided waves have some distinct advantages for monitoring large

structures compared to other techniques, such as electromagnetic, optical or chemical

sensing techniques14,15 for which the probes must be placed relatively close to the

inspection region that is not necessary for guided wave based inspection techniques.

The most investigations related to the longitudinal guided wave based detection

and monitoring systems focus on examining the amplitude of the waves propagating

through a material. This research however, goes in a different direction. We investigate

the changes in the time-of-flight (TOF) of the waves with the variation of the degree of

corrosion in steel bars by adopting various feature extraction techniques16-19. Differential

TOF is calculated with high temporal resolution using cross-correlation technique20-23.

Straight forward application of the cross-correlation technique can give differential TOF

but can neither identify the appropriate mode nor predict how the TOF should vary with

the progression of corrosion.  For this purpose various signal processing and feature

extraction techniques are needed as done in this paper. Advantages and disadvantages of
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various feature extraction techniques and the reliability of specific guided wave modes

for corrosion detection are presented in this paper.

Experimental setup

Two reinforcing steel bars were corroded for different time durations using corrosive

chemicals and then the experimental data obtained from these samples were compared

with that from a non-corroded sample. Three samples used in this experiment had the

same length. For data acquisition, longitudinal guided waves were generated and

propagated through the samples in transmission mode. TiePie engineering handyscope

(HS3) was used as the arbitrary wave form (function) generator and transient recorder.

The transient recorder has two channels that can record signals with a sampling

frequency of 100 MHz, 8 bit resolution, and a memory of 131060 samples per channel. It

was connected to a standard notebook PC via a USB2.0 bus. The interfacing between the

arbitrary function generator and synchronized transient recorder was programmed using

LabVIEW©.

Figure 1. (Left) Schematic of the experimental setup, and (Right) picture of corroded and non-corroded
samples.
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Theory of cylindrical guided waves

A brief theoretical background about guided waves in the context of this research

work is presented skipping detailed descriptions since it can be found in the literature. In

this section, theoretical formulation of guided wave mode generation and dispersion

curve27-28 theory is presented because the central focus of this research is based on these

concepts.

It is a well-known fact that when an elastic wave propagates through a cylindrical

waveguide it generates various modes analogous to that in plates. The SH and symmetric

modes in a plate have their analogous counterparts in torsional and longitudinal modes in

rods. The anti-symmetric plate modes are analogous to the flexural modes. The governing

equation of wave propagation in circular cylinders is obtained by decomposing Navier’s

equation of motion (Eq. 1) by Helmholtz decomposition (Eq. 2).

∇ + ( + )∇ ∇. = (1)
Where, u is the displacement vector, ρ is the density; λ and µ are Lamé’s constants. The

vector u is expressed in terms of a dilatational scalar potential φ and an equivoluminal

vector potential H. u is expressed in terms of φ and H as= ∇ + ∇ ×∇. = ( , ) (2)
From Eqs. (1) and (2)∇ ( + 2 )∇ − + ∇ × ∇ − = 0 (3)
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The displacement equation of motion is satisfied if the potentials ϕ and H satisfy the
wave equations∇ =
∇ =
= ( + 2 )= (4)

Where, v1 and v2 are longitudinal and shear wave speeds, respectively

General solution to the above equations can be constituted as follows

= ( ) cos( ) cos( + )= ( ) sin( ) sin( + )= ( ) cos( ) sin( + )= ( ) sin( ) cos( + ) (5)
From Eq. (2) the displacement field in terms of ϕ and H is given by

= + 1 −= 1 + −= + 1 ( ) − 1 (6)
The stress field on the cylindrical surface is given by,= ∇ + 2= 2= 2
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Where,== 12 += + (7)
The traction-free boundary condition on the cylindrical surface gives a system

homogeneous equations29-30.

[D]{A}=0 (8)

Where

[D] is a 3x3 matrix for a solid cylinder and 6x6 matrix for a hollow cylinder.

{A} is a vector of partial wave amplitudes

For nontrivial solution of {A}, the following condition must be satisfied,

Det [D] =0 (9)

This equation is known as the characteristic dispersion equation whose roots generate the

dispersion curves that give the frequency dependent phase velocity variations for

different propagating modes.

Theoretical dispersion curves are first generated by solving Eq. (9) for five different

diameters of corroded steel bars - 19 mm, 17mm, 15.5 mm, 14 mm and 12.5 mm. These

plots are shown in Figure 2. Since the primary focus of this investigation is concentrated

on identifying the suitable guided wave modes for quantification of surface material loss

due to corossion only the relevant theoretical aspects are briefly described above. The

signal processing techniques and the associated theory are presented in the following

section where those techniques are used for signal processing.
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Figure 2. (Top) Group velocity dispersion curves, (bottom) TOF, obtained by dividing the rod length by
the group velocity, as a function of frequency.

Signal Processing of Experimental Results and Discussion

Dispersion curves of Figure 2 show that in the frequency range 50 kHz to 200

kHz significant differences in TOF are observed for both longitudinal modes L(0,1) and

L(0,2) as the reinforcing steel bar diameter varies from 19 mm to 12.5 mm. The samples

were excited on one end by the chirp signals in the frequency range 50 kHz to 200 kHz
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and the propagated waves on the other end were recorded for non-corroded and corroded

samples. To measure the change in the time-of-flight and frequency due to corrosion in

steel bars, feature extraction and cross-correlation techniques were adopted; both these

techniques can provide the TOF change information as the degree of corrosion varies.

In Figure 3, normalized time history and its Fast Fourier Transform (FFT) are

presented for the reinforcing steel bar of 19 mm diameter.  FFT is useful to get an

estimate of the frequency content of the entire transient signal.

Figure 3. (Left) Transient signal for the non-corroded sample and (right) it’s Fast Fourier Transform (FFT).

Corrosion causes surface roughness and reduction in rod diameter. Non-corroded

rods of length 820 mm and diameter 19 mm were investigated, along with some corroded

samples. In the first corroded sample, a length of 450 mm in the middle of the rod was

corroded.  Its diameter was reduced to 15.5±0.2 mm. In most of the corroded region the

diameter was recorded between 15.65 mm and 15.4 mm. The average diameter of the

corroded region was approximately 15.5 mm which corresponds to about 18% reduction

in the diameter. In the second corroded sample, again a length of 450 mm in the middle
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of the sample was corroded and the diameter in this region was reduced to about

12.5±0.15 mm due to corrosion, a 36% reduction when compared with the original

diameter. Major changes observed in the recorded signals were the variations of the

shapes of the transient signals and the shift in the frequency corresponding to the spectral

peaks as shown in Figures 4 and 5.

Figure 4. (Left) Transient signal for first corroded sample and (right) it’s Fast Fourier Transform (FFT)

Similarly Figure 5 shows the transient signal and the spectral plots for the second

corroded sample that was corroded for a longer period of time, resulting a 36% reduction

of the diameter of the sample.
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Figure 5. (Left) Transient signal for the second corroded sample and (right) its Fast Fourier Transform
(FFT).

From the above results, it is evident that corrosion causes shift in the propagating

wave frequencies. The peak position in Figure 3 is observed at 128 kHz. As the corrosion

level increases significant change in the spectral peak position is observed. For 15.5 mm

and 12.5 mm corroded samples the peak positions are shifted and recorded at 145 kHz

(Figure 4) and 155 kHz (Figure 5), respectively although all three samples had same

excitations. Overall shapes of the transient signals also show noticeable change with

corrosion. However, to quantify the corrosion level from these recorded signals is not a

trivial task. It requires extracting appropriate features from the recorded data to detect and

measure the degree of corrosion. The well-known Fourier transform analysis provides a

tool to extract the frequency contents of the transient signals. This is helpful for analyzing

spectral components of the signal. However, the drawback of the Fourier transform

analysis is that the time information is completely lost. The time frequency

representations (TFR) of the transient signals are more desirable and conducted here to

observe shifts of different wave modes in time and frequency domains.
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Short Time Fourier Transform (STFT).

Theory of STFT

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

information forming the basis for Short Time Fourier Transform (STFT) technique16. In

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

transformed to the frequency domain. The STFT thus presents a compromise between the

time and the frequency resolution18. It provides a tool to choose the needed precision

either in time or in frequency domain. Mathematically, the STFT of a time history signal

x(t) is defined as:






 dtetwtxX jwt)()(),(  (10)

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

spectrogram (TFR) is then defined as the energy density spectrum ( , ) = | ( , )| .

In STFT the wide window size gives better frequency resolution at the cost of time

resolution and vice versa. The drawback of STFT is that once a window size is selected,

that size remains same for all frequencies. Figures 6(a), (b) and (c) shows the STFT of the

transient signals presented in Figures 3, 4 and 5, respectively.
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Figure 6. STFT plots for (a) non-corroded sample (19 mm dia.), (b) first corroded sample (15.5 mm dia.)
and (c) second corroded sample (12.5 mm dia.).

Results from STFT

Different peaks in the STFT plots of Figure 6 correspond to different wave packets in the

transient plots.  These peaks were monitored as the corrosion level increased. From the

frequency and arrival times of the peaks it was concluded from the group velocity
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dispersion curves (Figure 2) that these peaks correspond to the L(0,1) and L(0,2) modes.

These results are summarized in Table 1.

Table 1. Variations of frequency, TOF, and identification of the propagating guided wave modes from
STFT plots

Diameter (mm) Frequency (kHz) Time (µs) Change in TOF
(µs)

Wave Mode

19 104 ± 3.0 294 ± 1 0 L (0,1)
15.5 118 ± 3.0 311 ± 1 17 ± 1 L (0,1)
12.5 102 ± 3.0 395 ± 1 99± 1 L (0,1)

Shifts in frequency, time and peak amplitudes can be clearly seen in Figure 6. However,

because of limitations related to the fixed window width, the resolution was limited.

Conclusive results cannot be derived from STFT.

Continuous Wavelet Transform (CWT).

Theory of CWT

Continuous Wavelet Transform16 is a promising feature extraction tool. It gives good

frequency resolution at lower frequencies and good time resolution at higher frequencies.

One improvement of CWT over STFT is that the window function of STFT is replaced

by a mother wavelet function )(t with continuous scaling and shifting in CWT. This

wavelet ensures much better time-frequency resolution. Mathematically, the CWT of a

time history signal x(t) is defined as:












  dt

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

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

frequency). The correspondence between the scale factor ‘a’ and the frequency is

evaluated using the following relation:

).(  aFF ca (12)

Where, a is a scale range, ∆ is the sampling period, Fc is the central frequency (in Hz) of

the mother wavelet (in this study Gaussian wavelet of type 'gaus5' is used for which Fc is

0.5 Hz), Fa is the pseudo-frequency corresponding to the scale a, in Hz. Using the above

relation the approximate values of pseudo-frequencies have been evaluated for their

respective scale and plotted in Figure 7.

Figure 7. Scale to frequency correspondence for Gaussian mother wavelet (gaus5).
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Wavelet analysis produces a time scale view of the signal, with scaling and shifting. The

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

(13)

Results from CWT

CWT is capable of revealing hidden aspects of signal such as trends, break down points

etc. These aspects can be missed by FFT and STFT. Figures 8a, b and c show the CWT

of the transient signals presented in Figures 3, 4 and 5, respectively.

2
),(),( baXbaE 
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Figure 8. CWT plots for (a) non-corroded sample (19 mm dia.), (b) first corroded sample (15.5 mm dia.)
and (c) second corroded sample (12.5 mm dia.).

Similar to STFT plots, CWT plots of Figure 8 show different guided wave modes.

Frequency and arrival times of the peaks in the TFR plots are compared with the group

velocity dispersion curves (Figure 2) to identify the wave mode and see its variation with

the degree of corrosion.  The extracted results are summarized in Table 2.
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Table 2. Variations of frequency, TOF, and identification of the propagating guided wave modes from the
CWT plots

Diameter (mm) Frequency (kHz) Time (µs) Change in TOF
(µs)

Wave Mode

19 131 ± 3.0 341 ± 1 0 L (0,1)
15.5 140 ± 3.0 360 ± 1 19 ± 1 L (0,1)
12.5 149 ± 3.0 369 ± 1 28 ± 1 L (0,1)

In Continuous Wavelet Transform, once the window function is selected, it should

remain the same for the entire signal processing. This limitation makes CWT a non-

adaptive signal processing tool18. To partially overcome this limitation of CWT, S-

Transform can be used for the signal analysis.

S-Transform (ST).

Theory of S-Transform (ST).

The S-Transform is a combination of Short Time Fourier Transform and Continuous

Wavelet Transform16,18. The S-Transform of a signal can be seen as a modified Short

Time Fourier Transform with a Gaussian window of varying width and height with

frequency. It is a modified wavelet transform (WT) with the phase correction in the

mother wavelet.  However, this modified wavelet ignores the wavelet's admissibility

criterion of having the zero mean and hence it cannot be considered as a WT. The S-

Transform of a signal x(t) is given by:

dtee
f

txfS ftj
ft
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In Figure 9, S-Transform plots generated from the transient signals of Figures 3 to 5 are

shown. Significant shifts in time, frequency and peak amplitudes are observed in the

transformed plots with the variation of the degree of corrosion.

Figure 9. S-Transform plots for (a) non-corroded sample (19 mm dia.), (b) first corroded sample (15.5 mm
dia.) and (c) second corroded sample (12.5 mm dia.)
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Results from S-Transform.

Different peaks in the S-transform plots of Figure 9 correspond to different guided wave

modes.  These peaks were monitored as the corrosion level increased.  The two strong

peaks for the non-corroded sample were observed near 136 kHz frequency, at 487 s and

349 s in the time-frequency plot.  The peak at 136 kHz (frequency) and 349 s (time)

moved to 150 kHz and 362.4 s position for the first corroded sample (15.5mm dia.).  It

moved further to 162 kHz and 372.2 s position as the corrosion increased even more for

the second corroded sample (12.5mm diameter). Knowing the frequency and arrival

times of these peaks it was concluded from the group velocity dispersion curves (Figure

2) that these peaks correspond to the L(0,1) mode.   These results are shown in Table 3.

Table 3. Variations of frequency, TOF, and identification of the propagating guided wave modes from the
S-Transform plots

Diameter (mm) Frequency (kHz) Time (µs) Change in TOF
(µs)

Wave Mode

19 136 ± 3.0 349.1 ± 1 0 L (0,1)
15.5 150 ± 3.0 362.4 ± 1 13.3 ± 1 L (0,1)
12.5 162 ± 3.0 372.2 ± 1 23.1 ± 1 L (0,1)

In S-Transform, the frequency-dependent window function is only a Gaussian window.

