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Abstract

Crack monitoring in critical sections of steel structures is a subject of growing interest.

High frequency ultrasonic techniques have good detection sensitivities but poor inspec-

tion coverage per transducer that makes it impractical to monitor large areas. Corrosion

detection and monitoring of pipelines can be performed by using low frequency guided

waves, but are insu�ciently sensitive for the detection of small cracks. This study eval-

uates the crack monitoring performance of a fundamental shear horizontal mode (SH0)

system at frequencies just below the high-order mode cut-o�. The scattering solutions

valid at low frequencies were developed for both 2D and 3D cracks; most importantly the

3D solution showed that the SH0 re�ection ratio is proportional to frequency to the power

1.5, to the e�ective crack size cubed, and is inversely proportional to the plate thickness

and to the square root of the distance from the crack to the receiving sensor.

Finite element (FE) analysis was used to validate these power coe�cients and to calculate

the proportionality constant. The predicted 3D solution was validated using experimental

data generated by a ring of transducers on a 6-inch diameter pipe with a progressively

grown notch that simulates crack growth; baseline subtraction with temperature com-

pensation was applied to compensate for changes in the environmental and operational

conditions. It was found that the residual signals after baseline subtraction can be as-

sumed to be normally distributed so the random �uctuations could be reduced by coherent

averaging; it was thereby possible to reliably detect a 2 mm wide and 1 mm deep notch

simulating a crack located one pipe diameter along the pipe from the transducer ring.

The damage detection performance at di�erent locations along the pipe was assessed by

analysing receiver operating characteristic (ROC) curves generated by adding simulated

defects to multiple experimental measurements without damage. At a �xed stando� dis-

tance, the damage detection performance increases with the square root of the number of
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averaged signals, and is also improved by averaging the signals received by transducers

covering the main lobe of the re�ection from the defect; the common source method can

be applied to reduce the e�ects of phase cancellation when using signals from multiple

receivers. When the defect is located more than about one pipe circumference from the

transducer ring, the optimal performance is obtained by averaging across all the trans-

ducers in the ring, corresponding to monitoring the T(0,1) pipe mode.

The e�ects of temperature cycling and the presence of a large re�ector, in this case a

weld, near a simulated crack were investigated experimentally by data generated from

electromagnetic acoustic transducers (EMATs) on a 6-inch diameter pipe with a weld.

The results show that the measured re�ection ratios after temperature compensation can

still be assumed to be normally distributed, similar to the �ndings from the previous ex-

periment, but there were uncompensated changes which result in larger variations towards

the second half of the temperature cycling experiment. A notch was progressively grown

near the weld of this same pipe and it was shown that a 1 mm wide and 0.5 mm deep

notch located one pipe diameter along the pipe from the EMAT receiver can be detected;

a 95% probability of detection with a 1% false alarm rate can be achieved after a su�-

ciently large number of measurements. In conclusion, an SH0 mode monitoring system

with a short transducer stando� distance from the inspected area has good potential for

crack monitoring applications, for example for girth welds in pipes, given that transducers

designed for stable and long term use are utilised.
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Chapter 1

Introduction

1.1 Motivation

Pipelines and pressure vessels are examples of steel, plate-like structures where cracks can

possibly be found. These cracks can grow over time and cause engineering components

to fail, despite operating well below the allowable stress limits [7]. In the case of fatigue-

induced cracks, the crack size and stress �eld data collected from one-o� measurements

can be used to estimate its growth rate and remnant life [8]. However, there are large

uncertainties in these predictions due to the growth rate being typically proportional to

the third or fourth power of stress and the square of its size [9].

Structural health monitoring (SHM) can reduce this uncertainty because frequent meas-

urements of the crack size would improve accuracy of growth rate prediction, thus leading

to a more accurate estimation of the remnant life. For example, the failure forecasting

method was shown to be able to provide a more accurate prediction of the remnant life

in comparison with estimates from the conventional method using crack length meas-

urements and the Paris Law [10]. Non-destructive testing (NDT) techniques such as

potential drop [11, 12], phased array ultrasonics [13, 14], time of �ight di�raction [15, 16]

and Rayleigh surface waves [17,18] are existing methods which can be used to size cracks

accurately during one-o� inspection. Recently, SHM is gaining an increase in popular-

ity as a replacement for traditional NDT methods because it can be carried out during

plant operation, avoids the repeated access costs to di�cult-to-access areas [19, 20] and
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has the ability to track the progression of the defect growth [21]. High frequency ultra-

sonic transducers are typically scanned over the surface of a structure in order to achieve

the required inspection volume coverage; the volume covered at each transducer location

being of the order of the volume of material below the transducer. This is a problem if

the likely defect location is not known precisely. For example, a nominal 6-inch diameter

pipe with a length of 6 metres has an outer surface area of about 3,166,725 mm2. In a

hypothetical scenario where full inspection coverage of this pipe is required, a minimum

of 10,085 inspection locations using a 20 mm diameter ultrasonic thickness (UT) probe

would be required. Hence, the manual spot ultrasonic thickness gauging technique is not

practical for the rapid inspection of large areas of a structure [22].

Low frequency guided waves are currently used in pipeline inspection for corrosion in

the petrochemical industry [23�25] because of relatively good detection sensitivities and

high inspection coverage per transducer [26�29]. Generally, guided wave tests are carried

out using a single, fundamental mode in a pulse-echo con�guration [30], where typically,

the fundamental torsional or T(0,1) wave pulse is induced into the pipe via transducers

attached to the pipe outer wall, as shown in Fig. 1.1. The T(0,1) incident wave propag-

Figure 1.1: Guided wave screening of an insulated pipeline [1].

ates along the pipe and interacts with both defects and other features, such as welds,

28
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which leads to scattering. With reference to the previous example of the inspection of a 6

inch diameter pipe with a length of 6 metres, a single inspection location using a ring of

guided wave transducers can be used to achieve full inspection coverage. In a pulse-echo

con�guration, the backscattered waves are measured by the transducers, where conven-

tionally, the signals from the di�erent transducers in the ring are summed up to measure

the re�ected T(0,1) mode from the defect; the re�ection amplitude ratio R provides an

estimate of the defect severity. Defect sizes in guided wave testing are typically quanti�ed

by the loss or change in cross-sectional area (CSA) of the pipe, because the transmitted

T(0,1) guided wave covers the entire pipe circumference.

Although most guided wave inspections are carried out using a single mode in a pulse-echo

con�guration [31], there is an in�nite number of di�erent modes that can exist within a

plate-like structure. The number of guided wave modes within the structure can be limited

if the selected frequency range of operation is below the cut-o� frequencies of higher order

modes [32]. For example in plates, there are only three fundamental guided wave modes

that exist below the �rst-order modes, namely the symmetric (S0), antisymmetric (A0)

and shear horizontal (SH0). Dispersion is a phenomenon that is usually undesirable in

an inspection system because it leads to amplitude reduction and increase of the signal

duration [32]. Among the three aforementioned plate guided wave modes, the SH0 guided

wave is the only mode which is non-dispersive across all frequencies, leading to its use in

several industrial applications such as for the quality control inspection of laser butt-welds

in automobile part welding lines [33]. Increased detection sensitivity can be achieved by

using higher order SH modes at higher inspection frequencies. For example, higher order

SH modes can be applied to detect stress corrosion cracking defects in pipelines [34] and

to detect corrosion and evaluate remaining wall thickness in polymer coated pipes [35].

SH1 waves have also been shown to potentially be useful for the detection of gradual

thinning defects under pipe supports [36]. Despite the fact that higher order SH modes

o�er advantages of increased detection sensitivity, it is still practically easier to operate

below the higher order mode cut-o� and deal with only the fundamental SH0 mode due

to the dispersive nature of higher order modes. It is also worth nothing that the incident

T(0,1) mode used in guided wave inspection is essentially a plane SH0 wave, as illustrated

in Fig. 1.2.
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Figure 1.2: Snapshot of numerically simulated wave propagation in a pipe which shows the
incident T(0,1) wave.

One-o� T(0,1) guided wave inspections have been shown to reliably detect defects of the

order of 5% CSA [37], which supports its use for the detection of relatively large corrosion

patches. More recently, guided wave sensors employed in a monitoring fashion have been

shown to improve sensitivity to approximately 1% CSA, allowing for the reliable detection

of relatively smaller corrosion patches [38, 39] or relatively large crack-like defects [40].

However, small but critical cracks may represent << 1% CSA loss [41], meaning that

existing commercially-available low frequency guided wave monitoring systems cannot

be used for crack monitoring. Furthermore, the scattering from circumferential cracks

tends to be smaller when its axial extent or crack width is negligible [42]. The issue

with low detection sensitivity could be addressed by exploring the use of relatively higher

frequency SH0 guided waves at the expense of inspection coverage. Figure 1.3 shows the

numerically simulated SH0 scattering pattern from a surface-breaking crack in an unrolled

pipe upon interaction with the T(0,1) wave. As the backscattered SH0 waves propagate

away from the crack, the energy of the waves will continue to distribute spatially and

thereby reducing the measurable amplitude of the waves. This means that deploying the

transducers relatively closer to the monitored area of interest could increase the re�ection

ratio by capturing a higher measurable amplitude of the backscattered SH0 wave.
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Figure 1.3: Snapshot of numerically simulated wave propagation in a pipe which shows the
scattered �eld from a surface crack as a result of interaction with an incident T(0,1) wave.

1.2 Aim

Overall, the main aim of the thesis is to investigate the feasibility of a short-range but

relatively high frequency SH0 guided wave system for applications in crack monitoring

in plate-like structures. The SH0 is the guided wave mode of choice selected for this

study because it is non-dispersive, possesses a simple mode shape and is sensitive to the

detection of cracks. Initially, the scattering behaviour of SH0 from cracks needs to be

investigated in order to understand how the measured re�ection amplitude is a�ected

by the crack, material and inspection wave properties. It is also of practical interest to

understand the in�uence of the number of measurement samples, the number of receiv-

ing transducers and distance of the inspection zone from the transducer location on the

monitoring performance of the system. This information could provide insight into un-

derstanding the strength and limitations of using an SH0 guided wave system for possibly

monitoring whole areas of structure, such as a full girth weld in a pipe.

1.3 Thesis outline

Chapter 2 reviews the basic physics of guided waves and the use of FE analysis to pre-

dict the scattering of shear guided waves from surface-breaking cracks of di�erent sizes.
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Chapter 3 begins with a literature review of the existing solutions on ultrasonic scat-

tering over the past few decades. Then, the low frequency solution to the scattering

of shear guided waves from both 2D and 3D cracks are derived and validated numeric-

ally. Chapter 4 describes the experiment and performance of a piezoelectric-based SH0

monitoring system for crack growth monitoring. Then, the framework used to generate

synthetic data and evaluate monitoring performance across a wide range of parameters is

outlined. Chapter 5 describes the experiment and performance of an EMAT-based SH0

monitoring system when the damage-free structure undergoes temperature cycling and

when the crack is located near a large re�ector. Chapter 6 summarises the key �ndings

and contribution of the thesis and discusses the potential for future work.
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Chapter 2

Theoretical Background

2.1 Introduction

Bulk waves are waves which propagate in in�nite structures and are dependent only on

the material properties. Shear and longitudinal waves are two types of bulk waves which

can propagate non-dispersively in a homogeneous medium, since their velocities do not

depend on the wave frequency. The interaction of bulk waves with the boundaries of the

material leads to the development of guided waves, which can propagate at the boundaries

or between the boundaries. Rayleigh surface waves [43] and Lamb waves [44] are examples

of types of guided waves which can exist at the boundary and in between the boundaries

respectively. Unlike bulk waves, guided waves are dependent on both the material prop-

erties and material boundaries. The wave propagation equations and physical boundary

conditions need to be satis�ed in order to obtain the solution to any guided wave problem.

This theory has been covered extensively in widely available literature [45�47] and will

be summarised brie�y here to de�ne notations and present cases related to this work.

Speci�cally, this chapter presents the theory of shear horizontal guided wave propagation

in plates and pipes, as well as background information on the �nite element (FE) analysis

and FE models used in this study to capture the scattering of guided waves from cracks.
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2. Theoretical Background

2.2 Bulk waves

The general equation of motion which relates the particle displacement u in a material of

density ρ to the stress �eld tensor σ in a material as a function of time t is given as

ρ
∂2u

∂t2
= ∇.σ, (2.1)

where ∇ is the vector di�erential operator (∇ = x̂ ∂
∂x

+ ŷ ∂
∂y

+ ẑ ∂
∂z
). Hooke's law is used

to relate σ and strain ε in an isotropic material

σ = C.ε, (2.2)

where C is the sti�ness tensor. Theory of elasticity states that it is possible to reduce

the components of the elastic sti�ness tensor to two material or Lamé constants (λ, µ) in

an isotropic, homogeneous and linear elastic material. By expressing the stress tensor in

terms of displacements, Hooke's law equation is transformed into

σ = λI∇.u+ µ(∇.u+ u∇T ), (2.3)

where I is the identity matrix. The Lamé constants are related to the modulus of elasticity

E and Poisson's ratio ν as given in

E =
µ(3λ+ 2µ)

λ+ µ
(2.4)

and

ν =
λ

2(λ+ µ)
. (2.5)

Substitution of Eq. (2.3) into Eq. (2.1) gives the Navier's di�erential equation of motion

for an isotropic elastic medium, which is mathematically expressed as

µ∇2u+ (λ+ µ)∇∇.u = ρ
∂2u

∂t2
, (2.6)
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where ∇2 is the scalar di�erential operator ( ∂
2

∂x2
+ ∂2

∂y2
+ ∂2

∂z2
). The expansion of this vector

equation into its three spatial components gives a set of scalar linear equations. Hence,

the superposition of two or more valid solutions will still be a solution. In addition, an

appropriate solution must be assumed since the equation cannot be integrated directly.

Using the Helmholtz decomposition, the displacement u can be written as

u = ∇φ+∇×ψ, (2.7)

where φ is a compressional scalar potential and ψ is the shear vector potential. Since ∇φ

is an irrotational component, this means that ∇ × ψ is a rotational component where

∇φ = 0, which can be referred to as the gauge condition [48]. The substitution of this

expression for u(r, t) into Eq. (2.6) yields

∇
[
(λ+ 2µ)∇2φ− ρ∂

2φ

∂t2

]
+∇×

[
µ∇2ψ − ρ∂

2ψ

∂t2

]
= 0 (2.8)

which is satis�ed if both terms in the square brackets are equal to zero. This leads to the

Helmholtz di�erential equations, which are described by

∂2φ

∂t2
= c2L∇2φ (2.9)

and

∂2ψ

∂t2
= c2S∇2ψ, (2.10)

where the former equation governs the longitudinal waves with phase velocity cL, whilst

the latter governs the transverse or shear waves with phase velocity cS. Both phase

velocities of the longitudinal and shear waves are given by

cL =

(
λ+ 2µ

ρ

) 1
2

(2.11)
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and

cS =

(
µ

ρ

) 1
2

. (2.12)

As previously mentioned, there are only two type of waves which can propagate in an

unbounded isotropic medium without interaction since Eq. (2.9) and Eq. (2.10) are not

dependent on each other. The general solutions for the propagation of the two waves in

the z-direction are described by

φ = φ0e
i(kLz−ωt) (2.13)

and

ψ = ψ0e
i(kSz−ωt), (2.14)

where z is the spatial coordinate of the wave, i =
√
−1, φ0 and ψ0 are arbitrary initial

constants and kS and kL are the shear and longitudinal wavenumbers respectively, as

given by

kL,S =
ω

cL,S

, (2.15)

where ω is the angular frequency. The existence of only two solutions indicate that

these two types of waves, often referred to as bulk waves, are the only existing elastic

waves in an unbounded, isotropic, elastic, three-dimensional, solid medium. The particle

motion of longitudinal and shear waves are parallel and perpendicular to the direction of

wave propagation respectively [49], where the velocity ratio of longitudinal and transverse

waves is dependent on the Poisson's ratio of the material [50]. The transverse motion of

the shear waves can occur both horizontally and vertically, which are referred to as the

shear horizontal and shear vertical waves [51].
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2.3 Guided waves

2.3.1 Plates

For the case of the unbounded stress-free plate, two common methods of solution can

be used, which are the potential method and the method of superposition of partial

waves [52]. The geometry of an isotropic plate is shown in Fig. 2.1, where T is the plate

Figure 2.1: Diagram of an isotropic plate with internal re�ecting waves shown.

thickness, z is the wave propagation direction and the planes at y = 0 and y = T are the

traction free boundary surfaces. Using the potential method, Eq. (2.9) and Eq. (2.10)

can be solved with φ and ψ as unknown variables [46]. For the plane wave propagating

in the z-direction, it can be assumed that the particle displacement in the x-direction

is zero (i.e. ux = 0), which leads to ∂
∂x

= 0 and only x-axis rotations are allowed (i.e.

