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Abstract

Though serving as competitive candidates to meet current and future challenges
imposed on aeronautical vehicles, carbon fibre/epoxy (CF/EP) composite structures
still run a considerable risk of losing efficiency as a result of structural damage,
which can potentially lead to catastrophic failure of the whole system without timely
detection. Cost-effective and reliable damage detection techniques are therefore
critical for the confident acceptance of composite materials. This thesis presents an
elastic wave-based quantitative damage identification technique and an active online
structural heaith monitoring (SHM) system for in-service engineering structures

made from metal alloys and CF/EP composite laminates.

Rigorous investigation into propagation characteristics of guided elastic waves in
beams and plates, in particular Lamb waves in quasi-isotropic CF/EP laminates, and
their interaction with common structural defects (crack, through-hole or delamination)
was undertaken, via theoretical analyses, finite element method (FEM) simulation
and experimental verification. A parameterised modelling technique (PMT) was
developed to assist model creation for complicated structures. Results were analysed
in the time—frequency domain, and it was seen that spectrographic characteristics of
elastic waves in the time-frequency space are quantitatively sensitive to structural
damage, offering the capability to detect damage exactly at its onset. Based on this

observation, an elastic wave-based damage detection technique was developed.

During the study, it has been noticed that elastic wave signals are notoriously
complicated in composite materials due to their unique dispersive features in
viscoelastic substances. Under such a circumstance, traditional signal processing
approaches cannot offer efficient identification for these wave signals. For this, an

Intelligent Signal Processing and Pattern Recognition (ISPPR) technique, taking



advantages of wavelet transform and artificial neural algorithms, was developed. In
this signal processing package, a concept of Digital Damage Fingerprints (DDF)
was established, capable of extracting and digitising characteristics from wave
signals to describe diverse forms of damage. Hosting DDF, Damage Parameters
Databases (DPDs) for several typical damages were constructed, which were then
used to train a feedforward artificial neural network (ANN), under supervision of an
error-backpropagation (BP) neural algorithm, to achieve quantitative damage

identification.

Supported by ISPPR, an Active Online Structural Health Diagnosis (AQO-SHD)
system, with active actuating/sensing networks involving distributed piezoelectric
transducers, was configured on a VX7 instrument platform following general industry
standards. A Standard Sensor Unit (SSU) technique was introduced, by which
transducer networks could be flexibly and expeditiously customised to accommodate

diverse practical applications.

The proposed technique and AO-SHD system were then validated by identifying
representative types of damage in metal alloy and CF/EP composite structures with
increasing complexity, including transverse crack, through-hole and delamination.
Diagnostic results showed excellent performance of the technique and system in
selected case studies. Quantitative identification (presence, location, shape, size and

orientation) for structural damage was achieved.

Recognised as an artificial intelligence (Al)-based inverse pattern recognition, the
accuracy and feasibility of the damage detection technique can be subjected to a wide
range of factors, such as ANN configuration, modelling precision, excitation
condition, etc. The influence of these factors was also discussed. Finally, problematic

1ssues to be dealt with in further study were considered.
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Nomenclature

a Scale variable in time-scale domain
b Time variable in time-scale domain
b Bias vector of ANN

c; Piezoelectric compliance constant

c, Wave velocity for longitudinal mode
cr Wave velocity for transverse mode
d Thickness of laminate

d; Piezoelectric strain constants

d, Equivalent radial elastic deformation of PZT sensor
f Frequency

hesr Thickness of PZT

h{x) Hanning function

k Wavenumber

i Width of beam cross-section

7] Output vector of ANN

D, Piezoelectric dielectric permuttivity
Do Piezoelectric dielectric permittivity of free PZT sensor
P Ini;)ut vector of ANN

u Displacement field

u, Tangential displacement

Ve Wave propagation velocity

w Lateral displacement field

W Weight vector of ANN

w(t) Filter function

x x -coordinate of damage centre

¥y y -coordinate of damage centre

A Cross-section area
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Fundamental anti-symmetric Lamb mode
Capacitance

DWT coefficient

Elastic modulus

Electric field (voltage/length)

Elastic modulus of PZT

Elastic modulus of Jaminate

Shear modulus
Depth of beam cross-section

Depth of transverse crack

Moment of inertia
Iteration number of ANN training

Piezoelectric relative dielectric constant of free PZT transducer

Signal energy intensity

Electric displacement (charge/area)

Radius
Reflection coefficient

Fundamental symmetric Lamb mode

Fundamental symmetric Lamb mode induced by boundary

Fundamental shear mode

Fundamental shear mode induced by delamination
Spectral densities of scatter signal

Spectral densities of baseline signal

Transfer function of ANN
Voltage
Qutput voltage of PZT

Velocity of fundamental symmetric Lamb mode
Velocity of damage-induced fundamental shear mode

Continuous wavelet transform coefficient
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o Length of semi-major axis of damage

oy Learning rate of ANN
b Length of semi-minor axis of damage
£ Strain
&' Interface strain
£, Axial strain of beam
£, Radial strain
£y Tangential stress
@ Angle between damage major axis and 0° fibre direction
K Shear correction coefficient
A Lameé constant
Aave Wavelength of Lamb wave
f7 Lamé constant
v Poisson ratio
é Percentage of delaminated area in laminate
fo, Mass density
Psrrr Energy density for Short Time Fourier Transform
o Stress
o' Interface stress
. Radial stress
o Tangential stress
o, Normal stress of beam
w Circular frequency
& Vertical distance to laminate left edge from damage centre
. Vertical distance to laminate bottom edge from damage centre
G Electric charges
Q Volume percentage

W(t) Orthogonal wavelet transform function
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Acronyms

AE: Acoustic Emission

Al; Artificial Intelligence

ANN: Artificial Neural Network

AO-SHD: Active Online Structural Health Diagnosis
AR: Auto-regressive

BGD: Basic Gradient Descent

BP: Back-propagation

CAIB: Columbia Accident Investigation Board
CCAS: Central Control/Analysis Subsystem

CWT: Continuous Wavelet Transform

DAS: Data Acquisition Subsystem

DDF: Digital Damage Fingerprints

DEF: Digital Filter

DoF: Degrees of Freedom

DPD: Damage Parameters Database

DWT: Discrete Wavelet Transform

EC: Eddy-current

EMAT: Electro-magnetic Acoustic Transducers

FFT: Fast Fourier Transform

FoM: Figure of Merit

FRF: Frequency Response Function

FT: Fourier Transform

GDA: Gradient Descent with Adaptive Learning Rate
GDM: Gradient Descent with Momentum

GDMA: Gradient Descent with Momentum and Adaptive Learning Rate
IM: Input Element

ISPPR: Intelligent Signal Processing and Pattern Recognition
LBU: Laser-based Ultrasonic

LI: Laser Interferometer



LM: Levenberg-Marquardt

MEV: Maximum Energy Variation

MPC: Multi-point Constraints

MSE: Mean Square Error

NDE: Nondestructive Evaluation

ODS: Operational Deflection Shapes
ONERA: French Aeronautics and Space Research Centre
ov: Output Variable

PCA: Principal Component Analysis

PCL: Patran Command Language,

PMT: Parameterised Modelling Technique
PVDF: Polyvinylidene Fluoride

PZT; Piezoelectric Lead Zirconate Titanate
RBP: Resilient Back-propagation

SGS: Signal Generation Subsystem

SH: Shear Horizontal

SHM: Structural Health Monitoring

SICL: Standard Instrument Control Library
SMIS: Shuttle Modal Inspection System
SNR: Signal-to-Noise Ratio

SP: Sampling Point

SPP: Signal Processing Package

SSu: Standard Sensor Unit

STET: Short Time Fourier Transform

SVG: Scaled Conjugate Gradient

ToF: Time of Flight

TP: Time Point

UD: Unidirectional Prepreg

VISA: Virtual Instrument Software Architecture
WE: Woven Fabric Prepreg

WT: Wavelet Transform

WVD: ‘Winger-Ville Distribution
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Chapter 1

Introduction

1.1 Lessons from Columbia Tragedy

Smiles on seven joyous faces are forever frozen in the air. The snapshot in Figure
1.1(a), taken on 31°* Jannary 2003, becomes our lasting memory of the brave
Columbia crew. A short time later, debris was seen falling from the sky above Texas,
Figure 1.1(b), during Columbia’s re-entry from orbit afier a /6-day mission. A day of
shining triumph turned into one of sorrow. The crew is lost, lost for all mankind. The

whole world mourns.

When Columbia disintegrated into pieces, it claimed not only seven persons but a
piece of the world's space science capability. With grief, an unavoidable but
challenging issue for NASA, as well as for the entire scientific community, arises:

what happened to Columbia? And where can we go from here?

NASA report [NASA-CAIB, 2003], released by the Columbia Accident Investigation
Board (CAIB), attributes this technical tragedy to an impact puncture occurring in
the leading edge of Columbia’s lefR wing (made from reinforced carbon-carbon
composites), which eventually led to ineffectivity of the heat isolation materials and
consequently a steep rise of temperature in the cockpit. Real-time video-recording
confirmed that the shuttle suffered from an unexpected strong airflow at the 62"

second during launching on 16" January, and the leading edge was subsequently
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struck by a piece of foam block desquamated from the fuel tank at a speed of over
700 feet per second. The impact incurred a through-puncture at the 87 second, as

seen in Figure 1.2(a).

(b)

Figure 1.1 Memorial of Columbia space shuttle [Discovery® Channel]: (a) on 31%

January 2003 in the cockpit; (b) at 7:50 AM CST on 1* February 2003 over Texas
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Columbia’s 16-day travel in outer space implies that such a puncture was not lethal
when it occurred. However, growth of the nonfatal deterioration unfortunately
continued under fatigue loading, and ultimately became the main culprit of this
disastrous disassembly after /6 days. A subsequent test conducted by CAIB
confirmed this presumption. In this test, a composite panel, with structure identical to
Columbia’s wing structure, was examined, subjected to a flying foam block (27.375
X 11.5625 x 5625 inches in volume, /.69 pounds in weight, similar to the
desquamated foam in the accident), A hole measuring 2 feet on the panel and
numerous cracks were thereafier observed, as indicated in Figures 1.2(b) and {(¢)
[NASA-CAIB, 2003]. Now, doubt has arisen as to whether the catastrophe could
have been avoided and the crew could have been saved, if such non-fatal damage had

been correctly assessed during service of the shuttle in orbit.

1.2 Background of the Study

It is actually easy to cite numerous similar tragedies happening worldwide every year,
directly associated with defect accumulation in materials or structures. Disintegration
of American Airlines AA587 flight (A300-600) on 12" November 2001 due to failure
of composite fin, and China Airlines CI611 flight (B747-200B) on 25™ May 2002
mncurred from metal fatigue damage, announced 260 and 225 lives lost, respectively.
However, these two numbérs just claim only /5% of the total civil aviation casualties

in 2001 and 2002.