This window is not equipped with the capability of having its width to be adjusted either

in time or in frequency. As a result of this limitation, S-Transform produces higher

frequency resolutions at lower frequency domains, while at higher frequency domains

sharper time localizations are obtained 24-26.

In Figure 10, the change in TOF of the L(0,1) mode obtained from the S-Transform is

shown as a function of the corrosion level in the steel bar.
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Figure 10. Change in TOF of the L(0,1) mode (obtained from the S-Transform) for two different levels of
corrosion in the steel bar.

Differential Time-of-Flight Measurement from Cross-Correlation Technique

Under ideal conditions a sharp delta pulse signal excitation and detection are required to

measure the time-of-flight. But in reality often this is not possible because of the

absorption of higher frequencies in the medium. Other limitations are related to

dispersion, which widens or disperses a propagating sharp pulse. The cross-correlation of

two signals in time domain is used for calculating the time difference between the two

similar signals, and is adopted here to calculate the TOF difference of transient signals of

non-corroded and corroded reinforcing steel bars.

Theory of Cross-correlation technique

Cross-correlation ϕxy of two real continuous functions [x(t) and y(t)], are defined as
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ϕxy
(t) =∫ x τ-t y(τ)dτ∞

-∞ (15)

If we compare it with the definition of convolution of two functions [x(t) and y(t)],( )*y(t) =∫ x t-τ y(τ)dτ∞
-∞ (16)

we can see that the only difference between the two integrals of equations (15) and (16) is

in the sign of the argument of one function . Therefore,

ϕxy
(t)= x -t *y(t) (17)

Since the time reversal operation is same as taking the complex conjugate in the

frequency domain, we can write

Фxy=FT ϕxy
(t) =X*(f)Y(f) (18)

Where FT denotes the Fourier Transform operator and X*(f) is the complex conjugate of

X(f). Unlike convolution, cross-correlation is not commutative and it obeys the following

relation.

ϕxy
(t)=ϕxy -t (19)

This can be shown by letting

τ'=τ-t (20)

In the discrete domain, the correlation of two real time series xi (where i = 0, 1, …, M-1)

and yj (where j = 0, 1, …, N-1) is given by [from the analogy of equation (15)]

ϕxy,k= ∑ x j - k yj,  k = - (M + 1),…, 0,…, N - 1
min M -1+k, N-1
j= max(0,k) (21)
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It should be noted that in this analysis we do not correlate the measured signal pulse with

the sent one to get the absolute TOF. Instead the received signals from non-corroded and

corroded reinforcing steel bars are correlated20-23. This technique has the advantage that

imperfections of the transducer and the dispersion inside the material are already included

in the reference signal and thus does not affect the differential TOF measurement. Ideally

two signals that are to be correlated should be identical except for a time shift and

amplitude variations due to change of the material properties on its propagation path.  In

order to get the difference in the TOFs one determines the global maximum of the

correlation function.  It is obtained when the two signals overlap. The abscissa of this

point indicates the time of best matching or tbm and therefore tbm is the difference in the

TOF.

Results from Cross-correlation Technique

In order to obtain the differential TOF, transient signals (presented in Figures 3, 4 and 5)

are windowed for cross-correlation analysis. The transient signal for the non-corroded

sample shows maximum amplitude in the time range 335s to 385 s. This time range is

selected to observe shifts in TOF due to progressive corrosion.  See the shaded region in

Figure 11.
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Figure 11. (Top) Transient signals for non-corroded and corroded samples, shaded area shows the
windowed signal used for the cross-correlation analysis; (Bottom) FFT of the shaded region for non-
corroded and corroded samples.
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Figure 12. Change in TOF (from Cross-correlation technique) as the corrosion of the steel bar increases.

Between the non-corroded sample and the first corroded sample 12.01±0.15 s change in

TOF is recorded. Between the first corroded sample and the second corroded sample

another time shift of 21.61±0.15 s is recorded. For better understanding of the recorded

differential TOF, FFT of the selected part of the signal is also studied. In the first

corroded sample a frequency shift of approximately 24 kHz for the spectral peak is

observed when it is compared with the non-corroded sample. Between the first and the

second corroded samples, a frequency shift of approximately 20 kHz for the spectral peak

and a significant drop of the amplitude is observed. For frequency shift calculation the

frequencies corresponding to the highest peaks in Figure 11 are used. In Figure 13, the

experimental values of time and frequency are shown by solid circles on the theoretically

calculated dispersion curves for identifying the specific mode being tracked.  The grey

arrow next to the circles show in which direction TOF and signal frequency moves as the

corrosion level increases. Clearly, these peaks correspond to the L(0,1) mode.
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Figure 13. Group velocity dispersion curves for steel bars for five different diameters between 19 mm and
12.5 mm. Circular markers show the time and frequency values obtained from the cross-correlation
technique.

In Table 4, comparison of experimentally obtained data from the cross-correlation

technique and theoretical dispersion curves is presented. This comparison shows that the

TOF change for the L(0,1) mode can be reliably used for corrosion detection and

quantification in reinforcing steel bars.

Table 4. Change in TOF with degree of corrosion obtained from the cross-correlation technique (applied to
a segment of the transient signal - 335 to 385 µs), and from the dispersion curve

Diameter (mm) Frequency (kHz)
Change in TOF

(µs)
(Experimental)

Longitudinal
Modes

19 119 ± 5.0 0 L (0,1)
15.5 143 ± 5.0 12.01 ± 0.15 L (0,1)
12.5 163.0 ± 5.0 21.61± 0.15 L (0,1)
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Both measurements show that TOF increases with the corrosion level (see Figure 14). In

Figure 14 TOF measurements by the two techniques, S-Transform presented in Table 3

and cross-correlation technique are compared with the dispersion curve data and good

agreement is observed.

Figure 14. Change in TOF obtained from the S-Transform technique ,Cross-correlation technique and the
dispersion curves with the variation of the corrosion  level in steel bars.

At first level of corrosion the diameter was reduced to 15.5 mm. When compared with

the calculated dispersion curves the TOF from the S-Transform shows 9.7% error.

Whereas TOF calculated from the cross-correlation technique shows an error of only

0.09%. Similarly at the final stage of corrosion when the rod diameter is reduced to 12.5

mm the errors calculated are 3.5% for S- Transform and 3.1% for cross-correlation

approach.
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Conclusions

The change in TOF due to corrosion in reinforcing steel bars is investigated

experimentally. The transient signals for non-corroded and corroded samples are

processed using Fast Fourier Transformation, Short Time Fourier Transformation,

Continuous Wavelet Transformation and S-Transformation. The time-of-flight

information is obtained from the S-Transform and the cross-correlation technique. It is

demonstrated that the time-of-flight shows high sensitivity to the corrosion level in steel

bars. FFT, STFT, CWT and S-Transform show significant changes in the amplitude of

the propagating waves. Due to dispersive nature of propagating waves, it is better to use

S-Transform instead of FFT, STFT and CWT for signal analysis. At higher frequencies,

S-Transform gives reliable results in the time domain but some information related to the

frequency is lost.

Reduction in the amplitude of the recorded signal can be caused by corrosion as

well as the deterioration of the mechanical bonding between the sensors and the

specimens but such deterioration of bonding does not affect TOF.  Therefore, TOF

measurement is more reliable for quantitative measurement of corrosion level. L(0,1)

mode is found to be very reliable for corrosion detection and monitoring its progress. The

corrosion induced TOF variation obtained from the S-Transform and cross-correlation

matched well with each-other and also closely matched with the theoretical dispersion

curves. Calculated dispersion curves helped us to identify the propagating guided wave

mode used to monitor the corrosion level in reinforcing steel bars.
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ABSTRACT

It has been well established that guided waves are sensitive to structural damages

encountered on their path of propagation and for this reason this technique is very

efficient for distinguishing defective structural components from defect-free ones.

Although the guided wave technique can identify a specimen having a distribution of

defects, detecting and quantifying a small defect on its path from a long distance, as

required for structural health monitoring (SHM) applications, is not an easy task for the

guided wave inspection technique even today, especially when the transducers cannot

come in direct contact with the pipe wall. The current technological challenges for pipe

inspection by generating guided waves using non-contact transducers are to detect a small

defect on the pipe wall and estimate its location and size from a long distance when the

reflected signal from the defect cannot be clearly identified as is the case for low

frequency guided waves that can propagate long distances. Electro-Magnetic Acoustic

Transducers (EMATs) are used here to generate guided waves in the pipe by the non-

contact technique. This paper shows how small a defect in a pipe wall can be detected

and its location and dimension can be estimated using relatively low frequency guided
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waves generated and received by EMATs even when the defect signal is not clearly

visible in the time history plot because various wave modes reflected from the defect and

pipe ends overlap.

KEY WORDS: Guided wave, pipe inspection, EMAT, Electromagnetic Acoustic

Transducer, defect detection

1. INTRODUCTION

Many research papers have been published on various techniques for early forecasting of

the degradation process of long pipelines. Cylindrical guided waves are becoming

popular for pipe inspection for their long distance propagation capability. Gazis [1, 2]

first analytically solved the harmonic wave propagation problem in an infinitely long

elastic hollow cylinder. Greenspon [3, 4] computed dispersion curves and displacement

fields in an elastic cylindrical shell. Zemanek [5] presented numerical analyses of the

frequency equation in an elastic cylinder. Guided wave modes have been used for

detecting wall thinning in cylindrical pipes [6, 7]. Cawley and coworkers [8-12], Rose

and coworkers [13-18] successfully used cylindrical guided waves for detecting cracks,

holes and corrosion damages in pipes. Barshinger et al. [17] used a 15 element array

transmitter mounted on Plexiglas shoes attached to the pipe to generate specific guided

wave modes in a pipe by tuning the frequency. Hay and Rose [18] have developed comb

transducers for guided wave mode generation in a pipe using flexible PVDF films. Guo

and Kundu [19-20] designed a new transducer holder mechanism for pipe inspection

using cylindrical guided waves. Using those transducer holders Na et al. [21-23] and
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Ahmad et al. [24] generated cylindrical guided waves in underwater and underground

pipes, and concrete filled pipes.

In most studies related to the pipe wall damage detection using guided waves

investigators launched guided waves on the pipe and let it propagate along the pipe

before the wave was detected and analyzed. Received signal strengths are generally

found to be different for defect-free and defective pipes. Thus comparing the received

signal from a defect-free pipe (baseline information) one can conclude if the inspected

pipe is defective. However, detecting small defects, such as a small hole on the pipe wall

located at a long distance from the wave generator and receiver can be difficult because

to propagate a long distance along the pipe one needs to use high energy signal at a

relatively low frequency resulting overlapping of different modes reflected from or

transmitted through the defective region. Vasiljevic et al. [25] detected wall thinning by

launching guided waves at one section of the pipe and recording the propagating waves at

another section by electro-magnetic acoustic transducers (EMAT). One advantage of

using EMAT is that it does not require direct contact with the pipe surface. Therefore, the

pipe surface does not need to be very smooth and no coupling fluid or gel between the

transducer and the pipe is required for launching and receiving guided waves. The same

set of EMATs is used in this paper for the pipe inspection. However, the focus of this

paper is different from the previous paper. In the earlier paper [25] the authors focused on

the development of the EMAT and were interested in detecting a 360o circumferential

groove in the wave path without trying to predict its size or location. In this paper

however it is investigated how effective the non-contact low frequency guided wave

inspection technique is in detecting a small circular hole in the pipe wall and if it is at all
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possible to predict the size and location of the hole by analyzing the recorded signal when

the signal from the defect cannot be clearly distinguished because its arrival time

overlaps with those for other wave packets. Wave packets that hide the defect signal can

be formed by reflections of some modes at the pipe ends. Under such difficult situations

when the defect signal cannot be clearly distinguished in the time history plot our

objective is to extract the location and size information of the defect.

2. EXPERIMENTAL INVESTIGATION

2.1. EMAT Geometry

The cross section of the EMAT around the pipe to be inspected was surrounded

by an annular magnet (Vasiljevic et al. [25]). The conducting coil is placed inside the

magnet between the disk shaped tapered iron yokes surrounding the pipe. The tapered

edge of the disks of the EMAT increases the magnetic induction at the location of the coil

and thus increases the strength of the generated guided waves in the pipe wall. Because of

its geometry this EMAT can only produce axisymmetric displacements on the pipe wall,

thus no flexural wave mode which are not axially symmetric can be generated by this

EMAT. It also does not produce any tangential displacement (u in the cylindrical

coordinate system, zr where z is the axial direction of the pipe, r is the radial direction

and  is the azimuthal direction). Therefore, no torsional wave mode can be generated

either by this EMAT. It can only generate longitudinal wave modes. The EMAT was

excited at a relatively low frequency range where among all longitudinal modes only

L(0,1) and L(0,2) modes exist. It should be noted here that these two modes are similar to

A0 and S0 modes in a flat plate that are observed at low frequencies [6].



80

2.2. Specimen

A defect-free 1200 mm long seamless steel pipe is first inspected. The outer and

inner diameters of the pipe are 21.4 mm and 16.4 mm, respectively. Then a hole of 1 mm

diameter is drilled in the pipe wall at a distance of 450 mm from one end of the pipe and

the pipe is inspected again. The inspection process is discussed in detail in the following

section. The diameter of the hole is then increased to 3 and 5 mm by increasing the drill

size and followed each time by a respective re-inspection.

2.3. Experiment

Figure 1 shows the experimental setup. The hole on the pipe wall is indicated by a

circle. Electromagnetic Acoustic Transducers (EMATs) were mounted on brass holders

that helped to position the EMATs perpendicular to the pipes with a spacing of

approximately 0.5 mm between the pipe and the EMAT. The position was fine tuned by

small plastic screws in the brass holders, which were also the only points of contact

between the entire EMAT system and the pipe. The signal strengths were displayed in

Volts. The variation of the signal strength as a function of time is the time history or the

transient curve, and the variation of the signal amplitude with frequency is the spectral

plot or the V(f) curve. During the raw data collection, every time step was averaged by

the program for at least 1024 times to give a consistent value. Then it was analyzed in the

LabView program created for the data analysis for this specific application.