ψz = ψy = 0). Ultimately, the Helmholtz di�erential equations can be simpli�ed to

∂2φ

∂t2
= c2L

(
∂2φ

∂z2
+
∂2φ

∂y2

)
(2.16)

and

∂2ψ

∂t2
= c2S

(
∂2ψ

∂z2
+
∂2ψ

∂y2

)
, (2.17)

where the solutions to these equations are known as Lamb waves. If the displacement

component in the z and y directions are assumed to be zero (i.e. uz = uy = 0) and
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considering the solution for which φ = 0, then Eq. (2.9) and Eq. (2.10) can be reduced

to

∂2ψ

∂t2
= cS

(
∂2ψ

∂x2

)
, (2.18)

where the solution to these equations are referred to as the shear horizontal (SH) waves.

The motion of particles in longitudinal waves are entirely in the propagation direction

and the wave motion consists of dilation or volume changes only. The vibration of the SH

waves is perpendicular to the wave propagation direction and the motion consists of shear

in the medium with no volume change. Lamb waves are the combination of longitudinal

waves (P) and vertically polarised shear waves (SV). The general solution of the bulk wave

propagation problem, which is shown in Eq. (2.14), is applied to SH waves travelling in

a plate. Hence, a solution can be obtained for Eq. (2.18) and described by

ψ = ψ0(y)ei(kzz−ωt), (2.19)

where kz is the wavenumber in the direction of propagation ẑ and ψ0 is the displacement

amplitude given by

ψ0(y) = A sin(kyy) + B cos(kyy), (2.20)

which describes the unknown vector potential in terms of through-thickness sinusoids,

where ky is the through-thickness wavenumber, A and B are arbitrary constants. In this

case, the boundary conditions are τyy = τxy = τzy = 0 and ∂ψx/∂y = 0 at y=T and y=0.

Applying these conditions to Eq. 2.19 yields

A cos(kyT/2)− B sin(kyT/2) = 0,

A cos(kyT/2) + B sin(kyT/2) = 0,
(2.21)

which results in the frequency equation

cos(kyT/2) sin(kyT/2) = 0. (2.22)
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This equation is satis�ed by

ky =
πl

T
(l = 0, 1, 2, 3, 4, ...), (2.23)

where l is an integer that can assume values from zero to in�nity. The bulk shear wavenum-

ber, ks, is related to ky as described by

k2y = k2S + k2x (2.24)

and

kS =
ω

cS
, (2.25)

The results in Eq. 2.23 show that harmonic SH waves may propagate only under special

conditions and by substituting Eq. (2.23) into Eq. (2.25), the dispersion relation can be

obtained as

k2x =
( ω
cx

)2
=
(πl
t

)2
−
( ω
cS

)2
. (2.26)

By knowing that kx = ω
cp
, Eq. (2.26) can be expressed in terms of phase velocity cp and

frequency-thickness product, which yields

cp(fT ) = ±2cS

(
fT√

4(fT )2 − l2c2s

)
. (2.27)

Fig. 2.2 shows the �rst six SH modes in the frequency-thickness range from 0 to 10 MHz-

mm on a plot of phase velocity and the frequency-thickness product for a steel plate,

which can be obtained by numerically solving Eq. (2.27) and varying the order of l.

These modes can be either symmetric or anti-symmetric and are represented by the odd

or even counter respectively. For l = 0, the solution is the zeroth-order or fundamental SH

symmetric mode (SH0), which is the only mode whose velocity is frequency independent

(non-dispersive) and cp = cS. As the frequency-thickness product approaches in�nity, the

phase velocity for the other modes (i > 0) are frequency independent and their cp value

39



2. Theoretical Background

Figure 2.2: Phase velocity dispersion curves for the SH modes in a steel plate generated using
Disperse [2], where the phase velocities of symmetric modes (solid lines) and anti-symmetric
modes (dashed lines) as a function of frequency-thickness product are shown.

converges to cS . As expressed by Eq. (2.27), all the SH modes exists at all frequencies

but can only propagate at frequencies higher than their cut-o� frequency, which can be

calculated for the zero of the denominator of Eq. (2.27). The mode is said to have a

non-propagating solution if the propagation is below the cut-o� frequency and the cut-o�

frequency-thickness product for the ith mode, which can be expressed as

fTL =
icL
2
. (2.28)

Auld describes this phenomena more vividly using partial wave theory and described the

phenomena as waves which are re�ected at the boundaries of the plate [52] as illustrated in

Fig. 2.3. Therefore, the solution to this free-plate problem is acquired by the superposition

of the downwards and upwards waves, where Snell's law governs the re�ection of waves

at the boundaries. At the cut-o� frequency, the angle of incidence is zero and therefore

the wave re�ects back and forth across the thickness of the waveguide and does not cause

any changes in the stress and displacement �eld along the direction of propagation. The
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Figure 2.3: Schematic of the re�ection of partial waves at the plate boundaries which is governed
by Snell's law.

Figure 2.4: Group velocity dispersion curves for the SH modes in a steel plate generated using
Disperse, where the group velocities of symmetric modes (solid lines) and anti-symmetric modes
(dashed lines) as a function of frequency-thickness product are shown [2].
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group velocity cg can be described by

cg =
∂ω

∂kz
, (2.29)

which represents the velocity at which the wave packet which contains a range of frequency

component is propagating.

2.3.2 Pipes

There has been a signi�cant amount of research conducted in the �eld of guided wave

propagation in pipes or hollow cylinders. In the 1800s, Pochhammer [53] and Chree [54]

developed the solutions to a set of governing equations, which can be found in more

recent textbooks [45, 52]. A general analytical solution for the propagation of guided

waves in an in�nitely long 3D pipe was developed by Gazis [55], which was later validated

empirically [56]. Fig. 2.5 describes the pipe geometry and the cylindrical coordinate

system that has been introduced for convenience. Similar to the plate case, Gazi's solution

Figure 2.5: Schematic representation of pipe geometry in cylindrical coordinates (r, θ, z).

for a pipe begins with the Navier di�erential equation of motion (Eq. (2.6)) and leads to

the Helmholtz di�erential equations (Eq. (2.11 and 2.12) ), but the solutions to the wave
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equations are expressed as

φ = f(r) cos(nθ) cos(ωt+ kzz),

ψr = gr(r) sin(nθ) sin(ωt+ kzz),

ψθ = gθ(r) cos(nθ) sin(ωt+ kzz),

ψz = gz(r) sin(nθ) cos(ωt+ kzz),

(2.30)

where kz is the axial wavenumber and n is the circumferential order. The complete

solution for the unknown functions of f and g can be found in [55]. By applying the

cylindrical coordinate system to Eq. (2.7), the displacement at an arbitrary location in

the medium can be described by

ur =
∂φ

∂r
+

1

r

∂ψz
∂θ
− ∂ψθ

∂z
,

uθ =
1

r

∂φ

∂θ
+
∂ψr
∂z
− ∂ψz

∂r
,

uz =
∂φ

∂z
+

1

r

∂

∂r
(rψθ)−

1

r

∂ψr
∂θ

.

(2.31)

The stress tensor equations as a function of displacement �eld can be derived by using

Hooke's equation and strain-displacement equations; the full mathematical procedure and

solution can be found in [57]. The mode solutions to pipe guided wave propagation can

be identi�ed by using a dual index system (n,m), where n denotes the circumferential

order and m the consecutive order [58]. The complexity of the modes around the pipe

circumference increases with the value of n, whilst the vibrational complexity in the

through-thickness of the pipe increases with the value of m, where the fundamental and

axially symmetric modes are denoted by m = 1 and n = 0 respectively. In the case

for a pipe, there are generally three types of modes, namely the longitudinal (L(0,m)),

torsional (T(0,m)) and �exural (F(1,m)) modes which have been labelled in Fig. 2.6.

The similarities between the plate and pipe guided wave modes have been discussed in

previous studies [59, 60], where it was shown that the L(0,m) pipe modes correspond to

Lamb waves in plates, whilst the T(0,m) pipe modes correspond to SH waves in plates;

the T(0,1) pipe mode is analogous to SH0 in a plate. Previous work has shown that if

the curvature of the pipe is negligible, then the pipe problem can be approximated as an
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Figure 2.6: Phase velocity dispersion curves in a 6 inch steel pipe with a wall thickness of 11
mm, generated using Disperse [2].

unrolled plate [60,61]. The curvature e�ect of the pipe can be assumed to be negligible if

the following two conditions are satis�ed:

pipe radius >> wall thickness,

2π × pipe radius >> λ,
(2.32)

The �rst condition suggests that the curvature of the pipe is e�ectively constant through

the pipe thickness, whilst the second condition implies that the wavelength is much smaller

than the pipe circumference such that the pipe curvature has a negligible e�ect on the

wave propagation. A complete analysis and discussion of the limitations of this analogy

can be found in [61].

2.4 Finite element modelling

The �nite element (FE) method is a numerical method of �nding approximate solutions to

partial di�erential equations with boundary value problems by segmenting a large model
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into small, �nite elements. The �nite elements are represented as simple equations which

are then reconstructed into a more complex system of equations which captures the entire

physical phenomena. The solution to this system is found by using one of several methods

to minimise the associated error function [62]. There are two main methods of solving

for time domain �nite element models which are implicit and explicit analysis. On one

hand, the implicit method �nds a solution by solving an equation involving both the

current state of the system and the later one, for example, by using the backward Euler

time integration scheme [63]. This analysis method is termed as an unconditionally stable

scheme since the size of the time step does not a�ect solution stability. This method also

requires the calculation of the inverse of the global sti�ness matrix as it is directly solving

for displacement, u; the matrix inversion step can also be computationally expensive when

dealing with large models. On the other hand, explicit analysis calculates the state of

the system at a later time using the solution at the current time. In contrast to implicit

analysis, this method does not require the inversion of the complex sti�ness matrix and

is conditionally stable [62, 64].

Generally, explicit analysis is preferred over implicit for dynamic modelling since the

inversion of the sti�ness matrix is a computationally expensive step [64]. In this work,

the FE mesh and input model were constructed and assembled using MATLAB® [65].

The wave propagation simulations are solved using Pogo, a simulation package used for

explicit time-domain FE modelling of wave propagation [66]. The main advantage of

Pogo is that it is a CUDA-enabled solver, which allows explicit time domain models to

be solved on one or more graphics processing units (GPUs) which has been shown to be

100-200 times faster than other commercial CPU-based FE solvers [66]. The equation of

dynamic equilibrium in its �nite form can be expressed as

[M ]ü+ [C]u̇+ [K]u = [Fext] (2.33)

where u is the displacement vector, u̇ is the velocity vector,ü is the acceleration vector,

matrix [M ] is a diagonal mass matrix (material density dependent), [C] is the viscous

damping matrix (Rayleigh damping), matrix [K] is the static sti�ness matrix (Young's

modulus and Poisson's ratio) and [Fext] are the external forces applied to the system;
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in the case where propagation is in an elastic material, there is no damping ([C]=0).

Using a standard �nite di�erence scheme, the vectors of the displacement, velocity and

acceleration in Eq. 2.33 can be rewritten as

ü =
unext − 2ucur + uprev

δt2
,

u̇ =
unext − uprev

2δt
,

u = ucur,

(2.34)

where uprev,ucur and unext are the displacement vectors at the previous, current and next

time steps respectively. An explicit scheme can be generated from Equations (2.33) and

(2.34) by substitution and rearrangement to yield

unext = F ′ + C ′uprev +K ′ucur (2.35)

where the modi�ed matrices K ′,C ′ and F ′ are given by

K ′ =

(
M

1

δt2
+ C

1

2δt

)−1(
M

2

δt2
−K

)
C ′ =

(
M

1

δt2
+ C

1

2δt

)−1(
C

1

2δt2
−M 1

δt2

)
F ′ =

(
M

1

δt2
+ C

1

2δt

)−1
F.

(2.36)

Small deformations of elements are assumed when modelling wave propagation. Figure

2.7 illustrates an example of a two dimensional (2D) linear square element, where ∆x

represents the element size. In order to allow FE simulations to converge and to solve

Figure 2.7: An illustration of a two dimensional linear square element.
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the propagating waves, the value of the time increment δt and element size ∆x must be

carefully selected. Drozdz [64] recommended using the time increment as calculated from

δt ≈ xmin

cd
√
G
, (2.37)

where xmin is the smallest nodal distance in the mesh, cd is the velocity of the fastest

wave and G is the dimensional order of the model. Hence, it must be ensured that δt is

smaller than the time for the fastest wave to propagate. The ∆x has to be chosen based

on the complexity of the geometry and desired accuracy. Alleyne et al. [31] recommended

that at least ten nodes per wavelength is used for a uniform square mesh (i.e. ∆x =

λmin/10), whilst Drozdz stated that using a mesh density of 30 elements per wavelength

with triangular mesh typically provides good qualitative and quantitative results but

still dependent on defect complexity, which will require local tuning and experimental

validation [64]. Carandente used a tetrahedral mesh with density ranging from λ/15 to

λ/22 depending on the defect complexity [67].

The 2D plane problem is commonly used because it can usually provide some insight

for a three dimensional problem without requiring a large computational resource and

time to solve. Fig. 2.8 shows two general 2D in�nitesimal element shown to undergo

stress and strain, where τz and τy are shear stresses, σz and σy are normal stresses

in the z and y dimensions. Plane stress and plane strain are the two general types

of problems used for plane analysis. With reference to the axis de�ned in Fig. 2.8, the

former assumes that all the stress components in the x-dimension are zero, whilst the latter

makes the assumption that the strain components in the x-dimension are zero [68]. On one

hand, plane stress assumption is normally applied to a geometry where the x-dimension

is much smaller relative to the z and y dimensions, uniform load applied act in the z or

y dimension [68]. On the other hand, plane strain is commonly applied to a geometry

where the x-dimension is much larger relative to the z and y dimensions and applied

forces act in the z-y plane but do not vary in the x direction as illustrated in Fig. 2.9 [68].

Plane strain modelling technique is suitable for 2D modelling of many modes including

the fundamental S0 mode [69]. For the case of the SH0 mode, 3D elements can be used
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Figure 2.8: A general 2D in�nitesimal element shown to be under stress (left) and strain (right).

Figure 2.9: Cross-section of the 2D plane strain model.

Figure 2.10: Quasi-2D model using 3D elements which has anti-symmetry assumptions and
constraints. Anti-symmetry assumptions allow simplifying the model to 1 element thick in the
x-direction.
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to conceive a quasi-2D model, if 2D elastic elements that support displacement DOF in

the out-of-plane direction are not available. Instead of modelling an in�nitely wide plate,

the plane of anti-symmetry during the nodal displacement in the x-axis can be exploited.

This means that the in�nitely wide plate can be represented by simply modelling the

plane of anti-symmetry with the appropriate constraints that includes setting the values

of in-plane displacement to zero (uz = uy = 0) as shown in Fig. 2.10 [70]. Both the

quasi-2D and 3D �nite element models presented in this thesis were constructed using

C3D8 (eight-node tetrahedral) linear brick elements in a structured mesh con�guration.

Rotations of the node on its own axes or rotational DOF are not shown or considered

when using types of �nite element which only support three translational DOF per node.

A 2D subsurface and surface-breaking crack can be modelled by disconnecting the FE

Figure 2.11: Finite element mesh details of a (a) surface-breaking (b) subsurface (right) crack
in a 2D plate where the crack width has been exaggerated to visualize the node disconnection in
the mesh.

mesh nodes as shown in Fig. 2.11. This technique has been used and studied extensively

in previous literature [42,71,72]. The crack is made to be a zero-volume crack by setting

the crack width, w, to zero. This same technique can also be extended to the 3D models

used in this work. Speci�c details of both quasi-2D and 3D �nite element models will be

explained in the following chapter.
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2.5 Conclusion

This chapter presented the fundamental theories of bulk and guided waves in an elastic,

isotropic plate and a pipe. Both Lamb and SH waves can exist in an isotropic plate, with

the details of the solution of SH wave propagation given. Then the three types of guided

wave modes in pipes were highlighted, namely the longitudinal, torsional and �exural

modes. The analogy between plate and pipe guided waves was brie�y mentioned, which

highlighted that pipes can be approximated to be an in�nitely wide plate as long as the

e�ects of pipe curvature can be neglected. Finally, a brief overview of the �nite element

method is presented, along with details on the introduction of cracks into FE via node

disconnection.
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Chapter 3

Scattering of SH0 from a Surface

Breaking Crack

3.1 Introduction

Over the past few decades, there has been a signi�cant amount of research conducted

towards development of the solution to elastic wave scattering from cracks, for both bulk

and guided waves. The interaction of guided waves with cracks is more challenging because

of the larger number of modes which can exist within the geometry. Auld [52] derived a

generalised formula for shear wave scattering from cracks in plates using the S-parameter

formalism and the reciprocity arguments, which is similar to the bulk wave case. Datta et

al. [73] extended this method to a surface crack located in a semi-in�nite medium using

matched asymptotic expansions, that was shown to be accurate at low frequencies. In

the same year as this, King & Fortunko [74] applied variational solutions to explain SH

guided wave scattering from cracks.