Today serious consideration is being given to the safety of transportation vehicles, in
particular aerospace and aeronautical craft, whose failure usually brings on non-
rescuable calamities. Similar concern also exists for civil constructions (e.g. bridges,
highways, power plants, tunnels, offshore platform, etc.), and the maritime,
automobile, machinery and medical industries. Nowadays, reliability, performance

and life cycle have become the most essential 1ssues for all in-service systems.
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(b)

(c)

Figure 1.2 (a) Synthesised image for wing of Columbia after foam impact; (b)
NASA test results; (¢) crack observed from NASA test
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Aircraft fleets are increasing worldwide, as is their age. Columbia was lost at 27, and
the aircraft of Flight CI6/1 was 25 years old. Statistics [Boller, 2001] show that the
numbers of civil aircraft older than 75 and 25 years, built by major American and
European manufacturers, were 4600 and 7900 respectively in 1997, and these
numbers increased to 4730 and 2730 respectively in 1999. For military aircraft, in-

service fighters aged over 40 (e.g. F4, T-38, MiG21) are not exceptional.

The older an aircraft becomes, the more its reliability deteriorates. With safety
regarded as the paramount factor for transportation, airworthiness criteria must be
strictly met. For example, the Federal Aviation Administration (FAA) of America
requires a ‘walk-around’ inspection for visual damage before every flight; detailed
visual inspection for most components every /50 flights; and tear-down of critical
metallic components every 6,000-12,000 flight hours [Kessler and Spearing, 2002].
Periodic inspection between service intervals, as shown in the flowchart in Figure 1.3

[Chang, 2002b], was perhaps the only way to ensure safety before 1990.

Analys; s/})eslg;]

* ‘Materials g — _ I\_{.tgnufécturing

!

| Maintenance
A Reliability/Safety

Performance
Life-cycle Cost

Maintenance Cost

Reliabi

>

¥Year

Figure 1.3 Traditional design-service-maintenance for aircrafts [Chang, 2002b]
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Under such a traditional design-service-maintenance philosophy, 25% of aircraft life
cycle cost is spent by commercial airlines on safety-related inspections (more than
US$ 7.3 trillion has been consumed for this purpose in the past 5 years in the US, and
more than US$/00 billion per year in Japan), accompanied by indirect expenditure

such as management for aged fleet [Chang, 2002a].

However, the frequency of accidents has been challenging the effectiveness of this
traditional maintenance, besides the huge cost. Conducted following a specific
schedule, maintenance is time-consuming, labour-intensive and cost-cxpensive.
Independent of actual working conditions that aircraft may experience, inspection
criteria based on laboratory tests or empirical knowledge can never be appropriately
updated without taking into account the continuous structural deterioration.
Shortening maintenance intervals may help, but it is at the cost of substantial

monetary increase.

Since last decade, the introduction of condition-based nondestructive evaluation
(Con-NDE), as explained in Figure 1.4, scems to have offered an encouraging
springboard to revamp traditional damage detection techniques. Con-NDE stems
from a comprchensive consideration of sensor technology, manufacturing, signal
processing, informatics and diagnostics, by which damage detection can be achieved
in almost real-time considering the actual operational conditions and structural
ageing. In such a way, maintenance criteria and schedules can be updated from time
to time. It has been demonstrated that Con- NDE 1s capable of lowenng the total
maintenance cost by over 30%, sustaining reliability and keeping catastrophes to the

minimum [Chang, 2002a].
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Figure 1.4 Condition-based design-service-maintenance for aircrafts [Chang, 2002b]

On the other hand, composite materials, patented by the DeHavilland Aircraft
Company in the 1930s [Chimenti, 1997] and probably firstly introduced into
commercial use as fusclage skin for the Vultee BT-15 trainer plane in 1944 [Hoskin
and Baker, 1986], have exponentially pervaded into various commercial applications,
serving as attractive candidates to satisfy highly demanding requirements from
current and new generation aero-structures. Due to their superb strength-to-weight
and stiffness-to-weight ratios, substantial weight saving and performance
improvement for the entire system can be achieved, compared with conventional
counterparts such as aero-aluminium alloy. They appear more frequently in

transportation vehicles (aircraft, space shuttle, cars, vessels, etc.), civil infrastructure
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(oil production platforms, bridge, building, etc.), and sporting items (F1, golf club,

sailboat, etc.).

As the biggest commercial aircraft supplier, Boeing recently publicised that its new-
generation super-efficient commercial aircraft, Dreamliner B-7E7, will be the first
commercial aircraft in which the majority of its main structures, including fuselage
and wings, will be made of lightweight, super-strong blends of carbon fibres and
epoxy, comparing with a usage of such materials of /7% in its latest jet B-777. This
measure is able to contribute to at least 325 fuel saving [Talbot, 2003; Boeing, 2003].
Competitively, Airbus also launched its ambitious program, the 4380 project, with
claims that 2295 of components will be fabricated using advanced composite

materials [ Airbus, 2003].

Regardless of their numerous merits, sad lessons still remind us that composite
structures still run a high risk of suffering damage due to abrupt impact or to the
accumulation of material defects, potentially leading to catastrophic failure of the
whole system. Under such circumstances, integrity and ongoing performance become

key concemns for the confident acceptance of these composite structures.

Motivated by this, Con-NDE techniques have been particularly tailored for
composite structures in recent years. Distinct from metallic or plastic materials,
composite materials are of high-order inhomogeneity or anisotropy. Their properties
are direction-, fibre-, matrix- and manufacture process-dependent. In most cases,
damage in composite structures occurs beneath the surface and is invisible. These
factors considerably complicate the inspection process. There is no shortage of
research activity in this field and numerous approaches have been developed, playing
an ndispensable role in preventing system failure and improving structural
reliability. The majority of approaches, however, can accommodate spectfic

applications only, and are characterised as time/money/labour-consuming or having
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poor precision. A balance is yet to be achieved between the degree of practicability

and accuracy that they can offer.

1.3 Scope of the Thesis

Ultimately aimed at a structural health monitoring (SHM) technique/system to offer
online and exact deterioration assessment for in-service engineering structures,
particularly carbon fibre reinforced composites, a quantitative damage detection

technique based on elastic wave propagation is developed in the thesis.

The chapters are hierarchically organised. A brief literature review of state-of-the-art
NDE approaches for composite structures is conducted in Chapter 2, where various
detection methodologies are categorised as non-model-based and model-based
approaches in terms of their mechanisms. Sensor technology for damage detection is
also introduced. Chapter 3 concerns the study of fundamentals of elastic waves in
solid media, by analytical derivation, FEM simulation and experiment, particularly
Lamb wave in multi-layered composite laminates, as the basis for the wave

propagation-based damage detection technique in this study.

A signal processing and interpretation technique is developed in Chapter 4, to serve
as a basic tool in the study. With the assistance of such a technique, interaction
between elastic waves and structural damage is rigorously evaluated using both FEM
and experimental verification, detailed in Chapter 5. From the characteristics

observed, a guided elastic wave-based damage detection strategy is then established.

Chapter 6 describes the development of an inverse pattern recognition algorithm,
taking advantage of the artificial neural network technique, which is essential to
quantitative identification of structural damage. Based on the above-mentioned

methods, in Chapter 7 an active online structural health diagnosis (AO-SHD) system
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is configured on a VX7 instrument platform. The system is then calibrated and tested

by selectively generating pure Lamb wave modes.

In Chapters 8 to 10, three actual case studies in a hierarchical order of difficulty,
ranging from crack growth detection in an alloy structural beam to through-hole type
damage and delamination in CF/EP composite plates, are conducted to validate the
proposed methodology and the AO-SHD system. Finally, concluding remarks and

recommendations for future research are presented in the last chapter.
Note that, in addition to a general survey regarding NDE techniques for composite

structures at beginning of the thesis, reviews of each related topic occur throughout

the entire thesis wherever first introduced.

10



Chapter 2

Nondestructive Evaluation (NDE) for

Composite Structures

2.1 Introduction

Exponential acceptance of composite structures in industry has significantly
stimulated the development of particular nondestructive evaluation (NDE)
techniques, and efforts have therefore been strengthened in a variety of fashions over
the years. Damage in a composite structure can be manifested as fibre breakage,
matrix cracking, local delamination, or combination of these [Islam and Craig, 1994},
which determine the uniqueness of methodology adopted in NDE. In this chapter,
state-of-the-art NDE techniques actively serving composite structures are surveyed in
light of their respective merits and weaknesses. Roughly speaking, existing NDE
methods for composite structures can be categorised depending on whether they rely

on in prior models or not.

2.2 Non-Model-Based Methodologies

Non-model-based NDE, ranging from tapping to ultrasonic detection and radioscopy,
has played an indispensable role in practice since their debut, because of the wish to

avoid of developing complex theoretical models.



NDE for Composite Structures

Visual Inspection and Tapping

Perhaps the oldest damage detection means, methods by visual inspection, coin
tapping or mechanical impedance-based tapping [Cawley, 1984; Wegman, 1989] are
normally operated by skilled workers with rich experience, to roughly localise
damage. Performed subjectively and relying on the naked eye, such a primary

approach cannot provide quantitative assessment for composite structures.

Ultrasonics

Introduced in /9 century as a sonar technique [Bindal, 1999} for blemish detection,
ultrasonics serves as one of the most powerful tools for omnifarious industries
[Scarponi and Briotti, 2000]. Modem ultrasonics is often implemented with a pair of
ultrasonic probes, coupled with angle-adjustable perspex wedges, which are moved
in tandem to send and collect ultrasonic waves. Damage identification is based on
understanding of flaw-reflected ultrasonic waves. 4-, B- and C-scans are major styles

of ultrasonics [Bindal, 1999].

Ultrasonics-based NDE features high precision, applicable even for the detection of
small size defects. It can provide intuitive and exact true-to-scale images for invisible
damage. Emitted waves in the ultrasonic frequency range are able to penetrate a large
thickness (up to depths of several meters) [Bindal, 1999]. However, a temporary
downtime of structures to be surveilled is usuvally required to ensure appropriate
operation of probes. None of the three scan types provides access to both sides of a
structure, so parts may need disassembling for inspection. Ultrasonic probes are often
of non-negligible size and weight, working with a couplant (though some non-
contact techniques have been developed, referring to Section 3.3.3), and must be
moved back and forth on the structure surfaces [Rose, 2000]. For signal calibration,
benchmark may be required. All these features considerably impede their
applications to online or rapid assessment, or to structures with complicated

geometry and non-flat or rough surfaces.
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Acoustic Emission (AE)

Acoustic emission (AE) is a phenomenon that rapid release of strain energy
generates transient elastic waves [Tandon and Choudhury, 1999]. It can be caused by
alteration in a structure under mechanical or thermal stresses such as the
occurrence/propagation of cracks or growth of delamination. AE-based NDE
approaches can be used to triangulate the damages by calculating the propagation

duration of damage-emitted acoustic waves.

Representative work in this field [Benmedakhene et al, 1999; Blanas et al, 1999;
Shih and Mal, 1999; Green and Green, 2000; Hurlesbaus et al, 2001; Grondel et al,
2002] has demonstrated good performance of AE approaches for locating damage
and predicting growth of cracks, especially for rolling bearings components.
However, such a technique can be compromised by diverse noises, particularly in the
low frequency ranges. And the AE signal collected from composite structures is very
complex to interpret. Known as passive detection, AE-based methods could normally
not be expected to perform quantitative damage assessment easily. Moreover, the
high damping ratio of AE signal limits its application to relatively small structures
only [Grondel ez al, 2002].