EMAT to EMAT distance (dimension “b” in Fig. 1) is 270 mm, nearest EMAT to

defect distance (dimension “d” in Fig. 1) is 100 mm and the distance between the defect
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and one end of the pipe (dimension “c” in Fig. 1) is 450 mm. A chirp signal with a

frequency range 100 to 150 kHz is sent to the transmitting EMAT. PAR 113 pre-

amplifier has built-in low-pass and high-pass filters. The pre-amplifier amplifies signals

in the frequency range 1 kHz to 300 kHz. It magnifies the signal from the receiving

EMAT ten thousand times. Excitation signal as well as the pre-amplifier setting stays the

same for all experiments. Recorded signals are analyzed in the following section.

Figure 1: Schematic of the experimental setup.

3. RESULTS AND DISCUSSION

Figures 2a to 2d show the time histories recorded for the defect-free pipe and

three defective pipes having holes of diameter 1, 3 and 5 mm, respectively. Different

wave packets appearing at different times are marked as 0, 1, 2, … 8. Note that the

shapes of first three wave packets are very similar in the four plots but the shape of the

tail end of the transient signal (see for example the part composed of wave packets 6, 7
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and 8) varies noticeably with the defect size. Therefore, in a relative scale this defect does

not affect the first part of the transient signal as strongly as it affects the later part.

Change in shape and amplitude of the wave packets must be because of the wave modes

passing through the hole or being reflected by the hole.  The objective of this

investigation is to extract the information about the location and size of the hole from

these recorded time histories.
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(a)                                                                           (b)

(c) (d)

Figure 2: (a) Experimentally obtained time history plot for a defect-free pipe - different

wave packets are numbered from 0 to 8. (b) Experimentally obtained time history plot

generated by a pipe with a 1 mm hole. (c) Experimentally obtained time history plot

generated by a pipe with a 3 mm hole. (d) Experimentally obtained time history plot

generated by a pipe with a 5 mm hole.
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(a)                                                                    (b)

(c)                                                                    (d)

Figure 3: (a) Experimentally obtained time history plots in Region 4 (or wave packet 4) for

four pipes – one defect-free and three defective pipes. (b) Experimentally obtained time

history plots in Region 5 (or wave packet 5) for four pipes – one defect-free and three

defective pipes. (c) Experimentally obtained time history plots in Regions 6 and 7 (or wave

packets 6 and 7) for four pipes – one defect-free and three defective pipes. (d)

Experimentally obtained time history plots in Region 8 (or wave packet 8) for four pipes –

one defect-free and three defective pipes.
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To this aim first it is investigated if any trend can be observed in the recorded time

histories as the hole diameter changes. Since in a relative scale changes in wave packets 3

to 8 are more noticeable with the variation of the hole diameter, for a closer scrutiny most

of these wave packets are first plotted separately in Figs. 3a to 3d. Four curves (one for

the defect-free pipe and three for the defective pipes) for every wave packet are plotted

on the same graph for easier comparison. No clear trend can be observed in any of these

figures. Some peaks become stronger while some other peaks decay with the increasing

diameter of the hole and most peaks do not show any consistent trend, therefore one

cannot predict the hole diameter simply by comparing these time history plots.

Next it is investigated if subtracting the baseline information (time history for the

defect-free pipe) from the time histories for the defective pipes can help in extracting the

defect information. Plots for 1, 3 and 5 mm holes after subtracting the baseline

information are shown in Fig. 4. For many peaks the difference values are found to be the

largest for the 5 mm hole, as expected. However, for some peaks maximum difference is

observed for the 3 mm hole and for some other peaks the largest difference is found for

the 1 mm hole. Only a handful peaks in Fig. 4 follow our intuition that the difference

signal is maximum for the 5 mm hole and minimum for the 1 mm hole. Because of these

inconsistencies for the majority of the peaks it is almost impossible to estimate the

diameter of the hole by simply subtracting the baseline signal.
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Figure 4: Experimentally obtained time history plots for pipes with 1 mm, 3 mm and 5 mm

holes after subtracting the baseline signal (experimental data for the defect-free pipe). Bars

marked 0 to 8 are identical to those shown in Fig. 2.

To investigate if any better correlation between the defect size and the recorded signals

can be obtained from the frequency domain analysis of the received signals, the Fourier

transforms of wave packets 3 to 8 are obtained and compared. These results are shown in

Figs. 5a to 5f. Frequency versus voltage curves are denoted as V(f) curves. Note that for

wave packets 3 to 6 (Figs. 5a to 5d) the peak value of the V(f) curve increases as the hole

diameter increases from 0 (no defect case) to 5 mm. Wave packet 7 (Fig. 5e) shows the

opposite trend. In this case the peak value of the V (f) curve decreases as the diameter of

the hole increases. The trend is again reversed in wave packet 8 (Fig.5f). It is interesting

to notice how sensitive the peak values of the V(f) curves are to the defect dimension.

Although it appears to be a bit confusing that for some wave packets the spectral peak
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value is increasing with the defect size (Fig. 5a, 5b, 5c, 5d and 5f) while for another wave

packet it is decreasing with the defect dimension (Fig. 5e) these apparently contradictory

observations can be justified in the following manner. If the recorded signal is dominated

by the waves reflected from the defect or mode converted at the defect then its magnitude

should increase with the defect size because a larger defect acts as a bigger reflector and

mode converter. Vasiljevic et al. [28] have shown that even for axi-symmetric excitation

one axi-symmetric mode can be converted to another axi-symmetric mode [L(0,2) is

converted to L(0,1) mode] by a groove type defect. It is investigated in this paper if such

mode conversion occurs for the hole type defect as well. When the received signal is

dominated by the wave modes propagating through the defective section without mode

conversion then the peak value of the V (f) curve should decay for increasing diameter of

the hole because a larger defect creates a bigger obstruction to the propagating waves. To

investigate if this is what really causing the decreasing or increasing trend of the received

signal the group velocities of the propagating wave modes are obtained and the time of

flight (TOF) of waves propagating from the transmitter to the receiver going through

different paths are computed.

Dispersion curves are generated for cylindrical guided waves in a steel pipe. The

P and S wave speeds of steel are 5.96 km/s and 3.26 km/s, respectively. The phase

velocity and the group velocity [15] of the longitudinal wave modes L (0, 1) and L (0, 2)

are shown in Fig. 6. Because of the axi-symmetric excitation the fabricated EMAT

produces only longitudinal wave modes. Both L (0, 1) and L (0, 2) modes can be

generated in the pipe specimen in the frequency range 100 to 150 kHz.
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(a)                                                                    (b)

(c) (d)

(e)                                                                    (f)

Figure 5: (a) Fourier transforms of wave packet 3, see time histories in Figs. 2a to 2d. (b)

Fourier transforms of wave packet 4, corresponding time histories are shown in Fig. 3a.
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(c) Fourier transform of wave packet 5, corresponding time histories are shown in Fig. 3b.

(d) Fourier transforms of wave packet 6, corresponding time histories are shown in Fig. 3c.

(e) Fourier transforms of wave packet 7, corresponding time histories are shown in Fig. 3c.

(f) Fourier transforms of wave packet 8, corresponding time histories are shown in Fig. 3d.

Figure 6: Phase velocity (top) and group velocity (bottom) dispersion curves for the steel

pipe.
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The group velocity Cg, the path length (s) of the propagating wave and the time of flight

(t) are related in the following manner,

t

s
fCg )( (1)

Where the group velocity Cg is dispersive, or in other words it is a function of

frequency f. From the spectral plots of different wave packets the frequency contents can

be obtained. The wave packet marked as 0 has a central frequency of 120 kHz. The

corresponding group velocity obtained from Fig. 5f is 1.6 mm/s for L(0,1) mode and 4.4

mm/s for L(0,2) mode. Therefore, the L (0, 2) mode should arrive first at 61.4 s [= 270

mm/4.4mm/s] at the receiving EMAT placed 270 mm from the transmitting EMAT, see

Fig. 7. No ultrasonic wave should be recorded by the receiver before 61.4 s. However,

in the time history of Fig. 2a one can clearly see that the receiver records some voltage

much before 61.4 s. This voltage is generated due to electronic cross-talk or

electromagnetic interference in the experimental setup.

Figure 7: Different paths of propagation of L(0,1) and L(0,2) modes in the defect-free pipe.
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Arrival of the L (0, 2) mode cannot be clearly seen since it is overlapped by the

electromagnetic interference within the wave packet marked 0 in the time history plot.

Different possible paths of the guided wave modes in the defect-free pipe propagating

from the transmitter to the receiver are shown in Fig. 7. Arrival times calculated from the

paths marked 1 to 7 in Fig. 7 reasonably match with the arrival times of wave packets 1

to 7 of the transient signal (see Fig. 8). However, the path denoted as 7* gives an arrival

time that is in the middle of wave packet 7. Therefore, two wave paths 7 and 7*

contribute to the wave packet 7.  Paths 4, 5 and 7 and 7* show mode conversion at the

pipe ends. Wave paths 4 and 5 are identical but their frequency contents are different. As

a result their group velocities are different and they arrive at the receiver at different

times creating two distinct wave packets marked as 4 and 5 in the time history plot.

Arrival times corresponding to these different paths are computed by dividing the

appropriate segments of the path length by the group velocity of the wave mode going

through that segment. Table 1 shows the time of flight (TOF) or arrival times calculated

for different wave paths.  Arrival times corresponding to paths 0, 1 and 2 are calculated

as 61.4, 180 and 234 µs, respectively. TOFs 180 and 234 s marked as vertical lines 1

and 2 in Fig. 8 match with the arrival times of wave packets 1 and 2 in the time history

plots. However, the TOF 61.4 s falls within the electromagnetic interference region

which is marked as wave packet 0.

Wave paths marked as 3, 6 and 7* in Fig. 7 go through the pipe section where the

defect is introduced. Therefore, in presence of the defect the amplitudes of these wave

packets should be altered, as experimentally observed. However, the paths shown for

wave packets 4, 5 and 7 do not go through the defective segment but experimental results
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show variations of the spectral peak values of both wave packets 4 and 5 when the defect

size is altered. This observation can be explained considering the additional wave paths in

the defective pipe as shown in Fig. 9. New wave paths are marked as 0a, 1a, 2a, 3a, 3b,

4a, 5a, 6a and 7a in Fig. 9.These arrival times are shown as vertical lines in Fig. 10. In the

following it is investigated and explained how these additional wave paths generated by

the defect affect different segments of the transient signal.

Figure 8: Vertical dotted lines denote arrival times of L(0,1) and L(0,2) modes going

through different paths (shown in Figure 7) in the defect-free pipe. Arrival times are shown

on top of the recorded time history for the defect-free pipe.
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Table 1: The time of flight and the frequency content of different wave paths shown in Figs.
7 and 9

Wave Path Number

(see Fig. 7 & 9)

TOF (ms) Central frequency(kHz)

0 61.4 120

Reflection from the hole

0a 106.8 120

1 180 118

Reflection from the hole &

mode converted at the hole

1a 150.8 118

2 234 117

Reflection from the hole &

mode converted at the hole

2a 269.4 117

3 311.4 118-120

Reflection from the hole

3a

3b

292.9

313.3

4 372.9 120-130

Transmitted &

mode converted at the hole

4a 355.3

5 417 112-118
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Reflection from the hole

5a 411.6

6 473 118

Transmitted &

mode converted at the hole

6a 453.5

7 492 120

7* 530 120

Reflection from the hole

7a 549
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Figure 9: Additional paths of propagation of L(0,1) and L(0,2) modes due to the presence of

the defect in the defective pipe.
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Figure 10: Vertical dotted lines denote arrival times of L(0,1) and L(0,2) modes generated

due to the presence of the defect. Paths of propagation of these modes in the defective pipe

are shown in Figure 9. Arrival times are shown on top of the recorded time history for a

defect-free pipe.

As mentioned earlier three mechanisms – 1) reflection, 2) transmission and 3)

mode conversion at the defect can alter the signal strength. If the signal is dominated by

the reflection or mode conversion phenomenon then the signal strength should increase

with the defect size. On the other hand if it is dominated by the transmission phenomenon

without mode conversion then the signal strength should decrease with the defect size.

Wave paths 3a, 3b, 5a, and 7a (see Fig. 9) require reflection at the defect. Therefore,

strengths of these signals should increase with the defect size. Wave paths 4a and 6a

involve mode conversion at the defect. Therefore, strengths of these two waves should

also increase with the defect size. However, waves paths 3, 6 and 7* (see Fig. 7) show

transmission through the defective segment without mode conversion; as a result their

strengths should decay with increasing size of the defect. In summary, for wave packet 3
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two paths (3a and 3b) result in an increase in the wave strength with defect size and one

path (3) causes a decrease, the net effect is an increase. Wave packets 4 and 5 can only

increase with the defect size because paths 4a and 5a amplify the signal strength with

increasing defect size and no path causes any decay. Wave path 6a results in an increase

while path 6 causes a decrease in the signal strength with increasing defect size; the net

result is an increase in the signal strength with the defect dimension. Wave path 7a tries

to increase the signal strength but path 7 decreases it with increasing defect size resulting

in a net decrease in the signal strength with the defect dimension.

In summary, wave packets 3, 6 and 7 receive some waves whose strengths

increase with the defect size and some other waves that decay with the defect size.

Depending on which wave mode dominates the signal the net effect can be an increase or

a decrease in the signal strength with the defect dimension. Wave packets 4 and 5 can

only increase with the defect dimension since no path contributes to the opposite effect

for these two wave packets.

After identifying all wave packets and explaining the reasons for their strength

variations it is then investigated if the defect location and its size can be predicted from

the recorded signals.  It should be noted that the defect size and location information can

be easily obtained by moving sensors, after bringing the sensor close to the defect.

However, for continuous structural health monitoring (SHM) applications when sensors

do not continuously move and are permanently placed at specific locations of the pipe

(although may not be in direct contact with the pipe) it is not always possible to bring the

sensor close to the defect. How to extract the defect information in such a situation?  For

SHM applications the entire pipe length must be monitored by guided waves being
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generated by a stationary transmitter and received by a stationary receiver.  Different

guided wave modes after being propagated through the entire pipe length (single or

multiple times) contain the defect information.  The challenging task is to extract that

defect information, hidden in the signal.  In the following it is investigated how well

these information can be extracted in this specific case.