Numerical analysis has also been used to understand the scattering behaviour of SH0

from rectangular notches in plates as a function of defect axial extent, defect depth and

inspection frequency. Demma et al. [5] observed that the re�ection ratio is approximately

linearly dependent on defect axial extent and frequency in the region where the ratio

of defect axial extent to wavelength is less than 25%. Rajagopal & Lowe [75] extended

this study to a 3D plate with through-thickness and part-thickness cracks. Ratassepp et
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3. Scattering of SH0 from a Surface Breaking Crack

al. [72] investigated the SH0 scattering from a 2D through-thickness crack that is aligned

with the direction of wave propagation. Extending from the work by Demma et al.,

Carandente et al. [67] investigated the re�ection of T(0,1) from an axisymmetric defect in

a pipe. In both studies, the cracks with small axial extent were shown to yield a smaller

SH0 re�ection in comparison to a corrosion patch, despite possession of the same cross-

sectional area. In addition, both the investigations suggested that a bigger re�ection

can be obtained by maximising the frequency of inspection. Recently, Combaniere et

al. [76] studied the e�ect of tilted 2D surface-breaking cracks on SH0 scattering in plates

and found that some energy can be trapped by the crack, which reduces the energy of

the transmitted wave. It is generally desired for one to obtain an elegant and explicit

solution that provides a reasonably accurate solution within a certain range of operating

conditions. Approximate methods are usually favoured over exact solutions because of the

limited number of guided wave scattering problems that can be solved exactly, including

the complexity introduced by the existence of a plethora of guided wave modes. In this

chapter, we seek an approximate solution to the SH0 re�ection ratio from a relatively

small surface-breaking crack (crack length and depth << wall thickness) across a range

of frequencies below the SH1 cut o�, typically about 160 kHz in a 10 mm thick steel

plate [2].

Since the intended incident SH0 wavelength is much larger than the crack size of interest,

a scattering solution based on quasi-static, low frequency approximations is predicted to

be su�ciently accurate. Baik & Thompson [77] investigated the use of a spring model

to represent compliance across the crack faces in order to predict the re�ection of low

frequency ultrasonic waves from a crack in an in�nite medium. Margetan et al. [78]

extended this idea and applied this approach to thin cracks in plates for bulk longitudinal

waves. More than two decades later, Bostrom & Golub [79] applied this concept for SH

waves in a plate. More recently, Golub et al. [80] further developed this idea by deriving

an analytical formula for the re�ection of bulk shear waves from a circular crack in a 3D

system. Despite the simpli�cations introduced by operating at the low frequency limit,

these solutions are limited to certain canonical crack shapes and are still dependent on

numerical solvers to compute the solution to integral equations.

Guided waves appear as an attractive solution for monitoring crack growth in welds be-
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3. Scattering of SH0 from a Surface Breaking Crack

cause they can o�er a good balance between sensitivity and volume coverage per trans-

ducer and sensitivity towards cracks with small axial length, as explained in the Introduc-

tion chapter. Since the amplitude of the guided wave re�ection from small cracks would be

required to quantify the extent of damage, then there is a need to understand the relation-

ship between re�ection amplitude, crack dimensions and inspection wave properties. A

simple, quasi-static model is attractive because it would capture the essential physics in a

simple but su�ciently accurate formulation and permits the exploration of the scattering

behaviour as a function of crack size, waveguide thickness and inspection wave frequency.

In the case of a 3D crack, we use dimensional analysis to derive the power relationships

between the re�ection amplitude ratio of SH0 waves from a rectangular shaped crack as a

function of wave frequency, crack dimensions, waveguide thickness and far �eld distance

from the defect. These results are validated using FE analysis and used to predict the

constant of proportionality between the re�ection amplitude ratio and the terms in the

dimensional analysis.

This chapter begins with the 2D case and then proceeds to 3D. In Section 3.2, the spring

interface model with quasi-static approximations was extended to derive a 2D analytical

solution for the re�ection amplitude ratio of SH0 mode from a surface-breaking crack,

which was numerically validated using FE. In Section 3.3, dimensional analysis was used

to derive a low frequency analytical solution for the re�ection amplitude ratio of shear

guided waves from a 3D surface-breaking crack, which was numerically validated using

FE. Parts of this chapter have been adapted and extracted from publication [P1], with

the permission of IEEE Transactions on Ultrasonics, Ferroelectrics and Frequency Control

(©2019 IEEE).

3.2 2D surface crack

Previous studies have investigated the interaction of guided waves with 2D crack-like

defects in plates, where the emphasis of the work has been on larger defects that removes

up to 10% or more of the cross sectional area [5, 72, 75, 81]. It is therefore bene�cial to

revisit the 2D case and investigate details at the smaller crack size range. Initially, the

low frequency solution to the scattering of a bulk shear wave from a periodic array of 2D
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cracks between two identical elastic half spaces was developed, as adapted from Margetan

et al. [78]. Then, this solution is extended to a surface-breaking crack in a plate. Finally,

FE analysis was performed to validate the analytical solutions.

3.2.1 Analytical solution

First, let us consider an imperfect interface between two identical elastic half-spaces that

contains a periodic array of 2D cracks as portrayed in Fig. 3.1(a), where d denotes the

width of the cracks that are oriented perpendicular to the incident wave, and T is the

period of the crack array. As de�ned by Margetan et al. [78], the �nite interfacial sti�ness

κ of the imperfect interface for in-plane shear stress polarised along the length of the

cracks can be expressed as

κ =
4µ

Cπd
, (3.1)

where µ is the shear modulus of the elastic medium and C is the damage parameter that

is de�ned as the relative fractional cross-section occupied by the crack and expressed as

C =
d

T
. (3.2)

The re�ection coe�cient R̂ between two identical elastic half-spaces separated by an

imperfect interface of �nite interfacial sti�ness κ can be calculated as

R̂ =
iµ2k2

iµ2k2 + 2κµk
=

iµk

iµk + 2κ
, (3.3)

where i is
√
−1 and k is the shear wavenumber. At the low frequency limit, the values of

κ � µk ( e.g. κ/µ = 5.093x104 m-1 and k = 161 m-1 when T=10 mm, λ=38 mm, d = 0.5

mm), hence it can be assumed that

R̂ =
iµk

iµk + 2κ
≈ iµk

2κ
, (3.4)

Equation (3.1) can be substituted into Eq. (3.4) to calculate the low frequency asymptotic
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3. Scattering of SH0 from a Surface Breaking Crack

Figure 3.1: Schematic diagrams of two periodic stacks of plates, one with a (a) centre crack;
(b) edge crack. Dashed lines represent the sectioning planes and therefore also the free surfaces
of the plates produced by sectioning the in�nite medium. (©2019 IEEE)

limit of the re�ection ratio R in a dimensionless form as

R2-D,centre =| R̂ |≈ µk

2κ
=
π2d2

4λT
. (3.5)

The normally incident, horizontally polarized shear wave produces no stress (i.e. τxy =

τyx) on the planes represented by the dashed lines in Fig. 3.1. Furthermore, by virtue of

symmetry, the scattered waves from the in�nite periodic array of cracks cannot produce

any stress on those planes either, hence these sectioning planes are stress-free.

The re�ection amplitude ratio for a 2D surface crack can be deduced by considering

a di�erent sectioning strategy, as indicated in Fig. 3.1(b). The re�ection ratio of the

plane SH0 waves from a surface-breaking crack, R2D,edge, in an isotropic medium can be

approximated if the de�nition of the system described in Fig. 3.1(b) is substituted into

Eq. (3.5) to yield

R2D,edge ≈
π2(2d)2

4λ(2T )
=
( π2

2cs

)d2f
T

= 2R2D,centre, (3.6)

where f is the wave frequency and cs is the phase velocity of the shear wave.

The static crack opening displacement possess a symmetric quadratic pro�le over the
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depth d of the fully embedded crack with a maximum at the center and zero at both edges,

hence the crack opening area is proportional to d2. The re�ection ratio is proportional

to the crack opening displacement averaged over plate thickness T , i.e., R2D ∝ d2/T .

Naturally, for an edge crack both d and T are doubled, so the re�ection coe�cient must

double too, as suggested by Eq. (3.6). The underlying physical reason for the doubling of

the re�ection ratio for edge cracks is that for an embedded crack d represents the distance

between two edges of zero crack opening displacement, while for an embedded crack d

represents the distance between an edge of zero crack opening displacement and the loose

"centre" of maximum crack opening displacement that lies in the plane of the free surface.

Hence, the re�ection ratios for both subsurface and surface breaking cracks are propor-

tional to frequency, to crack depth squared, and are inversely proportional to the plate

thickness. Therefore in the low frequency (defect depth to wavelength ratio tending

to zero) limit, the re�ection ratio is not simply proportional to cross section area loss

(d/T ) as is commonly assumed in guided wave inspection where larger defects are con-

sidered [71, 82]. In addition, the result shows that it is advantageous to use higher fre-

quencies, but the validity and accuracy of the solution reduces as frequency increases.

Moreover, the solution is invalid above the SH1 cut-o�, where more than one mode can

propagate in the plate. Since most cracks of concern are likely to be surface breaking, it

is bene�cial that the sensitivity to a surface crack is double that to a subsurface crack

located in the middle of the plate.

3.2.2 Numerical validation

In this work, FE analysis was used to model the interaction of the fundamental SH guided

wave mode with a zero-volume surface-breaking crack in 2D, based on the methodology

described in Chapter 2.4. The material properties used in this FE study are listed in

Table 3.1. The overall layout of the FE model of a 2D plate is shown in Fig. 3.2.

The nodes at one end of the plate are assigned as transmitter nodes and excited equally

in the x-direction as shown in Fig. 3.2 with a 5 cycle, Hann windowed tone burst with

a centre frequency of 85 kHz, to generate the fundamental shear horizontal SH0 guided

wave mode. A set of receiver nodes was programmed to output the displacement in the
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Table 3.1: Material properties used in numerical models. (©2019 IEEE)

Parameter Value Unit

Poisson's ratio 0.27 -

Density 7900 kg.m-3

Young's modulus 207 GPa

Finite element type C3D8 -

Figure 3.2: Overview of the FE model used to simulate the interaction of SH0 with a 2D crack.

x-direction, which is perpendicular to the scattering direction. The incident and scattered

wave amplitudes, over a range of frequency components, were calculated by computing the

discrete Fourier transform of the time signal corresponding to the incident and scattered

wave respectively. The re�ection ratio, R, is de�ned by

R =| usc
uinc
|, (3.7)

where usc and uinc are the backscattered and incident SH0 amplitudes respectively. The

zero-volume crack was modelled by disconnecting the nodes across the crack face and

the depth of the crack was varied from 0 to 40% of the plate thickness. Prior to this, a

2D mesh convergence study was carried out in order to check that the FE model setup

could predict the results accurately and to determine the optimum element size which

provides a good balance of accuracy and a�ordable computational cost. The results from

this study are shown in Fig. 3.3, which shows that a mesh density of 10 elements per mm

is su�cient for the convergence of the power coe�cients.
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Figure 3.3: Results from the mesh convergence study showing the plot of the parameters (a)
md and (b) mf against the number of elements per millimetre of crack.

From Eq. (3.5), we can de�ne and deduce that the 2D power coe�cients for crack depth,

plate thickness and frequency are md = 2, mT = −1 and mf = 1 respectively, given that

R2D ∝ dmdfmfTmT , (3.8)

The objective of the numerical study was to validate these analytically derived power

coe�cients. The power coe�cientsmd andmf were obtained by best �tting the numerical

data to regression curves of power function form. Similarly, the value ofMT was calculated

from FE simulations for di�erent plate thicknesses.

Table 3.2: Summary of 2D results

Parameters Predicted Value Numerical Value

mf 1 1.03

md 2 2.11

mT -1 -1.05

The FE estimates of these 2D parameters (md, mT andmf ) show good agreement with the

analytical values as shown in Table 3.2, thus validating the analytical solution predicted

in Eq. (3.5). The numerical solutions are not exactly as predicted most likely because

the frequency of the numerically simulated incident wave is relatively high and deviates
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from the low frequency limit assumptions. The next section proceeds to derive a similar

low frequency analytical solution for the 3D case.

3.3 3D surface crack

Previous work has been carried out to understand guided wave interaction with 3D defects

in plates [83,84] and pipes [37,39], the focus being on either holes, large cracks with lengths

in the same order of magnitude as the wavelength or corrosion patches larger than 1%

CSA. In this investigation, we shift our focus to small, critical cracks, typically smaller

than 1% CSA, that are aligned perpendicular to the incident wave direction. Although the

relationship between scattered wave amplitude and distance is well known, the frequency,

crack size and crack shape dependent terms will be novel terms in the solution. In

contrast to the 2D case, an added complication is introduced by the shape of the crack.

This limits the use of existing analytical solutions because approximate solutions are

generally developed for certain canonical shapes and still involve substantial computations

to solve. Initially, dimensional analysis is used with the quasi-static assumption to obtain

a physically meaningful equation that relates the SH0 re�ection ratio to the physical

variables which de�ne the crack. Finally, �nite element analysis is used to calculate the

proportionality constant which cannot be obtained from dimensional analysis.

3.3.1 Analytical solution

In this section of this chapter, we derive the low frequency, asymptotic solution to the

problem of scattering of elastic shear horizontal waves by a rectangular-shaped, surface

breaking crack in 3D. The far-�eld re�ection amplitude ratio or re�ection coe�cient R of

the crack is de�ned as

R(r) = usc/uin, (3.9)
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Let us now consider the scattering of a plane harmonic incident wave from a crack, where

the dimensionless re�ection ratio of the crack can be written as

R3D = R3D

( c
λ
,
d

λ
,
r

λ
,
T

λ
, τ(θ)

)
, (3.10)

where r is the distance from the crack to the point of observation, d is the crack depth, c

is the crack width, T is the waveguide thickness and τ is the angular dependence function

which is dependent on the scattering angle θ. The dimensionless re�ection ratio R(r) in

Eq. (3.9) is complex, but for the sake of brevity, the common ei(kr−ωt) phase term shall

be omitted and R3D will represent the magnitude of the complex dimensionless re�ection

coe�cient. In this analysis, we seek an asymptotic approximation of R3D when

d, c < T << λ < r, (3.11)

and proceed to express R3D as a power function

R3D ∝
( c
λ

)Mc
(d
λ

)Md
( r
λ

)Mr
(T
λ

)MT

τ(θ), (3.12)

which is dependent on all the geometrical parameters of length dimension which are norm-

alised to the incident wavelength, λ, whereMc,Md,Mr andMT are the power coe�cients

corresponding to crack length, crack depth, sampling distance and waveguide thickness,

respectively. In the far �eld, the scattered wave amplitude depends on the number of

dimensions, D, in which divergence can occur in the system. The radiated power of the

wave is distributed over D − 1 transverse dimensions, relative to the propagation dimen-

sion and therefore, the power coe�cientMr, which describes the decay of R with distance,

can be expressed as

Mr =
1−D

2
, (3.13)

where the factor of 2 in the denominator accounts for the square relationship between

wave �eld amplitude and intensity. In guided wave testing, the defect sizes are typically

expressed by the cross sectional loss they represent within the wave guide. Therefore, R3D
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can also be expressed as a function of crack cross-sectional area and shape by rewriting

Eq. (3.12) as

R3D ∝ S(ξ)
(a
λ

)Ma
( r
λ

)Mr
(T
λ

)MT

τ(θ), (3.14)

where ξ is the crack aspect ratio de�ned as

ξ =
c

d
, (3.15)

and the e�ective crack size a is described as

a =
√
cd, (3.16)

and S is the normalised shape factor. The �rst-order perturbation term in the stress �eld

generated by a crack at a distance far away from it does not explicitly depend on the crack

geometry or the local stress distribution [85]. Consequently, both the crack geometry and

the local stress distribution in�uence the far-�eld stress only through the so-called crack

opening volume COV [85] and therefore, we can de�ne S as

S(ξ) =
COV (ξ)

COV (ξ0)
, (3.17)

and ξ0 is the crack aspect ratio which produces the maximum re�ection ratio value. The

re�ection coe�cient of shear waves from a small crack has been shown to be proportional

to the crack opening volume COV , which is the crack opening displacement integrated

over the area of the crack at the quasi-static limit [80,86,87].

