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Résumé

Plusieurs industries manipulent des substances liquides et gazeuses qui circulent sou-
vent dans de longues canalisations. La technique d’ondes guidées est couramment
utilisée dans ce domaine. Cette technique est en progres continu. Dans cette these,
un systeme d’inspection a été concu et développé. Il est basé sur des transducteurs
piézoélectriques qui génerent des ondes guidées de torsion pouvant se propager le
long du tube testé. Les signaux réfléchis des défauts et singularités rencontrés sont
détectés aussi par des capteurs piézoélectriques. Des simulations numériques util-
isant par la méthode d’éléments finis standard et la méthode Wave Finite Element
(WFEM) ont été effectuées afin de vérifier et de visualiser le phénomene de propa-
gation des ondes dans des tubes intacts et endommagés. Un ensemble de tests a été
mis en place sur des tubes droits et courbés avec deux matériaux différents: PVC et
acier. L’interaction entre les ondes générées et les défauts usinés a été prouvée.
Les résultats numériques et expérimentaux confirment certaines caractéristiques
spécifiques concernant le coefficient de réflexion de 'onde. Par la suite, un pipeline
industriel d’environ soixante metres de long et contenant plusieurs défauts et singu-
larités a été testé par le systeme d’inspection. Les signaux enregistrés ont soumis
certains traitements numériques afin de les rendre exploitables. Les signaux traités
sont analysés afin d’identifier et de distinguer les réflexions des défauts de celles
des singularités structurés. La méthode WFEM a été employée pour construire une
base de données numérique des coefficients de réflexion en variant la profondeur et
les extensions axiale et circonférentielle du défaut modélisé. Le calcul a été établi
en fonction de la fréquence. La corrélation des tailles des défauts est effectuée en
balayant la base de données numérique pour trouver la combinaison appropriée de
dimensions pour un défaut donné. Les réflexions a partir des singularités structurées
(coudes, blocs de béton, colliers, et les soudures) sont traitées ainsi en comparant
des coefficients de réflexion obtenus par WFEM a ceux évalués expérimentalement.
Enfin, on a étudié numériquement l'effet de la position angulaire d’'un défaut sur
les coefficients de réflexion et de transmission tout en excitant a différents types
d’ondes. La méthode WFE est aussi utilisée pour effectuer le calcul. Cette étude
donne un guide a la localisation circonférentielle des défauts dans les tubes.

Mots clés : Controle Non Destructif, détection des défauts, ondes de torsion;
transducteurs piezoélectriques; méthode éléments finis d’ondes; coefficient de réflexion;
dimensionnement des défauts; position angulaire du défaut.
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Abstract

Long pipelines are widely used in several industries transporting liquid or gas. The
guided wave technique is commonly used in this field and it is under continuing
progress. In this thesis, an inspection system has been designed and developed.
Piezoelectric transducers are employed to generate torsional guided waves that could
propagate along the tested pipe; and receive reflected signals from encountered fea-
tures and damages. Numerical simulations using standard FE and Wave Finite
Element methods have been carried out in order to verify and visualize the wave
propagation phenomenon in both intact and damaged pipes. A set of tests has
been performed on straight and curved pipes with two different materials: PVC
and steel. The interaction between generated waves and machined defects has been
proven. Numerical and experimental results confirm some specific features in the
wave reflection coefficient. Thereafter, an industrial pipeline of about sixty me-
ters long and containing several features has been tested by the inspection system.
Recorded signals had submitted some numerical treatments in order to make them
interpretable. Processed signals are analyzed to identify defects reflections from
structured singularities echoes. The Wave Finite Element Method (WFEM) has
been used to construct a numerical database of reflection coefficients from modeled
defects by varying thickness, axial and circumferential extents. Calculation was
made depending on frequency. The approximation of defect sizes is carried out by
sweeping the numerical database to find the suitable combination of dimensions for
a given defect. Reflections from structural singularities (elbows, concrete blocks,
clamps, and welds) are treated as well by comparing reflection coefficients obtained
by WFEM to those evaluated experimentally. Finally, a numerical investigation
deals with the effect of defect angular-position on reflection and transmission co-
efficients while exciting by different types of waves. The spectral method Wave
Finite Element has been used to carry out calculation. This study gives guidance
to circumferential localization of defects in pipes.

Keywords: NonDestructive Testing; damage detection; torsional waves; piezo-
electric transducers; Wave Finite Element Method; reflection coefficient; defect siz-
ing; defect angular position.
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Introduction

Background

Long pipelines are often used in petro-chemical industry for transporting liquid
and gaseous substances. These pipes need to be regularly monitored and inspected
for both safety reasons and environmental impact control. Non-Destructive Tests
(NDT) techniques are required to assess the integrity of pipes in service. A lot of
NDT methods exist with several industrial applications |1]. Conventional point-by-
point methods such as ultrasonic thickness gauging imply a slow inspection process
and consequently very expensive. Many other NDT techniques are also employed in
pipe testing such as magnetic flux [2,3], eddy current [4,/5] and radiography [6].

A quick and reliable method for the detection of corrosion and defects under
insulation which does not involve removal of all the insulation is therefore required.
The problem is even more severe in cases such as road crossings where the pipe is
underground (often in a sleeve) for a limited distance; excavation of the pipe for
visual or conventional ultrasonic inspection is extremely expensive so a technique to
address this problem is particularly beneficial. Therefore, it is useful to find an effec-
tive method capable of screening long distances of pipes from one access position and
to be fast and sufficiently accurate to identify defects in the inspected areas. Guided
waves have been increasingly used in nondestructive evaluations. Many researchers
have been interested in the application of ultrasonic guided waves for the nonde-
structive inspection of pipes [7H10]. They have recognized the possibility for rapid,
accurate, and inexpensive nondestructive assessment of these structures that exist
in the infrastructure of many industries. Guided wave inspection method is a fast
screening technique for pipe testing. It ensures the inspection over larger distances
from limited and distant points of observation. The use of low frequency ultrasonic
guided waves propagating along the pipe wall is potentially a very attractive solution
to this problem since they can propagate a long distance under insulation and may
be excited and received using transducers positioned at a location where a small
section of insulation has been removed.

One of the first works on guided wave inspection of pipes has been done by Mohr
and Holler [11] for small diameter heat exchanger tubes. They used axially symmet-
ric (axisymmetric) longitudinal guided waves to detect transverse failures in ferritic
tubes and torsional guided waves to inspect for longitudinal defects. Thompson
et al. [7,/12] developed an EMAT device to inspect from the inside of pipes. The
generation of ultrasonic wave modes in thin-walled metal tubing has been investi-
gated experimentally using piezoelectric ultrasonic probes by Silk and Bainton [8].
A prototype system with full computer support for ultrasonic inspection of ferritic




INTRODUCTION

tubes using guided waves has been described by Bottger et al. [13]. The ultrasonic
waves are launched and received with the aid of electromagnetic acoustic transducers
which are laid out as linear phased arrays.

Cylindrically guided waves could be excited using an array of piezoelectric trans-
ducers distributed around the circumference of the pipe. These waves stress the
whole pipe wall and propagate over long distance. When they encounter features,
such as flanges, elbows, welds, branches or corrosion that change geometry of the
pipe and thereafter its acoustic impedance, these guided waves are partially re-
flected. These echoes can be received by the same transducers used for excitation of
the guided waves or other sensors, and then analyzed in order to provide informa-
tion about the location, size and nature of discontinuities that caused the reflections.
Practically, the reflection arrival-time gives an indication of the axial location of the
reflecting feature and the amplitude of the reflection gives an indication of the sever-
ity of the cross sectional area change. However, guided wave propagation in pipes
and their interaction with defects is complex, making accurate information about
defects difficult to extract from the reflected signals.

In principle, both axisymmetric and non-axisymmetric modes can be used for
long-range inspection. Axisymmetric modes are in general preferable because they
are easier to excite and have relatively simple acoustic fields. Initial practical testing
was done by many researchers using the longitudinal 1.(0,2) mode. This latter has
the advantage to achieve the entire pipe wall coverage since it is axisymmetric and
has a near constant mode shape through the wall thickness. Defects located at
any circumferential position and anywhere the pipe wall thickness can be detected.
The 1.(0,2) mode is dispersive but has been employed in relatively non-dispersive
frequency regimes around 50-100 kHz. Alleyne and Cawley [9] have reported on the
development of dry-coupled piezoelectric transducers for the excitation and detection
of the guided waves. Alleyne et al. [14,/15] and Lowe et al. [16] have studied the
reflection of the L(0,2) axially symmetric mode from notches in pipes, and examined
the reflection of mode-converted guided waves with L(0,2) as incident mode [17].
Alleyne and Cawley [18] measured reflections of the same mode from welds, flanges
and pipe supports, and demonstrated that the mode can be propagated under wet
or dry insulation.

However, more recent testings gave a considerable research interest to the fun-
damental torsional mode T(0,1). Many researchers have employed it at lower fre-
quencies (10-50 kHz) [19-21]. This mode has similar advantages to the longitudinal
L(0,2) mode in terms of ease of excitation and full pipe-wall coverage due to axisym-
metry. But in contrast to the L(0,2) mode, T(0,1) is entirely non-dispersive making
post-processing of signals less complex, and its propagation characteristics are not
affected by the presence of liquid in the pipe. Since shear waves cannot propagate
in liquids, so there is no energy leakage for the T(0,1) mode, which consists of shear
displacement only, whereas the L(0,2) mode can excite waves in the liquid. More-
over, there is no other axially symmetric torsional mode in the frequency range used,
so axially symmetric torsional excitation will only excite the T(0,1) mode, whereas
when the L(0,2) mode is used, the transducer system must be carefully designed to
suppress the L(0,1) mode.

A detailed explanation by Rose et al. [22] has been presented along with the

2 INTRODUCTION



INTRODUCTION

various design aspects of a comb transducer. This latter is a finger-like device
that is placed on the structure, whereby pumping ultrasonic energy into the comb
with the appropriate spacing can produce guided waves of choice inside the piping
material. The comb structure can go entirely around the pipe producing longitudinal
axisymmetric waves or be placed partially around the circumference of the pipe, say
from twenty to ninety degrees around the circumference, and in this case produce
longitudinal non-axisymmetric or flexural modes in the pipe.

The subject of guided wave tuning principles and focusing for defect detection is
introduced in many works [23-28]. This hypothesis is being explored in detail today,
that of establishing wave resonances from a defect inside a structure by controlling
phase velocity and frequency. It becomes possible to focus the ultrasonic energy
onto the defect of interest that gives us the best dynamic response and hence the
best potential for detection classification and sizing of the particular defect. Guided
waves via a four dimensional tuning process of adjusting circumferential loading
length, circumferential position, phase and frequency, can create a natural focusing
effect almost anywhere inside the pipe. Shin and Rose [29] discussed the use of
both axisymmetric and non-axisymmetric surface loading in hollow cylinders and
illustrates the basic principles behind non-axisymmetric wave propagation. Use
of these flexural mode waves are being tried in order to assist in the flaw detection
classification and sizing process. Further work on the excitation of non-axisymmetric
guided waves is reported by Li and Rose [30]. It is shown in this paper how it becomes
possible to load the upper surface of a pipe and to inspect, for example, the bottom
side of a pipe, at a certain distance away.

One of the potential difficulties in pipe inspection is the presence of viscoelastic
coatings that are commonly used for corrosion protection. These coatings tend to
attenuate the propagating energy and can severely degrade the performance of a
guided wave test with regard to test sensitivity and the distance of propagation. A
lot of work has been established on this issue [21,131133] to describe the effect of
such coatings on the wave propagation in pipes.

Another issue that has been treated is the presence of features in pipeline like
elbows. Rose and Zhao [34] carry further the flexural mode tuning concept for pipe
elbow inspection. It is shown that it becomes possible to send ultrasonic energy into
an elbow region and even beyond the elbow region in carrying out a reliable and
efficient inspection. Also a semi-analytical finite element method has been used by
Hayashi and Rose [35,36] in order to show how an axisymmetric wave in a straight
pipe is modified as it passes through an elbow. A. Demma et al. [37] has studied the
propagation of guided waves in curved pipes. The modes propagating in toroidal
structures have been found using an FE procedure.

Furthermore, guided waves can be also employed for the sizing of defects, which
is much more difficult and requires detailed knowledge about the interaction of
the incident wave with different possible defect types. Indeed, the reflection or
transmission signal depends not only the defect size or shape, but also the mode type
and frequency, potential mode conversion, and the attenuation due to dissipation,
leakage or geometry. However, the wave-defect interaction analysis will help to find
out which types of modes are sensitive to a given type of defects. The character of
scattering should be quite different if the defect is transverse such as crack or notch,

INTRODUCTION 3
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axially distributed such as delamination in layered structures, or due to the loss of
mass, presence of inclusions, etc., which probably causes the failure of the inspection
if the mode is not properly chosen. In the other hand, the numerical wave-defect
interaction analysis will provide a reference of the sizing in the practical test, at
least to some extent. The effect of defect size on the reflection and transmission
characteristics in pipes has been investigated by many researchers [15,/17],19,38-44].
These studies deal with many types of defects like cracks [19,|41], notches [15]17}38],
42|, and circular holes [4344]. J.L. Rose et al. [45] have used the boundary element
analysis in seeking out some techniques that might be used for flaw sizing potential
with guided waves. It is shown that a very simple algorithm of examining amplitude
of the reflection or transmission from a defect as being proportional to depth of the
defect is indeed sometimes true. A long range ultrasonic guided wave test system
was used by Jing Mu et al. |[46] to measure the circumferential size of volumetric
corrosion defects and a transverse saw cuts by sweeping the focal position around
the pipe. A quantitative study of the reflection of the T(0,1) mode from defects
in pipes was carried out by A. Demma et al. [19], finite element predictions being
validated by experiments on selected cases. Another work by A. Demma et al. [39)
presents a systematic analysis of the effect of pipe size, defect size, guided wave mode
and frequency on the reflection from notches. J. Davies and P. Cawley [47] quantify
the performance of a synthetically focused guided-waves technique for detection,
location, and sizing of circumferential crack-like defects in pipelines.

Many useful frequency-domain informations, such as wave dispersibility, reflec-
tion from damage, interface or boundary, sensitivity of specific mode to various
types of damages, mode conversions, etc [48], can be obtained directly from the
eigensolutions in spectral methods, or by the global-local techniques such as hybrid
methods [49-54]. The Wave Finite Element Method (WFEM), which is a simple
spectral method based on the standard finite element (FE) formulation, can be
applied to examine the wave interaction with the local defects and the structural
features [51-54]. The hybrid WFE/FE method is one of the hybrid methods for
global-local analysis , which is very suitable to the case that wavelength is larger
than the axial extension of FE model for complex local defect.

Contribution of the thesis

In this work, an inspection system has been designed and developed to excite the pipe
under test with well-defined waves that propagate along the structure; and receive
reflected signals from encountered features and damages. The torsional mode was
chosen to be generated by the system. This choice is based on the intrinsic properties
of this mode. The generation of torsional waves is operated by using a number
of piezoelectric transducers clamped around the circumference of the pipe. After
positioning the transducer ring around the pipe, the operator starts a rapid test,
which automatically sweeps several frequencies collecting data from either side of the
ring at once. The propagation of the ultrasonic signal depends on the conditions of
the pipe under test. A wide range of about one hundred meters in either direction
from the transducer ring position can be obtained when the pipe is in generally
good condition and there is a low density of features encountered. The range can
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be reduced, in one hand, if the pipe is heavily corroded over its length, and in
other hand if pipes are buried or coated by viscoelastic materials, which increase
wave attenuation. Dispersion curves for PVC and steel pipes are computed using
the Wave Finite Element Method in order to obtain the wave velocity in the tested
structures. The same method is employed also to determine numerically time signals
from damaged pipe.

An important information retrieved from recorded signals is the reflection co-
efficient of each defect. This information can be very useful for defect sizing. For
this purpose, a hybrid WFE/FE method has been used to construct a numerical
database of reflection coefficients from rectangular defects by varying thickness, ax-
ial and circumferential extents. Calculation is made depending on frequency. The
approximation of defect sizes is carried out by sweeping the numerical database
to find the suitable combination of dimensions for a given defect. Axial and cir-
cumferential extents are evaluated by limited intervals for each possible thickness.
Reflections from structural singularities (elbows, concrete blocks, clamps, and welds)
are also treated by comparing reflection coefficients obtained by WFEM to those
evaluated experimentally.

The hybrid WFE/FE has been used also to investigate numerically reflection and
transmission coefficients from a defined defect in a pipe while varying its angular
position at a fixed axial location. Three different waves are tested: the torsional
mode T(0,1), the longitudinal L(0,2) mode, and the flexural F(1,2) mode are incident
separately. In each case reflections and transmissions of all possible wave modes are
checked in order to find guidance for the angular localization of the defect.

Outline of the thesis

This thesis consists of six chapters. The first one is an overview of the state of the art
in fields of interest. Nondestructive testing methods are introduced in the first sec-
tion. The more common techniques are described: Radiography Testing, Ultrasonic
Testing, Magnetic Particle Inspection, Eddy Current Testing and, Guided Wave
Testing. The principle, applicability as well as their advantages and drawbacks are
clearly presented. The second section focuses deeply on Guided Wave Testing. The
mathematical foundation of wave propagation in an isotropic unbounded media is
described. Lamb wave dispersion equations are derived starting from the wave equa-
tions, which must be satisfied by all waves in elastic isotropic media. Guided wave
propagation in pipes is then presented with the main characteristics and different
modes description. Thereafter, major advantages and some limitations of Guided
Wave Testing are considered. Finally, three most used technologies for generating
guided waves are introduced. These technologies are: Piezoelectric transducers,
ElectroMagnetic Acoustic Transducer and, Magnetostrictive Sensors.

Next five chapters include papers accepted and ready for submitting to interna-
tional peer reviewed journals. The first paper (chapter [2) is entitled ”Distributed
piezoelectric guided-T-wave generator, design and analysis” and has been published
in Mechatronics journal. This paper presents the definition and design of a specific
torsional wave generator concept. Numerical simulations confirm the design. An ex-
perimental test bench is also provided in order to validate the concept. The ability
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of the distributed system in generating pure T waves is discussed. Numerical and
experimental results confirm some specific features in the wave reflection coefficient
based on the interaction between the damaged waveguide dynamics and torsional
waves propagation.

The second paper (chapter [3) is entitled ” Defect detection in pipes by a torsional
guided-wave inspection system: design and experiments” and is intended to be sub-
mitted to Ultrasonics journal. In this work, numerical simulations using standard
FE and Wave Finite Element methods have been carried out in order to verify and
visualize the wave propagation phenomenon in both intact and damaged pipes. An
experimental test bench is provided in order to perform a set of tests on straight
and curved pipes with two different materials: PVC and steel. In each case, time
signals from intact and damaged structures were analyzed. The interaction between
the generated waves and machined defects has been proven, as well as the abil-
ity of damage detection within the curved structure. Numerical and experimental
comparison, in terms of reflection coefficients, has shown a good agreement.

The third paper (chapter {4 is entitled ”Pipeline inspection using a torsional
guided-waves inspection system. Part 1: Defect identification”. A steel pipeline of
about sixty meters long has been tested in this work using a guided-waves technique.
The inspection system is a pair of transducer rings operating with the torsional
mode T(0,1) and allows the long-range fast screening of the structure from defined
measurement points. Recorded signals had submitted some numerical treatments in
order to make them interpretable. Wavelet package analysis was one of them and
has allowed the denoising of raw signals. Besides, the Hilbert transform was applied
in order to obtain the wave envelope which is easier to interpret. Processed signals
were analyzed to identify defects reflections from structured singularities echoes.

The fourth paper (chapter |5)) is the second part of the previous paper and is en-
titled ”Pipeline inspection using a torsional guided-waves inspection system. Part
2: Defect sizing by the Wave Finite Element Method”. This paper deals with the
torsional-mode reflection from defects and structural singularities in an industrial
pipeline in order to perform the defect sizing. The Wave Finite Element Method
(WFEM) has been used to construct a numerical database of reflection coefficients
from rectangular defects by varying thickness, axial and circumferential extents.
Calculation was made depending on frequency. The approximation of defect sizes
is carried out by sweeping the numerical database to find the suitable combination
of dimensions for a given defect. Axial and circumferential extents are evaluated by
limited intervals for each possible thickness. Reflections from structural singular-
ities (elbows, concrete blocks, clamps, and welds) were also treated by comparing
reflection coefficients obtained by WFEM to those evaluated experimentally. Results
show a good agreement for most of the structured singularities but not for the others.
Results may be improved by including damages in the structural singularities.

The last paper (chapter @ is entitled ”Effect of defect angular-position on the
wave reflection and transmission coefficients: numerical investigation by the Wave
Finite Element Method”. This paper provides a numerical investigation concerning
the effect of defect angular-position on reflection and transmission coefficients while
exciting by different types of waves. The spectral method Wave Finite Element has
been used to carry out calculation. Twelve angular positions were studied while
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impinging the modeled defect by torsional mode T(0,1), longitudinal mode L(0,2)
and flexural mode F(1,2). Results show that the type of incident wave as well as the
examined reflected and transmitted waves play an important role in circumferential
localization of the defect.
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Chapter 1

State of the art

1.1 Nondestructive Testing methods

Nondestructive testing (NDT), nondestructive evaluation (NDE) or nondestructive
inspection (NDI) are commonly used to describe the technology of defect detection
in solids. This technology covers a group of analysis techniques used in science
and industry to evaluate the properties of a material, component or system without
causing damage. It is an essential part of quality control of engineering systems for
their safe and successful use in practical situations. However, applications of NDT
go much deeper and are much broader in scope than the detection of gross defects.
They concern all aspects of the characterization of solids as well as their method of
preparation.

Whilst being a high technology concept, evolution of the equipment has made it
robust enough for application in any industrial environment at any stage of man-
ufacture, from steel making to site inspection of components already in service.
A certain degree of skill is required to apply the techniques properly in order to
obtain the maximum amount of information concerning the product, with conse-
quent feedback to the production facility. Modern nondestructive tests are used by
manufacturers to ensure product integrity, and in turn, reliability; to avoid failures,
prevent accidents and save human life; to make a profit for the user; to ensure
customer satisfaction and maintain the manufacturer’s reputation; to aid in better
product design; to control manufacturing processes; to lower manufacturing costs;
to maintain uniform quality level; and to ensure operational readiness.

NDT can be applied on metals or nonmetals, small to large structures, and
stationary as well as moving components. It is used in a variety of settings that
covers a wide range of industrial activity like medical imaging, automotive, aviation,
aerospace, construction, maintenance, manufacturing, industrial plants (pressure
vessels, storage tanks, boilers, heat exchangers...), as well as pipelines, railways and
others.

NDT includes various methods, each based on a particular scientific principle.
These methods may be further subdivided into various techniques. The choice of
the specific method depends on many factors including availability, accessibility, and
suitability based on analysis and past experience. It may sometimes be necessary
to use one method of NDT to confirm the findings of another. Thereafter, some
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common methods are introduced.

1.1.1 Radiography Testing (RT)

The purpose of radiography is to show the presence and nature of defects or other
structural discontinuities in the interior of the materials under examination. This
technique makes use of the ability of short wavelength electromagnetic radiations,
such as X-rays or gamma rays, to penetrate objects. In general, the shorter the
wavelength, the greater is the penetrating power. The image obtained is an X-ray
shadow projection of the interior of the material (see figure [1.1)). Such a shadow
picture is called a radiograph. The contrast in a radiograh is due to different degrees
of absorption of x-rays in the specimen and depends on variations in specimen thick-
ness, different chemical constituents, nonuniform densities, flaws, discontinuities, or
to scattering processes within the specimen ,. With conventional radiographic
methods, the difference in attenuation produced by a change of the order of 1-2% in
object thickness can be visualized. Thickness or density changes of as little as 0.5%
and high-contrast features as small as several micrometers in size can be detected
under optimum circumstances (good geometry, thin object, low x-ray energy, fine-
grain photographic film, etc...). As the contrast decreases to a few percent, the
resolution capability is degraded.

.‘\ Radiation source

Specimen (tested piece)

Internal defect

Image of defect

Figure 1.1: Principle of radiography testing.

Radiographic applications fall into two distinct categories: evaluation of material
properties and evaluation of manufacturing and assembly properties. Material prop-
erty evaluation includes the determination of composition, density, uniformity, and
cell or particle size. Manufacturing and assembly property evaluation is normally
concerned with dimensions, flaws (voids, inclusions, and cracks), bond integrity
(welds, brazes, etc.), and verification of proper assembly of component pieces. Ra-
diography is quite useful for detecting wall thickness variations, water ingress, scale
build-up and some voids and areas lacking adhesive, as well as the presence of dam-
ages caused by impact, porosity or inclusion, and other volumetric defects. Besides,

10 1.1. NONDESTRUCTIVE TESTING METHODS
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cracks can also be also detected, as well as incorrect insertion of pipes in adhesive
sockets and internal excess of adhesive. It is important to mention that radiographic
technique is not sensitive to surface roughness, but it is sensitive to the orientation
of the defect.

1.1.2 Ultrasonic Testing (UT)

Sound waves of frequency above 20 kHz are known as ultrasound or ultrasonics.
Ultrasonic testing includes different types of methods: Acoustic Resonance Tech-
nology (ART), Electro Magnetic Acoustic Transducer (EMAT), Laser Ultrasonics,
Internal Rotary Inspection System (IRIS), Phased Array, Time Of Flight Diffraction
(TOFD), and Time Of Flight Ultrasonic Determination of 3D Elastic Constants.
The range of frequencies used in ultrasonic testing is from less than 0.1 MHz to
greater than 15 MHz, and typical values of wavelengths are from 1 to 10 mm. Ul-
trasonic wavelengths are on the same order of magnitude as visible light, giving
them many of the same properties of light. For example, ultrasonic wavelengths can
be focused, reflected, and refracted. Ultrasonic waves are transmitted through air,
water, and solids such as steel by high-frequency particle vibrations. These waves
are transmitted in homogeneous solid objects much like pointing a flashlight around
a room with various objects that reflect light. The directed energy in an ultrasonic
wave is reflected by boundaries between materials regardless of whether the material
is gas, liquid, or solid. Ultrasonic waves are also reflected by any cracks or voids
in solid materials. These reflected waves, which are caused by internal defects, can
be compared to the reflected waves from the external surfaces, enabling the size
and severity of internal defects to be identified. Ultrasonic inspection can be used
for flaw detection/evaluation, dimensional measurements, material characterization,
and more [55].