3.1. Estimating the Defect Location

The defect location can be estimated by detecting the first arriving signal from the

defect in the time history plot.  Fig. 4 can be used for this purpose. Note that in Fig. 4 the

signal from the pipe with 1, 3 and 5 mm diameter holes show monotonically increasing

peak values for a number of consecutive peaks. The first set of such peaks appear near

105 s in Fig. 4. The fast wave mode L(0, 2) travelling with its group velocity 4.4 mm/s

can propagate a distance of 105 x 4.4 = 462 mm in 105 s. Therefore, the defect cannot

be in between the transmitter and the receiver since they are only 270 mm apart. The

defect will have to be either on the left of the receiver (call it pipe segment 1) or right of

the transmitter (call it pipe segment 3).  If the defect is in segment 1 at a distance d from

the receiving transmitter (see Fig. 1) then the L(0,2) mode must cover a total distance of

(270+2d) mm for propagating from the transmitter to the defect and then reflected back to

the receiver. From 270+2d = 462 one gets d = 96 mm which is very close to the actual

defect location of 100 mm from the receiver. If the defect was located in segment 3 at a

distance d = 96 mm right of the transmitter then also we would have detected the first

signal arriving from the defect at 105 s. To differentiate between these two cases

without physically moving the transmitters along the length of the pipe each transmitter
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can be used as the transmitter cum receiver. The defect signal arrives quicker at the right

transducer if the defect is located in segment 3 and it will be received first by the left

transducer if it is located in segment 1.

In this manner its location can be predicted even when no distinct signal from the

defect can be identified in the time history plot.

3.2. Estimating the Defect Size

From monotonic variations of spectral peak values of some of the wave packets it

is possible to state if the defect size increases or decreases when the spectral peak value

of a wave packet changes.  For such predictions one needs to first identify which wave

mode is dominating that wave packet, as discussed above.  However, predicting the

defect size from this variation is not easy because although the spectral peak value

variation with the defect size is monotonic there is no simple relation (linear, quadratic

etc.) between the defect dimension and the spectral peak value. For predicting the defect

dimension from such complex but monotonic variations of the peaks an engineering

approach based on the calibration technique is followed. The variation of one wave

packet is first used to generate the calibration curve or reference curve.  Using this

reference curve the defect dimension can be estimated from other wave packets that are

not necessarily used to generate the reference curve, as discussed below.

Normalized spectral peak values of five different wave packets (3 to 7) for

different defect dimensions are shown in Table 2. All values are normalized between 0

and 1 using the following normalizing equation,
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Pnormalized 
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Where P is the measured peak value from the spectral plot, Pmax and Pmin are maximum

and minimum peak values. Wave packets 3 to 6 show monotonic increase while wave

packet 7 shows monotonic decrease of the normalized spectral peak values. Any one of

these wave packets that monotonically increases with the defect dimension can be used to

generate the reference curve and the hole size can be estimated from the other wave

packets that also increase. Similarly, if multiple wave packets show monotonically

decreasing nature of the spectral peak values with the defect dimension then one of those

wave packets can be used to generate the reference curve and the rest can be used for

predicting the defect dimension.

Table 2: Normalized Peak spectral values of different wave packets (3 to 7)

Hole
diameter
in mm.

Normalized Spectral Peak Values of Wave Packets 3 to 7

3 4 5 6 7

0
0 0 0 0 1

1
0.5 0.176471 0.40678 0.4 0.625

3
0.625 0.529412 0.576271 0.6 0.25

5
1 1 1 1 0
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Variations of the normalized spectral peak values for two typical wave packets 6

and 7, one showing monotonic increase and the other one showing monotonic decrease

are shown in Fig. 11. Since normalized spectral peak values of four wave packets 3 to 6

(not all are plotted in Fig. 11, but shown in Table 2) monotonically increase, these four

are used to predict the defect size.  To study the repeatability and reliability of the

predictions any one wave packet (3, 4, 5 or 6) at a time is used for generating the

reference curve and the remaining three are used to predict the defect dimension.  These

predictions are shown in Table 3. The reference curve is generated by fitting a cubic

spline through the four normalized spectral peak values of one wave packet (say wave

packet 3).  Then the defect size is estimated from other three wave packets (4, 5 and 6) by

placing their normalized spectral peak values on the reference curve. In this manner wave

packets 4, 5 and 6 estimate the diameter of the smallest hole (1 mm) as 0.25, 0.75 and

0.75 mm, respectively (first row of Table 3), while the diameter of the mid-size hole (3

mm) is estimated as 2.5, 3 and 3 mm, respectively (second row of Table 3).  Average

values of these three estimations are 0.58 mm (42% error for the 1 mm hole) and 2.83

mm (5.6% error for the 3 mm hole). To study the reliability and repeatability of these

estimates wave packets 4, 5 and 6 (one at a time) are then used to generate the reference

curves and the remaining wave packets that are not used to generate the reference curves

are used to estimate the hole size. All estimates are plotted in Table 3.  One can see from

this table that the average error in the estimation of the 1 mm hole varies between 6% and

48% while this error in estimating the 3 mm hole varies between 3.3 and 5.6%. As

discussed before, the peak values of some wave packets increase with the hole diameter

because of two separate phenomena – reflection from the hole and mode conversion at
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the hole. The peak value can also decrease due to one mechanism – transmission through

the hole. Although one can logically justify such increase or decrease of the spectral

values of some wave packets it is not possible yet to obtain mathematical expressions

relating the size of the hole and the spectral peak values. Therefore, only after proper

calibration the hole size can be estimated from the recorded wave packets as done here.

However, such simple calibration based analysis although can reliably predict the

diameter of the bigger hole (3 mm diameter) it fails to correctly predict the diameter of a

smaller hole (1 mm diameter)

Figure 11: Variations of the normalized spectral peak values of wave packets 6 and 7 as a

function of the diameter of the hole. Note that for both wave packets the variation is

monotonic – it is either increasing or decreasing.
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Table 3: Estimated diameter of the hole from normalized peak spectral values of different
wave packets

Reference

Wave
packet

Diameter of hole (in mm) estimated from Normalized
Spectral Peak Values of different wave packets

% error
3 4 5 6 Average

hole

diameter

3 - 0.25 0.75 0.75 0.58 42

- 2.5 3 3 2.83 5.6

4 2 - 1 1 1.33 33

3 - 2.8 2.9 2.9 3.3

5 2 1 - 1 1.33 33

3.1 2.8 - 2.75 2.88 4

6 1.8 0.4 1 - 1.06 6

3.2 2.6 2.8 - 2.86 4.6

As discussed before, although the recorded signal can increase in presence of the

defect due to two separate mechanisms – reflection from the hole and the mode

conversion at the hole or a combination of these two – the simple analysis presented

above can reliably predict the defect size for a bigger defect (3 mm hole in our case) but

it is not so reliable for predicting smaller hole (1 mm hole in this case).
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4. CONCLUSIONS

Relatively low frequency guided wave modes, even if generated by the non-

contact electromagnetic acoustic transducers at a distance far from the defect location, are

shown to be affected by the presence of even a single hole on the pipe wall. For

continuous SHM applications one EMAT transmitter and one EMAT receiver can be

permanently placed at two specific locations on the pipe to monitor the entire pipe length

by the propagating guided waves.  In this situation when the sensor cannot move along

the pipe length it is difficult to detect, locate and estimate the size of a small hole in the

pipe wall if the hole is located far away from the mounted transducers. By proper analysis

of the received signals it is shown here how to detect the defect even when no distinct

defect signal can be found in the time history plot. It is explained why spectral peak

values of some wave packets increase while for some others they decrease with the

increasing size of the defect. From the monotonic variation of spectral peak values of

different wave packets it is possible to estimate the defect size after some reference

calibration curves are generated.  It is not necessary to produce the calibration curve from

the same wave packet that is used to estimate the defect size. The defect location can be

estimated by analyzing which region of the time history plot is affected first by the

presence of the defect. The defect location prediction requires the knowledge of the group

velocities of the guided wave modes propagating through the pipe. Dispersion curves are

used to determine the group velocities of different guided wave modes. This concept of

locating the defect and estimating its size and location in absence of a clear defect signal

is demonstrated by carrying out the experiment on a pipe with a simple defect (hole) at a

specific location, while the transmitter and receiver are mounted at two fixed locations on
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the pipe away from the defect.  This concept in principle can be applied for detecting,

locating and sizing defects in any long pipe geometry when the transmitter and receiver

are mounted at two fixed locations far away from the defect. In this situation relatively

low frequency signals as considered here are necessary for propagating the signal a long

distance along the pipe length. More such investigations are necessary before one can

conclusively say that defect localizing and sizing are possible in this manner for all

possible locations of defects and transducers.
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Abstract

The use of ultrasonic guided waves for damage detection in cylindrical pipes is

continuously increasing. Generally longitudinal (axial symmetric) modes are excited and

detected by PZT (Lead Zirconate Titanate) transducers in transmission mode for damage

detection in pipes. In most of the other studies the change in the received signal strength

with the extent of damage has been investigated while in this study the change in phase

and time-of-flight (TOF) of the propagating wave modes with the degree of damage is

investigated. To record the small change in the TOF due to the damage size variation in

steel pipes, the cross-correlation technique is used for getting a high temporal resolution.

Dispersion curves are calculated to carefully identify the propagating modes. Differential

TOF is recorded and compared by windowing different propagating modes. Feature

extraction techniques are used for phase extraction and Time-Frequency representations.

The main advantage of this approach is that the bonding condition between the transducer

and the pipe does not affect the TOF and the phase while it can affect the recorded signal

strength. Therefore, if the pipe is not damaged but the transducer-pipe bonding is

deteriorated then the received signal strength is altered but the TOF and phase remain

same and thus false positive prediction of damage can be avoided.
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INTRODUCTION

Pipes are often exposed to severe environmental conditions; hence, they are

bound to be damaged. Damages can result from adverse environments such as high

humidity and temperature variations, as well as from aging effects and natural disasters

like earthquakes. Longitudinal guided waves have been used widely in non-destructive

testing (NDT) and structural health monitoring (SHM). Most research related to

longitudinal guided waves focuses on examining the effect of the damage on the

amplitude of the waves propagating through the specimen. This paper, however, goes in a

different direction. We investigate the change in phase and time-of-flight (TOF) of the

waves as the pipe damage size is increased.

The propagation of ultrasonic guided waves in cylindrical structures has been

studied widely for NDT and SHM applications [1, 2]. Wave propagation in hollow

cylinders has been studied analytically [3]. Displacement fields have been also computed

[4-9]. Guided waves propagating in cylindrical structures have been used for crack and

corrosion detection in pipes [10-14].

In the experiment reported here a steel pipe is studied under undamaged and

damaged conditions. Longitudinal guided waves are generated in the pipe by the

piezoelectric Lead-Zirconate-Titanate (PZT) transducers. The change in the time-of-flight

(TOF) is recorded with high temporal resolution using cross-correlation technique [15-

17]. Results are plotted to show how it varies as the damage size increases. Feature

extraction techniques [18-24] are applied on the time-frequency representation (TFR) of

the transient signals generated by undamaged and damaged pipes to investigate the effect

of damage on phase and TOF of various guided wave modes.
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THEORETICAL BACKGROUND

To investigate the effect of circular hole type damage on the TOF, the propagating

wave velocities were recorded. Velocity values in the undamaged specimen were

obtained from the group velocity dispersion curves [13, 14], see Figure 1(Left).

Dispersion curves are first generated for cylindrical guided waves in a steel pipe.

The P (Longitudinal) and S (Shear) wave speeds in steel are 5.96 km/s and 3.26 km/s,

respectively [13, 14]. The group velocity of the longitudinal wave modes L(0,1) and

L(0,2) are shown in Figure 1. Both L(0,1) and L(0,2) modes can be generated in the pipe

specimen by an ultrasonic transducer operating in the frequency range 50 to 175 kHz.

The group velocity Cg, the path length (s) of the propagating wave and the time of flight

(t) are related in the following manner,

)1()(
t

s
fCg 

It should be noted that in Equation (1) the group velocity Cg is dispersive, or in

other words it is a function of frequency f. From the spectral plots of different wave

packets the frequency contents of the signal can be obtained. The wave packet can be

windowed and further studied for obtaining the change in TOF. In the experimental setup

the excitation and receiving transducers are attached at the two ends of the pipe.

Therefore from equation (1) and the group velocity dispersion curve the TOF can be

obtained as a function of frequency; see Figure 1(Right).  Note that the pipe length s is

fixed.
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Figure1. (Left side) Group velocity and (Right side)  TOF as a function of frequency for the
steel pipe [13, 14].

EXPERIMENTAL SETUP

The length of the steel pipe specimen is 60.5 cm with outer and inner diameters equal to

2.1 cm and 1.6 cm, respectively. The cylindrical pipe was excited and the transient signal

was recorded with circular disc type PZT transducers attached on both ends of the pipe.

The excitation signal was a linear chirp varying from 50 to 150 kHz.

Figure2. (Left) Schematic diagram and (Right) photo of the experimental setup
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The PZT was mounted on two ends of the pipe such that predominantly axisymmetric

longitudinal modes were generated in the pipe. The PZTs used for this experiment had a

diameter of 3.50 cm and a thickness of 0.02 cm. using a drilling machine, first a 1.6 mm

diameter hole was drilled at the center of the pipe at a distance of about 30.2 cm from one

end. Then the hole diameter was increased to 3.25 mm, and then finally to 6.35 mm. An

arbitrary function generator (HS3) controlled by a computer generated an electric pulse.

The generated electric pulse was converted to an ultrasonic pulse by the transmitter. The

ultrasonic pulse was then transmitted and propagated through the pipe specimen. At the

receiving end, the ultrasonic pulse was detected and then converted back to the electric

signal by a second transducer or detector. The received electric signal was then sent back

to the HS3 unit which sent the signal to the Processing Unit (Computer) for further

analysis.

RESULTS AND DISCUSSION

The transient response of the linearly excited chirp signal (50 KHz to 175 kHz) was

recorded for the undamaged and damaged pipes. To measure the change in the time-of-

flight due to increase in the damage size, a cross-correlation technique is adopted; it can

provide the TOF change information in real time. In Figure 3, the transient response and

the FFT of the undamaged pipe are presented. Both plots of Figure 3 are normalized with

respect to their maximum values.  In this figure one can see that the maximum frequency

response is recorded at approximately 96 kHz. The group velocity at this frequency,

obtained from the dispersion curves of Figure 1, matched with the experimental value
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obtained from equation (1).  The experimentally obtained group velocity value was

5215±15m/s.