(a) Mode I (Opening) (b) Mode II (Shearing) (c) Mode III (Tearing)

Figure 3.4: Illustrations of the three fracturing modes as adapted from [3].
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Mode I, II and III are the three fracture modes which a crack can exhibit depending

on direction of the applied driving force; these modes are displayed in Fig. 3.4. In the

case of a rectangular crack embedded in the in�nite medium and aligned with the shear

loading direction, two opposite edges (d) of the crack will be in Mode II sliding edge

displacement while the other two edges (c) of the crack will be in Mode III tearing edge

displacement. Consequently, there is no di�erence between Modes II and III in the case

of a rectangular crack in an in�nite medium. After sectioning, the originally symmetric

stress distribution remains the same over the sectioned-o� half-crack as before, but only

one of the "width" (c) edges is retained in Mode III tearing deformation while the opposite

edge on the free surface becomes stress-free. Although Kassir [88] successfully developed

a closed-form integral solution to the crack opening displacement for a rectangular crack

under shear loading, cumbersome numerical methods are still required in order to get an

exact solution. Therefore, a �nite element simulation package, COMSOL [89], was used

to compute the COV values for a rectangular crack under static, shear loading. From

regression analysis, the relationship between aspect ratio and normalised shape factor can

be described by

S(ξ) =
(1

2

( ξ
ξ0

+
ξ0
ξ

))n
, (3.18)

where n is a parameter which depends on the elastic properties of the material. The

regression function S(ξ) given in Eq. (3.18) is not only a function of the aspect ratio

ξ = c/d, but also that of Poisson's ratio ν. However, over the limited range of 0.27 ≤

ν ≤ 0.33 of practical interest in this study, the best �tting parameter pair ξ0 = 1.38 and

n = −0.37 yield a relative root-mean square regression error of less than 1.2% over the

aspect ratio range of 0.1 ≤ ξ ≤ 20, therefore the weak in�uence of Poisson's ratio can be

neglected. Equation (3.14) can be simpli�ed by removing the wavelength terms and the

proportionality sign, which gives

R3D = KrMraMafMfTMTSτ(θ), (3.19)
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3. Scattering of SH0 from a Surface Breaking Crack

where K is the proportionality constant and

Mf = Ma +Mr +MT . (3.20)

In the case of guided wave propagation in a 3D plate structure, the number of dimensions

in which divergence can occur is 2, thus yielding Mr = −0.5 from Eq. (3.13). The crack

opening produced by the incoming plane wave excites a re�ected SH0 mode in the plate

whose amplitude is inversely proportional to the plate thickness, so MT = −1. This is

because when T << λ, as indicated in Eq. (3.11), the SH0 re�ection amplitude ratio is

proportional to the COV averaged over the thickness of the plate T . At the low frequency

limit where Eq. (3.11) is valid, R is proportional to the crack opening volume, soMa = 3.

Substituting these values into Eq. (3.13) yields Mf = 1.5, so

R3D = Kr−0.5a3T−1f 1.5S. (3.21)

Hence, the re�ection amplitude ratio R from a surface breaking crack is proportional to

f 1.5 and e�ective crack size cubed, whilst inversely proportional to the plate thickness

and the square root of the sampling distance. Since the far-�eld R of the crack is de�ned

in this paper as the ratio of the scattered usc and incident uin displacement amplitudes,

R is not a unique function of the parameters of the scatterer (size, shape, etc.) and the

incident wave (frequency, wave speed, incident angle, etc.). Instead, usc = usc(r) is also

a function of the spatial coordinate vector r of the point of observation relative to the

scatterer i.e., R(r) = usc(r)/uin. At low-frequencies, the far-�eld scattered displacement

�eld can be approximated as follows

R(r) = COV.G(r), (3.22)

where COV is the static crack opening volume and G(r) is the appropriate Green's func-

tion [90]. According to Eq. (3.22), the frequency dependence of the re�ection coe�cient

is a combination of that of the crack opening volume and that of Green's function. The

static crack opening volume is a function of the crack size and shape and the elastic prop-

erties of the host medium. It is proportional to crack opening shear stress τ = ikµuin
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3. Scattering of SH0 from a Surface Breaking Crack

which in turn is linearly proportional to frequency. The appropriate Green's function can

be obtained from Lamb's solution [91] which yields a proportionality of G(r) ∝ k1/2 for

the cylindrically diverging scattered shear wave, hence the re�ection coe�cient exhibits a

frequency dependence of f 1.5.

The cubic dependence on the e�ective crack size is consistent with �ndings from previous

studies that showed that the scattering amplitude is directly proportional to the crack

opening volume [80, 86, 87]. Similar to the results in 2D, the result shows that it is

advantageous to operate at higher frequencies, but again the analysis is not valid above

the SH1 cut-o� where more than one mode can propagate. The beam divergence e�ect

causes the measured re�ection ratios to be smaller as the sensors are located further

away the crack. Conversely, the closer the measurement point is to the crack, the higher

the measurable amplitude but more measurement points will be required to obtain full

inspection coverage of the entire plate width or pipe circumference due to a smaller beam

divergence e�ect. The next section describes the FE methodology for the 3D case, which

is used to validate the analytical prediction and predicting the proportionality constant,

which could not be predicted from dimensional analysis alone.

3.3.2 Numerical validation

In our case, it was more convenient to model a pipe, rather than a plate, because of the

ease of generating an in�nite, plane shear horizontal incident wave (the T(0,1) torsional

mode in the pipe) without the need for absorbing layers that leads to an increase in

model size and unwanted scattering at the layer interface [64, 92]. Furthermore, there is

a general interest for the application of guided wave crack monitoring in steel pipes. The

overall layout of the FE model and the pipe cross-sectional view at the axial location of

the defect are shown in Fig. 3.5(a) and (b) respectively. The nodes at one end of the

pipe are assigned as transmitter nodes and excited equally in the circumferential direction

with a 5 cycle, Hann windowed tone burst with a centre frequency of 85 kHz, to generate

the fundamental torsional T(0,1) guided wave mode. This is equivalent to an in�nite

plane SH0 in a plate, as displayed in Fig. 3.6(a). A set of receiver nodes programmed

to output the displacement component perpendicular to the scattering direction (i.e. the
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3. Scattering of SH0 from a Surface Breaking Crack

Figure 3.5: (a) Overview of the 3D FE model used in this study. (b) Pipe cross-sectional view
at the axial location of the crack. (©2019 IEEE)

pure y-direction displacement at the top dead centre position of the pipe, which is labelled

as A), was de�ned to be a �xed distance of r = 150 mm around the crack as shown in

Fig. 3.5(a). The receiver points are shown in Fig. 3.5(a) and are positioned such that

the scattered SH0 waves are measured before they mode convert into pipe guided wave

modes and allowing the computation of the angular dependence of the scattered SH0 wave

from a crack and the numerical results shown in Fig. 3.7. From regression analysis, the

relationship between the scattering angle θ and the angular dependence factor τ can be

described by

τ(θ) = cos(2θ), (3.23)

and the numerical results shown in Fig. 3.7.

The incident and scattered wave amplitudes, over a range of frequency components, were

calculated by computing the discrete Fourier transform of the time signal corresponding

to the incident and scattered wave respectively. Since the re�ection ratio is proportional
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3. Scattering of SH0 from a Surface Breaking Crack

Figure 3.6: Snapshots of FE predictions of wave propagation in unrolled pipe (a) incident
torsional wave (equivalent to SH0 mode in in�nite plate); (b) scattered �eld from surface crack
showing dominant SH0 mode and faster S0 mode. The white dots illustrate an array of receiving
transducers that are located at a distance of one pipe diameter and equally spaced around the
pipe circumference, as typically used in guided wave inspection of pipes. At a given stando�
distance from the crack, the receiving transducer labelled A will measure a signi�cantly higher
SH0 amplitude than at transducer B. (©2019 IEEE)
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Figure 3.7: Plot of normalised re�ection amplitude against scattering angle θ as de�ned in Fig.
3.6. FE data indicated by the red markers and obtained from receivers de�ned in Fig. 3.5 and
a function of best �t represented by the dashed black line.

to the COV at the quasi-static limit, we can calculate S, as de�ned in Eq. (3.17), from

our FE results using

S =
COV (ξ)

COV (ξ0)
=

Rξ

Rξ0

, (3.24)

where Rξ0 is the maximum re�ection ratio for a given e�ective crack size. Similar to the

2D case, the crack was modelled by disconnecting the nodes across the crack face, which

e�ectively gives a zero-volume crack, and the depth of the crack was varied from 0 to

40% of the pipe wall thickness. Although the results from the mesh convergence study

in Chapter 3.2.2 concluded that a mesh density of 10 elements per mm is desired, the

3D simulations were limited to a mesh density of 8 elements per mm due to limitations

in computational hardware. This is because in our FE model, a mesh density increase

from 8 to 10 elements per mm will result in a signi�cant increase from 500 million to 800

million degrees of freedom. Figure 3.6(b) shows the FE simulated backscattered waves

from the crack where the SH0 and S0 mode has been labelled. The SH0 and S0 modes were

identi�ed by exploiting their mode shapes; the A0 modes can be suppressed in an unrolled

pipe wave �eld by summing the in-plane displacements at the external and internal pipe

surfaces to yield only S0 and SH0 contributions, as shown in Fig. 3.8(a). Alternatively

the same results can also be achieved by the subtracting the out-of-plane displacements at
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3. Scattering of SH0 from a Surface Breaking Crack

the external and internal pipe surfaces to yield the S0 contribution only, as shown in Fig.

3.8(b). The A0 mode can be isolated as shown in Fig. 3.8(c) by summing the out-of-plane

displacements at the external and internal pipe surfaces.

Figure 3.8: Snapshots of FE prediction of wave propagation in unrolled pipe showing the
backscattered (a) SH0 + S0 and (b) S0 and (c) A0 waves from a 1 mm x 2 mm surface crack
computed by (a) | uext,in + uint,in | (b) | uext,out − uint,out | and (c) | uext,out + uint,out | respectively,
where uext,in and uint,in are the in-plane displacements at the external and internal pipe surfaces
while uext,out and uint,out represent the out-of-plane displacements at the external and internal
pipe surfaces.

As performed in Chapter 3.2.2, the objectives of the numerical study were to validate the

analytically derived power coe�cients and to calculate the proportionality constant, K,

of Eq. (3.21). Since the value of R for any defect size within our scope of study can be

computed from FE, then K can be computed by directly solving for K using Eq. (3.21).

The power coe�cients Ma and Mf were obtained by best �tting the numerical data to

regression curves of power function form. The values of Mr and MT were calculated from

di�erent r values and FE simulations for di�erent pipe wall thicknesses respectively. The

FE estimates of these four parameters show reasonable agreement with the analytical

values as shown in Table 3.3. The small discrepancies may be partly due to the deviation

of this system from the low frequency limit, because the choice of SH0 guided wave

frequencies are relatively high, and also the mesh density used, as discussed above.

Fig. 3.9 shows the normalised shape factor, S, plotted against the crack aspect ratio, ξ,

on a log scale. The solid markers in this �gure plot the S values that were calculated

using FE results substituted into Eq. (3.24), whilst the solid line is a plot of Eq. (3.18)

with ξ0 = 1.38 and n = −0.37, which is a regression curve that best �ts the values of S
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Table 3.3: Summary of 3D results (©2019 IEEE)

Parameters Predicted Value Numerical Value

K - 1.1× 10−3

Mr -0.50 -0.50

Mf 1.5 1.61

Ma 3 3.13

MT -1 -1.10

ξ0 1.38 1.40

n -0.37 -0.38
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Figure 3.9: Normalised shape factor as a function of crack aspect ratio. (©2019 IEEE)

calculated from crack opening volumes under static loading. Fig. 3.5 shows that the FE

results agree well with the static solution at higher aspect ratios but the two solutions

diverge as the aspect ratio decreases; this corresponds to the crack shape becoming long

in the circumferential direction and shallow in depth. In this regime, the crack depth

is de�ned by a small number of elements in the FE analysis, which tends to lead to a

decrease in the accuracy of the numerical solution [93]. The lack of smoothness of the data

points in Fig. 3.9 is most likely caused by the FE mesh density varying when modelling

di�erent crack aspect ratios. Similar to the procedure used in the static case, the values

of ξ0 and n in the dynamic case can be calculated by using an error minimising routine

that best �ts the FE data to the regression equation described in Eq. (3.18). Only the

range of S values for ξ > 1 were considered for this analysis because of the limitation in
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3. Scattering of SH0 from a Surface Breaking Crack

FE accuracy as described above. Overall, these estimates show good agreement with the

values obtained from the static solution as shown in Table 3.3.

3.4 Summary

In this chapter, the SH0 scattering solution from a surface-breaking crack in a plate-like

structure is derived for both 2D and 3D cases, which is valid at low frequencies. The two-

dimensional (2D) analytical solution for the scattering of SH0 from surface and subsurface

cracks was derived using an imperfect-interface model with quasi-static approximations;

it was shown that the re�ection from a surface crack is double that from a crack in the

middle of the plate. In contrast to assumptions commonly made in guided wave testing

where the re�ection is assumed to be proportional to cross-sectional area loss, the 2D

solution also showed that the re�ection ratio at the low frequency limit is proportional to

frequency and crack depth squared, and is inversely proportional to plate thickness.

The investigation was extended to a three-dimensional (3D) system, where dimensional

analysis was used with quasi-static assumptions to derive the SH0 re�ection ratio as a

function of crack size, crack shape and waveguide thickness, whilst accounting for the

divergence of the scattered �eld. At the low frequency limit, the SH0 re�ection ratio

was shown to be proportional to frequency to the power 1.5, to the e�ective crack size

cubed, and to be inversely proportional to the plate thickness and to the square root

of the distance from the crack to the receiving transducer. The cubic dependence on

the e�ective crack size is consistent with previous �ndings, showing that the scattering

amplitude is directly proportional to the crack opening volume; again the re�ection ratio

is not simply proportional to the cross section loss produced by the crack. Dimensional

analysis and static crack opening displacement solutions were used to derive a low fre-

quency analytical solution for the re�ection amplitude ratio of shear guided waves from

a 3D surface-breaking crack. Both 2D and 3D results indicate that operating at higher

frequencies is bene�cial, but this is limited by the SH1 cut-o�. The beam divergence e�ect

in 3D will result in a higher measured re�ection ratio as the distance from the sensors to

the defect decreases, but as the distance reduces, more measurement points are required

to obtain a full inspection coverage of the plate width or pipe circumference. In the case of
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3. Scattering of SH0 from a Surface Breaking Crack

a pipe, this phenomenon suggests that it would be advantageous to measure the scattered

SH0 waves at stand-o� distances lower than the pipe circumference so that the received

signal is not complicated by helical path arrivals.

Finite element (FE) analysis was used to validate the power coe�cients from the dimen-

sional analysis and to obtain the proportionality constant. The comparison between the

numerical and analytical values showed good agreement, with small discrepancies due

to challenges in 3D mesh re�nement and the divergence of the FE predicted case from

the low frequency limit, which the analytical prediction is based on. The next chapter

proceeds to the experimental validation of the numerical and analytical 3D solutions, as

well as the evaluation of the monitoring performance of an SH0 guided wave system.
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Chapter 4

Monitoring Crack Growth Using SH0

Guided Waves

4.1 Introduction

R/σ As mentioned in the Introduction chapter, the damage sensitivity from one-o� guided

wave inspections can be signi�cantly improved when a monitoring con�guration is em-

ployed. For example in guided wave inspection of pipelines, the signal-to-noise ratio (SNR)

is dependent on the location of the defect on the pipe; scattered waves from a defect can be

masked by larger re�ections from features, such as welds and supports, and greatly reduce

the SNR. Baseline subtraction is a method that can be applied to isolate the damage signal

for damage detection thus improving the SNR. In general, this method involves collecting

signals from a structure with an unknown damage state and subtracting it from a signal

previously collected on the same structure with a known damage condition, with the aim

to detect damage growth. The resulting residual signal would ideally only contain inform-

ation about the damage, assuming that the baseline component of the recorded signals

remains stable over time as illustrated in Fig. 4.1(a-c). In practice, the baseline com-

ponent of a recorded signal can change over time as a function of temperature and other

environmental variations [94], which can lead to unwanted noise in the residual signal as

shown in Fig. 4.1(d-f). There are many alternate damage evaluation methods [39,95�98];

however, the simple baseline subtraction residual method with compensation is used here
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Figure 4.1: Illustrations of current and baseline signals collected under ideal conditions (a-b)
that are subtracted from each other to yield the ideal residual signal (c) which contains a high
defect SNR, in comparison to the current and baseline signals collected under real and practical
conditions (d-e), which yields the residual signal (f) that possesses a poorer defect SNR. Data
obtained from experiments described in Chapter 5.

to demonstrate the advantages of monitoring over one-o� inspections. Guided waves can

Figure 4.2: An example of a commercially available in�atable transducer ring that comprises
two rows of equally spaced piezoelectric transducers [1].

be excited in pipes by attaching a ring of piezoelectric transducers to a pipe, where an

example of a commercially available guided wave transduction equipment is shown in

Fig. 4.2. In both one-o� guided wave inspection and guided wave monitoring, the signals
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from the di�erent transducers in the ring are summed to measure the re�ected T(0,1)

mode from the defect; the re�ection amplitude ratio R provides an estimate of the defect

severity. Accurate measurements of the T(0,1) mode re�ection are obtained at distances

Figure 4.3: An illustration of an in�atable guided wave transducer ring on a pipe section and
a plot of re�ection amplitude against pipe axial distance. The black and red traces represent the
T(0,1) and �exural mode re�ections respectively [1].

more than several pipe circumferences away from a feature when the re�ections from the

defect have fully developed into T(0,1) and other pipe guided wave modes, as illustrated

in Fig. 4.3. However, at distances close to the defect, the plane T(0,1) mode, which is

equivalent to the SH0 mode in a plate, is scattered into an SH0-like mode that spreads

with distance as shown in the snapshots from an FE simulation given in Fig. 4.4(a-b).