A typical UT inspection system consists of several functional units, such as the
pulser/receiver, transducer, and display devices. A pulser/receiver is an electronic
device that can produce high voltage electrical pulses. Driven by the pulser, the
transducer generates high frequency ultrasonic energy. The sound energy is intro-
duced and propagates through the materials in the form of waves. The ultrasonic
wave is carried from the transducer to the unit under test (UUT) by a couplant —
typically water, oil, or gel — and is reflected back to the transducer by both external
surfaces and internal defects. An example of an ultrasonic testing is shown in fig-
ure . When there is a discontinuity (such as a crack) in the wave path, part of the
energy will be reflected back from the flaw surface. Imperfections or other conditions
in the space between the transmitter and receiver reduce the amount of transmitted
sound, thus revealing their presence. The reflected wave signal is transformed into
an electrical signal by the transducer and is displayed on a screen.

When operating in pulse-echo mode, ultrasonic transducers act as both emitters
and receivers. The reflected ultrasonic waves vibrate the piezoelectric crystal within
the ultrasonic transducer and generate voltages that are measurable by data ac-
quisition hardware. When operating in through-transmission mode, two ultrasonic
transducers are used; one transducer generates the wave and the other receives the
wave.

1.1. NONDESTRUCTIVE TESTING METHODS 11
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The most primitive method to analyze the reflected ultrasonic signals is time-
of-flight (TOF) display, or A-scan. Discontinuities that are closer to the ultrasonic
transducer are received sooner than those further away from the transducer. Fig-
ure [1.3[ shows the TOF display of the previous example.
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Figure 1.2: Principle of ultrasonic testing.
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Figure 1.3: TOF display of an ultrasonic test.

1.1.3 Magnetic Particle Inspection (MPI)

MPI uses magnetic fields and small magnetic particles (i.e. iron filings) to detect
flaws in components. The object being inspected must be made of a ferromagnetic
material. The process applies a magnetic field into the tested piece. This latter
can be magnetized by direct or indirect magnetization. Direct magnetization occurs
when the electric current is passed through the test object and a magnetic field is
formed in the material (Figure . Indirect magnetization occurs when no electric
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current is passed through the test object, but a magnetic field is applied from an
outside source. If any defects on or near the surface are present, the defects will
create a leakage field. After the component has been magnetized, iron particles are
applied to the surface of the magnetized part. The particles will be attracted and
cluster at the flux leakage fields, thus forming a visible indication that the inspector
can detect [57].

Magnetic field lines Magnetic particles

<\— ‘—/ -
< -~ < <
N S
- -~ <« <
< < <1 < <
Crack

Figure 1.4: Principle of a magnetic particle inspection.

There are many methods of generating magnetic flux in the test piece, the most
simple one being the application of a permanent magnet to the surface, but this
method cannot be controlled accurately because of indifferent surface contact and
deterioration in magnetic strength. Modern equipments generate the magnetic field
electrically either directly or indirectly. In the direct method a high amperage
current is passed through the subject and magnetic flux is generated at right angles
to the current flow. Therefore the current flow should be in the same line as the
suspected defect. If it is not possible to carry out this method because of the
orientation of the defect, then the indirect method must be used. This can be one
of two forms: passing a high current through a coil which encircles the subject, or
making the test piece form part of a yoke which is wound with a current carrying
coil. The effect is to pass magnetic flux along the part to reveal transverse and
circumferential defects.

MPI have many advantages. It can detect both surface and near sub-surface
defects and inspect parts with irregular shapes easily. Besides, precleaning of com-
ponents is not as critical as it is for some other inspection methods. Fast method of
inspection and indications are visible directly on the specimen surface. This method
is characterized by a considered low cost compared to many other NDT methods.
It is also a very portable inspection method especially when used with battery pow-
ered equipment. However, some limitations of this technique exit. In fact, it cannot
inspect non-ferrous materials such as aluminum, magnesium or most stainless steels.
Inspection of large parts may require use of equipment with special power require-
ments. Moreover, some parts may require removal of coating or plating to achieve
desired inspection sensitivity. It has also a limited subsurface discontinuity detection
capabilities. Post cleaning and post demagnetization is often necessary.

1.1. NONDESTRUCTIVE TESTING METHODS 13
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1.1.4 Eddy Current Testing (ECT)

The Eddy Current method is employed in two aspects of Non-Destructive Testing.
Firstly, as a means of finding surface and subsurface flaws, and secondly as a means
of determining different metallurgical characteristics in place of destructive methods.

Eddy currents are created through a process called electromagnetic induction.
When alternating current is applied to the conductor, such as copper wire, a mag-
netic field develops in and around the conductor. This magnetic field expands as the
alternating current rises to maximum and collapses as the current is reduced to zero.
If another electrical conductor is brought into the close proximity to this changing
magnetic field, current will be induced in this second conductor. Eddy currents are
induced electrical currents that flow in a circular path. Variations in the electrical
conductivity or magnetic permeability of the test object, or the presence of any
flaws, will cause a change in eddy current and a corresponding change in the phase
and amplitude of the measured current (see figure However, ECT can detect
very small cracks in or near the surface of the material, the surfaces need minimal
preparation, and physically complex geometries can be investigated. It is also useful
for making electrical conductivity and coating thickness measurements .

Eddy current

sensor ——— Coil system

Eddy currents 7 ___—Magnetic field

Defect Test specimen

Figure 1.5: Principle of eddy current testing.

Normally equipments have two separate test coils, each of which houses a primary
and a secondary winding. In one coil the known standard is placed, the unknown
subject being placed in the second coil. The differences are displayed on the instru-
mentation. It is not strictly necessary that the coils encircle the subject. Recent
developments use a single coil which uses impedance generated by the eddy currents.
This means that probe systems have evolved which can be scanned over the surface
of the part to be tested.

The depth of penetration of eddy currents depends on the material. At a given
composition the lower the frequency of the A.C. current fed to the primary the
deeper the penetration. However, the lower the frequency the less sensitive the
method is to small changes.

Being a purely electrical method eddy current testing is easily automated, since
the encircling coil or probe need not come into contact with the test piece. The
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mechanical handling makes it a requirement that the pieces are of a simple geometric
shape.

By summarizing the benefits of ECT, we can say that it is suitable for the de-
termination of a wide range of conditions of conducting material, such as defect
detection, composition, hardness, conductivity, etc...in a wide variety of engineer-
ing metals. Moreover, information can be provided in simple terms: often go/no
go. Phase display electronic units can be used to obtain much greater product in-
formation. The equipment is extremely compact and portable units are available.
Furthermore, this technique offers a flexibility in selection of probes and test fre-
quencies to suit different applications, and it is also suitable for total automation.
However, the technique presents some disadvantages. The wide range of parame-
ters which affect the eddy current responses means that the signal from a desired
material characteristic, e.g. a crack, can be masked by an unwanted parameter, e.g.
hardness change. Careful selection of probe and electronics will be needed in some
applications. Also, tests are generally restricted to surface breaking conditions and
slightly subsurface flaws.

1.1.5 Guided Wave Testing (GWT)

Guide wave testing is one of latest techniques in the NDT field, which is under
continuous development. The method uses mechanical stress waves that propagate
along an elongated structure while guided by its boundaries. The propagating waves
can travel a long distance and reflect from defects and features encountered in the
structure. Nowadays, GW'T is widely used to inspect and screen many engineering
structures, particularly for the inspection of metallic pipelines around the world. In
some cases, hundreds of meters can be inspected from a single location. There are
also some applications for inspecting rail tracks, rods and metal plate structures.
GWT is different to conventional ultrasonic testing. Unlike conventional testing,
GWT can inspect a large area of the tested component since waves are guided by
the structure as seen in figure[1.6] It uses very low ultrasonic frequencies compared to
those used in conventional UT, typically between 10 to 100 kHz. Higher frequencies
can be used in some cases, but detection range is significantly reduced. The next
section will give more details about guided waves and focuses on their principles and
mode propagation.

1.2 Guided waves

Ultrasonic guided waves technique have been developed for the rapid survey of
structures for the detection of damages. The primary advantage is that long lengths
may be examined from a single test point. The second one is that it reduces the
costs of gaining access to the pipes for testing as well as avoidance of removal
and reinstallation of insulation (where present), except for the area on which the
transducers are mounted. Another advantage is the ability to test inaccessible areas,
such as sleeved or buried pipes and areas under clamps. Finally, it allows the test
of the entirely of the pipe wall.

1.2. GUIDED WAVES 15
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Transducer Conventional testing

Inspected area

Transducer ring

Guided Wave testing

Inspected area

Figure 1.6: Principle of GWT vs. conventional testing.

Guided waves can travel either at the boundaries (surface waves) or between
boundaries (Lamb waves), and they are the result of the interaction occurring at
the interface between two different materials. This interaction produces reflection,
refraction and mode conversion between longitudinal and shear waves which can be
predicted using appropriate boundary conditions. The guided-waves propagation is
dependent on the material properties and the material boundaries. The solution
of guided waves is in general complex because they are characterized by an infinite
number of modes associated with a given partial differential equation solution. Thus,
guided waves are highly dependent on wavelength and frequency, and propagating
guided waves can only exist at specific combinations of frequency, wavenumber and
attenuation.

Before going to inspect a structure, it is with great interest that we understand
thoroughly how guided waves operate and by which rules they are dominated. This
section introduces the mathematical foundation of guided waves and focuses on the
main concepts of the technique.

1.2.1 Wave propagation in an isotropic unbounded media

This subsection summaries the derivation of the Lamb wave dispersion equations,
starting from the wave equations, which must be satisfied by all waves in elastic
isotropic media.

Wave propagation in elastic infinite media was reported by many authors and
can be found in a lot of textbooks [59-62]. For a linearly elastic solid with neglected
body forces and constant density p, the Euler’s equation of motion can be derived
from the Newton’s second law and may be written as follows:

0%u =
‘= | =V-0 1.1
o (%) (1)
where u is the displacement vector, V is the three dimensional Laplace operator

= . .
and o is the stress tensor. Using Hooke’s law, the stress tensor can be expressed in
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terms of the strain tensor ? and the stiffness tensor C:

o=C-¢ (1.2)
Equation [1.2| can be written differently as follows:
= T
o= AV -u+ pu(Va+uV") (1.3)

where \ and p are the Lamé constants of the material. Combining equations
and yields Navier’s differential equation for isotropic elastic medium:

0%u )
Awrs =uVu+ A+ p)VV-u (1.4)

Equation [1.4] can be expanded in the three spatial components z,y, 2:

Py PO 0w o, O
Par) =M T a2 T 527" Ko\ or " oy 82
0%uy o o 0? 0 Ou, Ou, Ou,
_ 09 < 1.
Pop ) =nlgs + a2 822)Uy+(k+u)ay( o T oy T 5, ) (1.5)
0%u, 0? 0? 0? d Ou,  Ou, Ou,
P(atQ)—#(@+a—y2+@)uz+(>\+ﬂ)$(ax 8y+8z>

These equations represent the differential equations of motion. They are called
wave equations and must be satisfied by all elastic waves propagating in the media.
Any displacement field which satisfies the wave equations implicitly satisfies the
equilibrium and compatibility conditions, so the only remaining constraints on the
displacement field must come from external boundary conditions.

The equation of motion [1.4] can be also expressed in a more simplified form.
By using a Helmholtz decomposition, the displacement field u can be divided into
a rotational component V x H and an irrotational component V¢, where ¢ is a
compressional scalar potential and H is an equivoluminal vector potential:

u=Veo+V xH, (1.6)
with
V-H=0. (1.7)

The expression [1.6] can be substituted into Navier’s equation of motion. Thus, we
obtain the following equation:

% O*H

VI +20)V70 = p(55)] + V x [uV H = p(—7)] = 0. (1.8)

Equation [I.8|leads to the following couple of equations for the two unknown poten-

tials: )
0°H
= C?v2¢, W = C?VQH (19)

¢
o2
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where ¢; and ¢, represent the phase velocities of longitudinal and shear waves re-
spectively,and have the following expressions:

o= At 2”, Cs = \/E (1.10)
p p

Equations 1.9 are called the Helmholtz differential equations. The first one governs
longitudinal waves and the second one governs shear waves. So, there are only two
types of waves which can propagate in an unbounded isotropic medium. Equations
1.9 are independent, so longitudinal and shear waves can propagate without inter-
action in an unbounded media. The general solution of the Helmholtz differential
equations that fully describes the propagation of the two waves is

(b — (boei(k]szt)
H= Hoei(ksszt)

(1.11)

where ¢y and Hy are arbitrary initial constants, k; and kg are the longitudinal and
shear wavevectors, and z is the propagation direction.

1.2.2 Guided waves in pipes

In guided wave testing of pipelines, an array of low frequency transducers is at-
tached around the circumference of the pipe to generate an axially symmetric wave
that propagate along the pipe in both the forward and backward directions of the
transducer array. A one directional wave can be generated by adding additional
transducer arrays. The equipment operates in a pulse-echo configuration where the
array of transducers is used for both the excitation and detection of the signals.
At location where there is a change of cross-section or a change in local stiffness
of the pipe, an echo is generated. Based on the arrival time of the echoes, and the
predicted speed of the wave mode at a particular frequency, the distance of a feature
in relation to the position of the transducer array can be accurately calculated.

The propagation of guided waves in pipes, also called hollow cylinders, has been
reported in several investigations [63-66] and the solution can be found in a variety
of textbooks [61,/67]. The problem of harmonic waves in an infinite-long hollow
cylinder was analytically founded in three-dimensional cylindrical coordinates by
Gazis in 1959 [63,64]. Confirmation of the analytical predictions given by Gazis was
presented by Fitch [68] who carried out experiments using both axially symmetric
and non-symmetric modes in hollow cylinders.

Considering a guided wave propagation in an infinitely long hollow cylinder, as
shown in figure The boundary conditions for the pipe geometry, for free motion
are

Opp =0, =09 =0 atr=aandr=nb. (1.12)

The displacement components would therefore be
u, = U, (r) cos(nf) cos(wt + kz),
ug = Up(r) sin(nf) cos(wt + kz), (1.13)
u, = U,(r) cos(nf) sin(wt + kz),

18 1.2. GUIDED WAVES



CHAPTER 1. STATE OF THE ART

Figure 1.7: Hollow cylinder with cylindrical coordinates.

where n is the circumferential order; k is the wavenumber; the terms w,, ug, u.
are the displacement components in the radial, circumferential, and axial directions
respectively; U,., Uy, U, are the corresponding displacement amplitudes composed
of Bessel functions (or modified Bessel functions, depending on the arguments).

Guided waves can propagate in hollow cylinders according to three different mode
types: longitudinal, torsional, and flexural modes. The first and second are axisym-
metric modes, while the third mode is non-axisymmetric. In equations [I.13] the
displacements for n = 0 correspond to the axisymmetric modes and the displace-
ments for n = 1,2, 3. .. correspond to the flexural modes. Using the notation of Silk
and Bainton [8], longitudinal modes are noted L(0,m), torsional modes are noted
T(0,m), and flexural modes are noted F(n,m). The first index n is the harmonic
order of circumferential variation. Thus, all modes whose first integer is zero are
axially symmetric, all modes whose first integer is 1 have one cycle of variation of
displacement and stresses around the circumference, and so on. The second index m
is the mode number. The value 1 is associated with fundamental modes; the higher
order modes are numbered consecutively.

1.2.3 Dispersion

Dispersion in guided waves is due to velocity variations with frequency. Rayleigh [69)
had already noted that the velocity of a group of waves could be different from the
velocity of the individual waves. He was describing the concept of phase and group
velocity. The group velocity, Vy,, is the velocity at which a guided wave packet will
travel at a given frequency while the phase velocity, V,, is the speed at which the
individual peaks within that packet travel. The two velocities are defined by
w w
V=, V= 2 (1.14)

where w is the circular frequency and k is the wavenumber.

Phase and group velocities are related to each other through the following equa-
tion [67]
OV,

Vor = Voo + k51"

(1.15)
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The physical manifestation of dispersion is that when a particular mode is ex-
cited by a signal of finite duration, the signal is distorted in time and space as
it propagates away from the source. The dispersion curves for a system describe
the solutions to the modal wave propagation equations and give the properties of
guided waves (phase velocity, energy velocity, attenuation and mode shape). In
general this information enables the prediction of the optimum test conditions and
helps the understanding of the experimental results. Dispersion curves show all of
the constructive interference zones that could occur as the waves reflect inside a
structure, demonstrating the kinds of waves and modes that could actually propa-
gate. A tremendous amount of information can be found on the dispersion curves
that can be used to design and analyze a guided wave nondestructive testing exper-
iment. Phase velocity spectrum leads to a zone of excitation as we try to excite a
particular mode and frequency. The zone of excitation is such that we often produce
several modes at once. The phase velocity and frequency spectrum principles must
be considered when designing a guided wave experiment. Another tremendously
important consideration in the selection of guided wave modes for a particular ex-
periment is associated with wave structure. The in-plane displacement, out-of-plane
displacement, or actual stress distribution itself varies across the thickness of the
structure, often quite significantly [10,/67].

Dispersion curves can be plotted using a spectral method called Wave Finite
Element (WFE). This method was previously implemented and used for the analysis
of wave propagation in structures [51H54.70H72]. Figures[1.8 and[1.9[show the group
and phase velocities for a 140 mm outer diameter steel pipe with a thickness of
4 mm. From these curves, several important observations can be made. First of
all, it is obvious that, for a given frequency, lots of waves can propagate. Besides
this, when the frequency varies not only the number but also the types of waves
change (longitudinal, flexural, and torsional). In the next subsection, the main
characteristics of these modes are described.

1.2.4 Mode types
Longitudinal mode

Longitudinal modes can have displacements u, and u, which are independent of 6.
The particle motion being predominantly axial and the strain being roughly uniform
through the pipe wall, which makes it equally sensitive to internal or external defects.
It is therefore well suited to the detection of corrosion which may initiate at either
surface of the pipe. The dispersion curves of figure show that the L(0,2) mode in
the frequency range 20-100 kHz is practically nondispersive — that is to say its group
velocity is essentially constant with frequency so that there is minimal distortion of
the wave packet over long propagation distances. L(0,2) is also the fastest mode,
which means that it will be the first signal to arrive at the receiver and so can readily
be separated by time-domain gating.

However, the L(0,1) mode will be generated and received along with L(0,2). It
may be possible to remove the L(0,1) mode by adjusting the length of the trans-
ducer elements and/or by employing multiple rings of transducers. However, fig-
ure shows that the velocity of the 1.(0,2) mode is approximately twice that of
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Figure 1.8: Group velocity dispersion curves for a 140 mm outer diameter steel pipe

with 4 mm-thick.
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Figure 1.9: Phase velocity dispersion curves for a 140 mm outer diameter steel pipe

with 4 mm-thick.

the L(0,1) mode, so in a simple pipe system with a limited number of reflectors, it is
straightforward to separate the signals corresponding to the two modes in the time

domain [39].
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Torsional mode

Torsional pipe modes involve displacements ug. T(0,1) is the only true torsional
mode, as it exists with purely torsional characteristics at any frequency. Higher order
modes that show torsional characteristics are also flexural in nature. T(0,1) is a non-
dispersive mode and the fastest among torsional waves. It has a high sensitivity to
axial and circular defects, as well as to internal and external defects. By comparing
L(0,2) to T(0,1) mode, the latter exists at all frequencies whereas the former is
present only at frequencies above its cut-off as shown in figure Also T(0,1)
propagates in pipes filled with liquid without any interference problem whereas
typically some additional reverberation is present when 1.(0,2) travels in a pipe
fully filled with liquid. Furthermore, the transduction is much simpler when using
the T(0,1) mode because there is no other axisymmetric torsional mode, whereas
when the L(0,2) mode is used, the transducer system must be carefully designed to
suppress unwanted excitation of the L(0,1) mode.

Flexural mode

In flexural mode propagation, all three displacement components u,, uy and wu,
can exist. Flexural modes are non-axisymmetric and dispersive waves as seen in
figures [1.8] and They converge to either a longitudinal or torsional mode at
high frequencies where the wavelength to radius ratio is small. For example, F(n,1)
modes converge to L(0,1), F(n,2) modes converge to T(0,1), F(n,3) converge to
L(0,2) and so on. When non-axisymmetric guided waves are generated, the acoustic
field is more complicated and the energy distribution of the wave propagation needs
to be known in order to evaluate the guided wave inspection ability and to perform
frequency and angle tuning.

Guided wave inspection in pipes operates typically at frequencies at which the
wavelength is much larger than the pipe wall thickness. In this frequency regime,
only the modes which converge to the fundamental torsional mode T(0,1), the fun-
damental symmetric mode L(0,2) and the fundamental antisymmetric mode L(0,1)
can propagate in the pipe. Usually, only the lower circumferential order modes are
used in most non-destructive testing situations, since practical measurement sys-
tems generally do not have enough resolution around the circumference to be able
to clearly separate high circumferential orders.

1.2.5 Benefits and limitations of guided waves

Guided waves have a lot of advantages comparing to other techniques. Some of
their major benefits are considered here. First of all, GWT allows inspection over
long distances from a single probe position. This technique is also able to inspect
structures under water, coatings, insulation, multi-layer structures or concrete with
excellent sensitivity.

Moreover, inspection coverage is a very important parameter that affects the
efficiency of an NDT method (including equipment and procedure) to identify a
threat to the normal operation of a pipe. Typically UT, RT and other volumetric
NDT methods have relatively high probability of detection (POD), however it is
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difficult and expensive to achieve large coverage. GW'T has relatively low POD
(will not find small defects such as single pits) and high coverage (nearly 100%).
As a result of the combined effect of POD and coverage, GWT is in several cases
the most efficient method to identify a threat before failure (this will depend on
the critical defect size and inspection interval). After a potential threat is identified
using GW'T, standard NDT methods must be used to size the defect and further
evaluate the fitness for service of the pipe. The combination of NDT methods that
complement each other for improved POD and ability to accurately size is therefore
recommendable.

Furthermore, using multi-mode and frequency Lamb type, surface or horizontal
shear waves, we have a potential to detect, locate, classify and size defects; and it is
possible to establish wave resonances and excellent overall defect detection potential
by mode and frequency tuning.

Therewith, the sensitivity achieved by GWT is often greater than obtained in
standard normal beam ultrasonic inspection or other NDT techniques. Using Guided
Waves it is possible to inspect pipes while they are in service. Liquid or gas phases
may be free flowing and the measured pipe temperature must be between -40°C and
200°C [73].

Finally, the use of guided waves induces a cost effectiveness due to the inspection
simplicity and speed. Generally, less than about 1/20 of the cost of standard normal
beam ultrasonic and other inspection techniques. When planning an inspection, one
of the items to consider is the access to the part to be inspected. In some cases several
solutions may be available to carry out the inspection but due to limited access the
choice is drastically reduced. Normally access can be achieved but the cost can be
prohibitive and well above the cost of the inspection.

Nevertheless, although of these relevant benefits some drawbacks can exit. In
fact, interpretation of recorded data is highly operator dependent and requires some
experience in GW'T due to the complexity of signals. Besides, it is difficult to find
small pitting defects. Several parameters can affect the efficiency of GWT. One
of these parameters is the pipe geometry. GWT is not very effective at inspecting
areas close to accessories. The flange represents the end of test. Other features such
as T's, valves, changes in direction and welded supports strongly reduce the test
range. It is more productive and effective the further the pipe features are apart
from each other. Viscoelastic coatings (such as bitumen or polyethylene) can also
reduce the test range. The effect is more severe when the coating is soft, thick and
well adhered to the pipe wall. Wide frequency range must be used to optimize test
range. Another parameter is the content of the tested structure. Gas and non-
viscoelastic fluids do not affect the test range when using torsional waves, whereas
viscoelastic fluids or heavy deposits reduce the test range. Ambient noise have also
an influence on the efficiency of GWT. Noise may be caused by pumps or compressor
at a location close to the inspection area, the fluid flow inside the pipe and repair or
construction work on the pipe under inspection. In some isolated cases the GWT
may not be carried out while the source of noise is active. Most commonly the noise
is at a lower frequency than the range used for the pipe inspection and the GWT
can be completed using standard procedures. The pipe condition is also an affecting
parameter. Light general corrosion (e.g. 10-20% wall loss) may reduce the test
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range. When the general corrosion on the pipe is extended over a long length and
severe (e.g. 40% wall loss) GWT may not be suitable to carry out the inspection.

1.2.6 Generation of guided waves

Guided waves can be generated using piezoelectric transducers, electromagnetic
acoustic transducers (EMAT) or magnetostrictive sensors (MsS). The technology
used is quite different from a method to another but the result in term of generated
and received guided waves is usually the same.

Piezoelectric transducers

Piezoelectric transducers are polarized ceramics and belong to the group of ferro-
electric materials. Ferroelectric materials are crystals which are polar without an
electric field being applied. When an electric field is applied across the material, the
polarized molecules will align themselves with the electric field, resulting in induced
dipoles within the molecular or crystal structure of the material. This alignment of
molecules will cause the material to change dimensions. This phenomenon is known
as electrostriction. In addition, a permanently-polarized material such as quartz
(Si02) or barium titanate (BaTiO3) will produce an electric field when the material
changes dimensions as a result of an imposed mechanical force. This phenomenon
is known as the piezoelectric effect.