Eddy-Current (EC)

Taking advantage of the fact that much better conductivity exists along a carbon fibre
than in matrix, evaluation methods using eddy-current (EC) have emerged as a novel
means, which can detect changes in electromagnetic impedance of a composite
structure and consequently identify discontinuity along fibre. It is actually the second
most frequently adopted inspection approach in the aerospace industry after
ultrasonics [Kessler, 2002], because of its simplicity. Though successful applications
to carbon-fibre composite materials has been widely reported [Mamishev et al, 1598;

Zahn, 1998; Goldfine et al, 1999, 2000], the effectiveness of EC-based NDE can be
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diminished by factors such as the insulating properties of epoxy matrices. A large
amount of power is usually required to excite an eddy current, which is not always
feasible in practice. Moreover, EC signals are among the most complicated to

interpret.

Radioscopy

Sharing a large NDE market, radioscopy (X-ray) works in virtue of the observation
that different transects of a structure have different X-ray absorption rates and
different X-ray topography. Any damage singularity with an abnormal transect can
accordingly be characterised by its unique ray absorption. Radioscopy offers a clear,
mtuitive and exact image for explanation, particularly suitable for inspecting both

superficial and internal damage [Gray and Tillack, 2001].

Recent improvements in radioscopy excitation sources, data analysis and image
reconstruction has strengthened the capability of radioscopy-based NDE. But the
requirement for large and costly ray-excitation equipment has hindered further
application to cost-effective online damage detection. Another challenge relates to
the fact that the technique usually needs access to both sides of structural sections in
order to emit and collect ray radiation, and, in some cases, inaccessible components

must be removed or disassembled for individual inspection.

Infrared Thermography and Miscellaneous Methods

It is known that discontinuity in materials causes heat dissipation and leads to an
infrared thermal field different from that of perfect counterparts. Based on this
observation, thermography-based NDE has found inecreasing application. Luong
[1998] successfully applied such a technique to detect fatigue damage in metal.
Though promising, this technique can accommodate certain applications only, and it

is considered still as a laboratory tool.
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Some other more exotic non-model-based techniques include approaches using dye
penetration [Shen and Sharpe, 1998], electro-magnetic field [Lemistre and Balageas,
2002a, 2002b], triboluminescent materials, optical surface reflection and resistance
of thermoplastic films [Tamiatto et af, 1998; Banaszak ef al, 1999; Sage ef al, 1999,
Kessler, 2002], electronic shearing interferometry [Hou, 2003], imaging methods
[Wang and Chang, 2003] etc. Most of these approaches are in the explorative stage

and applications are quite tentative.

2.3 Model-Based (Vibration-Based) Methodologies

Aimed at avoiding the disadvantages of non-model-based methods, NDE techniques
in terms of theoretical models have been motivated in parallel [Doebling et al, 1996;
Farrar et al, 2001a]. Their basic mechanisms rely on the fact that the occurrence of
structural damage can alter material (or structural) stiffness, mass, damping ratio or
energy dissipation properties, in turn altering structural dynamic responses. Thus the
difference between data collected from objects under inspection and those pre-
obtained from theoretical models (or benchmarks} can act as an indicator of damage
location or degree. Although the philosophy appears intuitive, its actual

implementation poses many significant technical challenges.

Modal Data Analysis

Dominating model-based NDE, detection techniques using modal data are valued for
their simple implementation, money- and labour-saving potential. Eigen-frequencies,
mode shapes, dynamic flexibility, damping ratios or a combination of these are often
employed. The most successful applications are in blemish detection for rotating
machinery or joints [Lichtenwalner et al, 1997; Vecchio and Auweraer, 2001;
Tandon and Choudhury, 1999], aircraft components [Mickens et al, 2003}, and civil
infrastructure [Wahab et al, 1999; Fritzen and Bohle, 2001, Gorl and Link, 2001],
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especially for bridges [Farrar and Jauregui, 1998a, 1998b; Thyagarajan et al, 1998;
Wang et al, 1998].

The aerospace engineering community has employed similar approaches for
composite components in space shuttles since the 1970s. The Shuttie Modal
Inspection System (SMIS), developed by NASA in 1987 [NASA, 2003], is able to
identify fatigue damage in reusable aero-components such as composite fuel tanks,
control surfaces or fuselage panels. Under regulations, all orbiter reusable vehicles in

NASA have been periodically subjected to SMIS evaluation since the 1980s.

A. Frequency

The number of detection approaches relying on shifts in eigen-frequencies,
Frequency Response Function (FRF) and their variants i1s quite large [Valdes and
Soutis, 1999; Yam er al/, 2002; Mickens et al, 2003; Worden et ai, 2003a, 2003b ].
As a typical example, Tracy and Pardoen {1989] established the relationship between
the first four eigen-frequencies of a composite beam and delamination
location/length, as shown in Figure 2.1, where the lowest eigen-frequency is
observed to be most insensitive to both delamination location and length, while the
4" eigen-frequency is conversely the most sensitive, though all are unaffected by

very short delaminations.

However, frequency-based approaches have increasingly been challenged by
evidence from practice. Tests on bridges [Doebling er al, 1996] have demonstrated
that no significant reduction in frequencies could be measured when the cross-
sectional stiffness at the centre of a main plate girder was reduced by 96.4%, which
already reduced the bending stiffness of the overall bridge cross-section by 27%.
Actually, it is now well acknowledged that only when the damage covers over /0%

of the whole structural area can detection precision be guaranteed [Yan and Yam,
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2002]. Higher frequencies may be more sensitive to defect; however, this is at a high

cost for excitation.
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Figure 2.1 Relation between structural eigen-frequencies and (a) delamination

location; (b) delamination length [Tracy and Pardoen, 1989]
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B. Mode Shape

With similar mechanisms, reduction in stiffness/mass and shift in original mode
shapes can also be associated with defects [Stubbs and Kim 1996; Lu and Hsu, 1999;
Waldron et af, 2002]. Studies [Pandey er al, 1991; Shen and Grady, 1992] have
shown that delamination in a composite beam caused irregularity in mode shape
curves, the extent of which depended on the delamination size and location: the
larger the delamination, the more irregular the mode shape; and the closer to the

structural surface the delamination, the more irregular the mode shape.

As a variant of mode shape-based NDE with spatially distributed features, mode
shape curvatures, obtained by mathematically differentiating the identified mode
shape vectors twice, exhibit much high sensitivity than the mode shape itself and
eigen-frequencies [Pandey et al, 1991; Doebling et al, 1996]. Alternatively, Stubbs ef
al [1992] and Shi er al! [1998] proposed another effective approach using the
damage-induced decrease in modal strain energy. The good performance of this
approach was confirmed by Chen and Swamidas [1994] with crack identification in a
cantilever plate. It is worth emphasising that Chance et al [1994] observed that
numerically calculated mode shape curvatures might result in unacceptable errors for
small damage, but the result could be dramatically improved when strains were used

to describe the curvatures directly.

Suffering from the same problem, modal shape-based NDE is unwieldy for small
defects, which contribute little to modal data shift. Indeed, local delaminations have
no noticeable effect on the modal shape [Shen and Grady 1992). Though an
improved signal processing technique using the Laplacian operator has been
developed to address this issue [Ratcliffe, 1997], the majority of relevant work is still
limited to relatively severe damage cases (greater than /0%s). In addition, a large

number of measurement locations is often required to ensure sufficient resolution.
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In addition to those specified above, modal data-dependent NDE techniques are also
represented by methods using flexibility shift [Pandey and Biswas, 1994; Zhang and
Aktan, 1995; Park er al, 1998], residual flexibility [Doebling, 1995], stiffness matrix
methods [Peterson ef al, 1995], model improvement and model updating [Cunha and
Perreux, 1998; Wahab et al, 1999}, optimal matrix modification [Smith and Beattie,
1991; Kim and Bartkowicz, 1993], sensitivity-based updating [Hemez, 1993; Yam e¢
al, 2002], eigenstructure assignment [Lim, 1995; Schulz er a/, 1996], and combined

modal data approaches [Lan et al/, 1998] etc.

Electrical/Mechanical Impedance Analysis

Novel options relying on modifications in electro-mechanical impedance have
recently proven promising for in-situ NDE of carbon fibre reinforced polymers, civil
infrastructure, and cracks in graphite/epoxy composites [Ayres et al, 1998;
Giurgiutiu and Rogers, 1998; Lopes et al, 2001; Todoroki et al, 2000; Pohl et al,
2001; Salvia and Abry, 2002], particularly for defects in planar structures [Cawley,
1984; Wong et al, 1993]. The principles originate from the fact that each component
in a mechanical system contributes a certain amount to the total electrical and
mechanical impedance. Any shift caused by a defect can thus be
qualified/quantitated by comparison with a perfect benchmark. Chiu et @l [2000]
used a piece of boron/epoxy patch surface-bonded on an aluminum plate to measure
the local impedance, and detected the debonding between the patch and plate. But it
was also pointed out in their study that impedance-based techniques were unable to
find debonding in fields far from the sensors, and that damage had to be sufficiently

large to affect measurable impedance.

Static Parameters Analysis

Difficulties in obtaining structural dynamic data have driven efforts with methods

using static parameters. Recent studies have substantiated the possibility of static
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data for damage detection, such as displacement [Sanayei and Onidepe, 1991; Wang
and Deng, 1999; Chou and Ghaboussi, 2001], strain or strain energy [Soeiro and
Hajela, 1993; Hwu and Liang, 2001), a combination of displacement and strain
[Soeiro and Hajela, 1993], and static fracture toughness [Jih and Sun, 1993], etc. In
addition to simplicity in measurement, static parameters can be more locally
sensitive to defects than natural frequencies and mode shapes, especially for
identifying changes in material properties or geometric entity, e.g. Young’s modulus,
cross-section or internal discontinuities. But many concemns have arisen as to the
detection precision for small defects that static data can offer, due to their relatively

dull susceptibility to undersized damage or the evolution of deterioration.

Damage Index Analysis

NDE using the concept of damage index has shown some encouraging prospects. Ihn
and Chang [2002] developed a built-in cost-effective diagnostic system to monitor
crack growth in aircraft structures. In their approach, the damage index was non-

dimensionally defined as time integration of power scatter spectra density at a

specified frequency
o
ﬂsﬁ (w,0)" -di|
Damage — Index = :} 12 (2.1)
j]sbs (@.0)* - d
¥
where S, S,, and @ denote the spectral densities of scatter signal, baseline signal

and selected frequency, respectively, in the time range concerned [¢;, 7, ]. With

damage-scatter information, Equation (2.1) serves as an indicator to calibrate

damage.