The amplitude is highest close to the defect but if this is to be detected, then a large

number of transducers around the pipe circumference is needed to ensure full coverage;

there is a trade-o� between signal amplitude and the number of transducers required.

Therefore, instead of summing up the signals from all receiving transducers, it may be

bene�cial to look at individual signals or the sum of a few of them, which could o�er

improvement in signal-to-noise ratio (SNR). Since the SH0-like wave is a�ected by beam

divergence, the minimum number of measurement points required to obtain full pipe in-
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Figure 4.4: Numerically simulated scattered wave �eld from a surface breaking crack in an
unrolled pipe, with a diameter of 6 inches. The receiving transducers are indicated by the white
dots and illustrate the minimum number of receiving transducers required for full circumferential
inspection coverage, when the transducer stando� distance is equal to (a) r0 and (b) 2r0 where
r0 is the pipe radius.

spection coverage is dependent on the transducer stando� distance r. Another way to

improve sensitivity is to increase the inspection wave frequency, but the received signals

become more complicated at frequencies above the higher mode cut-o�. In cases where

a particular axial location on the pipe is to be inspected e.g. a weld, then it is possible

to optimise the location of the transduction system relative to the weld in order to min-

imise the number of transducers required for full coverage, while still maintaining the

required sensitivity. Hence, this chapter investigates the e�ectiveness of a short-range but

relatively high frequency guided wave system to monitor critical sections of structures,

predicting the in�uence of the number of receiving transducers and distance of inspection

zone from transducers.

Evaluating the damage detection ability of a system at di�erent locations is very costly

because it involves an extensive programme of damage growth in a structure over a long

period, as well as using an impractical number of sensors in the operational environment.

These limitations can be overcome by using the superposition method, which involves

superimposing defect re�ections obtained from �nite element (FE) simulations onto large

numbers of defect-free measurements. In this way, a synthetic or hybrid dataset is gener-
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ated and used to evaluate the damage detection capability, taking into account the e�ect

of environmental variations on the response of the structure. This methodology has been

successfully used to estimate the damage detection ability of permanently installed mon-

itoring systems [39, 99]. The receiver operating characteristic (ROC) curve is a useful

metric for evaluating the damage detection reliability as it plots the probability of detec-

tion (POD) as a function of the probability of false alarm (PFA) [100,101]. This chapter

begins with details of the crack growth experiment on the pipe and the damage detection

methodology used to quantify the damage. The yielded experimental results are then

compared to both analytical and numerical predictions from Chapter 3.3. Following from

this, the procedure of creating a hybrid dataset by superposing the real baseline data with

the FE predicted defect re�ections is discussed. Concluding remarks on the reliability of

using an SH0 guided wave for crack growth monitoring are drawn together in the �nal

section. Parts of this chapter have been adapted and extracted from publication [P2].

4.2 Crack growth in a steel pipe

This section investigates crack growth monitoring in a straight pipe section by measuring

the backscattered SH0 guided waves via a guided wave transducer ring mounted on the

pipe. Initially, the experimental setup is described, followed by the damage detection

methodology and lastly the comparison of the experimental results to both numerical and

analytical predictions.

4.2.1 Experimental setup

The experimental setup used to collect guided wave signals is shown in Fig. 4.5. It com-

prises a 1.2 m long, 6-inch nominal bore steel pipe (NPS6 Schedule 80/XS ASTM A106-B)

with an 11 mm thick wall and an outer diameter (OD) of 168.28 mm that is supported

on steel V-blocks lined with plywood. In this setup, the pipe can be approximated as an

unrolled plate because the e�ect of pipe curvature can be neglected (pipe radius (76 mm

here) >> wall thickness (11 mm) and pipe circumference (478 mm) >> wavelength (27

mm) [60,61]).
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Figure 4.5: Photo of the experimental setup.

A crack was simulated on the pipe at approximately 150 mm from the transducer, by

progressively milling a notch, with a circumferential length c and depth d in the thickness

direction, at the same prede�ned location using a milling cutter tool with a diameter of

1 mm, that is equivalent to the axial length of the notch. The experiment was setup

on the bed of a computer numerical control (CNC) machine and secured in place with

aluminium clamps lined with cardboard, so that the defect could be grown in stages whilst

ensuring that the milling tool returned to the same location for each increment. Guided

wave re�ections from the supports are minimised by using the cardboard and plywood,

which have soft surfaces [102]. A commercially available guided wave transducer ring was

clamped on to the pipe at the location shown in Fig. 4.5. Figure 4.6 outlines the details

of this transducer ring, which comprises two rows of 40 piezoelectric transducers that are

oriented to induce and receive circumferential motion in the pipe. Since a pitch catch

con�guration was used in the experiment, the region within the time signal which cannot

be used to classify a defect or dead zone was relatively small. A Handyscope HS5 waveform

generator with transmit-receive ampli�ers was used to generate a 5-cycle Hann windowed

wave with an 85 kHz centre frequency. As shown in Fig. 4.6, the �rst row of transducers

were wired in parallel and used to excite the T(0,1) mode; the top half of the second row

of transducers were programmed to receive as individual channels and the bottom half

of the transducers wired in parallel as a single channel, with a multiplexer being used to
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Figure 4.6: Details of the piezoelectric-based transducer ring.

collect the signal from each channel in turn. The second row of transducers were wired

in the described format due to the number of channel limitations in the multiplexer at

the time of the study. About 250 defect-free, baseline measurements were taken, along

with temperature measurements of the pipe and the room. After this, the notch was

grown progressively, the size at each step being given in Table 4.1; at each step, guided

wave measurements were collected at 15 minute intervals over a minimum of two days, in

order to check stability and to allow signal averaging. By standing o� the transducers less

Table 4.1: Experiment variables

Step Interval Defect Depth, d [mm] Defect Length, c [mm]

0 0 0

1 1.0 2.0

2 1.5 3.0

3 2.0 4.0

4 2.4 4.8

5 2.8 5.6

than a pipe circumference away from the crack, the clear arrival of the backscattered SH0

waves without any helical paths can be captured. Therefore, the SH0-like wave could be
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captured by the receiving transducers, as illustrated in Fig. 4.4(a-b).

4.2.2 Damage detection in pipe

Damage in the structure can be detected by comparing the baseline measurement records

with those following the introduction of the defect. Figures 4.7(a-b) show two examples

of the time traces from the same single receiver located at the 0o position on the pipe

as illustrated in Fig. 4.4(a-b), at the start and after the growth of the �fth defect step,

the signals being normalised to the re�ection from the pipe end on the other side of the

transducer ring, as shown in Fig. 4.5. Although the defect location is known during the

experiment, the defect signal cannot be easily detected from either Fig. 4.7(a) or (b) be-

cause of the low signal-to-noise ratio (SNR). This low SNR is attributed to the presence

of coherent, circumferential S0 and A0 waves that are generated along with the T(0,1)

wave [103]. S0 waves can propagate around the pipe circumference, meaning that both

the propagation direction and displacement are in the circumferential direction. Simil-

arly, A0 can propagate circumferentially and it would have displacement components in

both the circumferential and radial directions. Since the receiving transducer measures

displacement parallel to the pipe circumferential direction, the receiving transducer is

capable of measuring S0 and A0 modes. In order to improve the detection sensitivity, the

baseline subtraction residual method can be applied, the baseline signal being de�ned as

the �rst signal from the damage-free dataset. The environmental variations in the data-

sets are compensated for by applying a scale transform-based temperature compensation

algorithm [104]. This method approximates the e�ect of temperature changes as a com-

pression or dilation in the time domain, and reverses the e�ect by selecting an optimal

stretch factor that is determined by maximising the correlation coe�cient between the

baseline and measurement signals. The residual signals are then calculated by subtract-

ing the measured signal from the baseline after temperature compensation. Finally, we

de�ne the baseline subtracted residual re�ection ratio, R, as the ratio of the maximum

amplitude across a time window of duration equal to that of the input signal centred on

the potential defect location of interest to the maximum amplitude in a similar window

centred on the pipe end on the other side of the transducer ring from the defect. Fig.
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Figure 4.7: Temperature compensated time trace signals from a single receiver transducer (a)
without presence of damage (b) with damage detailed in Step #5 of Table 4.1 and (c) residual
signal of time trace given in (b). Note the di�erent amplitude scale in (c).
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4.8(a) shows R plotted as a function of monitoring sample number, sampled at 15 minute

interval over a period of 2 weeks, where the times of defect growth listed in Table 4.1 are

indicated by the vertical dashed lines.

The re�ection ratios in this �gure have been o�set by a constant value, to e�ectively

zero the mean of the data set for the undamaged pipe. The objective of the test was

to detect changes from the initial state so the mean value of R over the period before

damage introduction was de�ned as zero. From Fig. 4.8, it can be observed that the
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Figure 4.8: Plots of R from a single receiving transducer at about 10o relative to the defect
circumferential location and pipe temperature (red), against monitoring sample number (a) over
the entire experiment period (b) after the introduction of the �rst defect step. Red and blue solid
lines show mean values at di�erent step sizes and results from numerical simulations respectively.

experimentally measured R contains a signi�cant degree of noise due to variations in the

environmental and operational conditions (EOC), thus causing changes in the residual

component of the signals. The distribution of the values of R obtained at each damage

step was investigated by applying the Lilliefors test for normality [105], where the yielded

test statistic values were found to be less than their respective critical values required
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for a normal distribution to be assumed at a signi�cance level of 5%; the histograms of

these distributions can be found in Fig. 4.9. Therefore it is reasonable to assume that
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Figure 4.9: Histogram of experimentally measured re�ection ratio R (a) before the introduction
of the defect (b) when the notch depth is 1 mm (c) 1.5 mm (d) 2.0 mm (e) 2.4 mm and (f) 2.8
mm.

the residual measurements are normally distributed, so averaging can be used to improve

the estimates of re�ection ratio at each step size, which is denoted by Rµ.

4.2.3 Comparison with analytical and numerical predictions

The experimentally obtained values of R for each defect size were plotted in Fig. 4.10.

The analytically predicted values of R from a zero axial width crack and a 1 mm wide

notch were calculated using

R3D = Kr−0.5a3T−1f 1.5
(1

2

( ξ
ξ0

+
ξ0
ξ

))n
, (4.1)

which can be obtained by combining Eq. 3.21 and Eq. 3.18 from Chapter 3, and plotted

in Fig. 4.10. Table 4.2 lists the parameter values used for the analytical predictions.

In the case of the 1 mm wide notch, a new FE calculated proportionality constant,

K = K1, was used instead of K = K0, to account for the fact that the re�ection ratio is

also a function of the ratio of the axial extent of the defect to the wavelength, reaching

a maximum at a length of a quarter wavelength [42]; the 1 mm length of the notches

tested here represents 2.5% wavelength at the 85 kHz centre frequency. Additionally, the
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Table 4.2: Parameter values used for analytical prediction of the SH0 re�ection ratio from a
surface breaking crack.

Parameters Numerical Value

K0 1.1× 10−3

K1 2.2× 10−3

Mr -0.50

Mf 1.5

Ma 3

MT -1

ξ0 1.38

n -0.37
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Figure 4.10: Predictions of the SH0 re�ection ratio from a surface-breaking notch with 1 mm
axial length (solid line) and crack with zero axial length (dashed line) using Eq. 4.1, as a function
of the e�ective crack size, a =

√
cd, where c and d are the circumferential length and depth in

the thickness direction. The data obtained experimentally are given by the solid markers [4].
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FE results show that K1 ≈ 2K0, which agrees with �ndings from a previous study by

Demma et al. [42], which shows that the re�ection ratio doubles as the axial extent of the

notch increases from 0 to 2.5% wavelength, as displayed in Fig. 4.11. The crack gives a

Figure 4.11: Plot of re�ection ratio against axial extent as a percentage of the incident T(0,1)
wavelength. Results obtained from previous work [5] by FE simulations of a 3 inch pipe with a
notch of 20% depth and 25% circumferential extent at 55 kHz.

somewhat smaller re�ection than the notch, as would be expected [5], but the notch gives

a reasonable indication of the order of magnitude of the re�ection expected from defects

of di�erent sizes. Although K1 is approximately double the value of K, the re�ection

ratio change from the zero length crack case is still modest, approximately 0.05% for a

1 mm long and 2 mm deep crack. Overall, the results from Fig. 4.10 show very good

agreement between the experimental results and the predictions, showing that the simple

quasi static approximation discussed in Chapter 3 is applicable in this frequency range.

4.3 Evaluation of monitoring performance

In this section, the focus is on evaluating the detection performance at di�erent distances

from the transducer ring with di�erent numbers of receiving transducers. The defect

considered is the smallest one in the experimental programme, the 1 mm deep by 2 mm

wide notch with a 1 mm axial extent, equivalent to 0.065% cross-sectional area loss in
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the pipe. The damage detection scheme described in the previous section is applied to

synthetic datasets generated with di�erent values of the total number of measurement

samples or sample length L, number of receiving transducers rx and transducer stando�

distance from the defect r, as de�ned in Fig. 4.4(a-b).

4.3.1 Generation of synthetic data

A �nite-element model of a pipe with the same geometrical properties as the one used

in the experiment was created, as illustrated in Fig. 4.12. The incident T(0,1) mode

was generated by equal, circumferential excitation at one end of the pipe with the same

5-cycle, Hann windowed, 85 kHz centre frequency tone burst used in the monitoring

experiment. Predicted signals re�ected from the notch were recorded for all the surface

nodes located in the backscattered direction of the crack. A notch was modelled by

removing elements from the mesh, simulating the geometrical properties of the notch

used in the experiment. Similar to Chapter 3, the model was run using Pogo, a package

Figure 4.12: Schematic of the FE model displayed as an unrolled pipe which was used to
generate data for the synthetic dataset.

used for explicit time-domain FE modelling of wave propagation [66]. The pipe material

properties used were non-attenuative mild steel with a density of 7900 kg/m3, Young's

modulus of 207 GPa and Poisson's ratio of 0.27. The mesh size used in the simulations
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was 0.2 mm and the shortest SH0 wavelength of 27 mm was considered, which adheres

to the general rule of more than 10-30 elements per wavelength [64]. Fig. 4.13 shows an

example of the FE simulated residual time trace from a single receiver transducer located

with the same transducer stando� distance as the experiment. The synthetic damage
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Figure 4.13: Synthetic defect signal generated from �nite element simulations of the interaction
of an incident plane SH0 wave with a 1 mm deep and 2 mm wide notch for a single receiver
transducer located 150 mm away from the crack.

signals were produced by superposing the predicted defect re�ections such as those of

Fig. 4.13 with the experimentally measured signals with no damage such as those of

Fig. 4.7(a). The synthetic dataset simulating a defect was then processed in the same

way as the corresponding experimental data to give the re�ection ratio. As mentioned in

Section 4.1, it is of interest to investigate the improvements in SNR that can be obtained

by averaging across a number of receiver transducers. Both experimental and synthetic

values of R for multiple receiving transducers connected in parallel can be computed by

summing the signals from the desired number of receiving transducers located around the

pipe, the sum being taken over an equal number of transducers clockwise and anticlockwise

from the defect location; in practical application where the circumferential location of the

defect is unknown, signals formed from the sum of signals from the chosen number of

transducers centred at each circumferential location around the pipe in turn would be

considered. Fig. 4.14 shows the mean and standard deviation of the re�ection ratios R,

which were computed by summing the signals from di�erent numbers of transducers and

subtracting the mean baseline signal computed from the same number of transducers for

both the experimental signals, with and without the �rst defect step, and the synthetic

signals produced by adding the predicted defect re�ection to the baseline signals. The
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Figure 4.14: Plot of (a) means and (b) standard deviations of the re�ection ratios R computed
experimentally (circle markers) and from the FE superposition method (cross markers) as a
function of the number of receiving transducers for a 1 mm deep and 2 mm wide mm notch.

good agreement between the synthetic and experimental data validates the use of the

superposition approach to generate re�ection ratios; this will be used below to predict the

performance of the system for defects at di�erent locations along the pipe. As a result,

the performance of the monitoring system can be evaluated at di�erent axial distances

from the defect.