The application of an electric voltage to an unrestrained piezoceramic body re-
sults in its deformation. The movement is a function of the polarity of the voltage
applied and the direction of the polarization vector. Applying an AC voltage gener-
ates a cyclical change in the geometry (e.g. increase or reduction in the diameter of
a disk). If the body is clamped, i.e. if free deformation is constrained, a mechanical
stress or force is generated.

Piezoelectric ceramics can bend in different ways at different frequencies. This
bending is called the vibration mode. The ceramic can be made into various shapes
to achieve different vibration modes. For rectangular shapes, we can find either
thickness and longitudinal oscillations or shear oscillation. Circular components can
vibrate according to radial and thickness oscillations (disks case); or thickness, radial
and longitudinal oscillations (hollow cylinders case).

The shear transducers could either be angled perpendicular to the pipe axis (i.e.
in a circumferential direction) to excite a torsional mode, or parallel to the pipe axis
to excite longitudinal modes. If the system is to excite a pure axisymmetric mode
then the transducer spacing A around the pipe must satisfy the Nyquist-Shannon
sampling criterion (A < A/2, where A is the wavelength of the inspection mode) at
the frequencies used for inspection [74]. The transducers are held in place and forced
onto the pipe wall by either a fixed or flexible collar. The collar is designed to push
each individual transducer onto the pipe with a comparable force thus allowing even
coupling of the transducers’ energy into the pipe wall. The transducers can be dry
coupled to the pipe because of the low operating frequencies.

Alleyne et al. |9] suggested a transducer array of dry coupled piezoelectric shear
transducers clamped around the outer pipe wall to excite the axisymmetric guided
wave modes. Recently, permanently installed transducer rings have been developed
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for long term integrity monitoring of pipelines by Guided Ultrasonics Ltd. [75]. Comb
transducers and angle beam wedges have also been investigated for transduction of
specific guided wave modes [22,|304|76|,77]. A phased piezoelectric transducer array
for the excitation of certain modes was implemented by Li et al. [78], and was used
on a viscoelastic coated hollow cylinder [32,133].

The torsional commercial system that employs piezoelectric transducer arrays as
described above, includes two rings of transducers arranged around the pipe [20]. In
order to achieve a directional control, the two rings are separated by a quarter of the
wavelength and a phase shift of 77/2 is applied to the excitation of the two rings, so
that the energy is summed in one direction and cancels in the other [17,[79]. By this
way, the guided wave mode can be excited in only one axial direction. The same
principle may also be used in reception in order to detect waves traveling in one
direction while suppressing the detection of waves traveling in the other direction.

ElectroMagnetic Acoustic Transducer (EMAT)

EMATS transmit and receive acoustic waves (including Lamb waves) in electrically
conductive materials using the Lorentz principle. A magnetic field is produced in the
material beneath the EMAT using either permanent magnets or DC electromagnets
which are built into it. Also contained within the EMAT is a conducting wire,
usually in the form of a meander or pancake coil. When the EMAT is transmitting,
an alternating current is passed through the wire, eddy currents are induced in
the material beneath the EMAT. These currents interact with the magnetic field
to generate forces within the material which in turn generate acoustic waves. The
orientation of the magnetic field and the position of the conducting wires can be
configured in different ways in order to produce different types of acoustic waves.

EMATSs have many advantages. In fact, they do not need to be in physical
contact with the surface of the plate and do not need to be used with a coupling
fluid, which makes them ideal for measurement of high temperature plate inspec-
tion. Moreover, this technique is less sensitive to surface condition and easier for
sensor deployment. The major disadvantage of EMATS is their lower sensitivity
than piezoelectric devices, which is mainly due to limitations on the strength of
magnetic field which can be achieved in a practical device. The efficiency of EMATSs
is also affected by variations in the magnetic properties of materials on which they
are used which can be significant.

EMATS have been used in a broad range of applications like thickness measure-
ment, flaw detection in plates and pipes, weld and rail inspection, material char-
acterization. .. Thompson et al. [7,/12] suggested an EMAT device to inspect from
the inside of the tubes. Wilcox et al [80] have developed an EMAT array using the
S0 mode at frequencies around 170 kHz for the inspection of plates between 5 and
25 mm thick.

Magnetostrictive Sensors (MsS)

The MsS generates and detects guided waves electromagnetically in the material
under testing. For wave generation, it relies on the magnetostrictive (Joule) effect
that refers to a small change in the physical dimensions of ferromagnetic materials
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(on the order of several parts per million in carbon steel) caused by an externally
applied magnetic field. For wave detection, it relies on the inverse-magnetostrictive
(Villari) effect that refers to a change in the magnetic induction of ferromagnetic
material caused by mechanical stress (or strain). Since the probe relies on the
magnetostrictive effects, it is called a magnetostrictive sensor.

In the standard application, the sensor consists of a thin ferromagnetic material
(such as nickel or an iron cobalt alloy) that is bonded to the pipe. A thin excitation
coil is placed over the thin ferromagnetic material. The thin ferromagnetic material
has a biasing magnetic field and the excitation coil is configured to apply a time-
varying magnetic field to the ferromagnetic material. This generates a wave in the
thin ferromagnetic material that is then coupled (usually by an epoxy bond) into
the material being inspected. The same sensor is used to pick up magnetic induction
changes in the material caused by the guided wave reflected by a discontinuity.

A single magnetostrictive sensor generates and detects the guided waves prop-
agating in both directions. In practical inspection applications, the guided wave
generation and detection are controlled to work primarily in one direction so that
the areas of the structure on either side of the sensor can be inspected separately.

This technology can be used in plates, tubes and rods with slight differences
in the probes. In the long-range guided wave inspection, a short pulse of guided
waves in relatively low frequencies (up to a few hundred kHz) is launched along
the structure under inspection. Signals reflected from geometric irregularities in the
structure such as welds and discontinuities are detected in the pulse-echo mode.
MsS have been suggested for excitation and reception of guided waves in pipes in
several works [81182].

1.3 Conclusion

Nondestructive testing techniques have been introduced at first in this part. They
are widely used in science and industry in several applications from evaluating the
properties of a material, to detecting potential damages in components or systems
without causing damage. NDT techniques cover a large variety of methods each
based on a particular scientific principle. The choice of the specific method depends
on many factors like availability, accessibility, and suitability. It may sometimes be
necessary to use one method of NDT to confirm the findings of another. Radiography
testing, ultrasonic testing, magnetic particle inspection and eddy current testing was
described. All of them are conventional methods that inspect a limited zone of the
tested structure.

Guided waves technique is one of nondestructive testing methods. Its specificity
is that it can inspect long lengths of the structure from a single test position, as
the waves are able to be guided by the structure. Guided waves are governed by
the wave equations, which must be satisfied by all waves in elastic isotropic media.
The displacement could therefore be computed depending on the geometry of the
waveguide. Guided waves can propagate in pipes according to three different mode
types: longitudinal, torsional, and flexural modes. The first and second are axisym-
metric modes, while the third mode is non-axisymmetric. The dispersion curves for
a system describe the solutions to the modal wave propagation equations and give
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the properties of guided waves like phase velocity, energy velocity, attenuation and
mode shape. Dispersion curves can be computed using the Wave Finite Element
(WFE) method. This latter has been used in this work as numerical approach to
validate some experimental results.

Guided waves can be generated using three different technologies: piezoelec-
tric transducers, electromagnetic acoustic transducers (EMAT) or magnetostrictive
sensors (MsS). In our investigation, piezoelectric transducers has been used in the
designed inspection system to generate the desired waves.
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dynamics and torsional waves propagation.
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1. Pipeline inspection using guided waves

The maintenance of pipeline networks represents an important
technical and economical challenge. Oil or water transport and
supply industries need to carry efficient and planned maintenance
operations. Therefore they need to forecast any failure occurence
by ensuring a reliable monitoring of the structure. The inspection
process of such structures are the subject of current intensive re-
searches. The classical Non-Destructive Technique (NDT) used so
far could scan the state of the structure over a limited area. Recent
advances in Structural Health Monitoring (SHM) make use of
guided waves [1,2]. The inspection over larger distances from a
limited and distant points of observation is now permitted. Yet,
numerical based developments as well as experimental validations
are still needed to analyse and to understand all the phenomena at
stake [3].

Propagation of waves in waveguides has been studied for a long
time as far as the question of propagation through periodic struc-
tures was addressed [4,5]. Experimental investigation have been
intensively made on waveguide-like structures [1,6]. Such struc-
tures like pipeline were studied in order to design more efficient
tools than conventional local Non-Destructive Testing (NDT) tech-
niques to monitor large networks.

Some recent works use specific post-treatment like wavelet fil-
tering in order to identify and to localize the defect’s signature in
time records [9]. However, some wave modes suffer a continuous
wave distorsion. As a consequence, many of the available signal-
processing tools, applied to these specific modes are rendered
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unaccurate. The choice of the generated wave is then the first
important question to address.

Among the most recent results, the use of specific waves has
emerged. For example, the well referenced torsional waves
(T-waves) seem to be promising [7,8]. Once established, a specific
wave generator has to be designed as well as the proper analysing
process has to be defined. Based on these researches, the use of
Wave Finite Element Methods (WFEM) are here first presented in
order to justify the use and the design of a torsional-wave genera-
tor. Section 2 of this paper is devoted to the analysis of these
guided waves’ features.

The need for defining and designing a specific wave generator
soon arises. Some mature systems, yet still a few, let us hope to,
not only localize defects but also to identify their nature [2,3]. In
Section 2, the design of a prototype actuator is presented. The abil-
ity, on an experimental mock-up, to detect a (small) alteration of a
pipe with torsional wave is finally illustrated.

2. Wave-mode selection

Choosing the right wave to generate is crucial regarding the
range of frequency that should be used. Regarding the traditional
techniques in NDT, the idea was first to use high pitched signals
in order to achieve precision in the location, the size and the shape
of the defect. However, when the monitored facilities are large and
the access points to the structure limited (buried structures, close
inspection prohibited on operating facilities), the distance between
sensors and areas to survey can limit or even prevent the efficient
use of high frequency signals [10,11]. Yet, if lower frequency sig-
nals are used, the inspection distance is increased but the localiza-
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tion precision is reduced along with the fact that the wave-mode
initially chosen can present some distorsion.

An additional goal to the primary researches is now to identify
the damage’s level of severity. New advanced techniques try to im-
prove the ability to characterize existing or developing defects dur-
ing pipeline inspection. For example, Wang et al. [3] used
longitudinal L(0,2) waves, with frequency ranging from 100 to
240 kHz. Longitudinal modes are easy to excite and non-dispersive
as long as the frequency is high enough. This point will be ad-
dressed in paragraph Section 2.2. In addition, the wave-amplitude
damping along the pipe is inherent to the vibrations’ propagation.
This effect increases with the input signal’s generating frequency at
which the input signal is generated (see Section 4). The choice of
torsional waves (T-waves) is motivated by their wide frequency
range applicability [2]. Based on the analysis of calculated disper-
sion curves, this last property is detailed after the next section,
where the method to obtain these dispersion curves is firstly
described.

2.1. Dynamics of periodic waveguides

This study addresses the description of the dynamical behavior
of a slender structure which is composed, along a specific direction
(say x-axis), of N identical substructures. Note that this general
description can be applied to homogeneous systems whose
cross-sections are constant. The dynamic of the global system is
formulated in terms of waves propagating along the x-axis.

Let us consider a finite element model of a given substructure r
(re{l1,...,N}) belonging to the waveguide. The left and right
boundaries of the discretized substructure are assumed to contain
n degrees of freedom. Displacements q and forces F which are ap-
plied on these two boundaries are denoted by (qz, qz) and (Fz, Fg),
respectively. It is assumed that the kinematic quantities are repre-

T ™\ T
sented through state vectors u!” = ((q({)) (—F(L”)> and

T ™\ T
u = ((q%”) (Fg)) ) , and that the internal dof’s of substructure

r are not submitted to external forces. In this way, it can be shown
that state vectors u!” and u!” are related in this way:

u =su. (1)

S is a symplectic matrix [5]. The analysis of the dynamical behavior
of the waveguide is based on Bloch’s theorem [4], which states that
solutions uy, can be written in the following form (u being the wave
propagation constant).

u’ =" Vre{2,...,N}. 2)
and that they derive from the following boundary value problem:

S®; = 1;®;, S — pilon| = 0. 3)
Solutions {(t, Di)}i-1,....2n of Eq. (3) refer to the wave modes of

the heterogeneous waveguide. Matrix @ of the eigenvectors can
be described in this way:

inc ref
@q d)q

b =
qj;nc ¢]1;ef

, (4)

T T T T
<(<;bjl“c) ((D;”C)T> and ((diaef) (@;“)T> stand for the modes
which are incident to and reflected by a specific boundary (left or
right) of the heterogeneous waveguide, respectively [5,12].
., g, def and dF°T are n x n matrices. The orthogonality prop-
erties of eigenvectors {®;}; [5] allow one to propose a simple crite-
rion to classify the wave modes. Indeed, if ®;(w) stands for the ith
mode at frequency w, then the ith mode @; (w + A,,) at frequency

w + A, (A, represents the frequency step) must be chosen in order
to achieve a maximum with the following quantity:

Ai(®) = (91()) T Pi(@ + Aw),  py(w) =1/ () (5

In fact, the validity of this criterion is based on the assumption that
frequency step A, remains small enough such that eigenvector @;
variation is very little between w and w + A,

This technique is illustrated thereafter in Section 2.2 by results
obtained for a pipe. Indeed, these eigenvectors and these eigen-
values let us obtain the propagative mode shapes and their corre-
sponding wavenumbers. The method was previously implemented
on similar structures and details about the methodology can be
found in Refs. [13,14].

2.2. WFEM dispersion curves

The technique described in the previous part is here used in or-
der to obtain the wave modes as well as the dispersion curves for a
pipe. The structure is initially modeled using solid finite elements.
The stiffness and mass matrices are then extracted from the finite
element software (here Ansys). They are then used as basic mate-
rials for the wave mode identification process implemented in a
classical C-based routine. The principle of this identification is
shortly describe in Section 2.1 as details and some extended exem-
ples about this wave-finite element method (WFEM) are available
in [13,14].

Dispersion curves are numerically obtained for the steel pipe as
seen in Figs. 1 and 2. The outer diameter is 140 mm and the thick-
ness of the pipe’s wall is 4 mm. From this curve, several important
observations can be made. First of all, it is obvious that, for a given
frequency, lots of waves can propagate. Besides this, when the fre-
quency varies, not only the number but also the types of waves
change (longitudinal, flexural, torsional). Among these waves, the
torsional one T (0,1) is the only one whose velocity remains con-
stant with frequency. All the others suffer speed variations as the
frequency changes. This is a major disadvantage for wave genera-
tors that could only generate longitudinal or flexural waves. Since
the pulse’s frequency adjustment is needed in order to ensure
smaller singularities’ detection. Reliability in all the other aspects
of wave generation should be granted. This way, whatever type
of wave or wave shape that could be detected would be due to
the sole presence of singularities along the pipe. That is why, the

Group velocity (km/s)

Frequency (kHz)

Fig. 1. Group velocities - dispersion curves for a steel pipe diameter 140 mm,
thickness 4 mm - bold red line: torsional wave T (0,1). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 2. Phase velocities - dispersion curves for a steel pipe diameter 140 mm,
thickness 4 mm - bold red line: torsional wave T (0,1). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

design of the actuator has to garantee that only torsional waves are
generated. Then, the first experiments had to assess the generation
of only torsional waves.

3. The actuator’s design

The aim of the actuator is to generate torsional waves in a hol-
low cylinder. The idea is to apply a local torsional movement along
the outerbound of the pipe’s section. The time history of the dis-
placement should be consistent with a pulse. The choice was made
to use piezo patches that would convert the electric signal into
shear strain (high d15 value). However, for a practical and econom-
ical concern, the continuity of the piezo round around the pipe
could not be considered. Despite the fact that a piezo continuous
ring could have been prefered, the idea was to generate a torsional
torque via a ring of distributed rectangular piezo patches. Yet, the
number of these piezo patches had to be estimated in order to en-
sure the generation of the desired waves.

Two ways of verifying that the pipe was submitted to the right
wave impulse have been used: the analysis of the stress and strain
patterns in sections along the pipe and the analysis of records for
the time signal’s shape at given points. Thanks to the first one,
the homogeneity of the displacement in the pipe’s section could
be verified; whereas with the second way, the wave’s running time
to the measurement point was made consistent with the wave-
speed of the torsional mode.

For that purpose, the finite element numerical model of a pipe
was developed. The pipe’s characteristics were the ones of the
structure used in Section 2 for the WFEM wave speeds’ calculation
and in Section 4 for testings, namely a 3 m-long, 4 mm-thick steel
pipe with a 140-mm outer diameter. The pipe’s finite element
model was exactly the same from which we previously obtained
the mass and stiffness matrices to calculate the dispersion curves.
A single layer of solid elements was used in the radial direction.
The number of elements in the axial direction was choosen in order
to have at least 6 elements per wavelength. In order to represent
the piezo patches, solid-element rectangular shapes were attached
at one end of the structure and evenly distributed around the exte-
rior of the pipe. At the top of Fig. 5, three tested distributions are
drawn. The actual dimensions of the piezo elements were used.
Therefore there is a limit in the number of elements that can be at-
tached around the pipe. Despite their overall rectangular shape,
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Fig. 3. Time impulse wave-form: 5.5 cycles at 30 kHz.

piezo elements were supposed to be fully in contact with the pipe
on their bottom face.

The pulse time-signal input is shown in Fig. 3. This is a 5.5-cycle
signal for frequencies ranging a few thousands Hz up to a few tenth
of kHz. The magnitude and the number of cycles correspond to the
total energy sent into the piezo array (and therefore used to shake
the pipe). The magnitude, but also the frequency are the main
characteristics of the wave input signal. Even if the torsional
wave-speed is not frequency-dependent, the sensitivity of the
propagative wave to the defects is closely correlated to its relative
wavelength size vs. the defect’s one. In addition, the magnitude
and the frequency have both an influence on the ability of the
waves to travel long distances before the structural damping
makes them unperceivable. However these two parameters have
practical limits due to the electronics of the voltage amplifier and
of the measurement front-end.

3.1. Pipe’s deformed shapes under distributed shear-stress input

Based on the finite element calculation for an electrical pulse
time signal applied to the piezo patches, the stress and the strain
patterns in sections spread along the pipe were used to re-con-
struct the section displacement pattern (see Fig. 4). The same re-
sult was also used to calculate the section’s generalized forces.
Given that the simulated pipe had neither notches nor any other
singularities but its ends, the waves’ shapes could only be the re-
sult of the piezo patches’ action.

Fig. 5 shows the results at 10, 15 and 30 kHz for three different
configurations of piezo patches (sets of 4, 8 and 16 piezo patches
around the pipe). The deformed shape of the pipe at a given time
of the time simulation are compared. As one can expect the smaller
and the more numerous the piezo patches were, the closer were
the displacement and the force to the response of a pure torque
excitation. In all other cases, some flexural waves were also ex-
cited. Regarding their dispersive properties with respect to fre-
quency and the fact that they could interfer with the analysis of
torsional wave reflexions and convertion on singularities, the num-
ber of piezo patches had to be as high as possible.

Yet, the piezo material’s size and setting had to be taken into ac-
count. As a consequence, in order to ensure a good order of magni-
tude of shear stress, the thickness of the piezo patches should be
large enough. However, as shown in Fig. 6, the shear strain in the
piezo material can induce a local flexural motion on the pipe.
The piezo mounting, connection and insulation emphasize this ef-
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Fig. 5. Deformed shapes for different numbers of piezo patches, at different frequencies.
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Fig. 6. Local flexural motion induced by piezo patches.

fect. The resulting practical solution will be a tradeoff between all
these needs and drawbacks.

3.2. Simulation of measured time-signals along the pipe

For several points along the pipe, the time signal was observed
and the time delay between the emission and the detection was di-
vided by the wavespeed for the corresponding torsional wave in a
steel pipe.

Results are shown in Fig. 7. Recorded time-signals are simulated
for a 5.5-cycle 15 kHz impulse. They correspond to the orthoradial
displacement in the middle of the pipe.
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The distance hence obtained corresponded each time to the po-
sition of the measurement point along the pipe with no change in
the pulse shape for the first impulse cycles. The duration of the
pulse, 3.67e10 s, corresponds to the 5.5 cycles at 15 kHz. Indeed,
by the time the total torsional pulse had passed the measurement
point, either the other (slower) flexural modes were arriving (see
Fig. 7a) or the reflection of the wave on the end of the pipe was
captured (see Fig. 7b). This result was kept as it is, since it corre-
sponds to the length of the iron pipe that was used during the
experiments. However, this assessment on the effect of the re-
flected wave was confirmed by measurements made closer to the
excitation point and therefore farther form the reflecting pipe’s
end.

The conclusion was made that the size of the piezo parts was
good enough to ensure the generation of the designated wave type,
provided they were numerous enough. By means of time finite-ele-
ment calculation, and according to the available piezo shear prop-
erties, the size and the number of piezo parts could be determined.
Hence, a total number of 16 evenly distributed piezo was chosen,
adapted to the 140 mm pipe. This rate of piezo patches to the
pipe’s size was also confirmed by the analysis from Lowe et al. [1].

3.3. Torsion mode — numerical results

Once the design of the actuator chosen, the next numerical sim-
ulations were performed in order calculate the dynamic response
of the pipe with a notch. The torsional wave-mode proved to be
very sensitive to the defect shape and size as it can be observed
in Fig. 8. The numerical comparison, here presented, between a
good pipe and a damaged one correspond to the actual pipes that
were used for the experiments as reported in Section 5 (overall
pipe’s dimensions, size and shape of the defect).

The goal was to get an order of magnitude of the reflection coef-
ficient that we could expect from a torsional wave. Theses values of
the reflection coefficient with frequency are reported in Fig. 9 for
different sizes of a through notch located at 2 m from the end of
the pipe where the piezo-array actuator is placed. The notch is
transverse to the pipe and its size is given in percentage of its cir-
cular length. The measurements are supposed recorded where the
actuator is placed.

Generally speaking, the reflection coefficient increases with the
frequency and (of course) the notch’s size. However, above a given
frequency, some peak values are observed on the numerical re-

sults. For a 12% notch, the refection coefficient between 10 and
30 kHz varies between 0.05 and 0.20 and does not evolves regu-
larly. It reaches local peak values around 14 and 20 kHz and then
drops sharply down to almost half of its values. The corresponding
frequencies happen to be the eigen frequencies of pipe’s section
modes. These modes must be very sensitive to the occurence of
such a singularity. Moreover, since the evolution of the reflection
coefficient is not uniform across the frequency band, its value for
a 12% notch can sometimes be lower than the one of a 8% notch.
For instance, the value at 22.5 kHz is 0.08 for a 12% notch whereas,
at 22 kHz, it is equal to 1.10 for a 8% one. Hence, depending on the
frequency used to generate the traveling wave, this effect should
seriously be taken into account in order to give the proper analysis
on the pipe’s health. The experimental results should confirm this
evolution with frequencies.

4. Waves generation - time signal from the piezo actuator

The first measurements performed with the piezo-distributed
actuator had to confirm the feasibility of a torsional wave genera-
tion on a pipe. Then, according to the quality of the measurements,
the analysis of these latter should establish some observations in
the way of processing the results. For instance, the impulse’s dura-
tion must have an effect on the singularities visibility or the vibra-
tions’ attenuation has to be taken into account when considering
the amplitude of the wave’s reflexions. Then, the first measure-
ments, comparing the time signal with and without a defect on a
pipe, can be performed.

4.1. Wave propagation along the pipe

The actuator has here first to prove that it can generate pulsed
propagative waves. Then, these waves have to be torsional waves
only. The results of the following testing are presented in order
to assess these features.

For that purpose, the actuator and the sensor are mounted on a
straight 3 m-long PVC pipe without any defect. The actuator is at-
tached at one end of the pipe; the sensor is placed at 1 m from the
actuator. Fig. 10 shows the time record for the pipe without any
defect, whereas Fig. 11 is the time record under the same experi-
mental conditions but for a pipe with a defect. This defect is a sin-
gle 6 cm radial cut. It is placed half way from both end of the pipe.
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The group speed of the torsional wave is here equal to 980 ms™!

in the PVC tube. Hence,the time delay between the emission of the
pulse and its detection by the sensor corresponds to travel time of
the torsional wave at this wavespeed. This signal corresponds to
the large pulse recorded between 1.0e>s and 1.5e>s on both
Figs. 10 and 11. The shape of the incident pulse is unchanged. This
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Fig. 10. Time signal recorded without defect: 3.5-cycle wave at 10 kHz.

tends to confirm the ability of our actuator to generate only tor-
sional waves.

After this large pulse, the two time results are different. A sec-
ond pulse is visible in Fig. 11. The time delay (1.0e3 s) after the
first pulse, at 980 ms~!, is consistent with the time for the torsional
wave to travel back to the sensor from the defect’s location (1 m
total length of path). Despite the important level of damping in
such a PVC pipe, the movement can still be caught.



550 O. Bareille et al./ Mechatronics 22 (2012) 544-551

‘ torsion mode
0.8} H :
0.6 | ‘

I
‘ H reflection from damage

‘ ‘ 1
0
|

incident |

04} |
02} \“

| N
[ MASAMN A~ A Ao

R \\/\/’\‘ ‘
v

Amplitude

04} ‘
H
|

U
| _

0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
Time /sec x107

=08

Fig. 11. Time signal recorded with defect: 3.5-cycle wave at 10 kHz.

The use of a PVC pipe was motivated not only by the easy way
to process, to assemble and to cut it but also because of its impor-
tant damping. Hence, no reflexion from the end could be detected
as long as the sensor is not placed further than the middle of the
pipe’s length. We could then simulate the use of a semi-infinite
pipe. With a steel pipe, the length needed would have been impos-
sible to obtain reasonably.