More generally, various damage indices have been introduced. Keilers and Chang
[1993, 1995a] developed a comparator using a weighted guadratic objective function

to compare measured and calculated structural responses, also referred to as the

20



NDE for Composite Structures

Figure of Merit (FOM) method. Similar to Equation (2.1), FOM was used in
frequency domains to calibrate damage. The technique was then validated by
detecting delamination in a composite beam [Keilers and Chang, 1995b] and locating
impact source [Choi ef al, 1994; Choi and Chang, 1996]. Tracy and Chang [1996]
and Seydel and Chang [1999a, 1999b] respectively developed their own comparators
and damage indices for determination of impact location and history. Yan and Yam
[2002] established one-dimensional correlation between Maximum Energy Variation
(MEV) and damage length, by which a crack in composite plate was successfully
identified. Wolfinger ef a/ [1998] found that the delamination area correlated with a
self-defined damage index, Effective Value of Signal, which permitted classification
of impacts and evaluation of damage location in a fibre-composite plate with bolts.
Dupont et al [1999] demonstrated that another damage index, High-Frequency Root
Mean Square (HF-RMS) of signal, was sensitive to damage occurrence, location and
severity. Valdes and Soutis [2001] quantitated delamination size using a damage
index, Time of Flight (TOF), from acquired stress wave signals. Kim et a/ [2003]
derived a damage index based on changes in modal strain energy and applied it to
localise sites of damage in a beam. Though performing well in the case studies cited
here, methods using the damage index concept require analytically complicated
models and benchmarking, and satisfactory prediction can be obtained for relatively

simpler structures only.

Other Techniques

Model-based NDE techniques also include some specific methods developed to
accommodate particular applications. Worden et a/ [2003a, 2003b,] presented a
detection method for machine components, described as Novelty Detection.
Application on a metallic aircraft wingbox [Worden et al, 2003c] demonstrated good
performance of such a method. Pai and Jin [2000] and Ghoshal et a/ [2000]

developed an approach to pinpoint crack location using operational deflection shapes
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(ODSs) measured by a scanning laser vibrometer, whose principle relied on the fact
that cracks introduced new boundaries and consequently changed ODSs at
boundaries. Sohn et al [2000] proposed a NDE technique with a statistical process
control algorithm, known as X-bar control chart, based on an auto-regressive (AR)
model, which was proved effective to vibration test data acquired from a concrete

bridge with progressively damaged columns.

2.4 Elastic Wave-Based NDE for Composites

One tendency imposed on new generation composite structures is to systematically
syncretise structural functionalities with self-damage detection, and even self-
rehabilitation, which is the so-called cost-effective functional composite system [Ye
et al, 2003]. The traditional NDE approaches introduced above, whether model-
based or not, seem unlikely to match such a strategy. Since 1990, novel methods
taking advantage of elastic waves, also described in model-based NDE, have
exponentially gained preference from major engineering communities for their
uncontroversial capability in linking detection precision with application
universality, to act as competitive substitutes to conventional NDE tools. For
example, rather than removing insulation and using a single probe to inspect point-
to-point an insulated long pipe, one can use a guided wave probe at a single location,
leave the insulation intact, and check the entire pipe system instantancously by

simply examining reflected wave signals.

One decade from now on, the guided wave inspection programs will be

commonplace.

Joseph L. Rose [1999]

The earliest utility of elastic waves in ultrasonic frequency ranges for NDE purposes
can be dated back to blemish detection for ships or undersea vehicles in the 19*

century (known as a prototype of Sonar technology). Essential development was
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driven with introduction of such a technique for medical applications during World
War 1I. In the 1950s, Firestone and Ling re-examined this topic at the request of
Sperry Products, Inc. (a well-known supplier of NDE services) for damage
inspection in sheet metals [Chimenti, 1997]. In their research, the definition of Lamb
wave was first introduced, which nowadays serves as the widely accepted

terminology for guided waves in thin traction-free plates.

With mature understanding of elastic waves in one-dimensional structures, NDE
techniques for flexible beams or rods have been well developed [Ma and Pine, 2001].
Based on damage type, methods can be roughly grouped as crack or notch detection
for metals [Lakshmanan and Pines, 1997; Biemans et al, 1999; Grondel et al, 2002,
Kim and Kim, 2000, 2001; Fromme and Sayir, 2002; Ihn and Chang, 2002] and
delamination or crack detection for composite beams [Guo and Cawley, 1992, 1993a,
1993b; Islam and Craig, 1994; Lakshmanan and Pines, 1997; Purekar et al, 1995;
Kessler et al, 2002a, 2002b; Perel and Palazotto, 2002; Wang and Rose, 2001 ].
From the perspective of mechanisms they can also be categorised as longitudinal
vibration-based [Seemann, 1996; Palacz and Krawczuk, 2002] or transverse
vibration-based [Kim and Kim, 2000, 2001]. The majority of the relevant studies
have focused on the case of open cracks, where the nonlinearity due to crack closing
or material nonlinearity, if any, was neglected, in parallel with some studies
considering closed cracks [Chati et o/, 1997]. But results indicate that consideration
of a crack as an open crack rather than a closed crack gives a better prediction of

crack size {Chati er af, 1997].

Lamb waves, elastic waves in plate-like structures (to be specified in a forthcoming
chapter), was first found useful for NDE of composites by Worlton in 1960 [Kessler,
2002], and their applications have doubled since the 1980s. Lamb waves are able to
propagate over a relatively long distance even in materials with high attenuation

ratios, such as CF/EP laminated composites, and a broad area can thus be examined
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with only a few transducers. Meanwhile, the entire thickness of the laminate can be
interrogated by virtue of various vibration patterns of Lamb waves, offering the

possibility to detect internal damage as well as surface defects.

Tang and Henneke [1991] used Lamb waves to quantify the axial stiffness reduction
in a laminated composite plate. Similarly, the reduction in cross-ply laminate due to
transverse crack was evaluated by Toyama er al [2003). Seale et af [1998] used
Lamb waves to detect fatigue damage and thermal damage in composites. Benz et al
[2003] localised a notch in a plate structure based on laser source-generated Lamb
wave signal in a time—frequency space. Paget e a/ [2003] proposed a method to track
impact damage for aerospace composite plates aided by an advanced signal-
processing technique. Tan et al [1994] identified delaminations of different sizes
with Lamb waves, and discussed the sensitivity of wave probes to detectable damage

sizes.

Most representatively, Chang [1995], and Wang and Chang [1999] reported a
practical damage identification approach using Lamb waves generated by distributed
piezoelectrics. Lemistre and Balageas [2001} successfully detected delamination in
CF/EP composite structures by analysing damage-scattered Lamb waves. Badcock
and Birt [2000] established a relation between attenuation of symmetric Lamb wave
and residual energy for different impacts, which contributed to identification of
impact damage. Kessler et al [2002a, 2002b] also presented a Lamb wave-based
detection approach for composite structures and an optimisation technique for the

shape of piezoelectric actuators.

Damage detection using elastic waves has also been extended to more complex
structures, such as sandwich structures [Kwon and Wojcik, 1998; Jensen and Irgens,
1999; Castaings and Hosten, 2001b; Osmont et al, 2002; Yam et al, 2003] and

honeycomb structures [Thwaites and Clark, 1995]. All of these pilot studies have
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consolidated the essential role of elastic waves in developing quicker, more accurate

and economical NDE techniques for various engineering practices.

Regardless of their excellent ability to overcome the shortcomings of traditional
NDE techniques, methodologies based on elastic waves, particularly Lamb waves,
still present some thorny issues, which can considerably limit their successful
application unless effective amelioration is found. Basically, elastic waves in
composite structures are highly intractable. With very fast propagation velocity,
reflected waves from geometric boundaries may easily hide damage-scattered wave
components. Thus, to ensure precision, the structure under inspection should be
relatively large, and meanwhile the effective detection area relatively small. Multiple
wave modes are usually engaged in elastic waves, which also interfere with signal
understanding. Under such circumstances, efficient signal processing/interpretation is

of vital importance.

2.5 Non-Model-Based vs. Model-Based

Based on the discussion above, a comparison between non-model-based and model-

based NDE techniques for composite structures is summarised in Table 2.1.

Non-model-based

Non-model-based NDE techniques usually feature exactness, convenience, speed,
and independence of complicated analytical models. The detection is locally
conducted, facilitating investigation on a focused region and ensuring high sensitivity
to different damage sizes. Results are explicit, intuitive and easy to interpret in most
cases. Among these techniques, ultrasonics seems most effective for general

purposes, while acoustic emission is simplest in triangulating defect location.
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Detectable damage types by these methods are detailed in Table 2.2 {Tan er al,
1995].

Table 2.1 Comparison of major NDE techniques for composite structures
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Table 2.2 Detectable damage types by major non-model-based NDE techniques

Voids, !
' s Yes Yes No No Some Some
porosity

Delamination Yes Some No Some Yes Yes

Resin
variations

Yes Some No No No No

Fibre

. Yes Yes Yes No No No
misalignment

Cure

o Yes Some No No Yes Yes
variations

Moisture Yes Some No No Yes No §

However, none of these non-model-based NDE approaches are mature enough to be
used independently in practice [Kessler, 2002] or for online detection. There are
several reasons. Firstly, when locally conducted, the entire structure has to be
rigorously and slowly scanned, which becomes impractical for large structures with
complicated geometry. 4 priori knowledge about the possible vicinity of damage is
helpful, but that is not always available. Secondly, these techniques usually require
the whole structure, or at least portion of it, to be readily accessible, to ensure that the
probe (such as X-ray or ultrasonic probes) is functional. Thus in most cases a
temporary downtime or even disassembly of components from main structures may
be required. Finally, instruments and equipment involved in this category are
generally costly and bulky. Because of these shortcomings, non-model-based NDE

approaches can be most effective for offline damage assessment. Most likely a
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combination of several types would be able more efficiently to capture arbitrary

forms of damage in composite materials.

Model-based

Basically, model-based NDE approaches perform the comparison between measured
structural parameters before and after damages is incurred, and feature low cost and
ease of implementation. Most importantly, they potentially permit onfine detection
without the need to terminate normal system operation. Meanwhile, globally

conducted measurement points can be customised for user convenience.

In particular, modal data (frequency, mode shapes, etc.) exhibit extra cost-efficiency
for civil engineering communities. These data are well able to reflect global
properties of a structure. But in contrast, damage known as a local phenomenon may
not significantly influence global responses. In fact, studies [Staszewski ef al, 1999a,
2000; Yam et al, 2002] have shown that modal data probably are not responsive to
damage uniil it reaches a notable level (usually greater than 70% of the entire
structure). Pandey er al [1991] also demonstrated that delamination in a composite
structure can cause frequency shift, but the maximum shifts occur only where the

wavelength approximates the size of debonding.

Damping properties are generally far more sensitive to delamination than stiffness,
which suggests that damping is a better indicator, especially for small and medium
crack length [Zou et «f, 2000]. Though effective for some cases, damping is a
complex factor. On the other hand, change in mass 1s least responsive to damage

[Zou et al, 2000], and accordingly not ideal for damage detection.

Intact structures are usually required as benchmarks, though some attempts have

been made to be independent of them [Stubbs and Kim, 1996]. However, it is not

28



NDE for Composite Structures

always possible to provide benchmarks in engineering practice. Extra storage for
benchmark data can become a major concern for large or complicated civil
structures. Additionally, modal data are egregiously susceptible to changes in
boundary conditions and environmental factors, even temperature or humidity. Thus

the damage-induced shift may be severely overshadowed by such interference.