4.3.2 Receiver operating characteristic curves

The results from the previous section show that variations in the residual signal still

persist despite the application of temperature compensation procedures and the absence

of defect growth. These random changes manifest as scatter in the measured values of R

about a mean value. Since the results above show that R can be modelled by a normal

distribution, we can generate the probability distributions for R before and after the

introduction of a defect, which enables the evaluation of the ROC curve for detecting a

step of a certain size, based on a limited number of measurement samples and number of

receiving transducers rx. In this study the total sample length is de�ned as 2L with L

samples before and after the introduction of a step. In NDE and SHM, the ROC curve

plots the probability of detection (POD) versus the probability of false alarm (PFA). The
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Figure 4.15: Receiver operating characteristic (ROC) curve computed from the probability
distributions of R from a single receiving transducer at a sample length L = 50 at a trans-
ducer stando� distance of one pipe diameter from a 1 mm x 2 mm notch, with x-axis displayed
logarithmically. The ROC can be used to estimate the POD for a given false alarm rate.

de�nitions of POD and PFA used in this study were adapted from the work by Rummel

and Matzkanin [106]. A perfect detection system would give a curve that goes through

point (0,1), indicating 100% POD with no false alarms. In contrast, a random guess

system will generate a 45o diagonal line on a linear plot (with equal x and y axes), which

means that the POD and PFA are equal. The ROC curve is generated by sweeping a

threshold across the probability distributions of R and calculating the corresponding POD

and PFA values. Fig. 4.15 shows an example of the ROC curve for a sample length L of

50 points with the defect introduced after a further L points, so the total sample length

is 2L. This data was measured from a single receiver transducer (rx=1) located at a

distance of one pipe diameter away (r=OD) from a 1 mm deep by 2 mm wide notch, with

the x-axis displayed on a log scale.
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4.3.3 E�ect of number of receiver transducers monitoring at mul-

tiple points around circumference

As mentioned in the previous section, summing up the signals from multiple receivers

around the pipe, or increasing the receiver coverage around the pipe circumference, can

yield varying crack detection performance. Figure 4.16 shows the B-scan image generated

from FE baseline subtracted guided wave data measured from 40 equally spaced receiving

transducer around the circumference of a pipe at a stando� distance of 150 mm from a

1 mm deep and 2 mm wide mm notch. It is shown that the width of the high-energy

backscattered SH0 pulse is about 37.5% of the pipe circumference. Figure 4.17 shows the

Figure 4.16: B-scan image generated from synthetic baseline subtracted guided wave data
measured from 40 equally spaced receiving transducer around the circumference of a pipe at a
stando� distance of 150 mm from a 1 mm deep and 2 mm wide mm notch.

ROC curves for di�erent numbers of receiving transducers rx for a �xed sample length

L=10 at a transducer stando� distance of one pipe diameter away from the defect (r=OD).

Using the ROC curves, the POD for a given PFA of 0.1% can be plotted as a function of

receiver coverage, expressed as a percentage of the pipe circumference, as shown in Fig.

4.18. This �gure shows that as the number of receiving transducers increases from a single

transducer, the performance improves, providing maximum performance at 37.5% receiver

coverage, which is equivalent to 15 receiving transducers at the circumferential spacing of

10 mm employed in the ring of Fig. 4.6. This is roughly equivalent to the circumferential

extent of the main lobe of the re�ection from the defect (see Fig. 4.4) at this stando�.

A receiver coverage of 100% is equivalent to summing up the signals from the maximum
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number of 40 equally-spaced piezoelectric transducers around the transducer solid ring

as shown in Fig. 4.6. This is labeled as the T(0,1) case because it is equivalent to the

measurement of the T(0,1) response in conventional guided wave screening techniques.
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Figure 4.17: The ROC curves from di�erent number of receiving transducers at a sample length
of L = 10, at a transducer stando� distance of one pipe diameter from the defect (r=OD).
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Figure 4.18: Probability-of-detection POD for a false alarm rate of 0.1% as a function of receiver
coverage expressed as a percentage of the pipe circumference, for di�erent sample lengths L, at
a transducer stando� distance r of one pipe diameter away (r=OD).
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Although a single receiver yields a higher measured amplitude of SH0 waves in comparison

to the T(0,1) case, the performance is relatively poor because the noise generated from

uncompensated EOC e�ects is high, yielding a low SNR. The sum of the signals from an

optimum number of receiving transducers for a given transducer con�guration and pipe

geometry would perform better than both the T(0,1) and single receiver transducer cases,

because it would capture a relatively higher portion of the backscattered SH0 waves, as

illustrated in Fig. 4.4, while reducing the noise level via an averaging e�ect across this

sum of transducers.

4.3.4 E�ects of sampling length

Figure 4.19 shows the ROC curves at di�erent values of L, for a single receiving transducer

located one pipe diameter away from the defect (r=OD), the total sample length being

2L. Again, the POD for a given PFA of 0.1% can be plotted as a function of L to yield

Fig. 4.20. This �gure shows that as the number of measurement samples L increases,

the performance of the system improves. The distribution of the measured values of the
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Figure 4.19: ROC curves for di�erent sample lengths, for a single receiving transducer (rx=1)
at a transducer stando� distance of one pipe diameter away (r=OD).
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Figure 4.20: POD at PFA of 0.1% as a function of sample length from di�erent number of
receiving transducers at a transducer stando� distance of one pipe diameter (r=OD).

re�ection ratio R can be modelled by a normal distribution whose population mean Rµ

provides a good estimate of the true re�ection ratio. Consequently, the accuracy of the

Rµ estimate increases with
√
L [107].

4.3.5 E�ects of transducer stando� distance

Figure 4.21 shows the ROC curves at di�erent transducer stando� distances r, from a

single receiver transducer (rx=1) at a sample length L=5. This �gure shows that the per-

formance decreases with increasing stando� distance because the scattered SH0 amplitude

decreases with distance from the defect by a factor of
√
r due to the e�ect of beam diver-

gence [4]. Figure 4.22 shows the POD at a PFA of 0.1% for a single receiver transducer as

a function of the distance of the defect from the transducer ring r obtained from the set

of calculations used to plot Figure 4.21. Figure 4.22 also shows the corresponding results

for the T(0,1) mode, where all transducers are used, and for 15 receiving transducers. At

distances of above 2.5 pipe diameters, the T(0,1) mode outperforms the 15 transducers.

By considering all possible numbers of transducers it is possible to de�ne an optimum

performance at any given distance. The improvement in the performance of the system

becomes negligible and converges to the T(0,1) case using all transducers after a distance

of around three pipe diameters, which is approximately the circumferential length of the

pipe; beyond this, re�ected energy following helical paths around the pipe increasingly
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Figure 4.21: ROC curves for di�erent transducer stando� distances, from a single receiver
transducer (rx=1) at a sample length L=5. The solid line re�ects the stando� distance used in
the experiment.

0 1 2 3 4 5
Distance from defect, r  [in pipe diameter, OD]

0

0.2

0.4

0.6

0.8

1

P
O

D
P

F
A

=
0
.1

%

rx=1
rx=15
T(0,1)
Optimum

Figure 4.22: POD for a false alarm rate of 0.1% from di�erent number of receiving transducers
at a sample length L=5, as a function of transducer stand-o� distance r.
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combines to form the pipe guided wave modes including T(0,1). In principle it is possible

to obtain a speci�ed performance at any distance and with any number of transducers

simply by varying the sample length L. Figure 4.23 shows the required sample length

for 95% POD and 0.1% PFA for di�erent numbers of transducers and di�erent distances.

As expected from Figure 4.22, a very large number of samples is required for the single

transducer case. This study has considered step changes in defect size so simple averaging
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Figure 4.23: Minimum sample length, Lmin, required to achieve 95% POD at a 0.1% false
alarm rate against transducer stando� distance r, for di�erent number of receiving transducers
rx, with the y-axis displayed logarithmically.

of signals obtained at di�erent times is satisfactory. In practice, defects are likely to grow

gradually so rather than assuming a constant re�ection over the data length, it would be

appropriate to �t the data to a curve; provided the wall loss proceeds at the same function

of time over the period considered, the accuracy of the �t will increase with the number

of points, as in Figure 4.23. In practice, it is likely to be satisfactory simply to represent
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the wall loss as a piecewise linear function of time so that a simple linear �t is done over

a given measurement window.

4.3.6 Addressing phase cancellation in signals from multiple re-

ceivers

Since we are operating below the SH1 cut-o� frequency with a short transducer stando�

distance from the crack (approximately 4 wavelengths apart), the error attributed to

phase cancellation during signal summation was modest; the phase di�erence between two

adjacent transducers was 0.6o. However, the phase di�erence increases to 12o between

the �rst and �fth transducers around the ring, which corresponds to 25% of the pipe

circumference. The error attributed to phase di�erences would increase as the signals from

a larger number of receivers are summed; a lower inspection frequency reduces this error.

Alternatively, imaging algorithms typically used in high frequency ultrasonic inspection,

such as the common source method (CSM) can be applied. Similar to our existing setup

of transmission of the T(0,1) or plane SH0 wave, the CSM in phased array ultrasonics

involves transmission of a plane bulk wave by transmitting from all transducer elements

simultaneously and involves creation of an image from the scattered data by evaluating

the time-of-�ight between the scatterer and the receivers [108�112]. The application of

CSM on a similar experimental pipe setup as this work has been investigated by previous

authors [61, 113, 114], for the purpose of characterising pipe defects using shear guided

wave transducers with stando� distances of more than one pipe circumference from the

defect. In their work, the spatial phase shifts undergone by the multiple backscattered

pipe guided wave modes can be accounted for by backpropagating the modes along the

axial distance of the pipe.

The intensity of the CSM image, I(r), formed at any point of the scanned area is given

by:

I(r) =

∣∣∣∣ N∑
j=1

hj

(r.Y + |r − rjR|
c

)∣∣∣∣, (4.2)

where N is the number of elements, hj is the Hilbert transform of the temporal signal
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received by receiver j, c is the wave velocity, r is the position vector of the image point, rjR

is the position vector of the jth receiving transducer and Y is the unit vector in the pipe

axial direction. In our case, an unrolled pipe is assumed so r is the position vector in the

2D plane of an unrolled pipe. Figures 4.24(a-b) show the CSM images constructed from
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Figure 4.24: Images of the unrolled pipe with a 2 mm x 1 mm notch constructed using the
common source method (CSM), from the baseline subtracted FE simulated signals measured
using (a) 20 and (b) 40 receiving transducers. The image colour scale is displayed as a percentage
of the incident wave amplitude. The region of high intensity in these images is attributed to the
scattered SH0 by the notch in the pipe located 150 mm from the receiving transducers which are
labelled by the black dots. The white line represents the 90 degree arc from the scatterer.

the baseline subtracted FE simulated signals measured using both 20 and 40 receiving

transducers that are circumferentially centred on a notch, respectively on a pipe model

described in Fig. 4.12, where the region of high colour intensity is caused by the scatter-

ing from the 2 mm wide and 1 mm deep notch. The con�guration given in Fig. 4.24(a)

re�ects the experimental con�guration described in Fig. 4.6 where individual signals from

only 20 receivers were collected. Figure 4.25 shows how the maximum amplitude of the

CSM image varies with the number of equally spaced receiving transducers circumferen-

tially centred on a notch located 150 mm away, so that the receivers lie within the 90

degree arc of the scatterer; 20 receiving transducers yields the maximum amplitude with

little improvement or poorer results beyond this as the backscattered SH0 wave intensity

diminishes when θ > 45° and θ < −45°. Both these �gures suggest that the maximum

amplitude at each pixel of the image can be achieved by using the number of receiving

transducers that optimises the coverage of a 90 degree arc from the pixel where a shear

horizontal wave scatterer can be found; the scattered wave �eld from a surface breaking

crack is shown in Fig. 4.4.

As mentioned previously, the partial number of receivers con�guration chosen in the
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Figure 4.25: Plot of the maximum backscattered amplitude before and after phase compensa-
tion and expressed a percentage of the incident wave amplitude against the number of receiving
transducers used to form the CSM image. The horizontal dashed line represents the maximum
amplitude achieved by using 20 receiving transducers.

CSM image shown in Fig. 4.24(a) is currently not optimised for detecting defects that are

outside the zone between the white dashed lines and the receivers. An optimised solution

for maximising the detection of shear horizontal waves at each pixel can be obtained by

applying Eq. 4.2 only across the receivers which are within a 90 degree arc of the pixel,

as illustrated by Fig. 4.26. This technique of limiting the angle of wave propagation in

the image formation, which e�ectively varies the aperture size as a function of a speci�ed

angle, has been applied in a previous work [115]. The intensity value at the crack location

can be compared to the re�ection ratio R calculated previously in Fig. 4.14 by dividing

it by the number of receivers used to form the image. The ratio of R (obtained from

the CSM images) to the standard deviations from experimental measurements σ (see

Fig. 4.14) are plotted against number of receiving transducers as shown in Fig. 4.27,

and compared to the similar values calculated from summing the FE simulated signals

from the receivers without phase compensation. The results in Fig. 4.27 show that

the phase compensation of the backscattered SH0 wave signal across multiple receiving

transducers can be compensated through the use of the CSM algorithm to yield higher

re�ection ratios but that the error is negligible below about 5 receiving transducers as

predicted in Fig. 4.27. Figure 4.28(a-b) shows the CSM images constructed using a single
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Figure 4.26: Schematic diagram illustrating the layout of the proposed CSM con�guration
in an unrolled pipe that provides full coverage of the pipe with maximum intensity from shear
horizontal wave scatterer; each pixel is calculated only by summing signals from receivers within
a 90 degree arc from the pixel centre.
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Figure 4.27: Plot of R/σ computed from the baseline subtracted FE signals with and without
phase compensation (using CSM) as a function of the number of receiving transducers for a 1
mm deep and 2 mm wide notch. A higher R/σ value leads to an increased performance in signal
change detection during structural health monitoring and hence a higher probability of detection
for a given false alarm rate.
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(a) SNR = 5.05 dB (2 mm x 1 mm notch)
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(b) SNR = 18.2 dB (4.8 mm x 2.4 mm notch)

Figure 4.28: Images of the unrolled pipe with a notch of dimensions (a) 2 mm x 1 mm and
(b) 4.8 mm x 2.4 mm (length x depth) constructed using the common source method (CSM),
from a single measurement set of baseline subtracted residual signals measured using 20 receiving
transducers (black dots) from the experiment. The image colour scale is displayed in decibels
with a di�erent scale used in both subplots. The position of the notch in the pipe is indicated by
the centre of the magenta dashed circle with a diameter of the incident wavelength; the maximum
SNR within this circle was calculated and presented in the subplot captions.

set of experimentally collected baseline subtracted residual signal during �rst and �fth

stages of the experiment, which corresponds to the notch lengths and depths of 2 mm x

1 mm and 4.8 mm x 2.4 mm respectively. The black region in the images are masks that

have been applied to discount regions outside the 90 degree arc centred on the location

of interest; in the proposed scheme these would be interrogated with a di�erent set of

receivers. As expected, the �gure shows that the larger notch size is visibly easier to

detect than the smaller notch due to the higher signal-to-noise (SNR) ratio; the noise

level can probably be reduced by taking the average of the CSM images formed using

more than one set of experimentally collected baseline subtracted residual signals, but

this has not yet been investigated. In summary, there is a potential to further improve

the probability of detection of cracks using SH0 in a pipe by incorporating plane wave

imaging algorithms, such as CSM, to address the issue with phase cancellations when

using multiple signals collected from an array of transducers; future work could be carried

out to investigate the performance of the imaging algorithm when all the transducers are

individually addressable, enabling the scheme of Fig. 4.26 and also under more realistic

circumstances such as for a tilted crack or for a crack near a weld.

100



4. Monitoring Crack Growth Using SH0 Guided Waves

4.4 Summary

This chapter investigated the performance of the fundamental shear horizontal (SH0)

guided wave mode, at frequencies just below the higher order mode cut o�s, for crack

growth monitoring at critical locations. Baseline subtraction with temperature compens-

ation was applied to experimental data generated by a ring of transducers on a 6-inch

diameter pipe. It was found that the residual signals after baseline subtraction were nor-

mally distributed so the random �uctuations could be reduced by coherent averaging.

This made it possible to reliably detect a 1 mm deep and 2 mm wide notch located one

pipe diameter along the pipe from the transducer ring; this corresponds to 0.065% cross-

section loss. These experimental results were also shown to be in good agreement with

numerical and analytical �ndings predicted from the previous chapter.