4.2. Damping identification

Even if the torsional waves are not subjected to distorsion or
any wave-type conversion, the attenuation of their amplitude is
inherent to their propagation through a medium which is some-
how dissipative. This effect even increases with the pulse signal
frequency.

In order to properly appreciate the magnitude of the reflected
signal as an effect of the severity of a singularity, the amplitude de-
crease with the distance of propagation has to be estimated. For
that purpose, the following protocol was performed in order to
measure this attenuation.

Taking a length of pipe with no singularity but the ends of it, a
wave impulse is generated by the actuator placed at one of this
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Fig. 12. Wave attenuation on PVC pipe: 5.5-cycle wave at 15 kHz. Dots: Measure-
ments and continuous line: fitted exponential curve.

ends. A single cell sensor is placed at a given distance from the
actuator and the time signal is recorded. The time delay between
the impulse emission and the sensor detection is measured for
each position along the pipe. As seen in Fig. 12, the amplitude of
the wave decays with the distance from the actuator. The interpo-
lated curve corresponds to an exponential decrease with the dis-
tance. The calculated exponential decay is equal to 1.7 and in the
range of the damping factor’s values for this kind of material.

It must be mentioned that, for each measurement, the time de-
lay was consistent with the wavespeed of the torsional wave.
Moreover, when using a PVC pipe of such a length, the damping
is so important that no reflexion from the pipe’s end can reach
the measurement point. Therefore, no doubt was possible about
the origin of the measured pulse as the incident wave. Regarding
the short distance over which the signal is damped, the PVC pipe
can be used to simulate the equivalent long distance propagation
in a more rigid material.

When a steel pipe is used instead of a PVC one, the wave can
travel back and forth, reflecting itself several times at each end of
the pipe. This effect is visible in Fig. 13, with the same kind of pulse
as for the previous example. This figure presents the time signal on
a straight 3 m-long steel pipe with no singularities but the ends of
the pipe itself. The impulse wave is a 5.5-cycle wave at 15 kHz. The
actuator is placed at one end of the pipe and the sensor is placed at
1.6 m from this point, on the outer surface of the pipe. The Hilbert
transform is performed on the time signal in order to get the sig-
nal’s amplitude only. When applied to such an input function,
the Hilbert transform gives the envelop of the time varying signal
[15,16].

Hence, even if the recorded pulses are not traveling the same
way, their decrease in amplitude allows estimating the damping
of the signal with the distance. Indeed, when performing the
damping factor’s measurement like in the PVC pipe case, the atten-
uation curves fits exactly to a line that would join all the recorded
pulses’ maxima (dashed line in Fig. 13).

When compared to the measured attenuation curve, the de-
crease of the time-signal amplitude’s envelop is consistent with
space attenuation of the wave traveling back and forth in the pipe.
The wave’s reflexions are due to the pipe’s ends.
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Fig. 13. Time signal attenuation with distance: 5.5-cycle wave at 15 kHz. Bold-line
curve: Hilbert transform, dashed curve: attenuation curve, thin curve: time signal.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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4.3. Results analysis

At this point, the experimental actuator-sensor device proved
to actually generate and measure torsional waves traveling along
a pipe waveguide. The feature of the wave’s travel could be identi-
fied and evaluated like the spatial damping and the level of inter-
action with the defect. Long distance detection seems then to be
reachable in the selected frequency range.

5. Measurements of the reflection coefficient
5.1. Reflection coefficients

A numerical vs. experimental comparison is made here, based
on the reflexion coefficient. The experimental mockup uses a 4 m
steel pipe. A notch is made at 2 m from the actuator location (this
latter is mounted at one end of the pipe). The sensor is placed right
after the actuator during these experiments. Future works will con-
sider the fact of placing the sensor to some distance from the actu-
ator in order to better estimate the defect location.

The reflection coefficient is calculated by establishing the ratio
between the averaged reflected signal’s amplitude and the ampli-
tude of the generated wave on the pipe. This way, no matter how
important is the energy input into the experimental setup, the
comparison can still be drawn. The first wave’s reflected signal is
used to perform the comparison. Fig. 14 represents such a compar-
ison. The reflection coefficient is calculated for a 5 mm-thick steel
pipe with a 13.8% in circumference transverse notch. This settings
for the numerical calculation correspond to the actual experimen-
tal ones. Experimental results seem to follow the numerical ones in
the 10-20 kHz range. The interaction between the notch and the
pipe’s section mode is detected. However, in the upper end of
the investigated frequency range, conclusions still difficult to draw.
Yet, the measured reflection coefficient is always way above the
numerical simulation. The technique used to get a ‘““reflection coef-
ficient’”” does not take into account the phase values of the time
signal and hence this might be why there is a general
overestimation.

5.2. Conclusion and comments for future works

This paper has presented the design and the validation process
of a specific distributed piezoactuator. The use and the need of
such a device for structural health monitoring was illustrated by
preliminary numerical simulations. These simulations had shown
the promising potential of torsional wave motion among all the
propagative waves in pipe-like structure, namely waveguides.

The first experimental results validated the ability of our in-
house manufactured actuator to generate the expected waves.
Then, the first structure’s properties could be identified and store
as future parameters for monitoring the evolution the singularities
and defects. Damping is one of them and it could be experimen-
tally evaluated for two different homogeneous materials. These lat-
ter have shown the same pattern along with the distance of
propagation.

The long distance application involving the treatment of re-
flected traveling waves is then the next step. Yet, regarding the
complexity of the time signal for field applications, the current re-
searches are led toward the post-treatment of such signals. The
type and the extend of singularities are hence identified by mean
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Fig. 14. Reflection coefficients for a steel pipe with a notch: numerical prediction
(line curve), experimental results (square points).

of comparison to reference ones as well as knowing the sensitivity
of mode conversion. Sensitivity analysis of the response quality
needs also to be estimated regarding the relative inhomogeneity
inherent to all real structures. For that purpose, not only specific
numerical treatments but also newly designed sensor arrays are
currently tested.
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CHAPTER 3. DEFECT DETECTION IN PIPES BY A TORSIONAL
GUIDED-WAVE INSPECTION SYSTEM: DESIGN AND EXPERIMENTS

Abstract

Guided wave technique is becoming more and more usable in pipeline inspection due
to its efficiency and its cost effectiveness. An inspection system has been designed
and developed in this work. It is based on torsional wave generation and reception
using piezoelectric transducers. Numerical simulations using standard FE and Wave
Finite Element methods have been carried out in order to verify and visualize the
wave propagation phenomenon in both intact and damaged pipes. An experimental
test bench is provided in order to perform a set of tests on straight and curved
pipes with two different materials: PVC and steel. In each case, time signals from
intact and damaged structures were analyzed. Experimental results show that the
torsional mode is well excited and could propagate along the pipe. The interaction
between the generated waves and machined defects has been proven, as well as the
ability of damage detection within the curved structure. Numerical and experimental
comparison, in terms of reflection coefficients, has shown a good agreement.

Keywords: Structural health monitoring, defect detection, torsional guided-wave,
piezoelectric transducers, reflection coefficient.

1. Introduction

Long pipelines are often used in petro-chemical industry for transporting liquid
and gaseous substances. These pipes need to be regularly monitored and inspected
for both safety reasons and environmental impact control. Non-Destructive Tests
(NDT) techniques are required to assess the integrity of pipes in service. A quick
and reliable method for the detection of corrosion and defects under insulation which
does not involve removal of all the insulation is therefore required. The problem is
even more severe in cases such as road crossings where the pipe is underground (often
in a sleeve) for a limited distance; excavation of the pipe for visual or conventional
ultrasonic inspection is extremely expensive so a technique to address this problem
is particularly beneficial. Thus, it is useful to find an effective method capable
of screening long distances of pipes from one access position and to be fast and
sufficiently accurate to identify defects in the inspected areas.

Guided waves have been increasingly used in nondestructive evaluations. Many
researchers have been interested in the application of ultrasonic guided waves for
the nondestructive inspection of pipes [1-4]. They have recognized the possibility
for rapid, accurate, and inexpensive nondestructive assessment of these structures
that exist in the infrastructure of many industries. Guided wave inspection method
is a fast screening technique for pipe testing [5-7]. It ensures the inspection over
larger distances from limited and distant points of observation. The use of low
frequency ultrasonic guided waves propagating along the pipe wall is potentially a
very attractive solution since they can propagate a long distance under insulation
and may be excited and received using transducers positioned at a location where a
small section of insulation has been removed.

40



CHAPTER 3. DEFECT DETECTION IN PIPES BY A TORSIONAL
GUIDED-WAVE INSPECTION SYSTEM: DESIGN AND EXPERIMENTS

A detailed explanation by Rose, Pelts and Quarry on a comb transducer has been
presented in reference [8], along with the various design aspects of a comb transducer.
This latter is a finger-like device that is placed on the structure, whereby pumping
ultrasonic energy into the comb with the appropriate spacing can produce guided
waves of choice inside the piping material. The comb structure can go entirely
around the pipe producing longitudinal axisymmetric waves or be placed partially
around the circumference of the pipe, say from twenty to ninety degrees around the
circumference, and in this case produce longitudinal non-axisymmetric or flexural
modes in the pipe. Shin and Rose [9] have discussed the use of both axisymmetric
and non-axisymmetric surface loading in hollow cylinders and illustrates the basic
principles behind non-axisymmetric wave propagation. Use of these flexural mode
waves are being tried in order to assist in the flaw detection classification and sizing
process. Further work on the excitation of non-axisymmetric guided waves has been
reported by Li and Rose [10]. It was shown in this paper how it becomes possible
to load the upper surface of a pipe and to inspect, for example, the bottom side of
a pipe, at a certain distance away.

In principle, both axisymmetric and non-axisymmetric modes can be used for
long-range inspection. Axisymmetric modes are in general preferable because they
are easier to excite and have relatively simple acoustic fields. Initial practical testing
was done by many researchers using the longitudinal 1.(0,2) mode. Alleyne and
Cawley [4] have reported on the development of dry-coupled piezoelectric transducers
for the excitation and detection of the guided waves. Alleyne et al. [6, 11] and Lowe
et al. [12] have studied the reflection of the L(0,2) axially symmetric mode from
notches in pipes, and examined the reflection of mode-converted guided waves with
L(0,2) as incident mode [13]. Alleyne and Cawley [14] have measured reflections
of the same mode from welds, flanges and pipe supports, and demonstrated that
the mode can be propagated under wet or dry insulation. However, more recent
tests have employed the torsional mode [15-17]. This has the advantage that, in
contrast to the 1.(0,2) longitudinal mode, the T(0,1) torsional mode propagation
characteristics are not affected by the presence of liquid in the pipe and there is no
other axially symmetric torsional mode in the frequency range, so axially symmetric
torsional excitation will only excite the T(0,1) mode, whereas when the 1.(0,2) mode
is used, the transducer system must be carefully designed to suppress the L(0,1)
mode.

Another issue that has been treated is the presence of features in pipeline like
elbows. Rose and Zhao, in [18], have carried further the flexural mode tuning concept
for pipe elbow inspection. It was shown that it becomes possible to send ultrasonic
energy into an elbow region and even beyond the elbow region in carrying out a
reliable and efficient inspection. Also, a semi-analytical finite element method has
been used by Hayashi and Rose [19, 20] in order to show how an axisymmetric wave
in a straight pipe is modified as it passes through an elbow. A. Demma et al. [21] has
studied the propagation of guided waves in curved pipes. The modes propagating in
toroid structures have been found using an FE procedure.

Based on these previous researches, an inspection system has been designed and
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developed to generate well-defined waves that propagate along the structure; and
receive reflected signals from features and damages encountered. The torsional mode
was chosen to be generated by the system. This choice is based on the intrinsic
properties of this mode. The generation of torsional waves is operated by using a
number of piezoelectric transducers clamped around the circumference of the pipe.
The Wave Finite Element Method, which is a spectral approach, has been used
to compute the response from damaged pipe in time domain. The same method
has been employed to calculate reflection coefficients from the defect at different
frequencies in order to be compared to experimental results.

In this paper, the design process of the torsional waves inspection system is p-
resented at first, including finite element simulations on an intact and a damaged
pipes. Time responses were examined in each case. Then, experimental tests have
been performed on two pipes with different materials: PVC and steel. Some defects
have been machined on these pipes. Their interaction with torsional waves has been
proven by analyzing experimental time responses. Finally, the torsional wave prop-
agation in a PVC straight-curved-straight structure was studied. The interaction
with damage in a bend has been investigated.

2. Design of the guided-wave inspection system

In this section, the bases of the inspection-system design were introduced. Guided
waves in pipes were described in order to achieve a suitable selection of the excitation
mode. Once the choice made, the wave generation mechanism was detailed. Then,
finite element simulations were performed on intact and damaged pipes in order to
validate the concept.

2.1. Guided waves in pipes and mode selection

Guided-wave propagation in pipes is a complicated phenomenon due to the di-
versity of the generated waves. There is two different categories of wave modes:
axisymmetric and non-axisymmetric. The first one includes longitudinal and tor-
sional waves, and the second one includes flexural waves.

In order to achieve a good understanding of wave properties, dispersion curves
were numerically obtained for a steel pipe using the Wave Finite Element Method.
This method was previously implemented on similar structures and its methodology
was detailed in references [22-24]. The outer diameter of the steel pipe is 140mm and
the thickness of the pipe wall is 4mm. Figure 1 shows the group velocity dispersion
curves of the modes that can propagate in the pipe.

The modes include a family of axially symmetric longitudinal, flexural and tor-
sional motion of the pipe wall. However, in addition to the axially symmetric (zero-
order) modes, there are modes which have harmonic variation of displacements and
stresses around the circumference. The order 1 modes have one cycle of variation
around the circumference, order 2 have two, and so on. For each of this infinite series
of orders, there is a family of modes. The modes in the figure 1 are labeled after
the convention of Silk and Bainton [3]: the first integer of the integer pair in each
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mode label gives the harmonic order of circumferential variation; thus the axially
symmetric modes have zero as their first integer. The letters L, F and T denote
longitudinal, flexural and torsional modes, respectively.

The group velocity dispersion curves show the velocity at which finite-time wave
packets travel; they are therefore useful for the calculation of the travel times of
the wave signals which are used in the long-range testing. From this curves, several
important observations can be made. First of all, it is obvious that, for a given
frequency, lots of waves can propagate. Besides this, when the frequency varies
not only the number but also the types of waves change (longitudinal, flexural, and
torsional). Among these waves, the torsional mode T(0,1) is the only one whose
velocity remains constant with frequency. All the others suffer speed variations
as the frequency changes. Axisymmetric modes are preferred for the detection of
defects in pipes. Previous studies have used the longitudinal mode 1.(0,2) due to its
sensitivity to defects, its speed and non-dispersivity from cut-off frequency [6, 25].
These studies and others also have shown the benefit of using the torsional mode
T(0,1). Indeed, its main advantages are:

e a non-dispersive mode, it keeps its speed constant.

e the fastest among torsional waves.

e it has a high sensitivity to axial and circular defects.

e it has a high sensitivity to internal and external defects.

e unique among the torsional modes in the frequency range used.

e it propagates through pipes filled with liquid without much leakage.

The design of the wave generator has to guarantee that only torsional mode is created
which have to be verified by the first experiments.

2.2. Generation of torsional mode

The design of the inspection system has to take into account the selection and
exploitation of a single mode. A lot of modes can be generated by an excitation
source working in its frequency band. Obtained signals are much more complicat-
ed to interpret. Even, with a single mode, great care is necessary for the correct
identification of reflections from defects and features that exist in the pipe (welds,
supports, flanges...). Therefore, although it is not obvious to achieve, it is essential
to design a wave generator able to excite only one mode.

The aim of the inspection system is, firstly, to generate torsional waves in a
cylindrical pipe. Then, these waves must be guided by the pipe structure and have
the necessary energy to travel along long distance. When they encounter features
that change the geometry of the pipe such as structural singularities (flanges, elbows,
welds, branches ...) or defects (corrosion, notches, metal loss ...), they have to be
partially reflected. These echoes are then detected and analyzed in order to provide

4
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Figure 1: Group velocity dispersion curves computed by WFEM for a 140mm outer diameter steel
pipe with a 4mm thickness.

information about the location and nature of every discontinuity in the pipe. So, our
inspection system should have two parts: a wave-generator ring and, a wave-receiver
ring. To design the generator ring, the idea is to apply a local shearing motion around
the outer circumference of the pipe section. The time history of the displacement
should be consistent with a pulse. The choice was made to use piezoelectric patches
that would convert the electric signal into shear strain. However, for a practical and
economical concern, the continuity of the piezoelectric round around the pipe could
not be guaranteed. Therefore, instead of a piezoelectric ring, the idea was to generate
a torsional torque via a ring of distributed rectangular piezo-transducers working
with the inverse piezoelectric effect. Yet, the number of these piezoelectric parts has
to be estimated in order to ensure the generation of the desired waves (Figure 2).
Receiver side, the piezo-transducers should work with the direct piezoelectric effect.
Received waves would be converted to electric signals and then would be sent to an
acquisition instrumentation.

The first step in selective excitation is to use a narrow band signal. This also
gives good signal strength and avoids dispersion over long propagation distances. A
tone burst of 3 to 10 cycles in a Hanning window achieves this ideally. A typical
time record for a 5.5 cycles signal and its frequency spectrum are shown in figure
3. The magnitude and the number of cycles correspond to the total energy sent

into the piezoelectric array. The magnitude, but also the frequency are the main

characteristics of the wave input signal. Even if the torsional wave-speed is not

frequency dependent, the sensitivity of the propagative wave to the defects is closely
correlated to its relative wavelength versus the defect size. In addition, the magnitude
and the frequency have both an influence on the ability of waves to travel long
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transducers
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Figure 2: Mounting of the piezoelectric transducers on the pipe.

distances before the structural damping make them unperceivable. However these
two parameters have practical limits due to the electronics of the voltage amplifier
and of the measurement front-end.
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Figure 3: 5.5-cycles narrow-band signal at 10 kHz modulated by a Hanning window: (a) time
record; (b) frequency spectrum.

2.3. Finite Element simulations on an intact pipe

2.3.1. Pipe deformed-shapes

In order to visualize the wave propagation phenomena and verify the homogene-
ity of the displacement in the pipe section, the finite element model of a pipe around
which was clamped a number of piezoelectric transducers, was developed. The pipe
is of steel with a 140mm outer diameter, a 4mm-thick and a 1m-long. If a suffi-
cient number of equally spaced and equally driven transducers is excited around the
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circumference, then only the axially symmetric (order 0) modes are excited. The
number of transducers must be greater than the highest order of the modes which
can be present in the frequency range of the signal [7]. For the 140mm pipe, it is
suitable to use more than 15 transducers if we will reach the 40 kHz. Three config-
urations of piezoelectric-transducers numbers were studied here in order to find the
optimal one and to be sure of to generate the desired waves. In the finite element
model, we used 4, 8 and 16 piezo-elements equally spaced mounted around the cir-
cumference. We introduced the necessary piezoelectric-material properties for each
of the elements and the electric signal was applied to the proper sides in order to
have a shearing effect acting on the pipe circumference. The structure was excited
at 10, 15 and 30 kHz. The resulting deformed shapes of the pipe at a given time of
the time simulation are compared in figure 4.

4 piezo-transducers | 8 piezo-transducers | 16 piezo-transducers
FZANSYS| i f?mvs \ ?/msvs
10kH =z
@MSYS ﬁ@msys
15kH 2
*1@>msvs
30kH =

Figure 4: Deformed shapes of a steel pipe for different numbers of piezoelectric patches, at different
frequencies.

We can notice that for the 4 piezo-transducers case, the torsional mode is not
generated and there is flexural modes propagating in the pipe. In fact, the shearing
effect is created locally but due to the limited number of transducers around the
circumference the torsion effect was not generated. For the second case, 8 piezo-
transducers induce torsional mode only at 10 kHz but if we go up the frequency
flexural modes appear. Finally, the 16 piezo-transducers configuration seems to be
convenient at the three frequencies and the torsional mode is well generated.

The number of piezo-patches to be used in the generator must take under account
the necessity of creating a sufficient torsional motion on the one hand, and the surface

7
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availability in the pipe on the other hand. Hence, a total number of 16 evenly
distributed piezo-transducers was chosen, adapted to the 140mm pipe.

2.3.2. Simulated time-signals on the pipe

The wave speed of the presumed torsional mode created must be consistent with
its real wave-speed which is 3140m.s™! according to figure 1. The verification will be
done using the numerical time-signals recorded in the FE simulation. For three points
along the pipe in different axial locations (figure 5), the orthoradial displacement
time-signals was observed and the time delay between the emission and the detection
was divided by the wave speed for the corresponding torsional wave in a steel pipe.
Recorded time-signals are simulated for an excitation impulse with 3.5 cycles at 10
kHz generated in x=0m (X being the axis of the pipe). The pipe is the same as in
subsection 2.3.1. Results are shown on figure 6.

mmmmm

Figure 5: Observed-nodes locations in the pipe.

Figure 6(a) corresponds to the displacement recorded for the N1-node situated
at x = Om. If we examine this curve, we find two received impulses. The first one is
due to the excitation since it begins at ¢ = 0s. The second one corresponds to the
end of the pipe echo received after the wave has traveled back and forth. The time
duration between the first and the second impulses (0.6 x 1073s) matches with the
time needed by the wave to propagate 2m by the torsional wave-speed. Figure 6(b)
shows the displacement recorded for the N2-node located at the middle of the pipe
(x = 0.5m). This curve shows two whole impulses and a part of a third one. The
first one is the passage of the incident wave arriving after a time-delay corresponding
to the torsional wave traveling duration between the N1 and N2 nodes. The second
impulse in the curve is the end of the pipe reflection received after the wave has
traveled back and forth. The third impulse is not complete due to limited time
simulation and comes from the other end of the pipe (at x=0m). Finally, figure
6(c) represents the displacement of the N3-node located in the end of the pipe.
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Figure 6: Displacement time-signals recorded at different locations in the pipe: (a) x=0m, (b)

x=0.5m and (c) x=1m.

The received wave implies an impulse delayed by the time needed to travel from
the excitation source until the measurement point. This duration matches with the
torsional wave speed divided by the length of the pipe.

The FE simulations have shown the ability of the piezoelectric patches to generate
torsional waves that can propagate along the pipe. The torsion wave-speed calculated
by FEM was compared to the WFEM’s one and verified. The next step is to validate,
numerically, the sensibility of the torsional mode to the defect presence in the pipe.
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2.4. Numerical simulations on a damaged pipe
2.4.1. Finite Element simulation

Once the design of the inspection system chosen, the next numerical simulations
were performed in order to calculate the dynamic response of the pipe with a notch.
The aim is to test the sensibility of the torsional waves generated by the inspection
system to a defect. For this reason, a squared through-cut was modeled at the
middle of a Im-long pipe (Figure 7). Its circumferential extent is about 25% and its
axial extent is 10mm. The diameter and the thickness of the pipe were the same as
used previously. A piezoelectric array was positioned at one end of the pipe. The
excitation signal has a 3.5 cycles and a frequency of 10 kHz.

ELEMENTS AN

0CT 6 2011
10:54:28

Piezoelectric
elements

l

Defect

Figure 7: Finite Element model of the pipe with a defect.

Figure 8 shows the orthoradial-displacement time signals for two measurement
points: at x=0m where the piezo-array is located, and at x=1m (the other end of
the pipe). In figure 8(a), the time-signal is recorded for a node situated at the first
end of the pipe, so we can see in the graph the incident wave impulse beginning
at t=0s, then the defect echo is detected and its position can be verified knowing
the torsional wave speed. Finally, the third impulse represents the reflection of the
other end of the pipe. In figure 8(b), the time signal is recorded for a node situated
at the other end of the pipe. The wave arrives with a delay corresponding to 1m
propagation duration. The wave energy is affected by the structural attenuation and
the presence of the defect in the pipe. The little impulse that appears later in the
graph represents the echo of the defect from the returning wave.

Deformed shapes of the pipe can be extracted by this simulation in order to
examine the wave propagation and its interaction with the defect (Figure 9). The
wave created by the piezo-array begins to spread along the pipe as we can see in
figure 9(a) where the torsion mode is observed here. After a while, the wave reaches
the defect (fig. 9(b)). A part of the wave is reflected and turns back to the first
end of the pipe where the piezo-array is located, whereas the other part of the wave
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Figure 8: Displacement time-signals recorded at different locations in the damaged pipe: (a) x=0m,
(b) x=1m

continues traveling (fig. 9(c)). While the reflected wave attains the first end of the
pipe, the transmitted wave catches the other extremity (fig. 9(d)) and then turns
back completely. When it reaches the defect, a part of this wave is reflected and
returns to the second end of the pipe at the same time that the transmitted one
arrives at the first end (fig. 9(e)). The final deformed shape of the pipe in the
simulation is presented in figure 9(f).

The presence of such non-axisymmetric defects creates mode conversion of the ax-
isymmetric incident-wave to additional non-axisymmetric modes. In fact, an axially
symmetric wave which is incident at an axially symmetric feature (eg a welded pipe
joint) reflects energy only in axially symmetric modes. But, an axially symmetric
wave which is incident at non-axially symmetric feature (eg a corrosion patch) mode-
converts energy to non-axially symmetric modes. Thus, separate measurements of
axially symmetric and non-axially symmetric reflections can discriminate between
welds and defects [15, 17, 26]. The torsional mode T(0,1) tends to be converted
mainly to the flexural modes F(1,2) and F(2,2). At 10 kHz, the frequency at which
the simulation was performed, there is only the F(1,2) mode according to figure 1.
Hence, the deformed shapes in figure 9 corresponds probably to the mode shapes of
both T(0,1) and F(1,2). Since T(0,1) is faster than F(1,2), the first echo received
at measurement point from the defect corresponds to a torsional one and the F(1,2)
echo comes later.