Other model-based NDE techniques, generally speaking, can play an effective role in
detecting certain types of damage with various levels of complexity. However,
electrical/mechanical impedance, static parameters and damage indices seem
incapable of providing sufficient and quantitative information to describe small or
growing defects, and their individual implementation is not reliable [Shen and

Sharpe, 1998].

Compared with other techniques, elastic wave-based methods exhibit outstanding
advantages in offering more sensitive and cost-¢ffective detection. For example, with
the same size of sensor, smaller damage can be detected by wave-based approaches
(refer to Figure 2.2); and for the same damage size, less power is required by such a
method (refer to Figure 2.3). In summary, elastic wave-based damage detection is

characterised by:

(1) ability to inspect large structures, e.g. a pipe system,;

(2) ability to inspect the entire cross sectional area of structures, /00% coverage over
a fairly long length;

(3) no need for complicated and expensive insertion/rotation devices, no need for
motion of sensing devices during inspection;

(4) excellent sensitivity to many defects; high identification precision;

(5) ability to inspect tubing or piping under water, coating or insulation, but without
any loss of sensitivity;

(6) lower energy consumption, greater cost-effectiveness.
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But as commented before, the practical utility of this technique must be guaranteed

by sophisticated signal processing and interpretation software.
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Figure 2.2 Comparison of elastic wave-based NDE with other methods: size of

detectable minimum damage vs. size of actuator [Kessler and Spearing, 2002}
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2.6 Sensor Technology for NDE

Systems endowed with autonomous diagnosis ability are known as smart structures.
More generally, a smart structure is literally described as an integrity that senses its
internal state/external environment, and consequently responds in a certain manner
[Chiu ef al, 2000]. The primary advantages of smart structures are cost-saving and
significant service-life extension. One key issue implied by the definition i1s the
sensing capability. Analogous to the nervous system of human beings, a sensing
network is essential for practical introduction of damage detection in composite
structures. As a basic unit in a sensing network, a sensor converts physical responses
into electrical or optical signal identifiable for data acquisition hardware
[Mathworks, 2001a). Sensor technology, an interdisciplinary technology, is seen as
an integral element in the overall development of NDE, spanning areas of physics,
chemistry, materials, molecular biology, manufacturing, electronics and signal

processing. General sensor technology also covers R&D for actuating devices.

Basically, sensing devices for NDE purposes require (1) a certain resistance to
general environmental injury, (2) a life of at least 5-70 years, (3) simple and easy
handling and attachment [Mathworks, 2001a]. For higher performance, they should
feature smaller size, lighter mass, higher sensitivity, lower cost/power, more reliable
and quick response to sudden changes, as well as easy integration. To cater for future
trends, preferences also include remote control and data transmission, toughness for

vibration and noise, little aging deterioration and less wire or even wireless state.

Sensor Type and Selection

Various sensing/actuation devices are available for different NDE purposes,
including piezoelectrics, optical fibres, magnetostrictive/electrostrictive, electro-

rheological fluids, and shape memory alloy/polymer, compared in Table 2.3,
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Table 2.3 Sensors for NDE

Ultrasonic Flaw, distance & thickness detection, Contact, air/
probe exact & efficient fluid-coupled

Magnetic Crack or large deformation with magnetic leakage, Contact,
sensor soft magnetic piece, magnetic field required attaching

Accelerometer Acceleration detection, high-frequency response Attaching

Shape memory Active sensor, deformation detection, active controf, Attaching,
alloy large force, low-frequency response embedding

Deformation, temperature & location detection, line
sensing, high precision, conformable, expensive

Optical fibre

Embedding

) ) Active sensor, vibration detection, Attaching,
Piezoceramics

high-frequency response, low driving force, cheap embedding

There is no single principle in selecting sensors for a practical application. Typically,

strain gauges are able to give localised measurement of deformation economically,
but are applicable only for static or dynamic changes at a low rate. Acoustic emission
(AE) sensors can be efficient in triangulating damage and monitoring propagation of
a crack, but do not sense the damage unless it is propagating. Moreover, AE sensors

are highly susceptible to noise interference during measurement. Fibre-optic sensors
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can sense strain and vibration, but are difficult to fit into structures with complex

geometry. These three devices are passive sensors.

In contrast, self-sensing devices, represented by piezoceramic materials, can be used
as active sensors. Compared with passive sensors, they are more flexible and
controllable. But used locally, a single sensor is unable to offer enough information
for a complex damage, and a large number of sensors is ofien required to configure

an active sensor network, ensuring completeness of acquisition.

Piezoelectric Sensors

The piezoelectric actuator/sensor shows an excellent capacity to satisfy the exigency
of online NDE techniques. With regard to double piezoelectric effects, piezoelectrics
can be fabricated to function as both actuator and sensor, permitting significant
reduction in transducer number, electrical wiring and associated hardware. They are
known for excellent mechanical strength, wide frequency response ranges,
generation of relatively high voltage with a low current and favorable cost. The
insignificant mass and volume make it possible for piezoelectrics to be distributed in
a structure with only minor effects on structural mechanical properties. Compared
with other sensors, piezoceramics are more favorable for cost-effective NDE

techniques.

Crystals, ceramics and polymers are the major available forms of piezoelectrics.
Modemn techniques allow piezoceramics and piezo-polymer in arbitrary geometric
configurations, e.g. plate, disk, ring, tube, etc. These sensors can be flexibly bonded
onto or embedded into a composite structure. For instance, one recent publication
reports work aimed at developing piezoelectric fibres integrative for composite

materials [Ristic, 1994},
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Chapter 3

Elastic Waves in Engineering Structures

3.1 Introduction

With a distinguished history, studies for the mechanism of elastic waves have been
rigorously conducted for nearly two centuries, though their sophistication and utility
for damage detection are still highly debated. For developing wave-based damage
detection algorithms in this study, it is essential to understand wave propagation
characteristics in engineering structures, in particular composite structures. In this
chapter, the fundamentals of elastic waves in both homogeneous and anisotropic
media, from one-dimensional to three-dimensional, are addressed, with a review of

the major body of related studies.

Antecedents of this specialty are not hard to identify. It was Lord Rayleigh in 1889
who first explained wave propagation along a guided surface, and the wave
discovered was then named after him (Rayleigh wave). After 1900, interest in waves
gained momentum from geophysics. Following Rayleigh’s work, Love and Lamb
individually examined plate waves in 1911 and 1917, respectively, and established
the theoretical relation between velocity dispersion and frequency for waves in
homogenous plate in vacuum [Lowe, 1995]. In 1924, Stoneley discovered that waves
travel along the interface between two different solids (Stoneley Wave) [Achenbach,
1973]. All these pioneering studies on ¢lastic waves provided the basts for what is

currently known as the theory of elasticity [Chimenti, 1997].
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3.2 Elastic Waves in Engineering Structures

The elastic wave, a dynamic disturbance originating from forced motion of a portion
in a deformable substance, (1) is highly susceptible to interference, e.g.
discontinuities or boundaries, during propagation; (2) consumes a certain period of
time to propagate from its excitation source to other areas; (3) is influenced by
resistance to deformation due to material consistency and resistance to the motion
due to the inertia of materials; and (4) carries kinetic and potential energy from
consecutive motions of particles around positions of equilibrium. These four
characteristics serve as the basic principia for the elastic wave-based damage

detection algorithm developed in this study.

More specifically, waves that compulsorily require boundaries to keep propagation
are referred to as guided waves [Achenbach, 1973]. Examples include waves in a
rod, plate, tube, or multilayer structure. Guided waves often interact with boundaries

by way of reflection and refraction.

3.2.1 Waves in One-Dimensional Structural Beam

In engineering design, many structural components are one-dimensionally simplified
as a flexural beam or rod. Slaved to one spatial variable only, guided waves in a
beam can be easily described without the encumbrance of geometrical complication.
Three modes are generally available according to the particulate motion styles, i.e.,

longitudinal, torsional and transverse modes.

3.2.1.1 Longitudinal Mode

Considering an Euler-Bernoulli beam subjected to a longitudinal disturbance, the

particles are energised to deviate around their positions of equilibrium along the axial
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direction, and the induced wave is defined as longitudinal mode, as illustrated in

Figure 3.1(a). Normal stress, o _(¢), is related to strain, ¢ (z), as [Achenbach, 1973]
o () =E-£,(7) 3.1

where E is Young’s modulus of the beam. Both strain and stress are dependent on
only location, x, and time, 7. For a single micro-element, in Figure 3.1, in the

absence of lateral inertia, the governing equation of motion gives

BO‘I__ 8%u
ax

(3.2)

where u is the axial displacement under the excitation, and o denotes the mass

density of beam. Deformation in the transverse direction is not prevented.

Substituting Equation (3.2) into (3.1) yields

Ou =_I__.62u

E
o= |E 33
o v e o @3

where v is the wave propagation velocity.

3.2.1.2 Transverse Mode

Consider the same beam under a pure transverse disturbance perpendicular to the
axis, as in Figure 3.1(b). Such an excitation induces particulate transverse
displacement, referred to as transverse mode or flexural mode. With the assumption
of the beam axis being the x -axis and neglecting any twisting effect, the governing

motion equation can be expressed in terms of the lateral displacement w(x,r) and
rotation angle &(x,¢) [Bland, 1988; Doyle, 1997] upon introduction of the shear

correction coefficient «,

w 60, *w
ke [——-—]- =0
’[6x2 ax] or?
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- 2
w_g 20
ox ot

2
| =0 (3.4)

& =E/p, c.=Glp, q=I/4, x =x/12

where E, G, I, A and p denote the elastic modulus, shear modulus, second

moment of area, cross-section area and mass density of the beam, respectively. Upon

consideration of dispersion relations [Bland, 1988},
w=w, e g=g e (3.5

the eigen-roots (wavenumber) for Equation (3.4) are obtained

1 5 > l " 3 /2
k, =+ 5(i+:2‘;2]i (-9-0—] +—(1— ‘;'02] Z (3.6)
. qo 4 K‘c, Co

(n=1,2 34

The existence of four eigen-roots mathematically determines that four possible wave
components are available synchronously. By considering all eigen-roots, the solution

to Equation (3.4} can therefore be obtained as [Achenbach, 1973}
win ) =[D> 4e™™ +> 4™+ A+ A4,7] e 3.7

In Equation (3.7), each term corresponds to one of the four possible wave modes,
hereafter recognised as positively propagating wave, negatively propagating wave,
positively growing evanescent wave and negatively exponentially decaying wave,

respectively, depending on the propagation direction and properties.