Figure 3 Transient signal for undamaged pipe (top) and Fast Fourier
Transformation of the transient signal (bottom)

All graphs in Figures 4, 5 and 6 are normalized with respect to the same normalizing

factors used for generating Figure 3.
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Figure 4 Transient signal for the pipe with 1.6 mm diameter hole damage (left) and the Fast
Fourier Transformation of the transient signal (right)

Figure 5 Transient signal for the pipe with 3.25 mm diameter hole damage (left) and the
Fast Fourier Transformation of the transient signal (right)

Figure 6 Transient signal for the pipe with 6.35 mm diameter hole damage (left) and the
Fast Fourier Transformation of the transient signal (right)
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For damaged pipes (Figures 4, 5 and 6) similar to the undamaged case, the first

prominent frequency peak was recorded near 95 kHz. But as the size of the damage

increased a slight drop in the strength of the transient signals and a significant drop of the

peak values of the spectral plots were observed. From undamaged to first damaged (1.6

mm hole), 9% drop in the spectral peak magnitude was recorded (see Figure 4). Similarly

for 3.25 mm and 6.35 mm holes 22% (Figure 5) and 44% (Figure 6) drops in magnitude

were noted, respectively. To record, any significant shift of frequency of the propagating

wave due to damages in pipes FFT for undamaged and damaged pipes are overlapped and

shown in Figure 7.

Figure 7 Left figure - Fast Fourier Transform of undamaged and damaged pipes with 1.6
mm, 3.25 mm and 6.35 mm diameter holes; Right figure – same FFT plots are zoomed in

between 93 kHz and 101 kHz for better observation of the frequency shift

A noticeable change in the frequency peaks between 93 kHz and 101 kHz is observed.

The peak at 96 kHz goes down with the increase in damage size. Whereas, the peak at 99

kHz increases with the increase in damage size.
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FEATURE EXTRACTION TECHNIQUES

The feature extraction is an important component of Non Destructive Testing

(NDT) and Structural Health Monitoring (SHM). The feature extraction process

involves identifying damage sensitive properties from the dynamic response of a

structure to facilitate the assessment of the health of the structure. The following

investigation of the Time-Frequency Representation (TFR) is carried out for

undamaged and damaged steel pipes.

Wigner-Ville Distribution Transform (WVD):

The Wigner-Ville distribution of a signal x(t), is defined as [19]:






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

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

Wigner-Ville Distribution Transform has a long history as a power signal

processing feature extracting tool to process non-stationary signals (in our case

chirp signal and dispersion) mainly because of its unique properties i.e. high-

resolution representation in both time and frequency, instantaneous power in time

and energy spectrum in frequency and the total energy of the signal in the time

and frequency plane. The advantage of this type of distribution over STFT is that

it can efficiently locate sharp impulses.

In order to detect and quantify the hole type damages in pipes WVD transform

is applied on transient signals which are already presented in figures 3 to 6.
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Figure 8 WVD Transform for (a) the undamaged steel pipe,(b) damaged pipe with
1.6 mm hole, (c) damaged pipe with 3.25 mm hole and (d) damaged pipe with 6.35
mm diameter hole.
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In figures 8(a, b, c and d),  for the undamaged and damaged pipes some changes in

frequency of the propagating guided longitudinal waves are observed. However,

similar to FFT, no clear trend is observed in these plots. One reason could be the

inherent artificats related to bilinear terms in WVD-Transform. To overcome this

shortcoming S-Transform is then applied to the transient signals.

S-Transform (ST):

The S-Transform is a combination of both Short Time Fourier Transform and

Continuous Wavelet Transform [19]. The S-Transform of a signal can be seen in a

sense of a modified Short Time Fourier Transform with a Gaussian window of

varying width and height as a function of frequency. It is a modified wavelet

transform (WT) with the phase correction in the mother wavelet.  However, this

modified wavelet ignores the wavelet's admissibility criterion of having the zero

mean and hence it cannot be considered as a Continuous Wavelet Transform. The S-

Transform of a signal x(t), as given by:
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Figures 9 (a, b, c and d), show the S-Transform of the transient signals for

undamaged and damaged pipes. The transient signals are shown in figures 3 to 6.
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Figure 9 S-Transform for (a) the undamaged steel pipe,(b) damaged pipe with 1.6
mm hole, (c) damaged  pipe with 3.25 mm hole and (d) damaged pipe with 6.35 mm
diameter hole.
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The strongest peak in the S-Transform plots of figure 9 was monitored as the damage

size increased. In table 1, changes in TOF, frequency and maximum magnitude from

figure 9 are shown.

Table 1: TOF, frequency and magnitude for undamaged and damaged pipes from S-
Transform

Diameter of
damage

(mm)

TOF

(µs)

Frequency

(kHz)

Magnitude

(normalized)

Guided wave

(mode)

Initial condition
(0)

450.8±0.2 112 1 L(0,2)

1.6 450.3±0.2 112 1.0056 L(0,2)

3.25 445.9±0.2 112 1.013 L(0,2)

6.35 445.3±0.2 112 1.013 L(0,2)

Similar to the FFT plot, the S-Transform plots also show a shift in frequencies

and magnitudes of the propagating waves.

Hilbert-Huang Transform (HHT):

Hilbert Huang Transform has emerged as a powerful damage detection tool. In

this technique for a given signal x(t) a complex signal z(t)=x(t)+i.H[x(t)] is first

obtained. H[x(t)] is computed by performing a Hilbert Transform on signal x(t). The

Hilbert Transform only shifts the phase of x(t) by π/2 keeping the magnitude same. The

instantaneous frequency f(t) is then obtained by

dt

dθ
2π
1

f(t)  (4)











x(t)

H[x(t)]
arctanθ(t) (5)
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Where θ(t) is the phase of complex signal z(t). However, the x(t) is required to be well-

behaved and symmetrical about a horizontal line which is the axis of symmetry of the

envelopes formed by maximum and minimum amplitudes. It is not the case for most real

life problems. Huang et al. [20] suggested a new method called empirical mode

decomposition method by which a signal can be decomposed into several intrinsic mode

functions (IMF) which upon addition produces the original signal with marginal errors.

These IMFs have all the necessary properties needed to be operated by Hilbert Transform

and hence can provide instantaneous frequency f(t) for every IMF. Further, the Hilbert

energy spectrum corresponding to the instantaneous frequency and time is then obtained

by E(f, t) = A (f, t) where A(f, t) is the amplitude of the complex signal z(t).

Figure 10 (Left side) IMFs for the undamaged pipe
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Figure 11 IMFs for the damaged pipe with 3.25 mm diameter hole
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Figure 12: HHT plots for (a) the undamaged steel pipe,(b) damaged pipe with 1.6
mm hole, (c) damaged  pipe with 3.25 mm hole and (d) damaged pipe with 6.35 mm
diameter hole.

Hilbert Instantaneous Phase:

The Hilbert Instantaneous phase has been used for damage detection [19, 21].

Unlike other time-frequency methods, the Hilbert transform of a real-valued time-domain

signal x(t) gives another real-valued time-domain signal, denoted by H[x(t)] , such that

z(t) = x(t) + iH[x(t)]   is an analytic signal, where

H[x(t)] = ∫ ( ) du (6)

We can define an envelope function a(t) describing the instantaneous amplitudes

of the original signal x(t) and a phase function (t) describing the instantaneous phase of
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x(t) versus time using z(t) = x(t) + iH[x(t)] = a(t)e ( ) . These instantaneous

parameters are defined as,

a(t) = [x(t) + H[x(t)] ] / (7)

and

θ(t) = arctan [ ( )]( ) (8)

The instantaneous Hilbert phase is therefore defined for the real-valued time-

domain signal x(t) given in equation (9). However, in this investigation, the signal x(t) is

first processed through the empirical mode decomposition in order to get the  intrinsic

mode functions (IMFs), which admit well-behaved Hilbert transform. The signal x(t) is

thus decomposed into n empirical modes Ci (t) and can be expressed as,

x(t) = ∑ C + r (9)

The residue, which is a mean trend, has been left out on purpose. Then the Hilbert

transform is applied to each IMF that produces the instantaneous phase as a function of

time.

θ (t) = arctan [ ( )]( ) (10)

The total instantaneous phase is the sum of the instantaneous phases

corresponding to each IMF and is defined as,
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θ(t) = ∑ arctan [ ( )]( ) (11)

Because the intrinsic modes are restricted to be symmetric with respect to the

mean zero level, the phase can be considered to be local and to increase monotonically as

a function of time. The instantaneous frequencies are derived by taking the derivative of

the phase and hence need the continuity of phase. Unwrapped phase calculation preserves

this continuity. The unwrapped phase is no longer restricted within an interval of length

2 and it increases monotonically. The unwrapped instantaneous Hilbert phase has been

used for investigating damages in pipes.
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Figure 13 Unwrapped phase for undamaged and damaged (containing 1.6 mm diameter
hole) pipes.  Note that the scales of left and right figures are different.

In Figure 13, a clear phase shift is observed at 230 µs. Damaged pipe phase value is

increased by 7.5±0.3 radians.
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Figure 14 Unwrapped phase for all three damaged pipes (containing 1.6 mm, 3.25 mm and
6.35 mm holes).

In Figure 14, phase is decreased monotonically as the damage is increased.  For

hole diameter increasing from 1.6 mm to 3.25 mm the phase is shifted by -12± 0.25

radians and as the hole diameter is increased further from 3.25 mm to 6.35 mm the phase

is shifted by an amount -13± 0.25 radians. IMFs include different frequency bands

ranging from high to low, and they change with the variation of the investigated

signal and then residue represents the trend of the  signal. Therefore, the combined IMFs

and its residue should be an orthogonal representation of the original signal. Two pseudo

transient signals are created from the IMFs. First pseudo transient comprises of IMF 1

(maximum energy) and Second pseudo transient is obtained from the rest of IMFs

(without the residue). In figure16, FFT for the first pseudo transient signal is presented

for undamaged and damaged pipes.
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Figure 15  Left figure –Fast Fourier Transform of the first pseudo transient (IMF 1) signal
for undamaged and three damaged pipes having 1.6 mm, 3.25 mm and 6.35 mm diameter

holes; Right figure – same FFT plots are zoomed in between 93 kHz and 101 kHz for better
observation of the frequency shift.

In figures 7 and 15, a clear relevance between the FFTs of the original transient

signals and the first pseudo transient signals can be observed. Ffrequnecy shift in the

range 93kHz to 101kHz shows the same trend as presented in figure 7. However, small

change in the magnitude of  figure 7 (left) and figure 15 (left) is due to the absence of

low frequency components in first pseudo transient signal. In figure 16, unwrapped phase

for the first pseudo transient signal is presented for undamaged and damaged pipes.
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Figure 16: Unwrapped phase of IMF 1 for all three damaged pipes (containing 1.6 mm, 3.25
mm and 6.35 mm holes).

In figure 16, a sudden change in phase is observed between undamaged and

damaged pipes. The overall shift in the phase change is almost the same for all damaged

pipes.  However, some very small shifts in decremented phase are recoreded between 285

µs and 320 µs as the damage size increases. Figure 16 shows that the unwarrped phase

for the pseudo transient signal (obtained from IMF 1)  is shifted by an amount -32± 0.25

radians due to damage.

Second pseudo transient signal is obtained by combining IMF 2 and the last IMF

(without the residue). For the undamaged pipe the second pseudo transient is composed

of IMF 2 to IMF 8. Whereas for damaged pipes the second pseudo transient signal is the

sum of IMF 2 to IMF 9.  In figure17, FFT for the second pseudo transient signal is shown

for undamaged and damaged pipes.



132

Figure 17  (Contributions of IMF 2 to IMF 8 for undamaged pipe and IMF 2 to IMF
9 for damaged pipes), 3D HHT plots for (a) the undamaged steel pipe,(b) damaged
pipe with 1.6 mm hole, (c) damaged  pipe with 3.25 mm hole and (d) damaged pipe

with 6.35 mm diameter hole.
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FFT of the second psuedo transient signal is normalized with respect to the

normalizing factor used for the spectral plot of the first pseudo transient signal. It is very

weak in strength compared to first pseudo signal. In figure 17 it is interesting to note that

as the damage size increases higher frequency signals become stronger.

Figure 18 Unwrapped phase for undamaged and damaged (containing 1.6 mm diameter
hole) pipes.

In figure 18, a very clear phase shift is recorded between undamaged and

damaged pipes. The overal phase is increased by an amount of  31.8± 0.25 radians in the

time range of  625 µs to 825 µs. Unwrapped phase for all three damaged pipes were

calculated and shown in figure 19,  for the second pseudo transient signal,
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Figure 19 Unwrapped phase for all three damaged pipes (containing 1.6 mm, 3.25 mm and
6.35 mm holes) obtained from the second pseudo transient signal (composed of IMF 2 to

IMF 9).

From figure 19, the phase shift is recorded as the damage size increases. The

phase shift of -16.7± 0.25 radians is recorded as the damage size increased from 1.6 mm

to 3.25 mm and phase shift of -32± 0.25 is recorded as the damage size icreased from

3.25 mm to 6.35 mm.

From the phase shift plot presented in figure 20 it can be seen that the

unwrapped phase of the pseudo second transient signal increased for the first damage (1.6

mm hole) and then it decreased as the damage size increased to 3.25 mm and 6.35 mm.
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Figure 20 Change in unwrapped phase for damaged pipes (containing 1.6 mm, 3.25 mm
and 6.35 mm holes) for the second pseudo transient signal (composed of IMF 2 to IMF

9).

Differential Time-of-Flight Measurement from Cross-Correlation Technique:

Under ideal conditions a sharp delta pulse signal excitation and detection in

transmission mode are required to measure the time-of-flight. But in reality often this is

not possible because of the absorption of higher frequencies in the medium. Other

limitations are related to dispersion, which widens such a signal. The cross-correlation of

two signals in time domain is used for calculating the time difference between two

similar signals, and is adopted here to calculate the TOF difference of two signals

generated by undamaged and damaged pipes (or by two pipes having different degrees of

damage).