2.4.2. WFE simulation
Brief introduction of WEE method.
Given a single or a set of incident modes, scattered modes (reflection and transmis-
sion) can be obtained via the governing equations for the scattering problem [27]:
ala] = [F7] ACH } { A } [ [F*] - Sila™] ] Al
- c { T = c : 1
da] st ] A Ssylat] AT

where S¢;, S7., Sj; and S¢,. are block dynamic stiffness matrices of coupling structure,

and subscripts [ or r denote the left or right components respectively; [q*] and
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Figure 9: Results on a damaged pipe: FE deformed shapes variation over time.
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[q~] are displacement vectors relating respectively to the positive and negative going
waves; [FT] and [F~] are force vectors; A™ A" and A" denote respectively the
amplitudes of the incident, reflected and transmitted waves.

In order to obtain the response of a damaged waveguide subjected to a given force
input away from the location of defects, through Equation 1, the calculation needs
to make use of the wave-modes solution under a given excitation from Equation 2.

{(DuD Doy = D) [a] ~ [F]} AT = D, D'F.. (2)

where D denotes the dynamic stiffness matrix of FE model of the damaged part; F. is
the external force applied on the end; the subscripts e and w denote the components
associated with the excitation and wave mode interface.

If the waveguide is subjected to an force input, the short time response can be
calculated from the frequency response function without taking into accounted the
influence of the initial boundaries (if exist).

As to the wave response, a given mode at different frequency needs to be nor-
malized for better recovering of the response of far field. The assumed incident wave
form can be a wideband pulse or a well tuned sinusoid. As windowing functions can
minimize the effect of spectral leakage to better represent the frequency spectrum
of the signal, the functions with better frequency resolution and amplitude accura-
cy such as Hamming, Hanning or Gauss window functions are usually used for the
active inspection of defects in NDT/E engineering. The sinusoidal pulse modulated
by a window can be written as

A" (t) = Agsin (wot) W (wot, Neye) 0 <t < 27 Neye/wo, 3)
0, 27TNcyc/wO < t7

where W (wot, Ngye) is the window function; N, is the cycle number and wy is the
signal frequency.

Let’s consider a structural waveguide with a local defect as illustrated in Fig-
ure 10. [y is the location of the first interface between the reflection part and cou-
pling part with defects and, [y is the location of the second interface between the
transmission part and coupling part with defects.

Wave propagation direction
—

} Damaged )
Waveguide - Waveguide
coupling

structure structure
structure

X

0 l] lz lq

Figure 10: Wave propagation through a damaged coupling structure.

The Fourier transform of the wave mode response at x = 0

—+o00 —+oo
/ A; (t) e/'dt = (1 + Rye kM) / A (t) et dt (4)

o0 —00
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The mode response at z = I3, (I3 > lo)

400 +oo
/ Ay (t) etdt = TeIkills=t2) / A™ (1) &Pt (5)
—0 —o0

where R; and T} are the reflection and transmission coefficients of the given incident
¢ mode. The actual response in term of stress or strain needs to be scaled according
to the eigensolution because the mode shape is frequency dependent in general. If
the possible mode conversions due to the presence of coupling structure need to be
considered, the reflection and transmission coefficient should also be scaled according
to the mode structures. It is worth to note that the response due to specific mode
does not need the tracing of all the eigenmodes except the incident mode itself.

Time responses.

The force response for unbounded waveguide has been used to compute time signals
from the damaged pipe described in section 2.4.1. Responses were recorded from
three different locations in the pipe. Sensor 1 is placed at 10 m from the defect to
record the reflected signal. Whereas sensor 2 is located with the defect in the same
position to record the incident wave. Finally, sensor 3 is placed at 10 m from the
defect to detect the transmitted signal. Results are shown in figures 11-13. The
excitation is a windowed sinusoidal signal with 5.5 cycles at 14 kHz. We can remark
the detection of the defect echo by sensor 1 in figure 11. Travel duration confirms
the wave velocity of T(0,1) wave. The attenuation in amplitude of the incident wave
in figure 12 and the transmitted wave in figure 13 compared to the incident wave at
t = 0s can also be verified.

0.8+ Incident wave i
0.6 i
0.4~ Reflected wave i

0.2n A

Amplitude
o
?/

0 1 2 3 4 5 6 7 8 9 10
Time (ms)

Figure 11: Time response of sensor 1 for reflected signal. Results obtained by WFEM for a damaged
pipe with 140 mm outer diameter and 4 mm-thick with T(0,1) mode incident.

Once the inspection system concept verified numerically, the next work was to

perform some experimental tests in order to assess its performances in wave genera-
tion and defect detection.
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Figure 12: Time response of sensor 2 for incident signal. Results obtained by WFEM for a damaged
pipe with 140 mm outer diameter and 4 mm-thick with T(0,1) mode incident.
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Figure 13: Time response of sensor 3 for transmitted signal. Results obtained by WFEM for a
damaged pipe with 140 mm outer diameter and 4 mm-thick with T(0,1) mode incident.

3. Experimental tests and results

A set of experimental manipulations was implemented in order to evaluate the
ability of the inspection system to generate torsional waves that can propagate long
distances as well as the ability to detect defects in pipes. At first, some tests were
performed in a PVC pipe with and without defect. Besides, the same tests were
done on a steel pipe. In each case, the wave attenuation was observed and analyzed.
Finally, torsional wave propagation in a PVC straight-curved-straight structure was
studied and the interaction with damage in a bend has been investigated.
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3.1. Test setup

The experimental setup is shown in figure 14. A computer controls the whole
system through the LabView software. Digital excitation signal was created and
subsequently was sent to the analog voltage output module (National Instruments
PXI-6120). This latter converts the signal and delivers it to the power amplifier ( Trek
Model PZD350A M/S) whose output was sent to the generator transducers-ring; the
individual transducers in the ring being connected in parallel. The voltage output by
the power amplifier was from 0 to £350 V peak AC. Signals captured by the receiver
ring was transferred to a dynamic signal acquisition module (National Instruments
PXI-6120) for digital conversion, and then to a PC for processing and display. In
order to improve the signal quality and exclude unwanted modes, received signals
from transducers were averaged. The inspection system has two separated rings:
one for the excitation of incident waves and the other for the reception of reflected
signals. Every ring contains 16 piezoelectric-transducers equally-distributed around
the circumference.

> PC
e ¥----
1| Dynamic signal Analog voltage | |
: acquisition module output module | 1
|
L A - - _ _____I--——_-.
Y
Power
amplifier
Pipe Receiver ring Generator ring

Figure 14: Schematic diagram of the experimental setup.

3.2. Wawve propagation on a PVC pipe

Wave propagation depends on the waveguide material and structural damping
which characterizes viscoelastic structures. Obviously, the propagation in a PVC
material is different from that in steel. Hence, we should know the wave speed of
torsional mode in such material to be able to analyze the received experimental
signals. The dispersion curves of the group velocity for a PVC pipe with a 140mm
outer diameter and a thickness of 3.2mm, that will be used in the next section, is
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illustrated in figure 15. These curves were obtained by the Wave Finite Element
Method [22-24].
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Figure 15: Group velocity dispersion curves for a 140mm outer diameter PVC pipe with a 3.2mm
thickness.

The generator and the receiver were mounted on a straight 2.75m-long PVC
pipe without any defect. The generator was attached at one end of the pipe; the
receiver was placed at 1m from the actuator. Figure 16 shows the time record for
the pipe without any defect, whereas figure 17 is the time record under the same
experimental conditions but for a pipe with a defect. This latter was located at 1.6m
from an end of the pipe where the wave generator was mounted. The defect was a
squared through-thickness notch with a circumferential extent of 155mm (35%) and
an axial extent of 20mm.

From these curves, we can note that the incident-wave speed corresponds to the
torsional wave-speed in this PVC pipe (=~ 850m.s™'). Besides, the shape of the
incident impulse is unchanged. This tends to confirm the ability of our generator to
create only torsional waves. There is also a clear difference between the two time
results. The occurrence of this difference is consistent with the time for a torsional
wave to travel back to the receiver from the defect location. Despite the important
level of damping in such PVC pipe, the movement can still be caught. The use of
a PVC pipe was motivated not only by the easy way to process, to assemble and to
cut it, but also because of its important damping. Hence, no reflection from the end
could be detected as long as the receiver was not placed further than the middle of
the pipe’s length. We could then simulate the use of a semi-infinite pipe. With a
steel pipe, the needed length would have been impossible to be reasonably obtained.

Even if the torsional waves are not subjected to distortion or any wave-type con-
version, the attenuation of their amplitude is inherent to their propagation through
a medium which is somehow dissipative. This effect is even increased with the fre-
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Figure 16: Receiver response from an intact PVC pipe, 3.5-cycle wave at 10 kHz.
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Figure 17: Receiver response from a damaged PVC pipe, 3.5-cycle wave at 10 kHz.

quency at which the input signal is generated. In order to properly appreciate the
magnitude of the reflected signal as an effect of the severity of a singularity, the
amplitude decrease has to be estimated. For that purpose, the following protocol
was performed in order to measure this attenuation. Taking a length of pipe with no
singularity but the ends of it, a wave impulse was created by the generator placed at
one of this ends. A single cell sensor was placed at a given distance from the genera-
tor and the time signal was recorded. The time delay between the impulse emission
and the sensor detection was measured for each position along the pipe. As seen on
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figure 18, the amplitude of the wave decays with the distance from the generator.
The interpolated curve corresponds to an exponential decrease with the distance. It
must be mentioned that, for each measurement, the time delay was consistent with
the wave-speed of the torsional mode. Moreover, when using a PVC pipe of such a
length, the damping is so important that no reflection from the pipe end can reach
the measurement point. Therefore, no doubt was possible about the origin of the
measured impulse as the incident wave. Regarding the short distance over which the
signal is damped, the PVC pipe can be used to simulate the equivalent long distance
propagation in a more rigid material.

0.16- ‘ B
* Measurements
0.14- — Interpolated curve

P

Maximum amplitude impulse (V)
o
o
&

1
0.5 1 15 2 2.5
Distance (m)

Figure 18: Wave attenuation on a PVC pipe, 5.5-cycles wave at 15 kHz.

3.3. Wave propagation on a steel pipe

3.3.1. Test on an intact pipe

The wave propagation in steel media is quite different from that in PVC one.
Indeed, when a steel pipe is used, the wave can travel back and forth, reflecting itself
several times at each end of the pipe. Figure 19 presents the time signal recorded on a
straight 3m-long steel pipe, 140mm outer diameter, 4mm-thick, with no singularities
but the ends of the pipe itself. The impulse wave is a 5.5-cycles signal at 15 kHz.
The receiver ring is placed at 1.6m from one end of the pipe where the generator
ring is mounted. The first big impulse shown in the figure represents the incident
wave. The time delay was consistent with the torsional wave-speed. The second and
the third received impulses were the reflections from the two ends of the pipe always
traveling with the same speed. Hence, we can conclude that the torsional mode was
well excited and was propagated with a sufficient energy to travel along the steel
pipe and to reflect from its ends.
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Figure 19: Time signal recorded on an intact steel pipe, 5.5-cycles wave at 15 kHz.

If we want to look more far away, the wave reflections were observed until its
attenuation in order to view the damping effect on the wave propagation. The
time axis was converted to distance axis basing on the torsional wave speed in steel
pipe. Figure 20 shows the wave attenuation with distance. While the first big
impulse recorded in the figure represents the incident wave, the other impulses are the
successive torsional wave reflections from the ends of the pipe. Their discrepancies in
amplitude let us estimate the damping of the signal with the distance. The Hilbert
transformation is performed on the time signal in order to get the signal amplitude
only. The attenuation in amplitude envelop is consistent with an exponential decrease
with distance (e~%*?) of the wave traveling back and forth in the pipe , k& being the
wavenumber and x being the wave propagation distance.

3.3.2. Test on a damaged pipe

In order to assess the performances of the inspection system for defect detection
in steel pipes, a through thickness notch with about 60mm circumferential-extent
and dmm axial-extent was machined at 1.7m from one end of the pipe where the
generator and the receiver were located one beside the other. The excitation signal
was a 5.5-cycles impulse with a frequency of 10 kHz. Recorded time signal is shown in
figure 21. In this curve, we can observe the defect echo located between the incident
wave impulse at t=0s and the end of the pipe first-reflection. This confirmation is
justified by the time delay of the defect reflection which is consistent with the wave
speed of torsional mode.

The next tests performed on the pipe have to verify the sensitivity of the excited
waves towards the frequency. Figure 22 shows the time signals responses recorded
with a 5.5-cycles excitation impulse at frequencies from 11 kHz to 14 kHz. As we
can see, the echo of the notch was detected in the time signals and its location was
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Figure 20: Time signal attenuation with distance on a steel pipe, 5.5-cycles wave at 15 kHz.
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Figure 21: Time signal response from a 140mm outer diameter, 4mm-thick, steel pipe with a defect,
5.5-cycles wave at 10 kHz.

similar to that found by the test at 10 kHz. The generated waves were sensitive to
the notch in the frequency range used.

3.3.3. Reflection coefficients calculation

The reflection coefficient is defined as the ratio between the averaged maximum-
amplitude of reflected signal from the singularity and the maximum-amplitude of
incident signal at the same moment of detection. The reflection coefficient is calcu-
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Figure 22: Time signals from a damaged pipe excited by a 5.5-cycles signal at different frequencies.

lated for the first reflected signal from the singularity, in other words we don’t take
into account multiple reflections.

Reflection coefficients can be obtained numerically by the Wave Finite Element
Method (WFEM) for the steel pipe that was used in experiments with the same
notch described in section 3.3.2. Experimentally, more tests were performed with
an excitation frequency up to 30 kHz in order to calculate the defect reflection-
coefficients associated to each frequency. Once done, the numerical vs. experimental
comparison can be made. Figure 23 show the reflection coefficients curve calculated
by WFEM, and the experimental points obtained from recorded time signals.

We can note that the experimental points are close to the numerical curve in the
10-15 kHz range. However, in the upper end of the investigated frequency range, the
measured reflection coefficients are always way above the numerical ones. In fact,
errors can occur in reflection coefficient measurement due to the wave attenuation
when we go up in frequency. Signal perturbations such as the background noise may
also be responsible for this overestimation. Another possible explanation for this gap,
is the uncertainties in parameters that come into play in numerical simulations such
as uncertainty in material properties (Young modulus, density ...) or in geometric
parameters (pipe wall thickness, diameter, defect size ...).

3.4. Wave propagation through a PVC bend

The torsional wave propagation in PVC bend was studied here in order to inves-
tigate wave interaction with discontinuities in a curved pipe. The structure under
test was composed of a bend connected to a 1m pipe in each end. The generator
was maintained at one end of a pipe and the receiver was mounted in three different
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Figure 23: Reflection of the T(0,1) mode depending on frequency for a machined notch in a 140mm
outer diameter steel pipe: WFEM and experimental comparison.

monitoring positions to inspect the structure and to control the wave propagation
(see figure 24). The first experiments was established with an intact bend, whereas
in the second a squared through-thickness notch was machined as described in figure
25. Its circumferential extent is 80mm and its axial extent is 10mm. Tests was made
by a 5.5-cycles excitation signal at 15 kHz.

2nd Leceiver 1% receiver

position position Generator
N
Defect 7/ | ,
3" receiver _/i /
position ™™ Bend Pipe 1

Pipe 2

Figure 24: Schematic diagram of the setup used in experiments on straight pipes connected to a
bend: different monitoring positions.

Time signals responses in the two cases, intact and damaged bend, was studied
and compared. Figure 26 represents results obtained for 3 test configurations as
already mentioned in figure 24. In the first configuration, the receiver ring was
located at 0.5m from the free end of pipe 1 where the generator ring was mounted.
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Figure 25: Description of the geometry and the position of the defect in the bend.

In the second configuration, the received ring was moved to a measurement position
distant of 0.8m from the excitation point. Finally, the last configuration consists
on the monitoring of the transmission wave through the bend; the receiver ring was
placed at the end of the bend with which the pipe 2 was connected.

Figure 26(a) shows the time response for the first configuration, in which we
can see the impulses corresponding to the incident wave detected by the receiver
ring. Unfortunately, the echo of the defect in the bend, which must be detected at
about 2.1073s, was not observed. This could be justified by the strong structural
damping in the PVC material as mentioned in subsection 3.2. Hence, it is necessary
to bring even more the receiver ring from the bend, what was done in the second
configuration. In figure 26(b), the incident wave was delayed by a 0.3m distance.
The defect echo was clear by comparing the two curves of intact and damaged bend.
The detection moment corresponds to its spatial location. At this stage, we could
remark that no reflection from the free end of pipe 2 was received, always due to
the strong damping in PVC media. The third configuration response in figure 26(c)
shows the transmission of the incident T(0,1) wave through the bend for both curves.
We might note here the appearance of other echoes in the time responses, that could
be caused by the mode conversion of the torsional wave to non-axisymmetric mode.
The reflection from the end of the pipe 2 was detected, because the transducer ring
was more near from it. Comparing the two curves, the one corresponding to the
intact bend shows maximum amplitude of the incident wave greater than the other
corresponding to the damaged bend. This could be justified by the defect effect on
the weakening of the wave transmitted through the bend. A part of the propagating
energy was reflected by the defect, while the rest was transmitted and continued
traveling.

4. Conclusion

An inspection system prototype for defect detection in pipes was designed in this
work. It consists of two rings of 16 piezoelectric transducers for each one. The gener-
ator ring aims at creating torsional guided waves that can travel along the pipeline.
When they encountered discontinuity in the structure, a part of these waves were
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Figure 26: Time signals obtained for a PVC straight-curved-straight structure excited by a 5.5-
cycles signal at 15 kHz. (a) First monitoring position, (b) second monitoring position and, (c¢) third
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reflected back to the receiver ring. The received time signals were then analyzed in
order to determine the position and the nature of defects. In the design process,
many finite element simulations were carried out on intact and damaged pipes in
order to visualize the torsional wave propagation and to verify the sensitivity to de-
fects. Time responses obtained from standard FE and WFE methods have shown
the generation of the torsional mode by clamping the piezoelectric transducers in the
proper orientation. These simulated signals have proven also the defect detection.
Many experimental tests have been performed by the prototype on intact and dam-
aged pipes for two different materials: PVC and steel. Results validate the ability
of the inspection system to generate the desired waves. Damping, as a property of
structure, was identified and was evaluated experimentally for the two material type-
s. The generated waves could propagate along the pipe and detect discontinuities
like defects. The interaction between waves and a machined notch was determined
by the estimation of reflection coefficients at different excitation frequencies. These
values were compared with WFE results and have shown a good agreement. The
wave interaction with curved structure was also evaluated by comparing intact and
damaged bends. The obtained time signals have indicated a good detection potential.

This work, dealing with wave propagation and defect detection in simple struc-
tures with simple singularities, could be extended by testing more complex structures
with more numerous defects. These latter need also to be sized in order to evaluate
their severity. The defect-sizing issue should be addressed in future studies.
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Abstract

A steel pipeline of about sixty meters long has been tested in this work using a
guided-waves technique. The inspection system is a pair of transducer-rings operat-
ing with the torsional mode T(0,1) and allows the long-range fast screening of the
structure from defined measurement points. Recorded signals had submitted some
numerical treatments in order to make them interpretable. Wavelet package analysis
was one of them and has allowed the denoising of raw signals. Besides, the Hilbert
transform was applied in order to obtain the wave envelope which is more easy to
interpret. Processed signals was analyzed to identify defects reflections from struc-
tured singularities echoes. The inspection system seems to be efficient for defect
detection and localization in long-range pipelines.

Keywords: Pipeline inspection, defect detection, guided-waves, piezoelectric
transducers, wavelet denoise, Hilbert tansform.

1. Introduction

Pipelines are widely used in factories working with liquid or gaseous substances
that need to be transported at different pressures and temperatures. They are com-
posed of several pipes welded together and other features like bends, flanges, clamps,
tees... Continuous monitoring of pipeline technical condition is important for ensur-
ing their performance. However, doing this monitoring by regular non-destructive
testing (NDT) methods is quite complicated, as pipelines were generally extended
and can be bare, covered by some coatings as well as partially or totally buried
underground.

Significant research has been conducted on topics related to pipeline inspection to
meet the continuous requirements of civil and industrial users [1-8]. Characterizing
existing or developing defects during pipeline inspection is important for the prac-
tical application of NDT techniques in order to carry out accurately and efficiently
planned maintenance and replacement operations on pipelines. The long range,
guided wave ultrasonic technique was developed for the rapid survey of pipelines
[9-17]. The principal advantage is that long lengths of pipes in each direction can
be examined from a single test point. So, this technique is able to inspect inac-
cessible areas, such as buried pipes, cased pipes and casings, wall penetrations and
under clamps and supports. Consequently, we obtain reduction in the costs of gain-
ing access to pipes for inspection, eliminating extensive removal and reinstallation
of insulation, except in the area where the transducers are mounted. Otherwise,
100% of the pipe wall can be tested. Many studies have treated the guided wave
technique. Rose et al. [18] have presented a comb transducer with its various design
aspects. The comb structure can produce longitudinal axisymmetric waves or lon-
gitudinal non-axisymmetric or flexural modes in the pipe. Shin and Rose [19] have
discussed the use of both axisymmetric and non-axisymmetric modes propagation
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in hollow cylinders and showed the basic principles behind non-axisymmetric wave
propagation. Flexural waves were used in defect detection classification and sizing
process. Furthermore, other researchers were interested on the longitudinal L(0,2)
mode. Alleyne and Cawley [16] have reported on the development of dry-coupled
piezoelectric transducers for the excitation of the L(0,2) mode and the detection of
reflected guided waves. Alleyne et al. [20, 21] and Lowe et al. [22] have studied the
reflection of the 1.(0,2) axially symmetric mode from notches in pipes, and examined
the reflection of mode-converted guided waves with 1(0,2) as incident mode [23].
Alleyne and Cawley [24] have measured reflections of the same mode from welds,
flanges and pipe supports, and demonstrated that the mode can be propagated un-
der wet or dry insulation. Nevertheless, further tests have employed the torsional
mode in the defect detection. A quantitative study of the T(0,1) mode reflection
from defects in pipes has been carried out by A. Demma et al. [25] using finite
element predictions validated by experiments. D. N. Alleyne et al. [26] have used
the T(0,1) mode in the rapid inspection of chemical plant pipework, which includes
uncoated or covered pipes. The scattering of the fundamental guided torsional wave
by a local axisymmetrical layer coated inside a pipe has been studied by J. Ma et al.
27].

Based on all these previous works, an inspection system allowing generating and
receiving guided waves has been designed by the authors. The generation of guided
waves is obtained using piezoelectric-transducers array that creates torsional waves.
Reflections are detected by other piezoelectric sensors and converted to electrical
signals. The contact between the pipe and the transducers is dry and mechanical,
so an applied force is used to ensure good coupling. After the transducer ring is
positioned around the pipe, the operator starts a rapid test, which automatically
sweeps several frequencies collecting data from either side of the ring at once. The
propagation of the ultrasonic signal depends on the conditions of the pipe under test.
A wide range of about a hundred meters in either direction from the transducer ring
position can be obtained when the pipe is in generally good condition and there is
a low density of features encountered. The range can be reduced, in one hand, if
the pipe is heavily corroded over its length, and in other hand if pipes are buried
or coated by viscoelastic materials, which increase wave attenuation. The Wave
Finite Element Method, which is a spectral approach, has been employed to compute
dispersion curves for the tested pipeline. These curves give relevant information
about mechanism of wave propagation through the structure.

In this paper, the essential tools and means that were used to perform the series
of experiments on the pipeline are firstly described, including the inspection system
by which the tests was operated, the pipeline architecture with the different mea-
surement points, and dispersion curves needed for the knowledge of wave velocities.
In the second section, treatments that were applied to recorded signals are detailed
as well as the resulting curves in which reflections identification was made.
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2. Tools and means of experiments

2.1. The inspection system

The aim of the inspection system (figure 1) is, firstly, to generate torsional waves
in a cylindrical pipe. Then, these waves must be guided by the pipe structure
and have the necessary energy to travel along large distance. When they encounter
features that change the geometry of the pipe such as structured singularities (flanges,
elbows, welds, branches ...) or defects (corrosion, notches, metal loss ...) they have
to be partially reflected. These echoes are then detected and analyzed in order to
provide information about the location and nature of every discontinuity in the pipe.

Figure 1: The inspection system: wave-generator and wave-receiver rings.

The choice of the torsional mode T(0,1) to be generated by the designed inspection-
system was motivated by its properties. Indeed, it is a non-dispersive mode, i.e. it
keeps its speed constant throughout the frequency range. Besides, it is the fastest
among torsional waves. It has a high sensitivity to axial and circular defects as
well as to internal and external defects. Moreover, T(0,1) is unique among torsional
modes in the frequency range used. Finally, it propagates through pipes filled with
liquid without much leakage.

The generation of torsional waves is operated by using a number of piezoelectric
transducers clamped around the circumference of the pipe. Therefore, a ring of dis-
tributed rectangular piezo-transducers working with the inverse piezoelectric effect
was provided to create a torsional torque. Receiver side, the piezo-transducers work
with the direct piezoelectric effect. Received waves are converted to electric signals
and then sent to an acquisition electronic instrumentation. The excitation signal is
sinusoidal function modulated by a Hanning window. A typical time record for a
5.5 cycles signal at 10 kHz is shown in figure 2. The magnitude and the number of
cycles correspond to the total energy sent into the piezoelectric array. The magni-
tude, but also the frequency are the main characteristics of the wave input signal.
Even if the torsional wave velocity is not frequency dependent, the sensitivity of the
propagative wave to the defects is closely correlated to its relative wavelength versus
the defect size. In addition, the magnitude and the frequency have both an influence
on the ability of waves to travel long distances before the structural damping make
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them unperceivable. However, these two parameters have practical limits due to the
electronics of the voltage amplifier and of the measurement front-end.

Amplitude

0 1 2 3 4 5
Tlme (S) X10_4

Figure 2: 5.5-cycles narrow-band signal at 10 kHz.