The damage detection performance at di�erent locations along the pipe was assessed by

analysing receiver operating characteristic curves (ROC) generated by adding simulated

defects to multiple experimental measurements without damage. At a �xed stando� dis-

tance, the damage detection performance increases with the square root of the number of

signals averaged, and is also improved by averaging the signals received by transducers

covering the main lobe of the re�ection from the defect; plane wave imaging methods such

as the common source method (CSM) can be used to address the issue with phase cancel-

lations when using multiple signals collected from an array of transducers. Therefore, an

SH0 mode monitoring system has great potential for crack monitoring in pipes and other

applications because full circumferential coverage can be obtained using a modest number

of transducers and the transduction system can be located within a pipe circumference

away from the region of interest. This is likely to be attractive in, for example, monitoring

crack development at welds which is explored in the next chapter.
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Chapter 5

Crack Monitoring Near Welds

5.1 Introduction

The previous chapter of this thesis demonstrated that a simulated crack can be detected

in a featureless pipe, by using SH0 guided wave sensors consisting a ring of piezoelectric

transducers in a monitoring con�guration. This ring of sensors around the pipe circum-

ference is used to transmit shear guided waves; summing up the signals from each sensor

allows the calculation of the T(0,1) response. If the signal-to-coherent noise ratio from

a standard guided wave sensor were to improve signi�cantly, then this simulated crack

could have been detected by a one-o� inspection. In practice however, cracks can also be

present in the heat-a�ected zone near welds [116] or other features, which makes detec-

tion of small defects from, for example one-o� guided wave (GW) inspections, virtually

impossible because the re�ection from the crack is superimposed on the larger re�ection

from the weld or other feature. For example, the T(0,1) re�ection amplitude ratio at 100

kHz for a notch with dimensions of 20 mm × 2 mm × 0.5 mm (circumferential length ×

depth × axial length) and a girth weld with dimensions of 2 mm × 12 mm (cap height

× cap length) in an 8-inch schedule 40 pipe are 0.2% and 20% respectively [40]. Ideally,

this change can be detected by employing a monitoring con�guration and a baseline sub-

traction technique, but obtaining a stable baseline component can be challenging because

it is strongly dependent on the environmental and operational conditions (EOC), which

a�ect the performance of transducers and properties of the test specimen, including the
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behaviour of the GW re�ector [117]. Temperature has been shown to have a large e�ect on

both the guided wave propagation speed and the transducer performance change [118],

which will need to be compensated for. Therefore transducer stability and signal pro-

cessing methods that compensate for EOC changes are crucial for reliable detection in

monitoring.

Piezoelectric transducers that are adhesively bonded to a test specimen is an example of

a contact-based method for guided wave monitoring in the industry. However, previous

work has shown that the bonding adhesive, or other bonding agents, can degrade over

a long period of time when exposed to cyclic thermal loading which results in baseline

instability and drift [119]. In contrast to this method, electromagnetic acoustic trans-

ducers (EMATs) are generally regarded as contactless transducers as they do not require

mechanical coupling to the surface structure. Although EMATs do not require the use of

adhesives, they too are susceptible to transducer instability as recent work has shown that

the contact between EMAT and a test specimen is also important; di�erent contact mater-

ials can lead to di�erent long-term stability behaviour [120]. Herdovics & Cegla recognised

that compensation for changes in both transducer phase response and wave propagation

speed are necessary for reliable low frequency (around 25 kHz) torsional guided wave

monitoring in steel pipes, and developed an iterative-based compensation method that

uses only the ultrasonic signal itself to minimise the e�ects of temperature [121]. The

authors demonstrated that this method yields signi�cant improvement over conventional

scale-base transformation, but does not completely remove temperature dependent noise

at features.

Overall, the biggest advantage of using EMATs is the ease of deployment and installa-

tion. In addition, EMATs could be bene�cial in high temperature applications, where

there is no need to maintain physical coupling to the specimen, in contrast to long term

issues arising from solid coupling techniques for piezoelectric transducers [122]. Lorentz

force-based EMATs, such as periodic permanent magnet (PPM) EMATs, can be used to

generate shear waves in ferromagnetic, steel plate-like structures [123] and pipes [124].

PPM EMATs are made of an array of magnets having alternating magnetisation direc-

tions, that is normal to the sample surface and with straight wires that carry the driving

current between the magnet array and the sample, as illustrated in Fig. 5.1 [125, 126].
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Figure 5.1: Schematic diagram of a periodic permanent magnet (PPM), with the wave propaga-
tion directions and the polarity of the magnets and coils shown [6].

The work reported in this chapter extends on this idea by using a pair of EMATs in a pitch

catch con�guration for the purpose of crack monitoring. Firstly, the e�ects of temperat-

ure cycling on transducer stability are explored. The next section outlines the �ndings of

simulating a crack near a weld. The conclusions are outlined in the �nal section.

5.2 Temperature-cycling of EMATs

This section investigates the stability of monitoring a weld using SH0 EMATs over sev-

eral temperature cycles. Initially, the experimental setup is described, followed by the

details on the temperature compensation method and �nally, the system stability is as-

sessed by evaluating how the baseline subtracted residual re�ection ratio R changes with

measurement number.
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5.2.1 Experimental setup

The experimental setup used to collect guided wave signals during the temperature cycling

study is shown in Fig. 5.2. It comprises a 1.2 m long, 6-inch nominal bore steel pipe (NPS6

Figure 5.2: Photo of the experiment setup during temperature cycling program, (a) before and
(b) after it was wrapped with pipe insulation jackets.

Schedule 80/XS ASTM A106-B) with an 11 mm thick wall and an outer diameter (OD)

of 168.28 mm that is supported on steel V-blocks lined with plywood, which have soft

surfaces to minimse guided wave re�ections from the supports [102]. Figure 5.3 shows

the Lorentz force based EMAT used in this study, which comprises a Neodymium-iron-

boron magnets (N42 grade) magnet stack and current-carrying coil (not shown). A pair

of this PPM EMATs was placed on the pipe and programmed to operate in a pitch-

catch con�guration; one transducer to transmit and the other to receive shear horizontal

(SH) waves. Both EMATs were placed on the same side of the weld, which allowed the

transmitted incident wave and the weld re�ection to be measured and monitored. The

transducers are circumferentially aligned and kept at a �xed distance from each other by

a pair of custom-made steel rails. A schematic which describes the experimental layout in

an unrolled pipe format is given in Fig. 5.4. A Handyscope HS5 waveform generator with
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Figure 5.3: Rendered image of the PPM EMAT used in this study (current-carrying coil not
shown). The transducer was designed and custom-built by Guided Ultrasonics Ltd.

Figure 5.4: Unrolled pipe schematic of the experiment layout.
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transmit-receive ampli�ers was used to generate a 10-cycle Hann windowed wave with a

150 kHz centre frequency. The structure was exposed to 10 heating cycles over a period

of 3 weeks, in order to mimic environmental changes. A commercially available 1 kW fan

heater was used to heat up the pipe by channelling hot air through the middle of the pipe.

In each heating cycle, the pipe was heated to 40°C and signals were acquired during the

cooling stage at 2 minutes interval. The temperature measurements were recorded with

3 thermocouples located at the weld and each end of the pipe, as shown in Fig. 5.2.

5.2.2 Guided wave signals

An example of an experimentally acquired guided wave signal after application of a band-

pass �lter, is shown in Fig. 5.5. The incident SH0 wave and the SH0 re�ections from

0 0.5 1 1.5 2 2.5 3 3.5
Time [s] 10-4

-0.1

-0.05

0

0.05

0.1

Am
pl

itu
de

 [V
]

Incident

Cut End BWeld

Figure 5.5: Ultrasonic signals acquired on a pipe after application of a band pass �lter.

the weld and Cut End B from Fig. 5.2, are labelled in Fig. 5.5. It is worth noting that

that re�ection from the girth weld from this experimental setup is signi�cantly higher

(R = 65%) than typically obtained from conventional guided wave inspection of pipelines

(around 20%). This is because this girth weld was poorly prepared and manufactured

by a non-coded welder; destructive testing was performed on the pipe specimen after the

experiments, where it was discovered that the weld penetration was only about 3 mm of

the 11 mm wall thickness which manifested itself as a large guided wave re�ector. The

larger than usual weld re�ection makes it a more di�cult case than with a good weld, as
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defect detection involves measuring a small change in a very large re�ection; this further

emphasises the advantages of monitoring over one-o� inspection, which is a�ected by poor

signal-to-coherent noise ratio.

5.2.3 Temperature compensation

In the previous chapter, we used the combination of the baseline subtraction technique,

trending the maximum residual within the location of interest in the time domain and

averaging this maximum residual trend across multiple measurement numbers in order to

detect the defects. However, it has been shown that EMATs that have not been designed

and built speci�cally for long term monitoring, can have drift e�ects that e�ectively causes

the baseline component of the signal to vary with time [120]. Consequently, this will cause

errors to be present when calculating the baseline subtracted residual after a signi�cant

period of time has passed. Herdovics and Cegla [121] developed an iterative method to

process signals from their EMAT array which involves estimating the stretch factor and

phase shift corrections that minimises the residual error. The estimated parameters were

calculated by using the incident wave signal as a reference, which could be measured in

their array setup which was in a pitch-catch con�guration. The authors showed that their

compensation method reduced the coherent noise in their residual signals by up to 20

dB, in comparison with wave-speed compensation methods only. Recently, Mariani et.

al [127] developed the location speci�c temperature compensation (LSTC) method, which

works by compensating for temperature induced noise at a speci�c location in the time

domain signal by developing a location speci�c calibration function. Generally, the LSTC

method comprises both calibration and monitoring stages. The calibration stage involves

generating a calibration curve that relates an environmental or operational parameter, for

example the pipe temperature, to the amplitude of a signal at a speci�c location. In the

case of a guided wave monitoring system, the data for this curve are obtained from guided

wave baseline measurements of a structure with a known state across the temperature

range of interest. In the monitoring stage, the residual signal amplitude at a speci�c

location is computed for each measurement number of the monitoring dataset. Then,

the amplitude value predicted by the curve computed for that location and temperature
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is subtracted from the residual signal amplitude. This yields a so-called temperature

compensated residual signal, which can be analysed to detect if there has been any damage

at that speci�c location.

Since the EMAT con�guration allowed measurements of the incident wave or initially

transmitted signal, we have selected the incident wave as a reference signal for compens-

ation of the behaviour of the weld signal with measurement number. Alternatively, the

re�ection signal from Cut End B in the opposite direction from the weld, as shown and

labelled in Fig. 5.2 and Fig. 5.5, can be used as a reference signal. However, this is not

practical in the �eld because in-service pipelines usually do not have a cut end. Figures

5.6(a-b) show one example of the same guided wave signals collected from the receiver

EMAT shown in Fig. 5.4 where the incident and weld signals have been windowed re-

spectively across a �xed time interval; the Fourier transforms for these signals are then

computed. The magnitude and phase of the centre frequency component of the Fourier

transforms are plotted against the measurement number in Fig. 5.6(c-d) and Fig. 5.6(e-f)

respectively; the same plot of pipe temperature against measurement number is given

in both Fig. 5.6(g-h) for convenience in the observation of temperature dependence be-

haviour. Evidently, Fig. 5.6(c-f) show a strong temperature dependence of both centre

frequency magnitude and phase angle of the incident wave and weld re�ection signals.

From a temperature change of 20°C to 40°C, the change in phase of the centre frequency

component for both the incident wave and weld re�ection signals are approximately 23°

and 43° respectively due to changes in phase velocity with temperature; the weld signal

exhibits a larger phase change because of a higher propagation distance, which indicates a

change in the velocity of the wave in the pipe. From this point onwards, we are interested

in how the magnitude at the centre frequency of the weld signal behaves across the meas-

urement numbers. The LSTC method has been adapted and used in this study, speci�cally

by building calibration curves that relate pipe temperature to the weld magnitude data,

by �rstly estimating a 2nd order polynomial curve of best �t for the magnitude against

temperature data collected during the �rst temperature cycle, which lies between meas-

urement number 184 to 526, as shown in Fig. 5.7(a). This magnitude-temperature curve

of best �t is used to temperature compensate the magnitude of the weld (magenta line in

Fig. 5.8), which yields the blue line in Fig. 5.8(a). This process was then repeated for the
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Figure 5.6: A single guided wave time trace (dashed line) and the windowed signal (solid
line) for the (a) incident wave and (b) weld re�ection. Fast Fourier transformation was used to
calculate the centre frequency (c-d) magnitudes and (e-f) phase angle for the incident wave and
weld re�ection respectively. The pipe temperature (g-h) is shown to be a signi�cant factor that
a�ects both magnitude and phase.

temperature compensation of the magnitude of the incident wave, as shown in Fig. 5.8(b).

An additional calibration curve is introduced to relate the incident wave amplitude to the

weld re�ection amplitude since the generated incident wave amplitude in this experiment

was not constant across all measurement numbers. This was performed by plotting the

temperature-compensated magnitudes of the weld and incident wave against each other,

as shown in Fig. 5.7(c), and estimating a 2nd order polynomial curve of best �t. This

weld-incident temperature-compensated magnitude curve of best �t is then used to obtain

the temperature-compensated and normalised weld magnitude at the centre frequency, as

shown by the black line in Fig. 5.8(a). Finally, the baseline subtracted residual amplitude

ratio R plot can be created by subtracting the compensated magnitude of the weld from

its �rst value and expressing it as a percentage of the cut end magnitude, which we as-

sume is a 100% guided wave signal re�ector, as shown in Fig. 5.9. Fig. 5.10 summarises

the work�ow used to calculate the compensated values of R. Fig. 5.9 shows that the

e�ects of temperature on R has largely been compensated for and the data is relatively

stable up to the �fth temperature cycle; the value of R displays variations beyond this

111



5. Crack Monitoring Near Welds

15 20 25 30 35 40 45

Pipe temperature [oC]

31

32

33

34

35

W
el

d 
si

gn
al

 m
ag

. [
a.

u.
], 

W (a)

All measurement data
Measurement data from 1 st temperature cycle only
Polynomial curve of best fit

15 20 25 30 35 40 45

Pipe temperature [oC]

84

86

88

90

92

In
ci

de
nt

 w
av

e 
si

gn
al

 m
ag

. [
a.

u.
], I

(b)

All measurement data
Measurement data from 1 st temperature cycle only
Polynomial curve of best fit

83 84 85 86 87 88 89
T compensated I [a.u]

31

32

33

34

35

T 
co

m
pe

ns
at

ed
 W

 [
a
.u

] (c) Temperature compensated data
Polynomial curve of best fit

Figure 5.7: Plot of the raw magnitude at the centre frequency of the (a) weld signal and (b)
incident wave signal against pipe temperature. The colour of the dot markers changes from blue
to green to indicate measurements sorted in chronological order. In both (a) and (b), temperature
calibration curves of best �t were estimated using the data from the �rst temperature cycle
(measurement number 184 to 526); there are 3 anomalous data points (black circles). (c) Plot
of temperature-compensated magnitudes at the centre frequency for the weld signal against the
incident wave with an estimated curve of best �t (red line).
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Figure 5.8: The centre frequency magnitude plot against measurement number for the (a)
weld signal and (b) incident wave or reference signal during the temperature cycling study. The
raw, temperature compensated and reference signal normalised magnitudes are described by the
magenta, blue and black lines respectively.
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Figure 5.9: The change in magnitude of the weld signal at the centre frequency, expressed in
baseline subtracted residual re�ection ratio R, against measurement number during the temper-
ature cycling study against measurement number.

measurement number. The variation of R is caused by uncompensated changes to the

behaviour of the EMAT system, which manifest as drift in the magnitudes of the weld

and incident wave signals as shown in Fig. 5.7(a-b). This drift e�ect was also observed

in a previous study with EMATs that excited guided wave via the Lorentz force mech-

anism, with drifts of up to 5% in re�ection ratio over 3 months, despite compensation of

the signal propagation speed, amplitude and phase [121]. The variation is thought to be

caused by an opposite force generated on the transducer, due to the coil current, which

in�uences the displacement of the coil on the pipe surface [121]. The authors showed that

the vibration could be isolated by installing a silicone interlayer between the pipe and the

EMAT, which decoupled the transducer from the pipe; an experiment over several heating

cycles showed signi�cant improvement in signal stability compared to a setup without the

silicone interlayer [121]. However, the EMAT system available during the time of study

did not have this option present.