Cross-correlation of two real continuous functions, ϕxy is defined by

ϕxy(t) =∫ x τ-t y(τ)dτ∞
-∞ (12)
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If we compare it with the definition of convolution of two functions

( )*y(t) =∫ x t-τ y(τ)dτ∞
-∞ (13)

We can see that the only difference of the cross-correlation integral is that, one of

the two functions is not reversed in equation (12). Therefore,

ϕxy
(t)= x -t *y(t) (14)

Since the operation of time reversal is the same as taking the complex conjugate

in the frequency domain, we can write

Фxy=FT ϕxy
(t) =X(f)*Y(f) (15)

Where X*(f) is the complex conjugate of X(f). Unlike convolution, cross-

correlation is not commutative and it obeys the following relation

ϕxy
(t)=ϕxy -t (16)

This can be shown by letting

τ'=τ-t (17)

In the discrete domain, the correlation of two real time series

xi, where i = 0, 1, …, M-1

yj, where j = 0, 1, …, N-1

is given by [from the analogy of equation (12)]
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ϕxy,k= ∑ x j - k yj,  k = - (M + 1),…, 0,…, N - 1
min M -1+k, N-1
j= max(0,k) (18)

It should be noted that in this analysis we do not correlate the measured signal

pulse with the sent one to get the absolute TOF. Instead the received signals from

undamaged and damages pipes (or from two damaged pipes) are correlated [15-17]. This

technique has the advantage that imperfections of the transducer and the dispersion inside

the material are already included in the reference signal.  Instead of the absolute TOF a

differential TOF, the difference in the TOF between two signals is measured by this

method. Ideally both signals are the same except for a shift in time and amplitude due to

any change in the material on its propagation path.  In order to get the difference in the

times-of- flight one determines the global maximum of this correlation function.  It is

obtained when the two signals overlap. The abscissa of this point indicates the time of

best matching or tbm and therefore tbm is the difference in the TOF. A technique called

upsampling can improve the (temporal) resolution of the signal and thus can improve the

accuracy of the cross-correlation results by improving its resolution. The data points of

the measured transient signal are fitted using a spline function for upsampling. New

virtual data points are added equidistantly on this fitted curve, so the sampling rate is

virtually increased. This reduces the sampling period and increases the precision of the

discrete cross-correlation, which uses a discrete timescale according to the sampling

period. Due to the finer timescale the abscissa of the maximum could be evaluated more

accurately, which corresponds to the differential time-of-flight of the signal in our case.

In this manner we have been able to measure changes in the time-of-flight up to a few

nanoseconds and in special cases even up to picoseconds.
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Figure 21 Change in TOF with the damage size increase in a steel pipe when the
transient signal is windowed between 242 µs and 320 µs. TOF variation is recorded for
the damaged pipes with 1.6 mm, 3.25 mm and 6.35 mm diameter holes relative to the
undamaged pipe.

In the experiment, the signal is windowed first between 242 µs and 320 µs to

detect the changes in TOF of the first arriving signal (see Figure 7). In the

experimental results it is observed that the differential TOF increases with the

increase of the damage size. Table 2 shows how differential TOF varies with the

damage size.

Table 2: Differential TOF (for the wave packet between 242µs and 320µs) for pipes
having hole type damage of different size

Diameter of hole type damage (mm) Differential TOF for the wave packet in
the range 242µs to 320µs

0 (damage free) 0 (reference signal)

1.6 72 ns ± 2 ns

3.25 140 ns ± 2 ns

6.35 380 ns ± 2 ns
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Then the signal is windowed between 424 µs and 474 µs where the signal

strength is máximum. Differential TOF is plotted in Figure 22.

Figure 22 Change in TOF with the damage size increase in a steel pipe when the
transient signal is windowed between 424 µs and 474 µs. TOF variation is recorded for
the damaged pipes with 1.6 mm, 3.25 mm and 6.35 mm diameter holes relative to the
undamaged pipe.

From the experimental results presented in Figure 22 it can be seen that the

differential TOF decreased for the first damage and then increased with increasing

damage size. Table 3 lists increase in damage size and change in TOF. Here it is

important to note that same nonmonotonic behavior was recorded for the unwrapped

phase of the second pseudo transient signal (figure 20) where the phase shift first moved

in one direction when the damage started, then moved in the opposite direction as the

damage size increases.
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Table 3: Differential TOF for the wave packet in the range 442 µs to 474 µs

Diameter of Hole Type damage (mm) Differential TOF from 442µs to 474µs

0 (damage free) 0 (reference signal)

1.6 -53.5 ns ± 2 ns

3.25 308.5 ns± 2 ns

6.35 468 ns ± 2 ns

Signal is then windowed between 492 µs and 664 µs since we are interested in

investigating the first two axisymmetric modes in the pipe. From Figure 1 (bottom plot)

we estimated the frequency range for the first propagating mode [L(0,1)] around 65.5

kHz±7.5kHz.

Figure 23  Change in TOF with the damage size increase in a steel pipe when the transient
signal is windowed between 492 µs and 664 µs. TOF variation is recorded for the damaged
pipes with 1.6 mm, 3.25 mm and 6.35 mm diameter holes relative to the undamaged pipe.
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Table 4 shows how differential TOF varies with the damage size for the second window

(from 492µs to 664µs).

Table 4: Differential TOF (from 492 µs to 664 µs) for pipes having hole type damage of
different size

Diameter of Hole Type damage (mm) Differential TOF from 492µs to 664µs

0 (damage free) 0 (reference signal)

1.6 112 ns ± 2 ns

3.25 376 ns± 2 ns

6.35 835 ns ± 2 ns

The differential TOF calculation shows monotonic variation in table 4 as the

damage size increases in the pipe. Differential TOF increases almost linearly as the size

of the damage increases. The frequency regions calculated from S-Transform, Hilbert

Huang Transform and TOF Cross-Correlation technique are marked in the group velocity

dispersión curves (bottom plot of figure 1).

The excitation frequency range in our experiment was capable of generating

both L(0,1) and L(0,2) modes. For PZT disk type transducers as used in our experiments

even when the intended motion of the is contraction and expansión in the axial direction

that generates mostly L(0,2) mode, some L(0,1) mode is still generated from the radial

expansión and shrinkage of the disk due to Poisson’s effect [26], and vice-versa. In the

transient signal one can distinguish L(0,1) and L(0,2) modes only when their group

velocities are different, otherwise it is not posible.  However, we have been able to

separate these two modes from Hilbert Huang transform - by separating the IMF1

contribution [first pseudo transient  signal - mostly L(0,2) mode] from all other IMFs

[second pseudo transient  signal - mostly L(0,1) mode]. In the literatura such technique
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of decomposition has not been reported yet. It is known that L(0,1) mode has some

similarities with the anti-symmetric mode in plates while L(0,2) mode is closer to the

symmetric mode [10,27,28]. From the second pseudo transient signal obtained by adding

all but the first IMF of HHT, it is observed that the low frequency mode shifts in

frequency and phase as the damage size increases. It is also observed from the

experimental investigation and signal processing that the phase of the higher energy

mode L(0,2) changes as soon as the damage appears but then shows hardly any change as

the damage size increases. Damage in the pipe converts part of the energy associated

with the L(0,2) mode into the L(0,1) mode. This L(0,1) mode is more promising for the

quantification of the pipe damage because the frequency and the phase associated with

this mode is sensitive to the degree of damage. Feature extraction techniques (WVD

Transform and S-Transform) [19,29,30] cannot completely separate individual modes

from the multiple propagating  modes in the transient signal.  However, such limitations

associated with the HHT analysis and reported in references [31] and [32] are not

recorded. One of the reason could be, in our analysis we took suggestion made by Huang

et al and Rilling et al [20,33] before decomposing the total transient signal into its two

components – first pseudo transient signal (from IMF1) and second pseudo transient

signal (summation of all but the first IMFs).
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CONCLUSION

The change in TOF due to progressive damage in a steel pipe is investigated

experimentally.  The goal of this research is not only to detect the damage but also to

quantify it, or in other words to estimate its size. The transient signals for undamaged and

damaged pipes were processed using Fast Fourier Transform (FFT), Wigner-Ville

Distribution Transform (WVDT), S-Transform (ST) and Hilbert Huang Transform

(HHT). It is demonstrated that the time-of-flight is sensitive to the size of damage in the

pipe wall. The instantaneous phase extracted by HHT can be used for the quantification

of the damage. FFT, S-Transform and WVD Transform do not show any significant shift

in the frequency and amplitude of the propagating waves for 1.6 mm damage. However,

change in the magnitude of the propagating wave was observed for 3.25 mm and 6.35

mm hole type damages. During in-situ measurements the received signal amplitude drop

during the pipe inspection can also be a result of the deterioration of the bonding between

the sensors and the pipe. Therefore, instead of the received signal strength monitoring, it

is recommended that the changes in TOF and the signal phase shift should be looked at

for pipe wall damage detection and monitoring, since these parameters are not affected by

the bonding condition between the transducers and the pipe. The results presented in this

paper shows that it is possible to detect and quantify hole type defects in a pipe by

monitoring the TOF variation and phase shifts of the appropriate guided wave modes.
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ABSTRACT

Longitudinal guided waves in cylindrical structures are being increasingly used for non-

destructive evaluation (NDE) and structural health monitoring (SHM) of rods and pipes.

Earlier works concentrated on the amplitude reduction of the propagating waves due to

structural anomalies.  However, in this paper feature extraction techniques are used to

investigate the change in the time-of-flight (TOF) of the propagating waves due to

structural anomalies. Longitudinal (axisymmetric) modes are excited by a PZT (Lead

Zirconate Titanate) transducer for detection of any fluctuation or change in the surface

bonding condition of a steel pipe. Propagating waves are analyzed after proper signal

processing.  To observe the small change in TOF due to variation of the bonding or

lamination condition, the cross-correlation technique is used to attain a high temporal

resolution. The experimental technique is described in detail. The experimental results

presented in this paper show high sensitivity of TOF with the pipe surface lamination

condition.
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1. INTRODUCTION

Pipes are used for transporting water, chemicals and gases. Since pipes are often

exposed to harsh environments, they are bound to be damaged. Damages can be resulted

from adverse environments such as high humidity, temperature fluctuations, aging, or

from natural disasters like earthquakes. To minimize the pipe damage and increase its

lifespan, laminating pipes with strengthening materials is a common practice. It is crucial

to have a technique that can assess the quality of bonding while avoiding the interruption

of the pipe’s operation.

Longitudinal guided waves can be used to inspect a pipe without affecting its

operation and have been used widely in non-destructive evaluation (NDE) and structural

health monitoring (SHM). Most research related to longitudinal guided waves focuses on

examining the effect of an anomaly on the amplitude of the waves propagating through

the specimen. This paper, however, goes in a different direction. We investigate the

anomaly in amplitude in detail by applying feature extraction techniques valid for

stationary and non-stationary signals. We also calculated phase and recorded differential

time-of-flight by cross-correlation technique to study the effect of bonding and de-

bonding in pipes.

The propagation of ultrasonic guided waves in cylindrical structures has been

studied widely for NDE and SHM applications [1, 2]. Wave propagation in hollow

cylinders was studied analytically to obtain dispersion relations [3]. Displacement fields

have been also computed [4-9]. Guided waves propagating in cylindrical structures have
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been used for crack and corrosion detection in pipes [10-14]. The effect of de-bonding on

the time-of-flight in plate like structures has been been reported by Shelke et al. [15].

In the experiment reported here, longitudinal guided waves are propagated first

through a steel pipe, then through the laminated (or bonded) steel pipe and then through

partially and fully delaminated (or de-bonded) steel pipe. Longitudinal guided waves are

generated in the pipe by the piezoelectric transducers (PZTs). Multiple feature extraction

techniques are used for in-depth signal analysis. The change in the time-of-flight (TOF) is

recorded and plotted to show how it varies with the bonding and de-bonding of the pipe.

2. THEORETICAL BACKGROUND

In order to investigate the effect of bonding and de-bonding, a clear understanding

of the physics of propagating acoustic waves in a pipe is necessary. This can be

accomplished from the dispersion relations [13, 14] as presented in figure 1 and

explained in this section.

Elastic waves can propagate in a solid medium as 1) bulk waves or 2) guided

waves. Bulk waves travel through the bulk of the material while guided waves travel

along a waveguide that can be a free surface, a plate, a pipe, or an interface between two

materials. In our experiment we used a pipe as the waveguide. The inner and outer

surfaces of the pipe wall trap the energy of the propagating wave within the pipe wall and

help the cylindrical guided wave to propagate through it.

The modes of the cylindrical guided wave can be classified in three groups. The

axisymmetric longitudinal modes L(0,m), the torsional modes T(0,m) and the flexural

modes F(n,m). The first number in the parenthesis in the abbreviated notation of the
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modes is the circumferential order “n”. If the mode is axisymmetric then n = 0. The

axisymmetric modes can be divided in two families: the torsional modes T(0,m), which

have azimuthal displacement only, and the longitudinal polarized modes L(0,m), which

have axial and radial displacements.

Dispersion curves are generated for cylindrical guided waves in a steel pipe. The

P(Longitudinal) and S(Shear) wave speeds of steel are 5.96 km/s and 3.26 km/s,

respectively [13, 14]. The group velocity of the longitudinal wave modes L(0,1) and

L(0,2) are shown in Figure 1. Both L(0,1) and L(0,2) modes can be generated in the pipe

specimen by an ultrasonic transducer operating in the frequency range 50 to 150 kHz.

The group velocity Cg, the path length (s) of the propagating wave and the time of flight

(t) are related in the following manner,

)1()(
t

s
fC g 

It should be noted that in Equation (1) the group velocity Cg is dispersive, or in

other words it is a function of frequency f. From the spectral plots of different wave

packets the frequency contents of the signal can be obtained. The wave packet can be

windowed and further studied for change in TOF with respect to central frequencies. The

corresponding group velocity for our case is obtained as 1.9 mm/ms for L(0,1) mode  at

central frequency of approximately 80 kHz.
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Figure 1.  (Top) Group velocity dispersion curve and (bottom) TOF as a function of

frequency for the steel pipe [13, 14].

3. EXPERIMENTAL SETUP

The length of the steel pipe under inspection is 60.5 cm with outer and inner

diameters equal to 2.1 cm and 1.6 cm, respectively. The cylindrical pipe was excited and

transient signal was recorded with circular disc type PZT transducers attached at both

ends of the pipe. The excitation signal was a linear chirp signal varying from 50 kHz to

150 kHz.
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Figure 2. (Top) Schematic diagram and (bottom) photo of the experimental setup

The PZT is mounted on two ends of the pipe such that the predominantly

axisymmetric longitudinal mode is generated in the pipe. The PZTs used for this

experiment have a diameter of 3.50 cm and a thickness of 0.02 cm. To mimic the process

of bonding and de-bonding of a protective layer at the outer surface of a hollow pipe, 2

mm thick and 7.5 mm wide removable duct tape was used. An Arbitrary Function

Computer

Pipe (Sample)

Arbitrary Function Generator and Receiver
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Generator (HS3) generates an electric pulse controlled by a computer.  The generated

electric pulse is then converted to an ultrasonic pulse by the transmitter. The ultrasonic

pulse is transmitted and propagated through the pipe specimen. At the receiving end, the

ultrasonic pulse is detected and then converted back to the electric signal by a second

transducer or detector. The received electric signal is then sent back to the HS3 unit

which sends the signal to the Processing Unit (Computer) for further analysis.