2.2. Pipeline under test

The pipeline under test shown on figure 3 is an industrial mock-up that brings
together hollow pipes, structured singularities and machined defects. It was placed
in conditions approximating the real industrial environment in order to simulate and
involve almost all sources of influence on the measurements to perform. A detailed
schema is presented on figure 4. It consists of thirteen pipes welded together coated
differently. Pipes 3 and 7 were coated with polyethylene (PE), pipes 2 and 6 were
covered with epoxy, and pipes 4 and 8 were wrapped with pitch. The remaining
pipes were bare. All of them were in steel and have an outer diameter of 168 mm
and a thickness of 11 mm. The material properties are: £ = 2.1 x 10" Pa, p =
7800 Kg.m=3, v = 0.3. There were also some features in the pipeline: four bends,
one tee, two clamps (C1 and C2) and eight concrete blocks (M1 - M8).

2.83. Measurement points

Measurements have been carried out according to nine different positions. For
each measurement position, the two rings of the inspection system (generator and
receiver) were positioned one far from the other by a known distance; the generator
ring was kept in the same position while the receiver ring was mounted in two
locations. The latter are required because our inspection system delivers waves in two
directions, so two different receiver positions facilitate the analysis and identification
of signals. This procedure allows us scanning the entire pipeline. Generator-ring
positions are noted from E1 to E9, and receiver-ring positions are noted from R1 to
R9 as we can see in figure 5.

Test positions can be classified under four categories:

4
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Figure 4: Schema of pipeline under test and geometric specificities.

e On straight pipes:

— Points 5 and 6: the generator ring (E5/E6) was clamped at the free end of
the pipe to ensure the wave propagation in one direction. The generator
ring was kept at the same position while the receiver ring (R5) was moved

o (R6).

— Points 1 and 2: the inspection system was mounted in the middle of the

pipeline, wave propagation in both directions was expected.

e Near curved pipes: points 3 and 4. The generator ring (E3/E4) was mounted
near bend 2 while the receiver ring (R3) was clamped near bend 1 to study
reflected and transmitted waves, then it was moved next to the generator ring

(R4).

e Mixed zone: points 7 and 8. Here we have a combination of straight and curved
pipes.
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e Singular point in 9: this is a relatively narrow area and the presence of a tee
was studied.

Figure 5: Schema of measurement points performed with the inspection system.

2.4. Dispersion curves

The knowledge of torsional-wave propagation-velocity is necessary for the exper-
imental signals analysis and defects identification. Dispersion curves can be numer-
ically determined using WFEM. Thereafter, the basis of this method is described.

2.4.1. Formulation of the WFE method
The structure can be discretized to identical cells as is shown in figure 6. The

Substructure | Substructure

k k+1
S/ Gi > 9 QD > q; [ qr
F, — > F; —>F F —> F, —> F,
—> — — > L

Figure 6: Structure discretized to identical cells (one-dimensional periodic system).

general FE formulation of a typical cell for the 1-D wave propagation in the pipe can
be written as

D; Dy Dy qi F,
D; D, D, q; = F, ) (1)
Drl Dri Drr qr FT

6
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where [D] is the structure dynamic stiffness matrix, subscripts /, » and ¢ denote the
left, right and interior components, respectively. Assume that no external force be
applied at interior dofs, Equation 1 is condensed as

e l{ai-{n} )

Sy =Dy —-D;D; 'Dy; S, =Dy, —D;D; 'D, ;
Srl =D, — DriDii_lDil ) ST‘T =D,; — DriDii_lDir-

where

Therefore, only the interface dofs are retained. Provided that there is no wave dis-
tortion induced by the material or geometric variation in the propagation direction,
namely z axis, the wave motions can be theoretically treated using the exponential
function e~ (i = y/—1). Hence, the displacement and force relationships between
two adjacent cells are (see figure 6)

qf = QIeiikda F; = eriikd’ (3>

where d is the length of the cell in wave propagation direction. The time dependent
term ¢! is omitted here, and elsewhere for other expressions.

Considering the displacement continuity q; = q, and force equilibrium condition
F, = —F,, Equation 2 can be written as

Sy S q _ F,
|: Srl ST’T‘ :| { )‘ql B _)\Fl ’ (4)

where A = ¢~ denotes the propagation constant; S ;, S;; and S, € CN*N_ Elimi-
nating the force component of Equation 4 leads to a special case of quadratic eigen-
value problem for (A, q,)

[Sl/)‘+sz+)‘S1T]‘P =0, (5)

where ¢ =q;, S, =8S,,,S, =S =S, +8S,,.

If the spectral problem for both propagating and evanescent modes is of interest,
the propagation constant must be obtained for a given frequency in order to find
the dispersion relationship. The eigenfunction may be solved using the classical
linearization method to obtain the dispersion relationship and eigenmodes:

s Ry e e e

The solution of such standard generalized eigenvalue problem yields the displace-
ment vectors ¢ (j =1,2,...,2N) for propagating and non-propagating waves. The
corresponding force vectors can be written as

F] = (Szz +NS,,) q, (7)

7
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which can be obtained from Equation 4.
Another structured linearization method may be used to directly calculate both
the displacement and the force vectors for propagating and non-propagating modes:

-S, kI e | S 0 %)
vl R Y ®
where k= [|S, ||, ¢ = F,/x.

The symmetry of the spectrum in Equation 6 might be lost due to roundoff
errors, if no preservation routine is used in the eigenvalue computation. In the case
of large matrices produced, it is better to employ the structured linearization method
proposed by Zhong and Williams [28], which calculates the reciprocal pairs (A, 1/X)
by constructing Equation 9 to the eigenvalue problem about two skew symmetric

matrices
Srl - SZ; _<Srr + Sll) P =1 0 Srl L2 (9)
(Srr + Sll) Srl - SZZ ASD _SZ; 0 )‘90 ’

where p1 = (1/A+ \). The pairing of eigenvalues is automatically guaranteed, as the
linearization itself preserves the symmetry. However eigensolution of Equation 9 need
specific iteration procedure to be developed [28], so does the linearization method
proposed by Mackey et al. [29]. As the left system matrix is most likely well-
conditioned, Equation 9 can be formulated as the standard eigenvalue problem:

il 12}

where [Sg4] equals to the left division of the right system matrix by the left one. This
transformation may not be realized explicitly which usually leads to a dense matrix.
The eigenvalues 1/p with the larger real parts correspond to the wavenumbers with
the smaller amplitudes of imaginary parts, although not very strictly. This allows
the ARPACK routine for nonsymmetric complex eigenvalue problems to be used
[30], which is faster than the QZ algorithm if only a few eigenpairs are of interest.

It should be mentioned that if the dispersion relationships in undamped systems
are of interest, Equation 5 can be re-formed to the generalized eigenvalue problem
for w?, which provides a rapid dispersion calculation scheme

Ky = w’Megp (11)

where _
K=K, /A +K;+ K, + K/,
M = M,/ + My + M, + \MZ,

Both K and M are Hermitian matrices when k € R. The stable eigenfunction facil-
itates the mode tracing, since the property that eigenvectors of distinct eigenvalues
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are mutually orthogonal can be used by introducing the criterion | goiTJrllf/Icpi | to
classify the waves with different normalized modal shape.
If the dispersion relation is available, the time-averaged axial energy flow in the
pipe wall is
1

T
== Flqdt 12
T/o qdt, (12)

which is consist of the effective part and the standing part. Thus the power flow can
be written in Poynting vector:

[, =(P) = %Re {iw (F{)Hq{}, (13)

where superscript H denotes Hermitian transpose.

The group velocity of a modulated wave is V;, = Ow/0kg, where kg is the real part
of the wavenumber. It equals to the energy velocity (or signal velocity) for the waves
in undamped or slightly damped media. As to the waves in the highly absorptive
media, it is well known that the group velocity cannot describe the manner that
signal travels. The energy velocity is defined as the quotient of the time average
energy flow and the energy density at the cross-section normal to the propagating
axis
)
(E)’
where ¥ =T + U, which stands for the sum of potential and kinetic energy density
at the cross-section. Considering that the typical cell with length d, expression
Equation 14 for energy velocity may be defined at the mid cross-section, where

Ve = (14)

1 .
(Prid) = §€kIdR6 {iwFq}, (15)

where k; is the imaginary part of the wavenumber. The average kinetic and potential
energy density at the mid cross-section (at d = 2) is approximated as

1 1
<T> = @W2ngera <U> = 4_dq£~IquT7 (16)
where q;, = (q],q”)”, M and K are the mass and stiffness matrices condensed

on the left and right boundaries. Thus, expression Equation 14 for energy velocity
becomes

2de* 1 Re {iwF{q;}

‘ qll;»I(K + WQM)le

which depend on the eigensolution of a given frequency.

The spectral eigensolutions sometimes need to be classified for the computational
purpose. Equation 4 can be used to trace the kindred modes at different frequencies.
However it concerns the operation of a large number of vectors. An alternative is to
combine the curve tracing of the wave numbers with the mode assurance criterion
(MAC). Polynomial fitting can be used to predict the eigenvalue of the subsequent

(17)

9
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frequency step. In case of more than one solution being found within the prescribed
tolerance ¢, a criterion

e = |¢frar- o5l (18)
can be introduced to distinguish the kindred modes from the others when ¢ (¢ < 1)
is maximum, where ¢y and ¢, 5, are the unitary displacement vectors at frequency
step f and its subsequent frequency step f + A f. Thus the eigenmodes can be traced
by the consistency rather than the orthogonality. The unitary displacement vectors

may not contain all the DOFs if only one or some of the low order modes need to
be classified (partial modal assurance criterion, PMAC).

2.4.2. Numerical results

Dispersion curves of wave propagation in the pipe under test were obtained nu-
merically by the WFEM. Figures 7 and 8 show, respectively, group velocity and phase
velocity for the waves that can be present in the frequency range [0-100] kHz. From
these figures, we can determine the wave velocity of T(0,1) mode: Vpr = 3230 m/s.
The knowledge of this velocity is very important because this parameter was used
in signals analysis and interpretations. The T(0,1) mode keeps its velocity constant
throughout the frequency range, so we can use its value at any excited frequency.

g EENEEEEEEEEE T RS S s RS e,

63}

N

Group velocity (km.s %)
w

2
1 -
i
O .. 1 1 | 1
0 20 40 60 80 100

Frequency (kHz)

Figure 7: Group velocity dispersion curves computed by WFEM for a steel pipe, outer diameter
168 mm, thickness 11 mm. Solid bold line: torsional mode T(0,1); dot line: longitudinal mode
L(0,1); dash line: longitudinal mode L(0,2); solid lines: flexural modes F(n,m).
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Figure 8: Phase velocity dispersion curves computed by WFEM for a steel pipe, outer diameter
168 mm, thickness 11 mm. Solid bold line: torsional mode T(0,1); dot bold line: longitudinal mode
L(0,1); dash bold line: longitudinal mode L(0,2); solid lines: flexural modes F(n,m).

3. Experimental investigation

3.1. Signal treatments

Original signals recorded from the pipeline were hard to interpret. Hence, they
need to be treated in order to make curves reading and interpretation easier. Some
treatments were performed on these responses involving some signal processing tools.
The procedure is illustrated on figure 9 and described below.

Firstly, raw signals were recorded by each sensor in the inspection system. So,
we obtained 16 different signals from each channel. Secondly, these responses were
processed by the Wauvelet denoise tool in order to eliminate noise and perturbations
that could affect them. Thirdly, denoised signals were averaged and we obtained one
denoised response from this measurement. Fourthly, Hilbert Transform was applied
in order to get the time signal envelope. Finally, this curve was analyzed and peaks
identification was made.

3.1.1. Signal denoising

Raw signals were very noisy due to perturbations coming from background noise
or external vibration sources. These signals need to be processed in order to im-
prove the signal-to-noise ratio. The Wavelet Denoise is a powerful tool which is
based on thresholding the Discrete Wavelet Transform (DWT) of a signal and then
reconstructing it. The DWT breaks down approximations successively and acts as
low pass filters by removing the details (noise) after a signal decomposition at a
certain level. The Wavelet Packet Analysis allows splitting both approximations

11
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Exploitable curve

Figure 9: Diagram of experimental-signals treatment.

and details and then removal of noise components, so the rectified signals become
smoother. The inverse wavelet transform of the thresholded transform coefficients
is the denoised signal. This technique has shown, in many studies [31-35], a good
S/N ratio improvement much better than obtained through a bandpass filter. After
a threshold value is applied to the levels of detail, the echoes can be better visualized
for denoised than original signals. In figure 10, we can see the decomposition of a
signal recorded from a single transducer channel. Response was obtained at 10 kHz
for the first measurement point in the pipeline. The original signal s was split into
details (d1 to d6) and approximations (al to a6) according to figure 11 using the
Symlet Wavelet (sym8). The decomposition until the 6" level seems to be sufficient
since it allows the elimination of noise details from d1 to d4. The a6 approximation
represents a low-frequency perturbation corresponding to the mains voltage (50 Hz),
so it should be avoided. The sum of d5 and d6 represents the denoised signal. The
result of the denoising tool can be observed in figure 12, which contains a comparison
between original and processed signals. The added value is evident here. The same
process was used for all recorded raw-signals.
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Figure 10: Signal decomposition into details of one channel response at 10 kHz, measurement
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Figure 12: Comparison between original and denoised signals at 10 kHz for the 15* measurement
point.

3.1.2. Averaging denoised signals

The aim of averaging signals was to eliminate unwanted modes that could be
generated by the wave generator (due to mounting faults or design imperfections).
These modes were essentially non-axisymmetric waves, which were dispersive and
make obtained curves difficult to interpret. The average should suppress these waves
on condition that sensors were equally distributed on the circumference of the pipe.

3.1.3. Hilbert transform

The Hilbert Transform (HT) is one of the integral transforms (like Laplace and
Fourier). The HT of a real-valued function x(t) extending from —oo to +oo is a
real-valued function Z(t) defined by Equation 19 [36, 37].

" a(r)

Hlz(t)] = 2(t) = 7r_1/

dr. (19)

o L—T

The HT application to the initial signal provides some additional information about
an amplitude, instantaneous phase and frequency of vibrations. Physically, the HT
is an equivalent to a special kind of a linear filter, where all the amplitudes of
the spectral components are left unchanged, but their phases are shifted by —m/2
(36, 38]. The envelope means an integral curve which determines a singular position
of the initial function [39]. The envelope may be constant (in which case the wave
is a continuous harmonic) or may vary with time. The form or the shape of the
instantaneous-amplitude variation is called a wave envelope. By using the HT, the
rapid oscillations can be removed from the amplitude modulated signal to produce
a direct representation of the slow envelope alone. An amplitude modulated wave
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x(t) = A(t)cosy(t) should be processed in some way to preserve only the modulating
envelope function A(t) and to throw away the oscillations cosi(t).

When measured data contains damage events or an information on a damage condi-
tion of the structure, it is important to extract as much of this information from the
data as possible. The HT is able to not only detect the presence of a defect in the
structure, but also quantify the extent of the damage [40]. Thus, the modal-based
methods can identify quantitatively structural system properties before and after
damages, including the modal mass, stiffness, and damping matrices. Several re-
cently appeared applications of the HT methods to structural dynamics are devoted
to damage detection by using experimentally measured mode shapes and natural
frequencies [41].

In this work, the HT was applied to denoised and averaged signals in order to get only
the amplitudes envelope. Thus, oscillations were omitted and the full concentration,
when identifying reflections, was made on these envelope curves.

3.1.4. Analysis and identification

The defect identification was established by analyzing time signals in two mea-
suring points for each inspected area of the pipeline. This allows to verifying and
validating defect positions relative to the inspection-system location. Indeed, for
each inspected zone, we recorded the time signal associated with a first measuring
point (for example point 5), then the receiver ring was moved while keeping the
generator ring in place (point 6 in our example) and we re-recorded the response.
Therefore, for any reflecting discontinuity in the pipeline, there will be a temporal
shift of the peak associated with it by comparing the two responses. Taking into
account reflections associated with structured singularities (concrete blocks, clamps
...), which have known locations in the pipeline, we compare every time two signals
to confirm the defect positions.

3.2. Defect identification and results discussion

In this subsection, we present experimental curves obtained after numerical treat-
ments and analysis performed on the raw signals. Responses were recorded at differ-
ent excitation frequencies. In these curves the passage of the incident wave was used
to validate the estimation on the propagation velocity of torsional waves. The peak
corresponding to the incident wave is distinguished when the receiver is far from the
transmitter of a certain distance. Figures from 13 to 21 shows the time signals ob-
tained after numerical treatments for all measurement points at a chosen frequency.
In each figure, the defects and features identification was mentioned. The x-axis
corresponds to the distance traveled by the wave as it leaves the wave-generator ring
E to return to the receiver ring R. The peaks correspond to the identified reflec-
tions coming from obstacles and captured by R. Spatial representation facilitates
the location of detected obstacles.

Based on the plan of the pipeline and by calculating the propagation duration of
the torsional wave, we manage to sort out the singularities of architecture, which are
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known, and the singularities of the defects. The identification of successive reflec-
tions of known singularities can be made by correcting the signal amplitude using
the estimation of the wave attenuation.

Regarding the measurement points 1 and 2, the inspection system was placed in an
area where waves can propagate in both directions, so we expected to detect echoes
from discontinuities located on both right and left sides. By examining figures 13
and 14, and focusing on the right side, we see that the measured distance between
clamp C1 and concrete wall M4 (4.2 m in figure 13 and 4.5 m in figure 14) is close to
the real distance of 4.4 m, while the weld G-G, which is shown in figure 13, is hid-
den in figure 14 by the peak of the incident signal. The measured distance between
G-G and C1 of 0.6 m is close to the real one which is about 0.8 m. With regard
to the left side, the distance between the echoes of the weld I-I and the clamp C2
are estimated to 0.65 m in figure 13, close to that calculated in figure 14 (0.6 m).
The distance between C2 and M5 is evaluated to 4.24 m in figure 13 and 4.2 m in
figure 14; these values were close to the real distance in the pipeline. These remarks
show that moving the receiver R1 to R2, the physical distance between structured
singularities remains constant.

Figures 15 and 16 correspond to measurement points 3 and 4, where we putted the
inspection system close to bends 1 and 2. The wave is emitted in both directions.
We detect in figure 15 reflections from concrete blocks M2, M3 and finally that of
M4. The position of M2, being pretty close to R3 (0.56m), leads to the superposition
of the incident wave with that reflected from M2.

We can see in figure 17 that the wave, emitted by the generator E5, travels to the
right. We can note two echoes from the weld A-A and the concrete wall M1 respec-
tively at abscissas 11.4 m and 13.2 m which gives a distance of 1.8 m. Comparing
with the real distance between A-A and M1, which is 0.8 m, this distance is coherent
because the detected peak represents an outward and return of the wave. Therefore,
halving the distance measured on the curve gives a value of 0.9 m which is close to
the theoretical value of 0.8 m. We must take into account the uncertainty on the
position of the echo from the concrete wall M1 given its width (0.4 m). In figure
18, there will be moving of abscissas echoes from A-A and M1 since the receiver is
moved to E6 from a distance of 1.3 m (2.1 m - 0.8 m). We pick up the abscissas
of A-A and M1 from the curve which are 10.3 m and 12 m respectively. We note
here that we keep almost the same distance between A-A and M1. Other echoes
observed in figures 17 and 18 are possible structured singularities or defects present
in the pipeline, they can also be echoes of non-axisymmetric waves related to the
conversion of torsional wave.

Positions of E7/R7 and E8/RS allow emitting and receiving waves in both directions
of propagation. By examining figure 19, we see that the measured distance between
E7 and M7 is about 6.6 m (13.6/2-0.2), which is equal to the real distance. The ab-
scissa of the weld O-O is about 11.5 m, which means a calculated distance of 0.85 m
between O-O and M7 close to the real one (0.8 m). In Figure 20, the position of M7
from E7 is estimated to 4.9 m (10/2-0.1) close to the real value of 4.8 m.
Concerning the measurement point 9, the response is a little particular, reflection
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from the end of the pipe 13 is not easily identifiable. This may be due to the geometry
of the tee rather special that can changes transmitted waveform.
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Figure 13: Hilbert Transform of the signal obtained at 9 kHz for the 15® measurement point.
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Figure 14: Hilbert Transform of the signal obtained at 9 kHz for the 2"¢ measurement point.
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Figure 15: Hilbert Transform of the signal obtained at 10 kHz for the 3'¢ measurement point.
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Figure 16: Hilbert Transform of the signal obtained at 20 kHz for the 4" measurement point.

3.3. Defect positioning in the pipeline
Defect positions can be synthesized in Table 1, in which defects are arranged

for each pipe and measurement points leading to detect them. Defects are located
relative to the free end of the pipe 3. These defects can be seen on the schema of
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Figure 17: Hilbert Transform of the signal obtained at 10 kHz for the 5*" measurement point.

Figure 18: Hilbert Transform of the signal obtained at 10 kHz for the 6'" measurement point.
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Figure 19: Hilbert Transform of the signal obtained at 10 kHz for the 7*" measurement point.
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Figure 20: Hilbert Transform of the signal obtained at 10 kHz for the 8" measurement point.

4. Conclusion

A pipeline was tested in this work by an inspection system designed and developed
by the authors. The tested pipeline is an industrial mock-up that brings together
hollow pipes, features and machined defects. It was placed in conditions close to real
industrial environment in order to simulate and involve almost all sources of influence
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Figure 21: Hilbert Transform of the signal obtained at 10 kHz for the 9*" measurement point.

Table 1: Defect positions in the pipeline.

Measurement points | Pipes | Defects | Positions
1.9 D21 30.48 m
’ 9 D22 31.45 m
D23 31.95 m
D24 32.85 m
6 D61 18.12 m
3:;4 Elbow 1 | DCI1 12.2 m
5.6 3 D31 5.2 m
’ 7 D71 7.67 m
D72 8.31 m
4 D41 46.3 m
7.3 D42 47.3 m
’ 5:9 D9 40.4 m
Elbow 3 | DC3 43.5 m
Elbow 4 | DC4 44.26 m
9 Tee DT 57 m
13 D13 57.6 m

on the performed measurements. The inspection system is composed of two piezo-
electric transducer-rings, one for generating torsional guided-waves, and the other
for receiving reflected waves. The system can be clamped around the pipe and al-
lows the fast screening of the structure. The Wave Finite Element Method was used
to compute dispersion curves of propagating waves along the tested pipeline. Mea-
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Figure 22: Localization of defects in the pipeline.

surements were performed according to well-defined points sweeping all the pipeline.
Recorded signals was subjected to a series of treatments like signal denoising tools
and Hilbert transform in the aim of obtaining comprehensible curves. Based on
the pipeline architecture, the identification of reflections in obtained curves was per-
formed in order to distinguish between peaks related to defects from those related
to structured singularities.

The findings presented in this paper can be ameliorated by automating the re-
flections identification process, which could leads to more accurate and more fast
analysis of inspected pipelines. Once defect detection and localization successfully
done, the sizing of these anomalies should be addressed in future works. In fact, the
severity of anomalies in structures is a relevant criteria in structural health monitor-
ing and evaluation of pipelines.
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Abstract

This paper deals with the torsional-mode reflection from defects and structural sin-
gularities in an industrial pipeline in order to perform the defect sizing. The Wave
Finite Element Method (WFEM) has been used to construct a numerical database
of reflection coefficients from rectangular defects by varying thickness, axial and
circumferential extents. Calculation was made depending on frequency. The ap-
proximation of defect sizes is carried out by sweeping the numerical database to find
the suitable combination of dimensions for a given defect. Axial and circumferen-
tial extents is evaluated by limited intervals for each possible thickness. Reflections
from structural singularities (elbows, concrete blocks, clamps, and welds) were also
treated by comparing reflection coefficients obtained by WFEM to those evaluated
experimentally. Results show a good agreement for most of the structured singular-
ities but not for the others. Results may be improved by including damages in the
structural singularities.

Keywords: Torsional guided waves, Defect sizing, Reflection coefficient, Wave
Finite Element Method.

1. Introduction

Traditional ultrasonic testing is not suitable for detecting localized damage in
pipelines. Applying guided waves for defect screening had shown a relevant efficiency
since many years. Defect localization can be easily evaluated from the reflection of a
well tuned wave packet. Practically, the time frequency analysis or denoise processing
of the obtained testing signal is necessary. Furthermore, guided waves can be also
employed for the sizing of defects, which is much more difficult and requires detailed
knowledge about the interaction of the incident wave with different possible defect
types. Indeed, the reflection or transmission signal depends not only the defect size
or shape, but also the mode type and frequency, potential mode conversion, and
the attenuation due to dissipation, leakage or geometry. However, the wave-defect
interaction analysis will help to find out which type of modes are sensitive to a given
type of defects. The character of scattering should be quite different if the defect is
transverse such as crack or notch, axially distributed such as delamination in layered
structures, or due to the loss of mass, presence of inclusions, etc., which probably
causes the failure of the inspection if the mode is not properly chosen. In the other
hand, the numerical wave-defect interaction analysis will provide a reference of the
sizing in the practical test, at least to some extent.

The effect of defect size on the reflection and transmission characteristics in pipes
has been investigated by many researchers [1-10]. These studies deal with many
types of defects like cracks [4, 5], notches [1, 6-8], and circular holes [9, 10]. J.L. Rose
et al. [11] have used the boundary element analysis in seeking out some techniques
that might be used for flaw sizing potential with guided waves. It is shown that a
very simple algorithm of examining amplitude of the reflection or transmission from
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a defect as being proportional to depth of the defect is indeed sometimes true. A
long range ultrasonic guided wave test system was used by Jing Mu et al. [12] to
measure the circumferential size of volumetric corrosion defects and a transverse saw
cuts by sweeping the focal position around the pipe. A quantitative study of the
reflection of the T(0,1) mode from defects in pipes was carried out by A. Demma et
al. [5], finite element predictions being validated by experiments on selected cases.
Another work [2] by A. Demma et al. presents a systematic analysis of the effect
of pipe size, defect size, guided wave mode and frequency on the reflection from
notches. J. Davies and P. Cawley [13] quantify the performance of a synthetically
focused guided-waves technique for detection, location, and sizing of circumferential
crack-like defects in pipelines.