3.2.1.3 Torsional Mode

In the absence of axial and radial disturbances, a forsional mode can be produced
when a pure tangential loading is applied, as in Figure 3.1(c). This results in only

tangential motion in the cross-section, vertical to the axis, formulated as [Rose, 1999]
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o%u,, . 1 Ou, u, +8u9 _i&zug

o' ror P o oo

(3.8)

x
p(t)
Wave propagation/particle oscillation direction

Y

Particle oscillation direction

Wave propagation direction

(b)

©

Figure 3.1 Wave propagation in one-dimensional structural beam or rod:

(a) longitudinal mode; (b) transverse mode; (c) torsional mode
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where ¢, =+/u/p is the torsional wave speed. u, is the tangential displacement,
with the radial coordinate, #, axis coordinate, x, and time, ¢. Applying boundary

conditions, o, =o,, =0,, =0 at r =a on Equation (3.8), leads to

u, = %Bre“’“‘“’” 3.9

where B is a constant. Equation (3.9) represents the lowest torsional mode, the

amplitude of which is proportional to the rod radius (both %, and u, are zero). The

lowest mode is non-dispersive, while the higher modes are predicted to be dispersive
and their frequency spectra have the same shapes as those of plate wave [Rose,

1999].

3.2.2 Waves in Plate-Like Structures

Similarly, according to particle motion style, guided waves in plate-like structures

can be [Bindal, 1999]:

Longitudinal Wave

Travelling through the medium as a series of alternate compressions and rarefactions,
a longitudinal wave vibrates particles back and forth in the direction of wave

propagation, as illustrated in Figure 3.2(a).

Transverse Wave

Transverse wave, also termed as shear wave, is generated by the vibration of

particles perpendicular to wave propagation, as in Figure 3.2(b).

Rayleigh Wave

Also defined as surface wave and existing along the free surface of a semi-infinite
(or very thick) solid, it decays exponentially in displacement amplitude with distance

from the surfaces (see Figure 3.2(c)). The traction forces vanish on the boundary.

40



Elastic Waves in Engineering Structure

Wave length A

T LT R N T TN ET R T Y]

P L I LI AR E LI L LY

LEITIEITE LS
CEITTLNTY T
LS ETT ]
SEsusIERNENENY

Fammsasvdmrddmsunsannand

IASBASEDASHAAANAARENARES

NESRRIRRASNASRANTARRTANI

AXsmmEAREERRTARRAARAA RN
T
PSSR R YRR
AN SRS EN I R PR R Ry

—— AN NS

r AFANNNANRANRARNARAONARRAN

FONNISRRISINARNNARNARANAL

REINNS AN ARYNARNESRNGRNN
EXZEEEZsENENEESEEESEFEEEE

AT T T R Y TR PR Y )]

BImEESABANEAGBRARSRARSAN
TR Y TR T TR TR I T
FERARAAREE A AREA RN NN AN
(R LRI LR YL R R LT 1]

AERRABARASRARARRNAARR SRRy

Wave propagation/particle oscillation direction

(a)

Wave length 1

AN RN EAR RIS NEER N

NEFB S U BN REEE

NEFAARAORBARNRVANSRRICRNS

ANNRENIRSURRIAUNIAARBRAES D
HCUNEERNNNEEEESRNNSANDRPESS

AERERPRAME RO ABAAAE AN

ERIAEIARRARARAANARRAARDERNES

AiEmaE B Y BRI AR RPN

IENSIREANRYINNTSONSIANEINY

Wave propagation direction

FEERERUVASINRF ISR IUIRRT S

P AN I NI ANEEARNEREE

ERERRERRARANSEARRARNARBARNA

BUSPANER AN NN AR RARINBRNAD

FETREFSRIFAONREOSEROUBRENS
BESBANSBANSNS e TR E B
WRAEARARARARNARE RN R AN
ISENARNAASNFASBEARNBARNNEES
BEAPECLEASEEABEEEBRENARENG
AR AN R N
ARNGBRAREAREARANANURANREAY

UOJ}28HP LORE[IISO Bf2fLIE]

(b)

Wave propagation direction

(©

(b) transverse

3

Figure 3.2 Guided waves in elastic medium: {(a) longitudinal wave

(d) Lamb wave; (e) Stonely wave; {f) Creep wave

{c) Rayleigh wave;

]
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Figure 3.2 Cont.
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Lamb Wave

Lamb wave, also known as plate wave propagating in a thin plate-like medium, is
guided by the upper and lower free boundaries, where traction forces vanish, as
shown in Figure 3.2(d). In most cases, infinite Lamb modes are available in a finite

body and propagation characteristics vary with entry angle, excitation and structural

geometry.

Stonely Wave

As a kind of wave existing at the interface between two media or in the
neighbourhood of a free surface, the Stonely wave is explained in Figure 3.2(e).

Continuity of traction and displacement should be met at the interface.

Creep Waves

Generated by refraction of longitudinal waves from a boundary with the same
propagation velocity, creep waves, sometimes called head waves, have similar

behavior to that of longitudinal waves (see Figure 3.2(f)).

In most cases, guided waves in plate-like structures are made up of a superposition of
longitudinal and shear waves, but, because of boundaries, other modes may be
induced simultaneously. Interaction with boundaries often results im mode
conversion. Unlike bulky waves in an infinite medium, there is generally an infinite
number of modes associated with a guided wave problem. It is the introduction of
boundary conditions and multiple modes that make the guided wave problem

difficult to handle.
Guided waves in plate with thickness of 2/ (see Figure 3.3), regardless of mode, can

generally be described using the theory of elasticity in a form of Carresian tensor

notation [Rose, 1999], as

43



Elastic Waves in Engineering Structure

Mou A+ u)u, , +p-f, = pi, (3.10)

where u is the displacement field tensor, A and u are Lamé constants.

b s

Figure 3.3 Plate (2h in thickness) in referred coordinate system

Equation (3.10) governs partial wave motion, which is sufficient to describe wave
propagation in an infinite domain. But for a finite eclastic medium, boundary

conditions are compulsory. For plate with boundary conditions,
Oy, =0y =0, at x, =td/2=1%h (for plane strain)

a displacement potentials method [Achenbach, 1973; Rose, 1999] has been

developed to obtain a general solution to Equation (3.10) as

tan(gh) _ 4k*gpu
tan(ph) (Ak* +Ap® +2pp* Wk* —q*)

(3.11)

where

2 2

@ w®
pP=—-k,9'=—5-k,and k=w/c,

c, c,

k,c,, ¢;, @ are the wavenumber, velocities of longitudinal and transverse modes,

wave circular frequency, respectively. Equation (3.11) generally describes guided

waves in plate-like structures.
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3.2.3 Waves in Anisotropic Multilayered Laminates

Waves in multilayered media are involved in a wide of situations, ranging from
coating problems of plasma spray on turbine blade, diffusion/adhesively bonded
structures, to ice detection for the windshield of aircraft. The increased acceptance of
composite materials, whose direction-dependent mechanical properties classify them
as typical anisotropic multilayered media, has motivated the relevant studies.
Anisotropic properties introduce many interesting but complex phenomena in elastic
wave propagation, e¢.g. direction-dependent speed, difference between phase and

group velocities, wave skewing, and others which are somewhat more unique.

Considering an N -layered anisotropic plate, the displacement field, « , within each

layer must satisfy Navier’s displacement equations [Rose, 1999],

otu"
or’

BV (A + p"WV(V-u")=p" (n=1,2 -,9 (3.12)

where p’ and A, u' are density, Lamé constants for the i* layer, respectively. The

Helmholtz principle can be used to decompose the displacement field and achieve a

general solution (see [Rose, 1999]).

Material viscoelasticity unavoidably interferes with wave characteristics. Attenuation
in wave magnitude, variation in propagating velocity and change in wavenumber are
commonly observed, effects which are known as dispersion. For the laminate under
consideration, N —1 interfaces and two free surfaces are available, at which all
boundary conditions must be met, leading to a comprehensive correlation from

Equation (3.12) [Rose, 1999],

| (o, &, 27, 1" 1, ) = 0 (3.13)
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Known as the Dispersion Equation, Equation (3.13) associates frequency w with
wavenumber £ or plate geometry (4,), for a given material (4", £"). In an implicit

expression, the dispersion equation has infinite roots [Rose, 1999]. Dispersion is a
key concern throughout the present study, to be specified in following section

regarding Lamb waves.

3.3 Lamb Waves in Laminated Composite Structures

3.3.1 Historical Retrospect

Introduced by Horace Lamb in 1917 in his milestone publication, ‘On Waves in an
Elastic Plate’ (Proc. R. Soc. London Ser. A. 93:114-128, 1917), Lamb waves can
exist in plate-like thin plate with parallel free boundaries [Viktorov, 1967]. Lamb’s
discovery did not gain wide attention due to the extremely complicated nature of the
equations, until 1945 when Osborne and Hart revisited this topic to analyse the
interaction between steel plates and waves generated by underwater explosions. Then
this intriguing topic was espoused by some great mathematicians such as Cauchy,
Lame, Green and Poisson. A comprehensive solution to Lamb waves was first
established by Mindlin in 1950 [Lowe, 1995]. At the same time, equations for Lamb
wave in a plate with an arbitrary number of flat layers were established by Thomson

[Lowe, 1995].

Pioneer experimental studies on Lamb waves were parallelly carried out by Schoch
in 1952, Worlton in 1961 and Frederick in 1962 [Chimenti, 1997]. Until the 1960s
most experiments were performed specifically to evaluate Lamb’s original theory. A
renaissance occutred in the 1970s with the appearance of fast computational devices.
Many issues that had previously been exceedingly complex could now be efficiently

solved.
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3.3.2 Fundamentals

As a typical type of elastic disturbance, Lamb waves can also be described by the
general motion equation for waves established above, Equation (3.11).
Mathematically comprised of the trigonometrics function sire and cosine, Equation
(3.11) determines that two Lamb modes are synchronously available, i.c. symmetric

and anti-symmetric modes, individually simplified as

tan(gh) _ 4k’qp
an(ph) (k*-¢°)*’

for symmetric modes (3.14a)

tan(gh) __ (K’ —g°)’
tan( ph) Ak’gp

,  for anti-symmetric modes  (3.14b)

Equation (3.14), frequently referred to as the Rayleigh-Lamb frequency equation,
presents the correlation between the propagation velocity of a Lamb wave and its
frequency. In spite of its simplicity in appearance, the equation can be solved only by

numerical simulation under most circumstances.

Physically, symmetric modes across the entire plate thickness are symmetric for u
(horizontal), and anti-symmetric for w (vertical); and anti-symmetric modes are
symmetric for w but anti-symmetric for », as illustrated in Figure 3.4. Equation
(3.14) also implies that Lamb waves, regardless of their mode, are dispersive

{(depending on propagation frequency).

In addition to Lamb waves, transverse (shear) motion was also observed in layers of
finite thickness by Love in 1911. FEM simulation [Birt, 1998] confirmed such a
conclusion, based on FEM models which allow particle motion in any direction.
Tests [Percival and Birt, 1997; Lemistre et al, 1999; Badcock and Birt, 2000] have
also demonstrated the existence of horizontal shear wave in the direction

perpendicular to the plane of wave travel, besides the normal shear waves (vertical

47



Elastic Waves in Engineering Structure

shear mode) and Lamb waves. This wave is therefore named the Shear Horizontal

(SH) wave or Love wave, and is displayed in Figure 3.5.