4. RESULTS AND DISCUSSION

The transient response of the excited chirp signal (50 KHz to 150 kHz) is recorded for the

un-bonded and bonded steel pipes. In Figure 3, (top) transient response and (bottom) Fast

Fourier Transform (FFT) of an un-bonded pipe are shown.
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Figure 3. (Top) Transient signal and,(bottom) its Fast Fourier Transformation for the un-

bonded pipe

In figure 3 Two sharp frequencies are recorded at 78 kHz and 84 kHz with the central

frequency at approximately 80 kHz. Similar results for the bonded pipe are shown in

figures 4. In case of the bonded steel pipe, a sudden drop of 63% in the amplitude of the

signal is observed; two prominent frequencies are recorded at 77 kHz and 85 kHz.
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However, like the un-bonded case, the central frequency is observed near 80 kHz in

figure 4 also.

Figure 4. (Top) Transient signal and (bottom) its Fast Fourier Transformation for the

bonded pipe

4.1 TFR for feature extraction

The feature extraction is an important component of Non-Destructive Evaluation

(NDE) and Structural Health Monitoring (SHM). The process of feature extraction
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involves identifying damage sensitive properties from the dynamic response of a

structure facilitating the assessment of the health of the structure. The following Time-

Frequency Representations (TFR) are carried out for un-bonded and bonded steel pipes.

4.1.1 Short Time Fourier Transform (STFT):

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

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

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

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

time and frequency resolution [18]. It provides a tool to choose the needed precision in

either in time or in frequency domain. Mathematically, the STFT of a time history signal

x(t) is defined as:






 dtetwtxX jwt)()(),(  (2)

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

spectrogram (TFR) is then defined as the energy density spectrum from STFT as( , ) = | ( , )| . In STFT the wide window size gives better frequency resolution at

the cost of time resolution and vice versa. The drawback is that once a window size is

selected, that size remains same for all frequencies. Figures 5(A) and 5(B) show the

STFT of the transient responses for un-bonded and bonded pipes shown in figures 3 and

4, respectively.
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Figure 5.  STFT: (A) for Un-bonded steel pipe and (B) for bonded steel pipe

Table 1: TOF, frequency and amplitude for un-bonded and bonded pipes from STFT plots

STFT Frequency (kHz) Time (µs)
Amplitude

(normalized)
Guided wave

(mode)

Un-bonded
82.100 + 2 430 + 3 1 L(0,1) and L(0,2)

84.000 + 2 376 + 3 0.736 L(0,1) and L(0,2)

Bonded 82.000 + 2 420 + 3 0.302 L(0,1) and L(0,2)

Similar to the FFT plot, the Time-Frequency representation using STFT also

shows a drop in amplitude. An amplitude drop of approximately 70% is observed in

figure 5 due to bonding. Different peaks in the STFT plots of figure 5 were monitored for

un-bonded and bonded pipes. In table 1, changes in TOF, frequency, and amplitude from

figure 5 are presented.

4.1.2 Continuous Wavelet Transform (CWT):

Continuous Wavelet Transform is one of the most practiced and promising feature

extraction tools. It gives good frequency resolution at lower frequencies and good time

resolution at higher frequencies. As an improvement over STFT, the window function is

(B)(A)
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replaced with a mother wavelet function )(t with continuous scaling and shifting. This

wavelet ensures much better time-frequency resolution. Mathematically, the CWT of a

time history signal x(t) is defined as:







 dt

a

bt
tx

a
baX )()(

1
),( * (3)

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

inversely proportional to frequency (i.e. smaller ‘a’ parameter value corresponds to

higher frequency). The correspondence between the scale factor ‘a’ and the frequency is

evaluated using the following relation:

).(  aFF ca (4)

Where, a is a scale range, ∆ is the sampling period, Fc is the central frequency (in

Hz) of mother wavelet (in this study Gaussian wavelet of type 'gaus5' is used for which

Fc is 0.5 Hz), Fa is the pseudo-frequency corresponding to the scale a, in Hz. Using the

above relation the approximate values of pseudo-frequencies have been evaluated for

their respective scale and are plotting in Figure 6.
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Figure 6.  Scale to frequency correspondence for wavelet of type ‘gaus5’

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

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

(5)

CWT is capable of revealing hidden aspects of signal such as trends, break down

points etc. which can be missed by FFT and STFT. Figures 7(A) and 7(B) show the CWT

of the transient responses for un-bonded and bonded pipes shown in figures 3 and 4,

respectively.

2
),(),( baXbaE 
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Figure 7.  Continuous Wavelet Transform, A) for Un-bonded steel pipe and (B) bonded

steel pipe

Different peaks in the CWT plots of figure 7 were monitored for un-bonded and

bonded pipes. In table 2, changes in TOF, frequency, and amplitude from figure 7 are

presented.

Table 2: TOF, frequency and coefficient for un-bonded and bonded pipes from WVD

Transform plot

WT Frequency (kHz) Time (µs)
Coefficient

(normalized)
Guided wave

(mode)

Un-bonded

81 + 2 459 + 3 1.000 L(0,1) and L(0,2)

82 + 2 386 + 3 0.75 L(0,1) and L(0,2)

75 + 2 607 + 3 0.65 L(0,1) and L(0,2)

Bonded
79 + 2 436 + 3 0.3 L(0,1) and L(0,2)

75 + 2 528 + 3 0.25 L(0,1) and L(0,2)

(B)(A)
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4.1.3 S-Transform:

The S-Transform is a combination of both Short Time Fourier Transform and

Continuous Wavelet Transform. The S-Transform of a signal can be seen in a sense of a

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

height with frequency. It is a modified wavelet transform (WT) with the phase correction

in the mother wavelet.  However, this modified wavelet ignores the wavelet's

admissibility criterion of having the zero mean and hence it cannot be considered as a

WT. The S-Transform of a signal x(t), as given by Stockwell [19] is:

dtee
f

txfS ftj
ft
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Figures 8(A) and 8(B) show the ST of the transient responses for un-bonded and

bonded pipes shown in figures 3 and 4, respectively.

Figure 8.  S-Transform: A) for Un-bonded steel pipe and (B) for bonded steel pipe

(A) (B)
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Different peaks in the S-Transform plots of figure 8 were monitored for un-

bonded and bonded pipes. In table 3, changes in TOF, frequency, and amplitude from

figure 8 are presented.

Table 3: Variation in TOF, frequency and amplitude for un-bonded and bonded pipes from

S-Transform plots

ST Frequency (kHz) Time (µs)
Amplitude

(normalized)
Guided wave

(mode)

Un-bonded

80.000 + 2 457 + 3 1.000 L(0,1) and L(0,2)

83.000 + 2 325 + 3 0.746 L(0,1) and L(0,2)

91.000 + 2 608 + 3 0.615 L(0,1) and L(0,2)

Bonded
80.000 + 2 441 + 3 0.304 L(0,1) and L(0,2)

80.000 + 2 530 + 3 0.233 L(0,1) and L(0,2)

4.1.4 Wigner-Ville Distribution Transform (WVDT):

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






 dtetxtxX jwt)2/()2/(),( *  (7)

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

advantage of this type of distribution over STFT or CWT is that it can efficiently locate

sharp impulses; however, it has some limitations related to the interference term. Figures

9(A) and 9(B) show the WVDT of the transient responses for un-bonded and bonded

pipes shown in figures 3 and 4, respectively.
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Figure 9.  WVD Transform, A) for Un-bonded steel pipe and (B) for bonded steel pipe

Different peaks in the WVD transform plots of figure 9 were monitored for un-

bonded and bonded pipes. In table 4, changes in TOF, frequency, and amplitude from

figure 9 are presented.

Table 4: Variation in TOF, frequency and amplitude for un-bonded and bonded pipes from

WVD Transform plots

WVDT Frequency (kHz) Time (µs)
Amplitude

(normalized)
Guided wave

(mode)

Un-bonded

79.013 + 2 456 + 3 1.000 L(0,1) and L(0,2)

78.012 + 2 464 + 3 0.957 L(0,1) and L(0,2)

82.013 + 2 440 + 3 0.924 L(0,1) and L(0,2)

Bonded
78.010 + 2 464 + 3 0.120 L(0,1) and L(0,2)

78.010 + 2 520 + 3 0.102 L(0,1) and L(0,2)

4.1.5 Choi-Williams Distribution Transform (CWD):

This transform was proposed by Hyung-III Choi and William J. Williams

(1989)[20-21]. This distribution is a Cohen's class distribution and uses exponential

(B)(A)
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kernel function to suppress the interference cross terms. The Choi-Williams Distribution

of a signal x(t), is defined as:

  ddedtetxtxftC ftjtj )(22* })2/()2/({),(),( 












  (8)

]/)(exp[),( 2   (9)

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

as suppressing the cross terms. For smaller value of  more cross terms are suppressed

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

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

which actually makes it Wigner-Ville distribution. Figures 10(A) and 10(B) show the

CWD Transform of the transient responses for un-bonded and bonded pipes shown in

figures 3 and 4, respectively.

Figure 10.  Choi-Williams Deformation Transform, A) for Un-bonded steel pipe and (B)

bonded steel pipe

(B)(A)
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Different peaks in the CWD Transform plots of figure 10 were monitored for un-

bonded and bonded pipes. In table 5, changes in TOF, frequency, and amplitude from

figure 10 are presented.

Table 5: Variation in TOF, frequency and magnitude for un-bonded and bonded pipes from

CWD Transform plots

CWD Frequency (kHz) Time (µs)
Magnitude

(normalized)

Guided wave

(mode)

Un-bonded

78 + 2 462 + 2 1.000 L(0,1) and L(0,2)

85+ 2 451 + 2 0.92 L(0,1) and L(0,2)

80 + 2 456 +2 0.81 L(0,1) and L(0,2)

Bonded
78 + 2 447 +2 0.13 L(0,1) and L(0,2)

80 + 2 439 +2 0.08 L(0,1) and L(0,2)

4.1.6 Hilbert Huang Transform:

Hilbert Huang Transform has emerged as a powerful damage detection tool. In

this technique for a signal x(t) a complex signal z(t)=x(t)+i.H[x(t)] is first obtained. TheH[x(t)] is obtained by performing a Hilbert Transform on signal x(t). The Hilbert

Transform only shifts the phase of x(t) by π/2 keeping the magnitude same. The

instantaneous frequency f(t) is then obtained by

dt

dθ
2π
1

f(t)  (10)











x(t)

H[x(t)]
arctanθ(t) (11)
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Where θ(t) is the phase of complex signal z(t).

The function x(t) is required to be well-behaved and symmetrical about the zero-

axis.  Therefore, the zero-axis line should be the line of symmetry for the maximum

amplitude and minimum amplitude envelopes, which is not the case for most real life

problems. Huang et al. [18] suggested a new method called empirical mode

decomposition method by which a signal can be decomposed into several intrinsic mode

functions (IMF) which upon addition produces the original signal with marginal errors.

These IMFs have all the necessary properties needed to be operated by Hilbert Transform

and hence can provide instantaneous frequency f(t) for each IMF. Further, the Hilbert

energy spectrum corresponding to instantaneous frequency and time is then obtained byE(f, t) = A (f, t) where A(f, t) is the amplitude of the complex signal z(t). Figures 11 and

12 show the IMFs obtained by HHT of the transient responses, shown in figures 3 and 4

for un-bonded and bonded pipes, respectively. Figures 13(A) and 13(B) show HHT plots

for un-bonded and bonded pipes, respectively.
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Figure 11. IMFs for un-bonded pipes using Hilbert Huang Transform

Figure 12. IMFs for bonded pipes using Hilbert Huang Transform
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Figure 13.  Hilbert Huang Transform, A) for Un-bonded steel pipe and (B) bonded steel

pipe

Different peaks in the HHT plots of figure 13 were monitored for un-bonded and

bonded pipes. In table 6, changes in TOF, frequency, and magnitude from figure 13 are

presented.

Table 6: Variation in TOF, frequency and magnitude for un-bonded and bonded pipes from

HHT plots

HHT Frequency (kHz) Time (µs)
Magnitude

(normalized)
Guided wave (mode)

Un-bonded

81.8 + 2 452 + 3 1.000 L(0,1) and L(0,2)

102 + 2 467 + 3 0.97 L(0,1) and L(0,2)

81 + 2 420 + 3 0.62 L(0,1) and L(0,2)

Bonded
75 + 2 446 + 3 0.11 L(0,1) and L(0,2)

78 + 2 451 + 3 0.10 L(0,1) and L(0,2)

(B)(A)
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4.1.7 Hilbert Instantaneous Phase

The Hilbert Instantaneous phase analysis is useful for damage detection [19, 21].

Unlike other time-frequency methods, the Hilbert transform of a real-valued time-domain

signal x(t) is another real-valued time-domain signal, denoted by H[x(t)] , such that

z(t) = x(t) + iH[x(t)] is an analytic signal, where

H[x(t)] = ∫ ( ) du (12)

We can define an envelope function a(t) describing the instantaneous amplitudes

of the original signal x(t) and a phase function (t) describing the instantaneous phase of

x(t) versus time using z(t) = x(t) + iH[x(t)] = a(t)e ( ). These instantaneous

parameters are defined as,

a(t) = [x(t) + H[x(t)] ] / (13)

and

θ(t) = arctan [ ( )]( ) (14)

The instantaneous Hilbert phase is therefore defined for the real-valued time-

domain signal x(t) given in equation (15). However, in our research, the signal x(t) is first

processed through the empirical mode decomposition in order to get the intrinsic mode

functions (IMFs), which are well-behaved Hilbert transforms. The signal x(t) is thus

decomposed into n empirical modes Ci (t) and can be expressed as,

x(t) = ∑ C + r (15)
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The residue, which is a mean trend, has been left out on purpose. Then the Hilbert

transform is applied to each IMF and produces the instantaneous phase as a function of

time.

θ (t) = arctan [ ( )]( ) (16)

The total instantaneous phase is the sum of the instantaneous phases

corresponding to each IMF and is defined as,

θ(t) = ∑ arctan [ ( )]( ) (17)

Because the intrinsic modes have restrictions to be symmetrical about the mean

zero axis, the phase can be considered to be local and to increase monotonically as a

function of time. The instantaneous frequencies are derived by taking the derivative of

the phase and hence need the continuity of phase. Calculating the unwrapped phase

preserves this continuity. The phase function is then no longer restricted to be within an

interval of length 2 but it increases monotonically. The unwrapped instantaneous Hilbert

phase is thus defined and is to be investigated as a potential de-bonding detection tool.