Many useful frequency-domain information, such as wave dispersibility, reflection
from damage, interface or boundary, sensitivity of specific mode to various types of
damages, mode conversions, etc. [14], can be obtained directly from the eigensolu-
tions in spectral methods, or by the global-local techniques such as hybrid methods
[15-20]. The Wave Finite Element Method (WFEM), which is a simple spectral
method based on the standard finite element (FE) formulation, can be applied to
examine the wave interaction with the local defects and the structural features [17—
20]. The hybrid WFE/FE method is one of the hybrid methods for global-local
analysis, which is very suitable to the case that wavelength is larger than the axial
extension of FE model for complex local defect.

Although the application of FE simulations to calculate the reflection coefficient
from defects and to quantify their sizes appears in several works, the WFEM has not
been used for the defect dimensioning. The purpose of this study is to investigate the
reflections of the torsional mode T(0,1) from previously detected defects localized in
a pipeline in order to approximate defect sizes. The hybrid WFE/FE method has
been employed to construct a database of reflection coefficients from a rectangular
defect with variable axial, circumferential and thickness extents. Calculations was
made depending on the excitation frequency with the torsional mode T(0,1) as inci-
dent wave. The basis of the numerical simulation procedure is presented in section
2 and the formulation of the WFEM is described. The next section is devoted to
the description of the defect-sizing process. Some results of reflection coefficients
depending on size and frequency are shown. Signals obtained from different mea-
surement points in the pipeline has been used to calculate experimental reflection
coefficients from defects and structural singularities such as bends, welds and clamps.
The comparison between experimental values and numerical abacuses of reflection
coefficients conducts us to the approximation of defect sizes. Finally, in section 4,
experimental reflection coefficients from structural singularities at some frequencies
are compared to numerical ones obtained by WFEM.
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2. Wave response in an infinite structural waveguide with a coupling
structure

Consider an infinitely long structure with the local inhomogeneities which are
due to the geometry or material variation. A monochromatic incident wave, which
comprises a single or multiple wave modes, is assumed to be generated at xr — oo
and travel in the positive x + oo direction. Scattering phenomenon emerges when
the incident wave impinges on those inhomogeneities as is shown in figure 1. The
resultant wave field consists of the incident and scattered components (both reflection
and transmission).

Incident wave
——

] Damaged .
Waveguide ) Waveguide
coupling fruct
structure structure structure
Reflected wave Transmitted wave

Figure 1: Wave propagation through a damaged coupling structure.

The modelling of damaged cell is similar to that of typical one for modes extrac-
tion, except that additional interior dofs might be included. The coupling condition
is governed by the dynamics equation of coupling structures,

A S reoe\T  foeNT  oe\T VT | pec T T T \T T T \T
ML @) (@) @) b KT @) (@) @) b ={F)" o (F(i)) b

1

where [M¢] and [K¢] denote the mass and stiffness matrices of coupling structures,
respectively. Equation 1 can be condensed as:

S st l1fa | [ F
[Sﬁl Sﬁr]{qﬁ L F 2)

Considering the coupling conditions
Q= [a" A" +[q JA™, o = [q]A", (3)
and .
Fj = [FTJA™ + [FT]A™, Fl = —[F']A", (4)
Equation 2 can be re-formed as the governing equations for the scattering problem:

L S| ()[R e o

Given a single or a set of incident modes as the input in Equation 5, scattered
modes (reflection and transmission) acting as the output can be obtained. Numer-
ically, the base number N, is suggested to be frequency dependent, which can be
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implemented by a routine to include those slightly evanescent wave modes into the
bases.

Since the coupling structure might contain a large number of interior DOFs,
the dynamic reduction can be used to accelerate the spectral solution by using the
assumed modes of coupling structure. The system matrices of coupling parts at each
frequency in Eq.2 have to be taken into calculation. In this case, a convenient way
is to model the coupling structure using component mode synthesis (CMS) method,
which gives better approximation than Guyan reduction (exact for stiffness matrices
but approximate for mass) when dealing with higher frequency problems. For the
sake of simplicity, the fixed-boundary CMS method is used here [21]. In the fixed-
boundary CMS method, a substructure is considered to be composed of interior and
interface dofs. It condenses the system matrices by assuming the displacements of
the interior dofs as a linear superposition of the constraint modes and the internal
normal modes. By introducing the transformation matrix [T], the displacement
vector of coupling substructure is represented in terms of generalized coordinates:

T T

{ @)’ (@) @)} =T{ @@ @ @ }. (6)
where the q§ is the modal displacement. The transformation matrix for the fixed-
boundary method has the form

| 0 0
T]=| - K& 'Ky @ — K 'K |, (7)
0 0 I

where ®;; is the fixed interface normalized modal matrix, K¢,, K and K¢, are the
interior DOF's related components in the stiffness matrix. Other modes such as
attachment modes can also be used as required. Thus Equation 1 can be simplified

as

c N C ~C C T c c c c T — c c T
MES{ @) (@) (@)" } +KeH @) (@) (@'} ={ F)’ o( )(F»T }
8
where the condensed mass matrix [M% ] = [T]" [M€] [T], stiffness matrix [K&p] =
[T)" [K¢][T)], q4 is the truncated set of generalized modal displacement associated
to the modal matrix ®;;.
Consequently, Equation 5 can be modified as

ATe
At’r‘ -

where /S\fl, §fr, /S\ﬁl, §1‘ir are the reduced system matrices obtained by eliminating the

modal displacement qs:
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The spectral solution for wave scattering is therefore calculated by two kind of
superelements: the eigensolutions for guided wave modes and the superelements of
coupling structures. After solving Equation 9, the whole scattered wave fields can
be obtained through Equations 6-8 for near field and the wave representation for far
field. It should be noted that the eigensolution of the coupling substructure model
can be used for different wave inputs, which is particularly applicable to the systems
comprising certain standard local features. Another advantage over the direct con-
densation is that the number of the normal modes of coupling substructures can also
be frequency dependent, not only that of the truncated bases, which further improves
the numerical efficiency if the solution in the wide frequency range is desired.

3. Defect sizing

3.1. Database construction of reflection-coefficients from a defect

To approximate the size of the defect, the idea was to build a digital database
containing the different probabilities of defect sizes that could exist while assuming
that it was modeled with a form similar to that shown in figure 2. The parameters
that characterize the defect are ’a, b, ¢’, which are axial extent, depth, and circumfer-
ential extent respectively. Calculations was made by varying these three parameters.
The axial extent sweeps the interval [4-20] mm in steps of 4 mm. The circumference
of the pipe was divided to 44 elements, the circumferential extent was varied by
eliminating an element in every step. Knowing that the pipe diameter is of 168 mm,
each element measures 12 mm in the circumferential direction. Finally, the depth
of the defect varies from 2 mm with a step of 3 mm until the whole pipe thickness
which is 11 mm. The material properties of the steel pipes are: £ = 2.1 x 10! Pa,
p = 7800 Kg.m™3, v = 0.3. Reflection coefficients calculation was established de-
pending on frequency in the range [5-15] kHz. This latter corresponds practically to
the signal frequency at which the pipe under test was excited. The torsion mode was
considered in the calculation process. In fact, the inspection system use this mode
to generate guided waves for the defect detection. Several iterations conduct us to
obtain a database that contain reflection coefficients as a function of four variables:
a, b, ¢ and the frequency.

Calculations were performed based on the connexion between two homogeneous
waveguides through inhomogeneous one including the defect as shown in figure 3.
The waveguide 1 is a pipe section connected to a damaged coupling structure which
is in turn connected to waveguide 2 similar to the first one. To numerically describe
the wave mode scattering, the reflection and transmission coefficients are defined by
the solution of response from Equation 5:

re
Ai

n
Ai

tr
Ai

in
Ai

R = T, = (10)

where ¢ = 1,2, ..., N,. It should be mentioned that the coefficients depend not only
on the defects, but also on the normalization method of eigenmodes and the size
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Figure 2: Damaged pipe with defect dimensions.

of intact part of waveguide that included for the reduction of high order near-field
modes. The change of the phase of the coefficient with the frequency is partially
owing to the size of intact part of waveguide in coupling structure model.

Waveguide 1 Coupling structure Waveguide 2

Figure 3: Finite element models of waveguides with a damaged coupling structure.

Figure 4 shows the reflection coefficients variation with frequency for different

defect sizes. These curves prove the dependence of reflection coefficients with the
excitation frequency. Generally speaking, these coefficients increase with the fre-
quency. Figure 5 shows the reflection coefficients variation with axial, circumferen-
tial and depth defect extents at 10kHz for different sizes. These curves demonstrate
the increase of the reflection coefficients with the defect sizes.
The database constructed by a large diversity of defect sizes let us to plot the 3-D
curves showing the evolution of reflection coefficients with two chosen variables from
the defect dimensions (a, b or ¢) at a given frequency. In figure 6 we can see 3-D
graphs of the reflection coefficients variation with defect sizes at 10 kHz. It is clear
that the reflection monotonically increases with axial extent at constant depth and
vice versa, it also increases with circumferential extent at constant axial extent and
vice versa.

Figure 7 shows color maps of the 3-D reflection plot in figure 6. The lines are
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isolines of constant reflection coefficient as described by the color bar. From these
isolines we can observe that the reflection coefficient obtained for example at a certain
depth and axial extent is also obtained at smaller depth and larger axial extent.

3.2. Experimental reflection-coefficients calculation

To determine the approximate dimensions of the detected defects, the calculation
of experimental reflection coefficients has been established. For each obtained signal,
we trace attenuation curve of the incident wave and calculate at each frequency the
reflection coefficient of each defect. The wave motions can be theoretically expressed
by the exponential function e~**  k being the wavenumber, which is frequency de-
pendent, and x being the wave propagation distance. The reflection coefficient is
defined as the ratio between the averaged maximum-amplitude of reflected signal
from the singularity and the maximum-amplitude of incident signal at the same
moment of detection. Results for each measurement point are presented in table 1.

Table 1: Experimental reflection-coefficients from defects.

Defects | f=8kHz | f =9 kHz | f = 10 kHz
D21 0.186 0.167
D22 0.156 0.125
D23 0.124 0.161 0.202
D24 0.122 0.126
D61 0.531 0.54 0.55
D31 0.127 0.089 0.055
D71 0.286 0.253 0.25
D72 0.194 0.127 0.138
D41 0.112 0.1
D42 0.144 0.104 0.06
D91 0.153 0.171 0.13
D13 0.051 0.024 0.022

3.3. Defect sizes determination

In this subsection, we present the results of investigations established based on
the numerical abacus of the reflection coefficients. Defects listed in table 1 do not
include those detected in structural singularities. Indeed, the numerical tool does
not allow currently to size defects located in coupling structures like elbow, concrete
block, clamp or tee. Table 2 shows for most of the defects the presence of more
than a possibility sizing. In fact, a value of reflection coefficient can induce several
combination of size (a, b, ¢). The uncertainties can be reduced by increasing the
number of excitation frequencies per measurement point, which helps the restriction
of intervals sizing.
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Table 2: Approximate dimensions of detected defects.

Defects | Axial extent (mm) | Circumferential extent (mm) | Thickness (mm)
[T - 20] [360 - 528] 5
D21 [4 - 20] [370 - 432] 8
14 - 20] 140 - 155] 11
9 - 20] 306 - 528 5
D22 [4 - 20] [165 - 288] 8
14 - 20] [115 - 132] 11
[11 - 20] 354 - 528] 5
D23 [4 - 20] 200 - 390] 8
14 - 20] [132 - 168] 11
[7-20] 246 - 528] 5
D24 14 - 20] [126 - 290] 8
14 - 20] 78 - 132] 11
[17 - 20] [500 - 528] 8
bol 4 - 20] 1354 - 370] 1
[4 - 20] [180 - 300] 5
D31 [4 - 20] [96 - 132] 8
[4 - 20] (54 - 66] 11
[17 - 20] [465 - 528 5
D71 [7 - 20] 260 - 510] 8
14 - 20] [180 - 200] 11
7 - 20] 250 - 528 5
D72 14 - 20] [140 -320] 8
14 - 20] [80 - 140] 11
6 - 20] [225 - 528] 5
D41 14 - 20] [120 - 252] 8
[4 - 20] (70 - 90] 11
4 20] 205 - 335] 5
D42 [4 - 20] [110 - 150] 8
[4 - 20] 66 11
[11 - 20] 330 - 528 5
D91 [4 - 20] [186 - 310] 8
14 - 20] 130 - 138] 11
[4-20] [48 - 130] 5
D13 4 - 20] 130 - 66] 8
14 - 20] 18 - 28] 11

4. Reflection of torsional mode from structural singularities

In order to prove the reflections associated to structural singularities (elbows,
concrete blocks, clamps, and welds) in the tested pipeline (figure 8), the WFEM has
been used to determine the reflection coefficients from these features without defects.
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A finite element model was created for each one of them as seen on figure 9. Elbows
have a bending angle of 90° and an upper radius of curvature equal to 1.5xpipe
diameter. Concrete blocks have 468 mm long, 400 mm wide and 520 mm high.
Their mechanical properties are: £ = 20 GPa, p = 2200 Kg.m™3, v = 0.2. Clamps
have 10 mm thick and a 150 mm wide along the axial direction. Finally, the weld
are axially symmetric and has a width of 10 mm and a thickness of 15 mm. The
mechanical properties of the weld beads are assumed higher than those of the pipes.

Thereafter, the WFE results are compared to experimental ones. Calculation
has been made through the frequency range [5-15]kHz for each structural singularity.
Measurements have been taken at three frequencies: 8, 9 and 10 kHz. Figures from
10 to 13 show the results for some selected structural singularities.

The experimental values are close to the numerical curves for most figures. How-
ever, there are some gaps between them, this is may be due to the approximation
made on the geometric models of the structural singularities in one hand, and on their
physical properties in other hand. The differences between experimental points of
some elbows and numerical results may be due to the presence of susceptible defects
in these elbows, since our calculation do not take into account damaged structural
singularities.

5. Conclusion

A parametric study of the torsional-mode reflection from defects and structural
singularities in an industrial pipeline was established. The Wave Finite Element
Method was used to construct a numerical database of reflection coefficients from
rectangular defects by varying thickness, axial and circumferential extents. Calcula-
tion was made depending on frequency. Experiments lead us to estimate reflection
coefficients from detected defects. Since the defect identification and localization can
be made by analyzing experimental signals, the reflection coefficient can be evalu-
ated based on the attenuation curve of the incident wave, at different frequencies.
Then, the approximation of defect sizes was carried out by sweeping the numerical
abacuses to find the suitable combination of dimensions for a given defect. Ax-
ial and circumferential extents was evaluated by limited intervals for each possible
thickness. Subsequently, a comparison between reflection coefficients from structural
singularities (elbows, concrete blocks, clamps, and welds) obtained by WFEM and
experiments has been carried out. A good agreement was found for most of the
structured singularities, but clear gaps was noted for the others. This can be justi-
fied by the fact that we did not take into account the presence of defects in these
singularities. Future works can focus on this issue in order to deal with the effect of
damaged structural singularities on the reflection coefficient.
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Abstract

This paper provides a numerical investigation concerning the effect of defect angular-
position on reflection and transmission coefficients while exciting by different types
of waves. The spectral method Wave Finite Element has been used to carry out
calculation. Twelve angular positions was studied while impinging the modeled
defect by torsional mode T(0,1), longitudinal mode L(0,2) and flexural mode F(1,2).
Results show that the type of incident wave as well as the examined reflected and
transmitted waves play an important role in circumferential localization of the defect.

Keywords:  Guided waves, Defect localization, Angular position, Reflection and
transmission coefficient, Wave Finite Element Method.

1. Introduction

A considerable progress has been made over the last few years on the subject of
long-range guided wave inspection in pipes [1-3]. The generation of different modes
depends on source loading conditions. Axisymmetric modes like longitudinal modes
have been studied carefully in earlier years because of their uniform circumferential
energy distribution. Different kinds of generation methods for axisymmetric modes
have been widely used.

The subject of guided wave tuning principles and focusing for defect detection is
introduced in many works [4-10]. This hypothesis is being explored in detail today,
that of establishing wave resonances from a defect inside a structure by controlling
phase velocity and frequency. It becomes possible to focus the ultrasonic energy
onto the defect of interest that gives us the best dynamic response and hence the
best potential for detection classification and sizing of the particular defect. Guided
waves via a four dimensional tuning process of adjusting circumferential loading
length, circumferential position, phase and frequency, can create a natural focusing
effect almost anywhere inside the pipe. Shin and Rose [11] discussed the use of
both axisymmetric and nonaxisymmetric surface loading in hollow cylinders and
illustrates the basic principles behind nonaxisymmetric wave propagation. Use of
these flexural mode waves are being tried in order to assist in the flaw detection
classification and sizing process. Further work on the excitation of nonaxisymmetric
guided waves is reported by Li and Rose [12]. It is shown in this paper how it
becomes possible to load the upper surface of a pipe and to inspect, for example,
the bottom side of a pipe, at a certain distance away. J. Davies and P. Cawley
[13] quantify the performance of a synthetically focused guided-waves technique for
detection, location, and sizing of circumferential crack-like defects in pipelines.

The wave-defect interaction analysis will help to find out which type of modes
are sensitive to a given type of defects. The character of scattering should be quite
different if the defect is transverse such as crack or notch, axially distributed such as
delamination in layered structures, or due to the loss of mass, presence of inclusions,
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etc., which probably causes the failure of the inspection if the mode is not properly
chosen. In the other hand, the numerical wave-defect interaction analysis will provide
a reference of the sizing in the practical test, at least to some extent.

Many useful frequency-domain information, such as wave dispersibility, reflection
from damage, interface or boundary, sensitivity of specific mode to various types of
damages, mode conversions, etc. [14], can be obtained directly from the eigensolu-
tions in spectral methods, or by the global-local techniques such as hybrid methods
[15-20]. The Wave Finite Element Method (WFEM), which is a simple spectral
method based on the standard finite element (FE) formulation, can be applied to
examine the wave interaction with the local defects and the structural features [17-
20]. The hybrid WFE/FE method is one of the hybrid methods for global-local
analysis, which is very suitable to the case that wavelength is larger than the axial
extension of FE model for complex local defect.

This paper aims to investigate numerically reflection and transmission coefficients
from a defined defect in a pipe while varying its angular position at a fixed axial
location. Three different waves are tested: the torsional mode T(0,1), the longi-
tudinal L(0,2) mode, and the flexural F(1,2) mode are incident separately. In the
first case, reflection and transmission coefficients of T(0,1) and L(0,2) as well as
those of F(1,2), F(2,2) and F(3,2) are examined. In the second case, reflection and
transmission coefficients of L(0,2) and T(0,1) as well as those of F(1,3) and F(2,3)
are observed. Finally, in the third case when F(1,2) is incident, its reflection and
transmission coefficients are also analyzed. The hybrid WFE/FE method has been
employed in this study to compute diffusion matrices from the defect, in order to
find an approach for the angular localization of the defect.

Firstly, theoretical foundation — containing the WFEM formulation and the wave
response of a waveguide with a coupling structure — is presented. The next section
is devoted to the numerical implementation including methodology and dispersion
curves as well as obtained results and a detailed discussion.

2. Theoretical foundation

2.1. WFE method formulation

By using axisymmetric elements, WFE method for the 1-D wave propagation
problem is employed to extract the wavenumbers and mode shapes for all modes
susceptible to propagate in the pipe. Those eigenmodes are then superposed to form
a scattering equation by connecting with FE formulation of the pipe segment with
inhomogeneities.

For the one-dimensional wave propagation in the waveguide, as is shown in figure
1, the finite element formulation of a repetitive segment may be written as

S {el-{F} 0

where S ;, S;, and S, € CV*" are block dynamic stiffness matrices, and subscripts /
or r denote the left or right components respectively.
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Figure 1: Structure discretized to identical cells (one-dimensional periodic system).

The harmonic wave motions can be theoretically treated using the exponential
function e~ (j = y/—1), where x-axis is the propagation direction. Provided the
DOFs are in the same order, the displacement and force relationships between two
adjacent segments can be written as

qf = Aqy, F; = \F,, (2>

where \ = e77%¢ with d denoting the length of the repetitive segment in wave prop-
agation direction. Considering the displacement continuity q; = q, and force equi-
librium condition F; = —F,., Equation 1 can be written as

Sy Si q _ F, (3)
Srl Srr >‘ql _)‘Fl ’

Eliminating the force component of Equation 3 leads to a special case of quadratic
eigenvalue problem for (A, q,)

[Sl/>‘ + S, + )\S1T]‘P =0, (4)

where ¢ =q;, S, =8S,,,S,=S1 =S, +S,,.

If the spectral problem for both propagating and evanescent modes is of interest,
the propagation constant must be obtained for a given frequency in order to find
the dispersion relationship. The eigenequation may be solved using the classical
linearization method to obtain the dispersion relationship and eigenmodes:

BN R I RS S

The solution of such standard generalized eigenvalue problem yields the displace-

ment vectors q! (1 = 1,2,...,2N) for propagating and non-propagating waves. The
corresponding force vectors can be written as
F = (Sy +\'S;,) aj, (6)

which can be obtained from Equation 3.
Another structured linearization method may be used to directly calculate both
the displacement and the force vectors for propagating and non-propagating modes:

s le L g w{) .

3
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where £ = ||S,||, ¥ = F,/k.

The symmetry of the eigenvalues of Equation 5 might be lost due to roundoff
errors, if no preservation routine is used in the eigenvalue computation. In the case
of large matrices produced, it is better to employ the structured linearization method
proposed by Zhong and Williams [21], which calculates the reciprocal pairs (A, 1/X)
by constructing Equation 4 to the eigenvalue problem about two skew symmetric

matrices
S1 - Sif _SZ ¥ _ 0 Sl P (8)
S, S,—-ST |1 A [ H|-=sST o Ao [

where p1 = (1/A+ \). The pairing of eigenvalues is automatically guaranteed, as the
linearization itself preserves the symmetry. However eigensolution of Equation 8 need
specific iteration procedure to be developed [21], so does the linearization method
proposed by Mackey et al. [22]. As the left system matrix is most likely well-
conditioned, Equation 8 can be formulated as the standard eigenvalue problem:

il 15}

where [Sg:q] equals to the left division of the right system matrix by the left one. This
transformation may not be realized explicitly which usually leads to a dense matrix.
The eigenvalues 1/p with the larger real parts correspond to the wavenumbers with
the smaller amplitudes of imaginary parts, although not very strictly. This allows
the ARPACK routine for nonsymmetric complex eigenvalue problems to be used
23], which is faster than the QZ algorithm if only a few eigenpairs are of interest.

It should be mentioned that if the dispersion relationships in undamped systems
are of interest, Equation 4 can be re-formed to the generalized eigenvalue problem
for w?, which provides a rapid dispersion calculation scheme

Ky = w*Mep (10)

where _
K=K, /A +K;+ K, + K},
M= Mrl/>\ +M; +M,, + )\Mg‘l

Both K and M are Hermitian matrices when k € R. The stable eigenequation facil-
itates the mode tracing, since the property that eigenvectors of distinct eigenvalues
are mutually orthogonal can be used by introducing the criterion | goiT+11\~/Icpi | to
classify the waves with different normalized modal shape.

The spectral eigensolutions sometimes need to be classified for the computational
purpose. Equation 3 can be used to trace the kindred modes at different frequencies.
However it concerns the operation of a large number of vectors. An alternative is to
combine the curve tracing of the wave numbers with the mode assurance criterion
(MAC). Polynomial fitting can be used to predict the eigenvalue of the subsequent
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frequency step. In case of more than one solution being found within the prescribed
tolerance ¢, a criterion
€= ‘9011’{+Af Pl (11)

can be introduced to distinguish the kindred modes from the others when ¢ (¢ < 1)
is maximum, where ¢y and ¢, 5, are the unitary displacement vectors at frequency
step f and its subsequent frequency step f + Af. Thus the eigenmodes can be traced
by the consistency rather than the orthogonality. The unitary displacement vectors
may not contain all the DOFs if only one or some of the low order modes need to
be classified (partial modal assurance criterion, PMAC).

2.2. Wave response in an infinite structural waveguide with a coupling structure

Consider an infinitely long structure with the local inhomogeneities which are
due to the geometry or material variation. A monochromatic incident wave, which
comprises a single or multiple wave modes, is assumed to be generated at x — oo
and travel in the positive x + oo direction. Scattering phenomenon emerges when
the incident wave impinges on those inhomogeneities as is shown in figure 2. The
resultant wave field consists of the incident and scattered components (both reflection
and transmission).

Incident wave
E—

W . Damaged W d
aveguide coupling aveguide
structure structure
structure
Reflected wave Transmitted wave

Figure 2: Wave propagation through a damaged coupling structure.

The modeling of damaged cell is similar to that of typical one for modes extrac-
tion, except that additional interior dofs might be included. The coupling condition
is governed by the dynamics equation of coupling structures,

M (@)7 (@7 @)} K @) @) @Y ={ F)T 0 (F)T}

(12)
where [M¢] and [K°| denote the mass and stiffness matrices of coupling structures,
respectively. Equation 12 can be condensed as:

nSi qa; Fi
= . 13
EESFISEY (13)
Considering the coupling conditions
Qi =[q"]A" +[q JA™, g = [q']A", (14)

and
Fj = [F*]JA™ + [F7]A"", F; = —[F"]A", (15)

5

120

T

b



CHAPTER 6. EFFECT OF DEFECT ANGULAR-POSITION ON THE WAVE
REFLECTION AND TRANSMISSION COEFFICIENTS: NUMERICAL
INVESTIGATION BY THE WAVE FINITE ELEMENT METHOD

Equation 13 can be re-formed as the governing equations for the scattering problem:

T o B {5 )[R e

Given a single or a set of incident modes as the input in Equation 16, scattered
modes (reflection and transmission) acting as the output can be obtained. Numer-
ically, the base number N, is suggested to be frequency dependent, which can be
implemented by a routine to include those slightly evanescent wave modes into the
bases.