The distribution of the values of R across all the measurement samples was investigated

by applying the Lilliefors test for normality [105], where the yielded test statistic value

was found to be less than the respective critical value required for a normal distribution

to be assumed at a signi�cance level of 5%; the histogram of this distribution can be

found in Fig. 5.11(a). Similarly, both the distributions of R up till and beyond the
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Figure 5.10: Work�ow used in this chapter to calculate the baseline subtracted residual at
the weld. Step (1) identi�es the incident and weld re�ection signal within the ultrasonic data.
Step (2) shows the temperature calibration curves for the incident and weld signals. Step (3) is
the incident wave calibration curve for the weld re�ection. Step (4) is the subtracted residual
amplitude at di�erent measurement numbers.
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Figure 5.11: Histogram of experimentally measured baseline subtracted residual R for meas-
urement numbers (a) 1 to 4807, (b) 1 to 1700 and (c) 1701 to 4807.
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�fth temperature cycle are shown in Fig. 5.11(b-c) and were tested for normality using

the same statistical test which concluded that both distributions can be assumed to be

normally distributed. In summary, the measured values of R over 10 temperature cycles

can be assumed to be normally distributed with a mean value of 0. However, there is

evidently some e�ects occurring that are not fully compensated which led to the variations

in R that increased the standard deviation of R beyond the �fth temperature cycle, thus

reducing the defect detection performance of the monitoring system. It is predicted that

adding a silicone layer between the EMAT coil and the pipe specimen could increase the

stability of the EMAT system and eliminate low frequency variations, however this has

not yet been investigated.

5.3 Crack growth near weld

This section investigates the performance of using SH0 for monitoring crack growth near a

weld. Initially, the experimental setup is described, followed by the performance detection

expressed as baseline subtracted residual re�ection ratio R changes with measurement

number.

5.3.1 Experimental setup

The experimental setup used to collect guided wave signals during the defect growth

study is shown in Fig. 5.12. It comprises a 1.2 m long, 6-inch nominal bore steel pipe

(NPS6 Schedule 80/XS ASTM A106-B) with an 11 mm thick wall and an outer diameter

(OD) of 168.28 mm that is supported on steel V-blocks lined with plywood. A crack was

simulated on the pipe at approximately 150 mm from the transducer, by progressively

milling a notch at the same prede�ned location using a milling cutter tool with a diameter

of 1 mm, that is equivalent to the axial length of the notch. Similar to the previous

chapter, the experiment was setup on the bed of a computer numerical control (CNC)

machine and secured in place with aluminium clamps lined with cardboard, so that the

defect could be grown in stages whilst ensuring that the milling tool returned to the same

location for each increment. Guided wave re�ections from the supports are minimised by
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Figure 5.12: Photo of the experiment setup during the CNC machining program.

using the cardboard and plywood, which have soft surfaces [102]. The same transducers as

described in the previous section were used. About 600 defect-free, baseline measurements

were taken, along with temperature measurements of the pipe and the room. After this,

the notch was grown progressively near the weld as shown in Fig. 5.13, the size at each

step being given in Table 5.1; at each step, guided wave measurements were collected at

5 minute intervals over a minimum of two days, in order to check stability and to allow

signal averaging. In contrast to the temperature cycling study, it was necessary to power

down the transducers during the CNC machining steps, in order to mitigate the risk of

the EMAT being damaged by the coolant �uid.

Table 5.1: Experiment Variables

Step Interval Defect Depth, d [mm] Defect Length, c [mm]

0 0 0
1 0.5 1.0
2 1.0 2.0
3 2.0 4.0
4 3.0 6.0

5.3.2 Damage detection in weld

Using the procedure described in Section 5.2.3, the defect-free measurement data were

used to derive a temperature calibration line of best �t, which was then use to tem-
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Figure 5.13: Photo taken using a (a) standard and (b) magni�ed lens, equipped with an 8
mm ruler, of the 0.5 mm (depth) × 1 mm (length) × 1 mm (width) machined notch in the heat
a�ected zone of the weld.

perature compensate the magnitude of the weld and incident signals respectively. The

temperature compensated weld magnitude was normalised with respect to the temper-

ature compensated incident wave magnitude to yield the plot of R against measurement

number as shown in Fig. 5.14. Approximately 1 hour worth of data was discarded at

the beginning of each of the steps (dashed lines), to allow the system to stabilise after

rebooting the power of the EMAT device (device was powered o� during machining and

powered on after that). Since it is reasonable to assume that the residual measurements

are normally distributed, averaging the R measurements across the known defect win-

dows was performed to improve the estimates of re�ection ratio at each step size, which

is denoted by Rµ,d and described by the red horizontal lines in Fig. 5.14. Statistical

properties for the measured values of R at di�erent stages of the simulated crack growth

experiment are tabulated in Table 5.2. The results show that the growth of the defects

can be detected, but the instability of the EMAT system decreases the e�ectiveness of

the temperature compensation and hence decreasing the accuracy of estimating R by
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Figure 5.14: The change in magnitude of the weld signal at the centre frequency, expressed in
R, against measurement number during the defect growth study. The mean of experimentally
calculated R within each defect measurement window is given by the red horizontal line. The
green and blue horizontal lines show the SH0 re�ection ratio values from notches calculated
analytically (Eq. 4.1) and using numerical simulations respectively.

averaging across the set of measurement numbers. The 2 mm and 3 mm deep notches

can be more readily detected than the notches with 0.5 mm and 1 mm depths, since

their mean to standard deviation ratios are signi�cantly larger as calculated in Table 5.2.

The estimated minimum of number of measurements required to achieve a probability of

detection (POD) of 95% at a probability of false alarm (PFA) of 1% was calculated for

each of the defect sizes and tabulated in Table 5.2. The results indicate that the existing

setup can practically detect the 2 mm and 3 mm deep notches at a 95% PODPFA=1% as

the minimum measurement numbers are in the orders of hundreds and thousands. In

contrast to this, the reliable detection of the 0.5 mm and 1 mm deep cracks poses much

more di�culty because measurement numbers of the orders of 106 and 105 are required.

The monitoring performance of this EMAT setup was found to be very similar to the

performance of the ring of piezoelectric transducers with a single receiver, that was used

in the previous chapter, as both systems would need measurements in the orders of 105

in order to detect a 1 mm × 2 mm crack with a 95% POD with a false alarm rate of 1%.
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Table 5.2: Statistical properties of measured values of R at di�erent stages of the notch growth
experiment.

Parameters Step 0 Step 1 Step 2 Step 3 Step 4
Crack depth, d [mm] 0 0.5 1 2 3

Sample size, n 613 452 881 240 328
Mean of sample distribution of measured R 0 0.0554 0.199 0.816 2.11

Analytical prediction of R 0 0.0105 0.0839 0.671 2.27
Numerical prediction of R 0 0.0343 0.158 0.818 2.33

Standard deviation of the sample distribution of R 0.108 0.140 0.133 0.147 0.139
Mean to standard deviation ratio - 0.322 1.52 4.10 13.49

Minimum L for POD of 95% at 1% false alarm rate - 7.94x106 1.33x105 2240 208

The EMATs used during the experiments can be approximated as a single point receiver,

despite having a signi�cantly large footprint, because of the curvature of the pipe. The

SH0 monitoring performance of this setup can be improved by increasing the number of

receiving transducers, but a stable transducer suitable for long-term monitoring needs to

be incorporated for reliable crack growth monitoring at a weld or any feature which yields

a large re�ection signal.

5.4 Summary

This work explored the use of electromagnetic acoustic transducers (EMATs) for the

purpose of SH0 crack monitoring at a weld using frequencies near the SH1 cut-o�. The

�rst part of this study evaluated the stability of the EMAT system by monitoring the

guided wave weld re�ection signal over 10 temperature cycles ranging from 20°C to 40°C.

Similar to the recently developed location speci�c temperature compensation (LSTC),

calibration curves were used to compensate for temperature e�ects and the variations

in the transmitted incident wave amplitude, ultimately yielding a baseline subtracted

residual re�ection ratio R. The temperature cycling study showed that the e�ects of

temperature have largely been compensated for and the data is relatively stable up to the

�fth temperature cycle but the standard deviation of the distribution of R signi�cantly

increases beyond this, most likely due to uncompensated changes to the behaviour of

the EMAT system, which manifest as drift in the magnitudes of the weld and incident

wave signals. However, it was still reasonable to assume a normal distribution of R to

a 5% signi�cance level in our experiment which validates the use of averaging across the

values of R to improve the accuracy of damage detection. The second part of this work
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explored the capability of the SH0 system to monitor the growth of a simulated crack near

a weld. After temperature compensation, the experimentally obtained re�ection ratio R

was shown to be in good agreement with both numerical and analytical values, with a

simulated crack as small as 0.5 mm deep × 1 mm wide shown to be detected, but with a

POD of 1.04% for a 1% false alarm rate. An SH0 transduction system designed for long

term use and stability over multiple temperature cycles is essential to minimise the e�ect

of transducer behaviour changes in the monitored data and improve the probability of

critical crack detection near large features such as a weld.
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Chapter 6

Conclusions

6.1 Review of thesis

Fundamental elastic wave theory was summarised in Chapter 2, which covers the theory

of shear horizontal guided wave propagation in both plates and pipes. The chapter also

provides background information and details of the �nite element (FE) models used to

model the propagation and interaction of guided waves with a surface-breaking crack used

throughout this study.

Chapter 3 begins with a brief overview of the relevant work conducted over the past

few decades that covers scattering of elastic waves from cracks. Following this, the 2-

dimensional (2D) analytical solutions to the scattering of the fundamental shear horizontal

guided wave (SH0) from both surface-breaking and subsurface crack were derived using a

spring-interface model with quasi-static approximations; a quasi-2D FE model was used to

validate this solution numerically. Next, the scattering solution for a 3D surface-breaking

crack was derived using both dimensional analysis and quasi-static assumptions that was

validated using a 3D FE model.

In Chapter 4, details of the experiment conducted to simulate and monitor crack growth

in a steel pipe are outlined. The procedure used to detect and quantify the damage from

the set of measured guided wave signals is demonstrated and the yielded results were

compared to both analytical and numerical predictions from the previous chapter. Next,

the performance of the monitoring setup used in the experiment was evaluated by using
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synthetic data generated by combining FE data and guided wave measurements collected

from the experiment. The monitoring performance was quanti�ed using receiver operat-

ing characteristic curves, where the e�ects of a number of receiver transducers around the

circumference, sampling length and transducer stando� distance were investigated. Fur-

thermore, the common source method was investigated as a means to reduce the e�ects

of phase cancellation when using signals from more than one receiver.

Chapter 5 sets out to investigate the e�ect of temperature cycling on the monitoring

performance of electromagnetic acoustic transducers (EMATs), as well as the e�ect of the

presence of a large re�ector near the crack, which are factors that could re�ect practical

conditions in the �eld. The details of the temperature cycling experiment are outlined,

followed by the damage detection and temperature compensation procedure. The chapter

concludes with details of the experiment involving a simulated crack growth near a girth

weld in a pipe.

6.2 Key contributions

Over the past 20 years, low frequency (25kHz) guided wave screening techniques have

been used in pipeline inspection to detect corrosion because guided waves possess a very

high inspection coverage per transducer and good sensitivity towards corrosion. When

the sensors are permanently installed onto a pipeline, guided wave monitoring can be

performed, which not only increases detection sensitivity and allows a good estimation of

the corrosion growth rate, but also reduces inspection cost by greatly minimising inspec-

tion access costs. However, small but critical cracks can often be 1-2 orders of magnitude

smaller in size than corrosion, which makes detection sensitivity an issue if conventional

guided wave methods are to be used. As mentioned, guided wave is appealing because

it o�ers a superior inspection coverage per transducer in comparison to higher frequency

techniques such as phased array ultrasound. In addition to that, if there is no need to

get accurate size measurements, then it becomes feasible to operate at low frequencies.

Therefore, it is hypothesised that a short-range monitoring system that utilises the funda-

mental shear horizontal guided wave (SH0) can be used to monitor crack growth in steel

plate-like structures.
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During the �rst part of this work, the SH0 scattering solutions for both 2D and 3D surface-

breaking cracks were derived and validated numerically; the 3D solution was additionally

validated by experiments. These analytical equations, in particular the 3D solution, are

useful because they provide insight into how the scattered amplitude or re�ection ratio

changes as a function of the crack geometry, transducer stando� distance, waveguide

thickness and inspection wave frequency. More speci�cally in 3D, it was shown that the

re�ection ratio is proportional to the cubic power of the e�ective crack size, frequency to

the power of 1.5, the inverse square root of the waveguide thickness and the inverse square

root of the transducer stando� distance from the crack. Consequently, these �ndings show

that the re�ection ratio of SH0 from a crack is not simply proportional to cross-sectional

area, as commonly assumed during guided wave testing for corrosion. In addition, the

shape of the crack was shown to be important, where 2:1 (crack length:crack depth) ratio

was shown to yield the highest re�ection ratio. Generally, cracks which are either narrow

and deep or wide and shallow will yield smaller re�ection ratios in comparison to a 2:1

sized crack. Furthermore, the derived solutions are intuitive and faster to solve for in

comparison to numerical analysis and other more general types of analytical solutions;

the caveat being the solution is only valid for low frequency assumptions.

The second part of the work showed that small, simulated cracks, as small as 2 mm ×

1 mm (crack length × depth) can be detected using a standard guided wave instrument,

which consist a ring of piezoelectric transducers dry-coupled onto a pipe and programmed

to transmit and receive shear guided waves. The challenge of this experiment is the

low signal-to-noise ratio (SNR) despite operating in a monitoring con�guration. One of

the key �ndings is that the experimentally measured re�ection ratio can be assumed to

be normally distributed to a 5% signi�cance level, which allowed a better estimation of

the re�ection ratio by taking the mean of the dataset. By combining FE data and the

signals obtained from the experiment, a synthetic dataset could be created which served

as parametric data to evaluate the monitoring performance of the system as a function

of number of receivers around the pipe circumference, transducer stando� distance and

monitoring sample length. Another key �nding is that the guided wave system can be

optimised by summing up the signals from several receiving transducers rather than using

the signal from one or all of the receiving transducers, the latter being the conventional
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method of measuring the T(0,1) response during guided wave screening. The common

source method is an example of a plane wave imaging method that can be used to reduce

the e�ects of phase cancellations when using signals from multiple receivers. In the case of

a pipe, it was concluded that the transducer stando� distance from the crack should not

be more than 1 pipe circumference away because the scattered SH0 waves from the crack

would have mode converted into pipe guided waves which will have a lower amplitude; a

shorter stando� distance would yield better performance, but at the expense of inspection

coverage per transducer. Furthermore, increasing the number of monitoring samples will

generally increase the performance of the system, but the e�ectiveness of this action

decreases with higher samples as this e�ect is analogous to the improvement of SNR by

increasing the number of signal averages.

The �nal part of this work considered the feasibility of an SH0 monitoring system when

there is temperature cycling within the structure and when the crack is located near a

large re�ector, such as a girth weld in a pipe. Both these factors are potential issues that

a monitoring system is expected to overcome in �eld applications. In contrast to the pre-

vious experiment, electromagnetic acoustic transducers (EMATs) were used to generate

and receive the shear guided waves because they are regarded as a type of non-contact

transducer, which o�ers advantages in high temperature applications and ease of deploy-

ment. The temperature cycling experiment showed that monitoring techniques such as the

recently developed location speci�c temperature compensation method can be applied to

reduce the e�ects of EOC changes on the signals, however there were still uncompensated

changes to the system which is believed to be caused by the transducers. The meas-

ured re�ection ratios using the EMATs were also statistically tested for normality, which

validated the assumption that they are normally distributed to a 5% signi�cance level,

which is in agreement with the �ndings from the previous experiment using a di�erent

transducer type. In the defect detection experiment, a simulated crack as small as 1 mm

× 0.5 mm (crack length × depth) was detected, but a 95% probability of detection with

a false alarm rate of 1% can only be achieved with measurements in the order of 105. The

detection performance is believed to be able to improve if signals from more than one

receiving transducers can be used, as shown from previous the experiment using an array

of piezoelectric transducers. Ultimately, it is believed that an SH0 monitoring system
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is feasible for long-term crack monitoring by designing an array of transducers that are

stable over a long time duration.

6.3 Future work

One potential area of work for future consideration is the use of higher inspection wave

frequencies that exceed the cut-o� for higher order guided wave modes. Generally, a

higher inspection frequency will yield a higher re�ection ratio and hence increasing the

detection sensitivity. The issues from doing so would involve isolating the mode of interest

as a higher frequency regime would lead to the generation of multiple guided wave modes

such as the SH1 and SH2. Another potential candidate for future consideration is to

investigate the performance of the system in a more complex steel structure, such as at

a pipe T-joint. This could potentially involve a more complicated array of transducers,

rather than using equally spaced transducers around the pipe circumference.

The common source method is an example of an imaging method that was shown to o�er

improvement in measured re�ection ratios as it reduces the e�ects of phase cancellations

when using signals from more than one receivers. However, the limitations of the trans-

ducer con�guration used during the experiment meant that the images were strictly only

valid within the region of a 90 degree arc from the simulated crack. Future studies could

investigate the bene�ts of measuring individually from all receivers around the pipe cir-

cumference and explore new imaging techniques that can optimise the detection of cracks.

Finally, the long-term stability of an SH0-based crack monitoring system should be invest-

igated over an extended period of time, using carefully designed and stable transducers

in order to bring forward its technology readiness level.
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