From figures 11 and 12, IMFs are selected on the basis of their energy level. For

the un-bonded steel pipe the phase is calculated by adding contributions of IMF 4 to IMF

12 and for the bonded pipe the phase is calculated by adding IMF 5 to IMF 13. In figure

14, unwrapped phase variations for un-bonded and bonded steel pipes are presented.
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Figure 14.  Hilbert Huang Transform, Unwrapped phase for un-bonded and bonded pipes

In figure 14, the significant difference in phase is observed for un-bonded and

bonded pipes. The total phase shift from un-bonded to bonded pipe is found to be -40±2

radian.

4.2 Differential Time-of-Flight Measurement from Cross-CorrelationTechnique:

Under ideal conditions a sharp delta pulse signal excitation and detection in

transmission mode are required to measure the time-of-flight. But in reality often this is

not possible because of the absorption of higher frequencies in the medium. Other

limitations are related to dispersion, which widens or disperses a propagating sharp pulse.
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The cross-correlation of two signals in time domain is used for calculating the time

difference between two similar signals, and is adopted here to calculate the TOF

difference between two transient signals generated by un-bonded and bonded pipes.

Cross-correlation ϕxy of two real continuous functions [x(t) and y(t)], is defined as

ϕxy
(t) =∫ x τ-t y(τ)dτ∞

-∞

(18)

If we compare it with the definition of convolution of two functions [x(t) and

y(t)],

( )*y(t) =∫ x t-τ y(τ)dτ∞
-∞ (19)

We can see that the only difference of the cross-correlation integral is that, one of

the two functions is not reversed in equation (18). Therefore,

ϕxy
(t)= x -t *y(t)

(20)

Since the time reversal operation is same as taking the complex conjugate in the

frequency domain, we can write

Фxy=FT ϕxy
(t) =X*(f)Y(f) (21)

Where FT denotes Fourier Transform operator, X*(f) is the complex conjugate of

X(f). Unlike convolution, cross-correlation is not commutative and it obeys the following

relation.
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ϕxy
(t)=ϕxy -t (22)

This can be shown by letting

τ'=τ-t (23)

In the discrete domain, the correlation of two real time series xi, (where i = 0, 1,

…, M-1) and yj, (where j = 0, 1, …, N-1) is given by [from the analogy of equation (18)]

ϕxy,k= ∑ x j - k yj,  k = - (M + 1),…, 0,…, N - 1
min M -1+k, N-1
j= max(0,k) (24)

It should be noted that in this analysis we do not correlate the measured signal

pulse with the sent one to get the absolute TOF. Instead the received signals from un-

bonded and bonded pipes are correlated. This technique has the advantage that

imperfections of the transducer and the dispersion inside the material are already included

in the reference signal and hence does not affect the differential TOF measurement.

Ideally two signals that are to be correlated should be the same except for a shift in time

and amplitude due to any change in the material on its propagation path.  In order to get

the difference in the TOFs one determines the global maximum of this correlation

function.  It is obtained when the two signals overlap. The abscissa of this point indicates

the time of best matching or tbm and therefore tbm is the difference in the TOF.

A technique called upsampling can improve the (temporal) resolution of the

signal and thus can increase the precision of the cross-correlation results by improving its

resolution. The data points of the measured transient signal are fitted using a spline

function for upsampling. New virtual data points are added equidistantly on this fitted

curve, so the sampling rate is virtually increased. This reduces the sampling period and
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increases the precision of the discrete cross-correlation, which uses a discrete timescale

according to the sampling period. Due to the finer timescale the abscissa of the maximum

could be evaluated more accurately, which corresponds to the differential time-of-flight

of the signal in our case. In this manner we have been able to measure changes in the

time-of-flight up to a few nanoseconds and in special cases even upto picoseconds.

The transient response of the excited chirp signal (50 KHz to 150 kHz) is

recorded for the un-bonded and bonded pipes. To measure the change in the time-of-

flight due to bonding and de-bonding of steel pipes, a cross-correlation technique is

adopted. A selected part (350 s to 440s) of the transient signal is windowed for cross-

correlation and shown in the left plot of Figure 15. FFT of the windowed signal is shown

in the right plot of Figure 15. The transient signal of Figure 15 is normalized with respect

to its maximum value.

Figure 15. For the un-bonded pipe selected part of the transient signal (left) used for the
cross-correlation, and (right) Fast Fourier Transformation of the selected transient signal

shown on the left.
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In figure 15 one can see that the central frequency is approximately 80 kHz.  The

group velocity at this frequency, obtained from the dispersion curves of figure 1, matched

well with the experimental value obtained from Equation (1), which is 4325+15m/s.

Similar results for the bonded pipe are shown in figure 16. For the bonded steel

pipe, a sudden drop of 67% in the amplitude of the signal is observed; however, like the

un-bonded case, the central frequency is observed near 80 kHz.

Figure 16. For the bonded pipe selected part of the transient signal (left) used for the
cross-correlation, and (right) Fast Fourier Transformation of the selected transient
signal shown on the left.

A part of the transient signal between 350 s and 440s was selected for

the cross-correlation to measure the differential TOF. The experiment was

conducted in three steps. Step 1: Bonding of an un-bonded pipe, Step 2: Partially

de-bonding the pipe and Step 3: Completely de-bonding the pipe. In figure 17,

change in TOF is presented as a function of the real time. Near 900 sec. (x-axis)

un-bonded pipe is bonded with 0.2 cm thick duct tape.
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Figure 17. Change in TOF due to bonding and de-bonding in steel pipes.

When an un-bonded pipe is bonded a sharp change of 830 ns in TOF is observed.

During partial de-bonding (step 2) a clear jump showing a reduction in TOF was

observed and finally when the bonding was completely removed (the initial state was

restored) the differential TOF went back to zero. Bonding and de-bonding process was

conducted in a temperature controlled environment to avoid any major TOF change due

to temperature drift. However, between 900 and 1550 s real time a monotonic decay in

the differential TOF is observed because of the transverse force applied on the pipe

during the bonding process.

The Short-time Fourier transform is better than traditional Fast Fourier Transform

analysis since the time information is not completely lost in STFT. However, STFT has

major limitations for the nonlinear and non-stationary signal analysis. Its time-frequency

resolution suffers from fixed window length, which results in poor accuracy. Continuous

wavelet transform and S-Transform analyses are more popular time-frequency analysis

tools and have been used extensively for the analysis of nonlinear and non-stationary

signals. Both S-Transform and wavelet transform are non-adaptive feature extraction

Step 1

Step 2

Step 3
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techniques. In S-Transform, frequency-dependent window function is a Gaussian

window. This window is not equipped with parameters to allow its width to be adjusted

either in time or in frequency. As a result of this limitation, S-Transform produces higher

frequency resolution at lower frequency domain, while at higher frequency domain,

sharper time localization can be achieved. The Wigner-Ville distribution is one of the

fundamental methods that have been developed over the years for the time-frequency

analysis. The Wigner-Ville distribution transformation gives sharp time and frequency

results. But its limitations are due to the bilinearity and cross terms that reduce the

accuracy of the results. Choi-Williams Deformation transformation is an improved

WVDT. Sharp time-frequency responses are recorded using CWD Transform. FFT,

STFT, CWT, ST, WVDT and CWDT have the basis for traditional Fourier analysis

signal processing tool. For a better signal analysis HHT is used not as a Fourier analysis

based processing tool. HHT has sharp time-frequency representation which helps in

identifying different guided wave modes. Phase extraction is another advantage of HHT.

Careful selection of IMFs and phase from HHT can be used as a promising tool for online

NDE and SHM of pipes. Differential TOF cross-correlation technique has a unique

advantage of eliminating limitations related to dispersion and other inherent

shortcomings. It emerged as a fast, easy and adaptive NDE and SHM tool for assessment

of small structural change. It is demonstrated that differential TOF can be used as a

reliable tool for online monitoring of structural changes such as its coating thickness.
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5. CONCLUSIONS

In this study detection of bonding/de-bonding of the protective layer on a steel pipe wall

has been investigated using guided waves. Various representational features of the

recorded signals have been identified and extracted to characterize the bonding condition

of the protective layer. Different signal features such as amplitude (magnitude), mode

shifting in time and frequency, relative change of speed with which individual modes

shift, phase and time-of-flight have been used for in-depth evaluation of the experimental

data. Several promising signal processing techniques have been tried out to extract the

above mentioned features. A comparative assessment of different techniques has been

conducted to find the most suitable feature extraction (FE) technique for specific needs.

The change in TOF due to bonding and de-bonding of the protective surface layer on a

steel pipe has been also investigated. The in-situ recorded transient signals for un-bonded

and bonded pipes have been processed using various signal processing techniques such as

Fast Fourier Transform, Short Time Fourier Transform, Continuous wavelet Transform,

S-Transform, Wigner-Ville Deformation Transform, Choi-Williams Distribution

Transform and Hilbert Huang Transform. The differential time-of-flight information is

obtained by cross-correlation technique. It is demonstrated that the time-of-flight shows

high sensitivity to the degree of de-bonding in pipes. Therefore, it can be used for online-

monitoring of the protective layer on the pipe surface.

In the dispersion curves shown in Fig. 1 the two modes (L(0,1) and L(0,2)) can be located

in the frequency range of 75-95 kHz for the time window 330 µs to 460µs. A time-

frequency-magnitude (amplitude) diagram is plotted to locate the modes by different
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feature extraction techniques. In the 3D time-frequency-magnitude (amplitude) plots peak

amplitude values are associated with corresponding frequency and time values. All seven

feature extraction techniques and the transient signals clearly show that the signal

amplitude drops due to bonding. However, amplitude variation alone cannot be a reliable

tool for assessing the de-bonding or delamination of the protective layer since the

reduction in the amplitude of the propagating waves can also be the result of the

deterioration of the bonding between the sensors and the pipe. Therefore, additional

features are needed to detect and estimate the degree of de-bonding. Fast Fourier

Transform (FFT) is used to extract frequency information which unfortunately lacks the

time information. An extension of this technique known as the Short Time Fourier

Transform (STFT) is obtained by applying FFT on overlapping segments of the transient

signal. STFT provides the time information along with the frequency content. However,

this technique can provide good resolution for either time or frequency but not both,

simultaneously. The Continuous Wavelet Transform (CWT) uses varying window size

providing high frequency resolution at lower frequency and high temporal resolution at

higher frequency. Wavelet Transform is non-adaptive in nature. Time-shifts were

recorded using CWT but clear frequency shifts were not observed. S-Transform is found

to be reliable, in terms of recording time-shifts at higher frequencies. WVD Transform is

dominated by bilinear and cross-terms limitations. Choi-Williams distribution Transform

and Hilbert-Huang Transform showed comparable attenuations due to bonding. CWD

Transform uses Fourier basis for signal analysis, whereas HHT is adaptive in nature.

The phases of the transient signals were also investigated. The differential phase does not

get swayed away by propagating frequencies or attenuation. In this study, HHT is used to
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perform the phase calculation. The phase information can also be considered as a

potential tool for the assessment of the extent of de-bonding. In this paper the TOF

variation with the pipe wall bonding condition is presented for one propagating wave

mode with a specific central frequency. The work is in progress to investigate this effect

on other propagating wave modes.
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CONCLUSIONS

In this dissertation, potential solutions for distinct problems related to the

structural health monitoring (SHM) and non-destructive evaluation (NDE) of different

structures are presented. Detailed conclusions derived from the solution of every problem

are presented at the end of the corresponding chapter. Original contributions of individual

problems are also discussed in the respective chapters. Final conclusions from the

solutions of these problems are briefly summarized below.

An experimental technique has been developed for mode selective excitation and

detection of Lamb waves in laminated aluminum plates. TOF and attenuation of multiple

Lamb wave modes are analyzed using different signal processing techniques. Anti-

symmetric mode is identified as a reliable tool for detection and quantification of

delamination in laminated plates. Moreover, S-Transform is found to be a suitable signal

processing technique for TOF and attenuation calculations in laminated plates.

Corrosion in reinforcing steel bars is studied experimentally. Instead of

conventional attenuation monitoring which can be affected by the deterioration of the

mechanical bonding between the sensors and the specimen, differential TOF is used for

quantitative analysis of progressive corrosion. The corrosion induced TOF variations are

computed from various signal processing techniques.  L(0,1) mode is found to be very

reliable for corrosion detection and quantification. Close matching between the

theoretical predictions and experimental results assured the reliability of results.

Non-contact Electro-Magnetic Acoustic Transducers (EMATs) are used for

excitation and detection guided waves in cylindrical structures. It is found that guided
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waves in lower frequency range are sensitive to the presence of damage in cylindrical

structures and can propagate long distances along the pipe. For more in-depth study

guided waves are deployed for investigating hole type damages of different size in pipes.

The transient signals for undamaged and damaged pipes were processed by multiple

signal processing techniques and cross-correlation technique. It is demonstrated that the

instantaneous phase and time-of-flight are sensitive to the size of damage in the pipe wall

at the low frequency range. Therefore L(0,1) mode should be investigated carefully for

reliable estimation of hole type damage on the pipe wall.

The dissertation ends with the investigation of bonding and de-bonding (or

lamination and delamination) in pipes. The signal features such as amplitude

(magnitude), mode shifting in time as well as in frequency, relative change in speed with

which individual mode shifts, phase and time of flight are used for in-depth evaluation of

data. Several promising signal processing techniques were employed to extract the above

mentioned features. A comparative assessment of each technique has been carried out to

find the best suitable feature extraction (FE) technique for extracting each specific

representational feature. The differential TOF from cross-correlation is used to mimic the

real life effect of bonding and de-bonding on pipe walls.

One major observation from the research presented in this dissertation is related to

the identification of reliable guided wave mode for quantification and detection of

damages in structures. Experimental investigations indicated that the fundamental guided

wave mode which tends to propagate in-phase (i.e. anti-symmetric mode in case of plate

like structures) is more sensitive to the presence of damage and its size irrespective of the

type of damage, material and geometrical shape. Moreover, both differential TOF and
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phase are not influenced by the bonding condition between transducers and the structure,

and therefore are not significantly affected by the deterioration of the bonding condition.

On the other hand the recorded signal amplitude is strongly affected by the transducer-

structure bonding condition and can show significant change even when the structure

remains intact but the structure-transducer bonding deteriorates. Therefore a system

comprising of fundamental guided wave mode which propagates in-phase, can

significantly improve the current practice of quantitative and qualitative NDE/SHM if the

differential TOF and phase are correlated with damage.
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