Since the coupling structure might contain a large number of interior DOFs,
the dynamic reduction can be used to accelerate the spectral solution by using the
assumed modes of coupling structure. The system matrices of coupling parts at each
frequency in Equation 13 have to be taken into calculation. In this case, a convenient
way is to model the coupling structure using component mode synthesis (CMS)
method, which gives better approximation than Guyan reduction (exact for stiffness
matrices but approximate for mass) when dealing with higher frequency problems.
For the sake of simplicity, the fixed-boundary CMS method is used here [24]. In the
fixed-boundary CMS method, a substructure is considered to be composed of interior
and interface dofs. It condenses the system matrices by assuming the displacements
of the interior dofs as a linear superposition of the constraint modes and the internal
normal modes. By introducing the transformation matrix [T], the displacement
vector of coupling substructure is represented in terms of generalized coordinates:

(@) @) (@} =T @ @" @}, (17)

where the q§ is the modal displacement. The transformation matrix for the fixed-
boundary method has the form

I 0 0
T) = | —[Kg] ' [Kg) @0 —[Kg] K] | (18)
0 0 I

where ®@;; is the fixed interface normalized modal matrix, K¢;, K, and K¢, are the
interior DOF's related components in the stiffness matrix. Other modes such as
attachment modes can also be used as required. Thus Equation 12 can be simplified

as

¢ N C N C C T c c c c T — c c T
MES @) (@) (@)" ) +KEH @) @) @'} ={ F)’ ? )(F»T }
19
where the condensed mass matrix [M% ] = [T]" [M€] [T], stiffness matrix [K&p] =
[T)" [K€][T)], q4 is the truncated set of generalized modal displacement associated
to the modal matrix ®;;.
Consequently, Equation 16 can be modified as
Sila’] - [F7] _ Sila'] A\ _ | [F*] - Sjla] in
At?" - _AC [q+] {A } ) (20)
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where §fl, §fr, /S\ﬁl, §$T are the reduced system matrices obtained by eliminating the
modal displacement qs.

The spectral solution for wave scattering is therefore calculated by two kind of
superelements: the eigensolutions for guided wave modes and the superelements of
coupling structures. After solving Equation 20, the whole scattered wave fields can
be obtained through Equations 17-19 for near field and the wave representation for
far field. It should be noted that the eigensolution of the coupling substructure
model can be used for different wave inputs, which is particularly applicable to the
systems comprising certain standard local features. Another advantage over the di-
rect condensation is that the number of the normal modes of coupling substructures
can also be frequency dependent, not only that of the truncated bases, which fur-
ther improves the numerical efficiency if the solution in the wide frequency range is
desired.

3. Numerical implementation and results

3.1. Methodology

The principle of the study is to vary the circumferential position of the defect
while keeping the axial position constant, and observe the influence of this variation
on the reflection and transmission coefficients. The modeled defect is a through-
thickness cut having 12 mm for the circumferential extent and 20 mm for the axial
extent (see figure 3). The modeled pipe is made of steel and has 168 mm outer
diameter and 11 mm of thickness. Material properties of the pipe are: E = 2.1 x
10! Pa, p = 7800 Kg.m™3, v =0.3.

Defect

Waveguide 1 Coupling structure Waveguide 2

Figure 3: Defect positions around the circumference of the pipe.

Calculation was made based on the connexion between two homogeneous waveg-
uides through inhomogeneous one including the defect as shown in figure 3. The
waveguide 1 is a pipe section connected to a damaged coupling structure which is in
turn connected to waveguide 2 similar to the first one. To numerically describe the
wave mode scattering, the reflection and transmission coefficients are defined by the
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solution of response from Equation 16:

Are Al
Ri=—Y T,=— 21
A" A" (21)

where 1 = 1,2, ..., N,.

The circumference of the pipe is divided into 44 elements. Positions of the defect
around the pipe are varied by an increment of 4 elements, that is an angle of about
Aa = 32.73°. Thus, 11 positions were treated in this study as illustrated in figure 4.

Figure 4: Defect positions around the circumference of the pipe.

Three types of incident waves are used: fundamental torsional mode T(0,1), lon-
gitudinal mode L(0,2), and flexural mode F(1,2). In the case of torsional T(0,1)
as incident mode, reflection and transmission coefficients of T(0,1) and L(0,2) are
checked, as well as those of three flexural modes: F(1,2), F(2,2) and F(3,2). When
the longitudinal L(0,2) mode is incident, reflection and transmission coefficients of
L(0,2), T(0,1) and two flexural modes: F(1,3) and F(2,3) are observed. The choice
of these flexural modes to be verified is not arbitrary. In fact, when the axisymmet-
ric torsional wave T(0,1) encounters a nonaxisymmetric feature (like a metal loss or
localized weld), mode conversion could occurs. The T(0,1) mode can be converted to
nonaxisymmetric flexural waves F(1,2), F(2,2) and F(3,2). When the L(0,2) mode
impinges on a nonaxisymmetric feature, mode conversion manifests by the appear-
ance of nonaxisymmetric flexural waves F(1,3) and F(2,3). The last tested incident
mode is the flexural F(1,2). Its reflection and transmission coefficients were turned
out. Calculations were carried out in the frequency range [5-30] kHz, in which the
above-mentioned incident and reflected waves are present.
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3.2. Dispersion curves in the pipe

The wavenumber k is frequency dependent and can be expressed as:

(22)

The unknown propagation constants are obtained for a given frequency by the
WFE method in order to find the dispersion relationship. Wavenumbers of the
common modes can be thereafter evaluated and plotted as a frequency function for
the modeled pipe as shown in figure 5.

60

a1
o

N
o

Wavenumber (m})
N w
o o

10

O | | |
5 10 15 20 25 30
Frequency (kHz)

Figure 5: Wavenumber computed by WFEM for modes propagating in a steel pipe with 168 mm
outer diameter, 11 mm-thick. Red bold line: torsional mode T(0,1); red normal lines: flexural
torsional modes F(1,2), F(2,2) and F(3,2); black bold line: longitudinal mode L(0,2); black normal
lines: flexural longitudinal modes F(1,3) and F(2,3); blue bold line: longitudinal mode L(0,1); blue
normal lines: flexural longitudinal modes F(1,1) and F(2,1).

From the calculated wavenumbers, the group an phase velocities can be readily
determined and plotted in the frequency range considered (figures 6 and 7).

Dispersion curves show all of the constructive interference zones that could occur
as the waves reflect inside a structure, demonstrating the kinds of waves and modes
that could actually propagate. These curves show that the L(0,2) mode in the
frequency range 20-100 kHz is practically nondispersive, that is to say its group
velocity is essentially constant with frequency so that there is minimal distortion of
the wave packet over long propagation distances. L(0,2) is also the fastest mode,
which means that it will be the first signal to arrive at the receiver. The L(0,1) mode
is another axisymmetric longitudinal wave, which will be generated and received
along with L(0,2). However, the velocity of this latter is approximately twice that

9
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Figure 6: Group velocity dispersion curves computed by WFEM for a steel pipe, outer diameter
168 mm, thickness 11 mm. Red bold line: torsional mode T(0,1); red normal lines: flexural torsional
modes F(n,2); black bold line: longitudinal mode L(0,2); black normal lines: flexural longitudinal
modes F(n,3); blue bold line: longitudinal mode L(0,1); blue normal lines: flexural longitudinal
modes F(n,1).

of the former. The T(0,1) mode is the only wave that keeps its velocity constant in
the whole frequency range. Thus, it is an ideal nondispersive mode. Flexural modes
converge to either a longitudinal or torsional mode at high frequencies where the
wavelength to radius ratio is small. For example, F(n,1) modes converge to L(0,1),
F(n,2) modes converge to T(0,1) and F(n,3) converge to L(0,2).

3.3. Numerical results and discussion
3.3.1. T(0,1) as incident wave

The torsional mode T(0,1) has shown a relevant capability for defect detection in
pipes and possesses a lot of advantages in the long range guided waves inspection do-
main [25-28]. The first test in our investigation consists of impinging the considered
defect by the T(0,1) mode. When this latter is incident in a such nonaxisymmetric
discontinuity, three flexural modes F(1,2), F(2,2) and F(3,2) are mostly produced
due to the mode conversion.

When T(0,1) is incident, reflection and transmission coefficients of T'(0,1), L(0,2)
and the three above-mentioned flexural modes are calculated. Several important
observations could be taken from the obtained curves. Figure 8 shows the reflection
and transmission coefficients of the T/(0,1) mode from the considered defect for the
11 positions around the circumference of the pipe. We can note that there is no

10
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Figure 7: Phase velocity dispersion curves for a steel pipe, outer diameter 168 mm, thickness 11 mm.
Red bold line: torsional mode T(0,1); red normal lines: flexural torsional modes F(n,2); black bold
line: longitudinal mode 1(0,2); black normal lines: flexural longitudinal modes F(n,3); blue bold
line: longitudinal mode L(0,1); blue normal lines: flexural longitudinal modes F(n,1).

variation in the obtained curves depending on the circumferential position of the
defect. This is obvious regarding the axisymmetry of the T(0,1) mode that makes it
insensitive to an angular rotation of the defect.

Figure 9 shows the reflection and transmission coefficients of the L(0,2) mode.
The result indicates that these coefficients are very negligible (around 10~7). Thus,
we can say that there is no reflection and transmission of the L(0,2) mode when the
T(0,1) is incident.

Figures from 10 to 15 show the reflection and transmission coefficients of F(1,2),
F(2,2) and F(3,2) respectively when T(0,1) is incident. From these figures we can
note that for modes F(1,2) and F(3,2) each two positions have the same reflec-
tion /transmission coefficient curve except position P9; for example curves of P1 and
P6 are confused. That is to say a given reflection/transmission coefficient at a given
frequency refers to two possible circumferential positions, which is practically not
convenient to localize the circumferential position of the defect.

However, the result found in the F(2,2) case shows that each position produces
its own reflection /transmission coefficient curve. The F(2,2) mode seems to be more
suitable for circumferential localization of the defect when T(0,1) mode is incident.

It should be mentioned that these flexural waves, as they are nonaxisymmetric,
are sensible to the circumferential position of the defect. Nevertheless, each mode
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Figure 8: Reflection coefficients (blue line) and transmission coefficients (red line) of T(0,1) from a
12 mm x 20 mm through-thickness defect with a T'(0,1) incident mode. WEFM results for a defect
having constant axial position and variable circumferential position from P1 to P11.
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Figure 9: Reflection coefficients (blue lines) and transmission coefficients (red lines) of L(0,2) from
a 12 mm x 20 mm through-thickness defect with a T(0,1) incident mode. WEFM results for a
defect having constant axial position and variable circumferential position from P1 to P11.
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has his own mode shape which impacts on the result.
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Figure 10: Reflection coefficients of F(1,2) from a 12 mm x 20 mm through-thickness defect with
a T(0,1) incident mode. WEFM results for a defect having constant axial position and variable
circumferential position from P1 to P11.

3.3.2. L(0,2) as incident wave

The L(0,2) mode has drew attention of many researchers [1, 29-31]. It has been
widely used in guided waves testing and employed in many inspection systems. It
has the advantage to achieve the entire pipe wall coverage since it is axisymmetric
and has a near constant mode shape through the wall thickness. Defects located at
any circumferential position and anywhere the pipe wall thickness can be detected.
The L(0,2) mode is dispersive but has been employed in relatively non-dispersive
frequency regimes around 30-100 kHz.

The second test in our investigation consists of impinging the considered defect
by the L(0,2) mode. When this latter is incident in a such nonaxisymmetric discon-
tinuity, two flexural modes F(1,3) and F(2,3) are mostly produced due to the mode
conversion.

Reflection and transmission coefficients of L(0,2), T(0,1) and the two above-
mentioned flexural modes are calculated. Several important observations could be
taken from the obtained curves. Figure 16 shows the reflection and transmission co-
efficients of the L(0,2) mode from the considered defect for the 11 positions around
the circumference of the pipe. We can note that there is no variation in the obtained
curves depending on the circumferential position of the defect. This is obvious re-
garding the axisymmetry of the L(0,2) mode that makes it insensitive to an angular
rotation of the defect.
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Figure 11: Transmission coefficients of F(1,2) from a 12 mm x 20 mm through-thickness defect with
a T(0,1) incident mode. WEFM results for a defect having constant axial position and variable
circumferential position from P1 to P11.
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Figure 12: Reflection coefficients of F(2,2) from a 12 mm x 20 mm through-thickness defect with
a T(0,1) incident mode. WEFM results for a defect having constant axial position and variable
circumferential position from P1 to P11.
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Figure 13: Transmission coeflicients of F(2,2) from a 12 mm x 20 mm through-thickness defect with
a T(0,1) incident mode. WEFM results for a defect having constant axial position and variable
circumferential position from P1 to P11.
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Figure 14: Reflection coefficients of F(3,2) from a 12 mm x 20 mm through-thickness defect with
a T(0,1) incident mode. WEFM results for a defect having constant axial position and variable
circumferential position from P1 to P11.
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Figure 15: Transmission coefficients of F(3,2) from a 12 mm x 20 mm through-thickness defect with
a T(0,1) incident mode. WEFM results for a defect having constant axial position and variable
circumferential position from P1 to P11.
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Figure 16: Reflection coefficients (blue line) and transmission coefficients (red line) of L(0,2) from a
12 mm x 20 mm through-thickness defect with a 1.(0,2) incident mode. WEFM results for a defect
having constant axial position and variable circumferential position from P1 to P11.
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Figure 17 shows the reflection and transmission coefficients of the T(0,1) mode.
The result indicates that these coefficients are very negligible (around 107%). Thus,
we can say that there is no reflection and transmission of the T(0,1) mode when the
L(0,2) is incident.
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Figure 17: Reflection coefficients (blue line) and transmission coefficients (red line) of T(0,1) from
a 12 mm x 20 mm through-thickness defect with a L(0,2) incident mode. WEFM results for a
defect having constant axial position and variable circumferential position from P1 to P11.

Figures from 18 to 21 show the reflection and transmission coefficients of F(1,3)
and F(2,3) respectively when L(0,2) is incident. From these figures we can note
that for the F(1,3) mode each two positions have the same reflection/transmission
coefficient curve except position P9; for example curves of P1 and P6 are confused.
That is to say a given reflection/transmission coefficient at a given frequency refers
to two possible circumferential positions, which is practically not efficient to localize
the circumferential position of the defect.

However, the result found in the F(2,3) case shows that each position produces
its own reflection/transmission coefficient curve. The F(2,3) mode seems to be more
suitable for circumferential localization of the defect when L(0,2) mode is incident.

3.3.3. F(1,2) as incident wave

Flexural modes could be excited via partial loading around the circumference of
the pipe. If we have a transducer ring clamped around a pipe, only a part of these
transducers have to be excited in order to create a nonaxisymmetric wave. Some
parameters like number, type and position of the transducers as well as the frequency,
play an important role in the type of the generated mode. When non-axisymmetric
guided waves are generated, the acoustic field is more complicated and the energy
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Figure 18: Reflection coefficients of F(1,3) from a 12 mm x 20 mm through-thickness defect with
a L(0,2) incident mode. WEFM results for a defect having constant axial position and variable
circumferential position from P1 to P11.
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Figure 19: Transmission coefficients of F(1,3) from a 12 mm x 20 mm through-thickness defect with
a L(0,2) incident mode. WEFM results for a defect having constant axial position and variable
circumferential position from P1 to P11.
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Figure 20: Reflection coefficients of F(2,3) from a 12 mm x 20 mm through-thickness defect with

a L(0,2) incident mode. WEFM results for a defect having constant axial position and variable
circumferential position from P1 to P11.
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Figure 21: Transmission coefficients of F(2,3) from a 12 mm x 20 mm through-thickness defect with
a L(0,2) incident mode. WEFM results for a defect having constant axial position and variable
circumferential position from P1 to P11.
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distribution of the wave propagation needs to be known in order to evaluate the
guided wave inspection ability and to perform frequency and angle tuning.

The F(1,2) mode was chosen to be incident to the considered defect for the
purpose of testing its sensitivity to angular position. Reflection and transmission co-
efficients of the F(1,2) mode were computed for positions from P1 to P11 as shown in
figures 22 and 23. We may remark the same phenomena of coincidence between each
two positions (P1 with P6, P2 with P5 and so on). For a given reflection/transmission
coefficient at a given frequency we have two possible circumferential positions, which
is practically not efficient to localize the circumferential position of the defect.
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Figure 22: Reflection coefficients of F(1,2) from a 12 mm x 20 mm through-thickness defect with
a F(1,2) incident mode. WEFM results for a defect having constant axial position and variable
circumferential position from P1 to P11.

4. Conclusion

In this work, a numerical investigation into the effect of defect angular-position
on the reflection and transmission coefficients has been performed. The Wave Finite
Element Method has been used to carry out calculations depending on frequency.
The principle was to vary the circumferential position of the defect while keeping the
axial position constant, and observe the influence of this variation on the reflection
and transmission coefficients. Results have shown many important remarks. While
exciting the pipe by the torsional T(0,1) mode, there is no effect on the reflection
and transmission coefficients of T(0,1) regarding its axisymmetry. Almost neither
reflection nor transmission of the L(0,2) mode have been found. However, results
obtained for flexural waves show that the F(2,2) mode has a good potential to reveal
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Figure 23: Transmission coeflicients of F(1,2) from a 12 mm x 20 mm through-thickness defect with
a F(1,2) incident mode. WEFM results for a defect having constant axial position and variable
circumferential position from P1 to P11.

the angular position of the defect. When L(0,2) mode is incident, there is no effect on
the reflection and transmission coefficients of L(0,2) due to its axisymmetry. Almost
neither reflection nor transmission of the T(0,1) mode have been detected. However,
results obtained for flexural waves show that the F(2,3) mode has a good potential
to reveal the angular position of the defect. When F(1,2) mode is incident, the result
is not so accurate since we obtain two possible angular positions for the defect.

This investigation gives guidance to circumferential localization of defects in pipes
by a numerical way. This approach could be improved by refining the mesh of the
pipe which leads to a more accurate scanning of the circumference.
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Conclusion

The work presented in this manuscript form part of the research aimed at pro-
vide a novel solution to defect detection in piped using guided waves. This domain
of research belongs to the Nondestructive Testing field, which is under continuous
progress. The current market of long range pipe monitoring exhibits a strong com-
petition. Actually, some commercial inspection systems exist, each one has its own
characteristics.

An inspection system prototype for defect detection in pipes was designed in
this work. It consists of two rings of 16 piezoelectric transducers for each one. The
generator ring aims at creating torsional guided waves that can travel along the
pipeline. When they encountered discontinuity in the structure, a part of these
waves were reflected back to the receiver ring. The received time signals were then
analyzed in order to determine the position and the nature of defects.

The use and the need of such a device for structural health monitoring was
illustrated by preliminary numerical simulations. These simulations had shown the
promising potential of torsional wave motion among all the propagative waves in
pipe. In the design process, many finite element simulations were carried out on
intact and damaged pipes in order to visualize the torsional wave propagation and
to verify the sensitivity to defects. Time responses obtained from standard FE and
WFE methods have shown the generation of the torsional mode by clamping the
piezoelectric transducers in the proper orientation. These simulated signals have
proven also the defect detection.

Many experimental tests have been performed by the prototype on intact and
damaged pipes for two different materials: PVC and steel. Results validate the abil-
ity of the inspection system to generate the desired waves. Damping, as a property
of structure, was identified and was evaluated experimentally for the two material
types. The generated waves could propagate along the pipe and detect discontinu-
ities like defects. The interaction between waves and a machined notch was deter-
mined by the estimation of reflection coefficients at different excitation frequencies.
These values were compared with WFE results and have shown a good agreement.
The wave interaction with curved structure was also evaluated by comparing intact
and damaged bends. The obtained time signals have indicated a good detection
potential.

The long distance application involving the treatment of reflected traveling waves
is then the next step. For this purpose, a pipeline was tested by our inspection sys-
tem. The tested pipeline is an industrial mock-up that brings together hollow pipes,
features and machined defects. It was placed in conditions close to real industrial
environment in order to simulate and involve almost all sources of influence on the
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performed measurements. The Wave Finite Element Method was used to compute
dispersion curves of propagating waves along the tested pipeline. Measurements were
performed according to well-defined points sweeping all the pipeline. Yet, regarding
the complexity of the time signal for field applications, some post-treatment of such
signals was necessary. Recorded signals was subjected to a series of treatments like
signal denoising tools and Hilbert transform in the aim of obtaining comprehensible
curves. Based on the pipeline architecture, the identification of reflections in ob-
tained curves was performed in order to distinguish between peaks related to defects
from those related to structured singularities.

Guided wave techniques have two main objectives: defect localization and defect
sizing. The former being realized, the latter needs some interest. For this goal, a
parametric study of the torsional-mode reflection from defects and structural singu-
larities in an industrial pipeline was established. The Wave Finite Element Method
was used to construct a numerical database of reflection coefficients from rectan-
gular defects by varying thickness, axial and circumferential extents. Calculation
was made depending on frequency. Experiments lead us to estimate reflection co-
efficients from detected defects. Since the defect identification and localization can
be made by analyzing experimental signals, the reflection coefficient can be evalu-
ated based on the attenuation curve of the incident wave, at different frequencies.
Then, the approximation of defect sizes was carried out by sweeping the numerical
abacuses to find the suitable combination of dimensions for a given defect. Ax-
ial and circumferential extents was evaluated by limited intervals for each possible
thickness. Subsequently, a comparison between reflection coefficients from struc-
tural singularities (elbows, concrete blocks, clamps, and welds) obtained by WFEM
and experiments has been carried out. A good agreement was found for most of
the structured singularities, but clear gaps was noted for the others. This can be
justified by the fact that we did not take into account the presence of defects in
these singularities. Future works can focus on this issue in order to deal with the
effect of damaged structural singularities on the reflection coefficient.

The last task in this thesis was to find out a solution to angular localization of
a knowing defect. That is why a numerical investigation into the effect of defect
angular-position on the reflection and transmission coefficients has been performed.
The Wave Finite Element Method has been used to carry out calculations depending
on frequency. The principle was to vary the circumferential position of the defect
while keeping the axial position constant, and observe the influence of this variation
on the reflection and transmission coefficients. Results have shown many important
remarks. While exciting the pipe by the torsional T(0,1) mode, there is no effect
on the reflection and transmission coefficients of T(0,1) regarding its axisymmetry.
Almost neither reflection nor transmission of the L(0,2) mode have been found.
However, results obtained for flexural waves show that the F(2,2) mode has a good
potential to reveal the angular position of the defect. When L(0,2) mode is incident,
there is no effect on the reflection and transmission coefficients of 1(0,2) due to its
axisymmetry. Almost neither reflection nor transmission of the T(0,1) mode have
been detected. However, results obtained for flexural waves show that the F(2,3)
mode has a good potential to reveal the angular position of the defect. When F(1,2)
mode is incident, the result is not so accurate since we obtain two possible angular

142 CONCLUSION



CONCLUSION

positions for the defect. This investigation gives a guidance to circumferential lo-
calization of defects in pipes by a numerical way. This approach could be improved
by refining the mesh of the pipe which leads to a more accurate scanning of the
circumference.

The developed inspection system is just at its prototype phase. Thus, a lot of
improvement could be brought for its design in order to provide a more robust system
able to inspect structures at more severe conditions. The excitation frequency have
also to be increased in order to be able to detect small defects. Numerical side,
the process of defect sizing needs to be automated based on the numerical database

constructed by WFEM in one hand, and experimental evaluations in the other
hand.
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Appendix A

Piezoelectric transducers
properties

Piezoelectric transducers contained in the inspection system prototype are shear
plates made of 'PIC 255’ which is a modified lead zirconate titanate (PZT) with
a high curie temperature, coupling factor and charge constant. Transducers have
the dimensions: 20 mm x 10 mm x 5 mm. Shear direction is parallel to the 20 mm
edge. The material is optimized for actuator application under dynamic or high-
temperature working conditions. Due to its high coupling efficiency, low mechanical
quality factor and low temperature coefficient, it is also well suited low-power ul-
trasonic transducers, non-resonant boardband devices, sensors for load and sound
transducers and is preferred for vacuum applications (Table [A.T)).

145



APPENDIX A. PIEZOELECTRIC TRANSDUCERS PROPERTIES

Parameter Unit Value
Density P g/em? 7.8
Curie Temperature T, °C 350
Relative Dielectric Permittivity €xs /€0 1750
el /€o 1650
Dielectric Dissipation Factor tand 0.02
Electromechanical Coupling Factor ky 0.62
Ky
k31 0.35
k33 0.69
Mechanical Quality Factor Qm 80
Frequency Constant N, H.,, 2000
N, H.., 1420
N3 Hzm
N, H.., 2000
Piezoelectric Deformation (Charge) Coefficient ds pm/V -180
d33 pm/V 400
d15 pm/V 500
Piezoelectric Voltage Coefficient g1 1073 Vm/N -11.3
933 1073 Vm/N 25
Elastic Compliance Coefficient sH 10712 m?/N  16.1
sk 1072 m?/N  20.7
Elastic Stiffness Coefficient ¥ 109 N/m? 134
Temperature Coefficient TCes3 1073/K 4

Table A.1: Material properties of PIC 255 (PI Ceramic) [83]
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Appendix B

CAD model of the inspection
system prototype

Transducer clamping-system

Figure B.1: 3D representation of the prototype.
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APPENDIX B. CAD MODEL OF THE INSPECTION SYSTEM PROTOTYPE

Figure B.2: Planar representation of the prototype.
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