VAT AN

Compressional wave (symmetric Lamb mode)

Flexural wave (anti-symmetric Lamb mode)

Figure 3.4 Symmetric and anti-symmetric Lamb wave modes

] x,
Wave Propagation

Figure 3.5 Horizontal shear (SH) mode in laminated structure
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In Figure 3.5, the wave propagates along the x; direction, and the particle vibrates in
the x, direction, which is caused by SH modes in a plane parallel to the surface of
layers. Any mode in the SH family can be considered as a superposition of up- and
down-reflecting bulk shear waves, polarised along x,, with wavevectors lying in the
x, —x, plane and inclined at such an angle that the system of waves satisfies

traction-free boundary conditions on surfaces [Rose, 1999]. Analytically, Love mode

can be governed by [Achenbach, 1973]

Qu, uy, 1 &u,

3.15
&l el ok o @15)
. . .. Ouy
with the general solution under the boundary condition S =0 at y=0,
uy =B, sin(g,x,)+ B, sin(g,x,)]- explik(x, —ct)] (3.16)

gy = k(=) -1]?
Cr

B, and B, are constants. Like Lamb waves, basic Love modes exist only in the

relatively low frequency ranges, and higher modes gradually appear with an increase

of excitation frequency.

In this study, Lamb waves together with Love waves are employed in the proposed

damage detection scheme, to be detailed in the following chapters.

3.3.3 Generation of Lamb Waves: A Review

In spite of many attractive traits, Lamb waves in anisotropic viscoelastic media are
notoriously complicated. Based on Equation (3.11), multiple Lamb modes are
simultaneously available with unique dispersive properties, even for the same mode

but in different frequency scopes. Two technologies are therefore motivated for
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generation of Lamb waves: (1) active generation of controllable Lamb waves, and (2)

effective signal processing and interpretation (to be detailed in Chapter 4).

Lamb waves can be actively excited by a variety of means. With each possessing
unique intrinsic advantages and disadvantages, these methods can be roughly

summarised into four major categorises.

(1) Ultrasonic probes. Notable for excellent precision and controllability, ultrasonic
probes coupled with angle-adjustable perspex wedges have dominated
nondestructive evaluation (NDE) practice over the years [Alleyne and Cawley
1992b; Guo and Cawley 1992, 1994; Cawley and Alleyne, 1996; Percival and Birt,
1997], to generate and collect pure Lamb waves in accordance with the Snell’s law
[Bindal, 1999]. Without interference from multiple modes, the probe-excited Lamb

wave permits explicit signal interpretation.

Such methods, though extensively successful, are nowadays challenged for their use
in real-time NDE, where their access into in-service systems is somewhat
problematic. Downtime is usually required to guarantee the probe operation. During
manipulation, couplant, directionality and contact are some basic issues that may
considerably influence detection effectiveness. Motivated by these obstacles, non-
contact innovations, such as air-coupled [Castaings and Cawley, 1996; Castaings and
Hosten, 2001a; Hosten et al, 2001] and fluid-coupled [Ghosh ef al, 1998] transducers
or electro-magnetic acoustic transducers (EMAT) [Guo et al, 1997; Legendre ef al,
2000] were invented. However, air- or fluid-coupled transducers can suffer from the
large differences in mechanical impedance between air/fluid and objects under
detection. Additionally, being the diagnostic signal most extensively excited by
ultrasonic probes, the narrowband pulse excitation, though it provides centralised
incident energy, becomes less efficient for the detection of near-surface damage,

where reflections from defects are limited within the wavelength of transmitted
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ultrasonic pulse [Achenbach, 2000]. EMAT can be one effective way to generate
SH-waves, but they are usually interfered with by the electrical conductivity of the
objects to be inspected [Achenbach, 2000}, and their effectiveness can be limited in
certain frequency ranges. Meanwhile, the non-negligible mass/volume of probes,
costly excitation establishment and complexity of device manufacture aiso reduce the

practical applications of these ultrasonic probes to a certain extent.

(2) Laser. Non-contact excitation of Lamb waves via Laser-Based Ultrasonics
(LBU) and acquisition using Laser Interferometer (LI) have recently appeared as a
promising method for contactless NDE [Guo er al, 1997; Yoshimura et al, 1998;
Ishak et al, 2001; Niethammer ef ai, 2001; Valle and Littles, 2002; Gao et al, 2003,
Silva ef al, 2003]. Fabry—Perrot interferometer and heterodyne interferometers are
most frequently employed in this field. Flexibly controllable, LBU can be designed
to be broadband or narrowband depending on actual applications, to satisfy different
spatial resolution requirements. The exact detection that LBU can offer ranges from
apparent defects to small cracks. LBU can be exceptionally effective for remote
manipulation with easy scanning, exact calibration and applicability to curved
surfaces or complicated geometry [Achenbach, 2000], and is applicable even in
exigent environments where access is unfeasible. Besides, by using a short laser
pulse, it is possible to excite a broad bandwidth signal with several Lamb modes in a
single measurement, providing more opportunities to selectively use the most

appropriate modes [Silva et al, 2003].

Nevertheless, subject to similar concerns as those encountered by probe-based
methods, the application of LBU is clearly restrained in cost-effective real-time
damage assessment systems, in which surveillance devices are expected to be
economically integrated into the system without affecting the original structural

integrity, because of its bulky and costly excitation equipment.
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(3) Piezoelectric elements. Initially used for sensing devices such as accelerometers,
or for active structural control, Piezoelectric Lead Zirconate Titanate (PZT) elements
have delivered promising performance for damage detection since the 1980s [Keilers
and Chang, 1995a, 1995b; Dupont ef a/, 1999; Lemistre and Balageas, 2001; Kessler
et al, 2002a, 2002b), regarded as an important step towards intelligent structure
techniques to fulfil online damage detection. A PZT element, shaped as a disc or
tube, etc.,, i1s mass-less and volume-less, has low-power consumption, easy
integration and activation, low acoustic impedance, wide frequency responses and
low cost. PZT elements are particularly suitable to be easily integrated with
structures with minor infrusion as in-sifu wave generators or sensors. Using
distributed PZT elements, transducer networks can be further tailored to realise

multi-point measurements [Chang, 1995; Lemistre and Balageas, 2001].

Despite these merits, PZT generated-Lamb waves still present undesirable features.
Multiple Lamb modes are induced simultaneously by a PZT element unless
appropriate design and controls are used, which can obscure the signal explanation
[Roh and Chang, 1995]. Additionally, PZT elements exhibit certain non-linear
behaviour and hysteresis under large strains/voltages or at high-temperature, small

force and displacement, brittleness, low fatigue life, etc. [Schulz ef al, 1999].

(4) Interdigital transducers. Novel interdigital transducers, such as polyvinylidene
fluoride (PVDF) piezoelectric polymer films, have been introduced to accommodate
more versatile applications with reasonable cost [Monkhouse et al, 1997, 2000;
Blanas and Das-Gupta, 1999]. Possessing higher internal damping features than
common PZT ceramics, PVDF exhibits good ability to produce guided Lamb waves
with controllable wavelength, by adjusting the space between interdigital electrodes
deposited on transducer substrates [Monkhouse et al, 1997]. Soft and flexible, the
interdigital PVDF can be geometrically shaped and permanently bonded onio or

embedded into structures, adapting to curved surfaces or complicated geometry.
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However, compared with PZT, PVDF displays certain insensitivity to structural
dynamic responses and relatively weak driving forces, limiting applications to some
extent. In addition, its performance is susceptible to environmental factors in relation

to its glass transition temperature.

3.3.4 Analytical Study

Equation (3.13) associates frequency @ with wavenumber k& and phase velocity ¢,

for Lamb waves, whose graphic descriptions are frequency spectrum and dispersion
curves, respectively. Mathematically, for a given frequency, there are infinite
wavenumbers satisfying Equation (3.13), either real or purely imaginary, which can
be achieved by using an iterative root-finding method (such as Newton-Raphson)
[Rose, 1999]. In brief, analytical approaches for Lamb wave dispersion
characteristics are represented by the Transfer Matrix method (Thomson-Haskell
method), the Global Matrix method [Lowe, 1995] and the Effective Elastic Constant
method [Habeger et al, 1979].

Transfer Matrix Method

For a N -layer medium, it is sufficient to assume four waves at each layer:
longitudinal/shear waves arriving from the ‘upper’ interface and leaving the ‘lower’
interface (I.+, S+), and similarly, longitudinal/shear waves arriving from the ‘fower’
interface and leaving the ‘upper’ interface (L-, S-), as illustrated in Figure 3.6.
Snell’s law [Bindal, 1999] requires that all of these waves must share the same

frequency and spatial properties along the x, direction at each interface, imposing

the condition that all displacement and stress equations have the same @ and

wavenumber.
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Figure 3.6 Waves in layered elastic medium

With such an assumption, the transfer matrix method works by condensing the
multilayered system into a set of four equations relating the boundary conditions at
the first interface to those at the last interface. In this process, the equations for
intermediate interfaces are eliminated so that the fields in all of the layers can be
described solely with regard to boundary conditions. The relation between wave
frequency and wavenumber is therefore established in the form of a matrix, referred
to as a characteristic function, which can be solved by the root loct approach [Lowe,
1995]. By such a technique, dispersion curves for a titanium sheet of /.0mm in

thickness were obtained and are shown in Figure 3.7.

Global Matrix Method

The transfer matrix method becomes ill-conditioned and unstable when the plate
thickness (d ) is large and the frequency ( /) is high, displaying the so-called *large
f-d problem’. For these special cases, Knopoff developed an improved method, the

Global Matrix method, in 1964 [Lowe, 1995]. Using a similar procedure for
obtaining characteristic functions as the transfer matrix method, the global matrix

method directly assembles a single matrix only, to seek for loci root. This method
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remains numerically robust for any range of f-d values, and can be implemented

simply but with a relatively slow convergence.
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Figure 3.7 Dispersion curves for aluminium plate (thickness: f.0mm)

Other analytical approaches are also available. As one of the simplest methods to
describe Lamb waves in anisotropic medium, the Effective Elastic Constant
technique assumes composite plate to behave as a homogeneous orthotropic structure
by neglecting its layered nature and deriving dispersion [Percival and Birt, 1997].
Additionally, Ghoshal et al [2002] examined the dispersion nature of asymmetric
wave propagation in a glass epoxy panel using a passive acoustic wave model. Chien
et al [1994] presented an analytical method to interrogate wave propagation in
multilayered piezoelectric media. Aberg and Gudmundson [2000] developed their
own micromechanical model for transient waves resulting from a fibre fracture and

matrix cracking in a laminated composite beam.

55



Elastic Waves in Engineering Structure

3.3.5 FEM Simulations and Experimental Techniques

In parallel with analytical work, FEM simulation has been introduced into the study
on the characteristics of Lamb waves in layered composites. Percival and Birt [1997]
and Birt [1998] developed an FEM model to interrogate the dispersion nature of
Lamb wave in carbon fibre (T800)/resin (924) composites. Their model allowed
particle motion in any direction and hence successfully simulated the Love wave.
The influence of different laminate layouts on Lamb wave dispersion was also
evaluated in their work. Guo and Cawley [1992, 1993b] presented an FEM method in
which uniform in-plane displacement was applied across the thickness of a laminate
beam end to excite symmetric Lamb modes. Propagation of Lamb waves was then
monitored by individually measuring vertical displacement [Alleyne and Cawley,
1991; Guo and Cawley, 1992] or horizontal displacement [Guo and Cawley, 1993b]
in the area concerned, as shown in Figure 3.8. This method works well for one-

dimensional structures.

Vertical displacement

Individual layer

/

VA

F

A
i
\
\
\

| \
\ Horizontal displacement )

Forced oscillation applied on beam end

Figure 3.8 Lamb wave generation and monitoring [Guo and Cawley, 1992, 1993b]

Giurgiutiu er a/ [2001] evaluated the propagation of flexure and pressure waves
through aluminium beams and plates under different excitation and boundary

conditions, using a 4-node shell element on the ANSYS platform, where a flexural
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wave was excited by transient nodal rotations, while the pressure mode was
generated by nodal translations. Moulin ez al [2000] developed a coupled finite
element—normal mode expansion approach, considering both bonded and embedded
transducers. Such a method is able to deal with cases of multi-element transducers
integrated into a composite structure. The influence of PZT dimension, position and
excitation delay was also assessed. Issa ef al [1994] proposed a self-adaptive finite
element modelling technique for oblique ultrasonic waves. You and Lord [1991]

analysed ultrasonic wave propagation using their 3-D finite formulation.

Dispersion characteristics and interlaminar displacement/stress distnbution are of
greatest concern for the purpose of NDE. Dispersion curves of Lamb waves in
aluminium plate and several typical CF/EP composite laminates obtained from FEM
simulation [Percival and Birt, 1997] are displayed in Figure 3.9, compared with those
from an effective elastic constant model. From FEM, propagation velocities are
observed to be closely associated with the algebraic product of frequency and
laminate thickness, but independent of laminate configuration. Fundamental
symmetric and anti-symmeiric modes are synchronously available in any frequency

range, while higher order modes gradually appear as an increase in frequency.

Particle displacement «, v, and w, respectively along the x|, x,, and x, directions
(referring to Figure 3.3), and normal stress component o, shear stress components
o, and o, throughout the laminate thickness, under an excitation frequency of

1MHz, are compared and shown in Figures 3.10 and 3.11, respectively, via Percival

and Birt’s model.
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Figure 3.9 Dispersion curves for (a) aluminium plate; (b) 8-ply unidirectional
laminate; (c) 8-ply [45/-45/0/90]; quasi-isotropic laminate; (d) /6-ply [0/90]4 cross-

ply laminate
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From Figure 3.10, it can be seen that most particle motion for the anti-symmetric
mode is along the z -direction, while for the symmetric mode it is along the x -

direction. In Figure 3.11, shear stress, o, , has an anti-symmetric distribution centred
about the plate neutral plane, while normal stress, o,,, is symmetric regarding the
neural plane and dominant through the thickness. Both particle motion along the y -

direction and o, stress are zero throughout the thickness. Figures 3.10 and Figure

3.11 illustrate well the behaviour of particle displacement and interlaminar stress
under excitation, and on that basis the Lamb modes and parameters most sensitive to

structural damage can be chosen and used for NDE.

Parallel experimental techniques have also been developed. In some cases they are
probably the only or most effective ways to evaluate wave propagation. Though not
the initial researchers but the most fruitful, Guo and Cawley [1992, 1993a, 1993b,
1994}, Alleyne and Cawley [1992a, 1992b] and Birt and Percival {1997] individually
presented their abundant findings. In most of their research, angle-variable ultrasonic
probes were employed to produce pure Lamb modes and monitor their propagation.
Innovatively, some in-situ damage detection techniques using integrative
piezoelectrics were also developed [Lemistre et al, 1999; Wang and Chang, 2000].
For example, Gaul and Hurlebaus [1999] successfully determined the history of an
external transient force applied on a structure by analysing responses directly
measured by distributed piezoelectric elements. In these representative studies,
piezoelectric elements exhibit advantageous performance in configuring flexible

sensor networks.
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Chapter 4

Signal Processing and Interpretation

Technique

4.1 Introduction

Condition-based damage detection relies on changes of structure parameters
measured from sensors {Chang, 2002a]. One great challenge in the principle is
determining what changes to look for and Aow to identify them. Appropriately
exploring captured signals and extracting essential information become a prime
concern, predominating the feasibility and precision that a damage detection

technique can offer.

Though promising for NDE, elastic waves, particularly Lamb waves, present several
awkward features in complex structures, limiting their virtual utility in cost-effective
damage detection techniques: (1) in practice, sensors and structures under
surveillance may operate in noisy or fluctuant environments, where the acquired
wave signals can be severely impaired by diverse disturbances, such as random
electrical or mechanical noise; (2) in both experimental tests and numerical
simulétions, interference from natural structural vibrations, especially low-frequency
modes, may obscure the damage-induced wave components in signals; (3) compared
with waves excited by angle-variable ultrasonic probes coupled with angle-adjustable

perspex wedge, maltiple modes of wave exist simultaneously when a piezoelectric
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element is used directly as actuator for wave generation, and their dispersion
behaviour is notoriously complicated; (4) adoption of high-resolution data
acquisition guarantees precision of identification, but it unavoidably leads to a bulky

amount of data to serialise the sampling, burdening signal processing.

All these factors undoubtedly weaken the sensitivity of elastic waves to structural
damage, and lower detection precision. For this reason, a signal processing technique

for elastic wave-based damage detection is first developed in this study.

4.2 Signal Processing Techniques for NDE: A

Review

Signals, functions containing a nhumber of parameters of interest [Boashash, 1992],
allow ascertainment of properties of the source and the medium. Actions applied on
the acquired signal constitute signal processing, and further understanding is known
as signal identification [Picinbono, 1988]. For NDE purposes, a wide variety of
signal processing methods are currently available. Amongst them, time-series

analysis, frequency analysis and time-frequency analysis are the most common.

4.2.1 Time Domain Analysis

Most signals in a NDE test come with a time-dependent history of electric field,
magnetic field, pressure or voltage, etc. Regarded as a continuous propagation of

energy, E, a time-dependent signal f(¢) can be formulated as [Boashash, 1992],

E= |lr@f a @.1)

20

where |()|* is defined as the energy density per unit time at ¢, and thus G-

denotes fractional energy in the time interval Ar at time ¢.
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In earlier stage of NDE, analysis in the time domain was the only means to study a
signal. Such analysis can detect damage status both globally and locally [Thwaites
and Clark, 1995]. However, except some successful applications in location detection
[Sohn and Farrar, 2001; Yam ef al, 2003], such an analysis cannot separate defect-
scattered composition appropriately from a raw signal containing all parts with

different frequencies. Quantitative identification may not be straightforward.

4.2.2 Frequency Domain Analysis

To obtain better understanding, it is often preferable to examine a signal in the
frequency domain, viz. Fourier Transform (FT). One of the most influential and
powertul tools in signal processing, FT mathematically transforms a time-dependent

signal, f(#), from the time space into the frequency space [Boashash, 1992] by

F)= "1 et (4.22)

where @ and j are the angular frequency ( @=27-f ) and unit complex,
respectively. F(w) is the Fourier counterpart of f(¢). Equation (4.2a) uniquely
illustrates the signal as the summation of a series of simple waveforms, e/, with

different amplitudes |F()

, frequencies @ and phases Z£S(@) . Inversely, it has

1 pe .
s(t)=— [ F(@) e™da (4.2b)
2 o
Similarly, signal energy can be expressed in the frequency domain as

1 2
E=— ij(w)1 dw (4.3)

where |F(@)| is analogously defined as the energy density per unit frequency at @,

and |F (a))]2 -Aw® is the fractional energy in the frequency interval Aw at w .

Considering conservation of energy and combining Equations (4.1) and (4.3) lead to
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2 1 2
E= [lf@fd= > [1F(@)| de @.4)

20

Derived from Fourier transform, Fast Fourier Transform (FFT) speeds up this
transform by convolution and correlation [Chan, 1995]. FFT-based explanation
reveals signal features that are difficult or impossible to discern in the time domain.
The effectiveness of FT or FFT analyses, especially for large structures in civil
engineering, has been demonstrated by numerous successful applications [Wu et al,

1992; Keilers, 1997, 1998; Kawiecki, 1998; Blanas and Das-Gupta, 1999].

The most serious drawback for the frequency domain analysis is the loss of temporal
information during transforming. Although signal compositions with different eigen-
frequencies can be separated, their history is hidden. This may not be a major

concern for stationary signals, but it is critical for dynamic signals.

4.2.3 Time-Frequency Domain Analysis

Analysis in either the time or frequency domain alone seems inadequate for
quantitative identification of a non-stationary signal, which necessitates a
combination of the time domain with the frequency domain. Many time-frequency
algorithms have been developed [Prosser et al 1999]. All of them can be
mathematically generalised as [Boashash, 1992]

P(t,w) = % jj‘je“'"“-"m%(a, 7)- (65— %) £(S + %)45 -dA-d@ (4.5)

Jdrd

where P(f,®) is the energy intensity at time ¢ and frequency w of signal f(z). f~
denotes the complex conjugate of f. ¢(@0,7) 1s a function depending on f(¢). Short-

Time Fourier Transform (STFT), Winger-Ville distribution (WVD), and wavelet
transform (WT) analysis are several important examples deriving from Equation

(4.5).
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Short-Time Fourier Transform (STFT) Analysis

Introduced by Dennis Gabor in 1946 [Mathworks, 2001d], short-time Fourier
transform (STFT) aims at correcting the deficiency of Fourier or FFT transform for
non-stationary signals. STFT applies the basic Fourier transform on a small piece of
signal around a specific time (‘short time’) by neglecting the rest of signal. The
operation is then continuously performed by moving this short time interval along
the time axis. Mathematically, this is actualised by multiplying a window function,

r(¢), with the time-series signal around time ¢, [Boashash, 1992]
J@ Ty = f(@)-r(t—~7), (time domain) (4.6a)
F(®) gy = F(@)*R(w), (frequency domain) (4.6b)

where R{w@) is the Fourier pair of r(¢} and symbol * denotes convolution. For the

entire signal, relation expands to

F(2,)sprr = % [“r@)-re-nea @7

Equation (4.7) maps a time-dependent signal into a two-dimensional representation
with time and frequency, viz. STFT spectrographic analysis. For a specific time, ¢,

the energy density in STFT spectra becomes

Psrer (8, 0) = !F(W)LZ (4.8)

and the totality of energy, F, over time-frequency for the signal, is
- 1 e :
= <t - — ol f e\ i
E= L. ple@) _-dt-dw ‘27; [Cr@y re-ve™ar 4.9)

= 1o di = |F@) dew

With successful applications [Li and Ma, 1997; Kim and Kim, 2001], STFT achieves

a reasonable compromise between time and frequency, offering full information
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about when and at what frequencies an event happens. Nevertheless, due to the
unalterable window size in Equation (4.6), satisfactory precision along both time-

and frequency-axes cannot usually be synchronously obtained.

Winger-Ville Distribution {(WVD) Analysis

A flexible choice of the window size is therefore attractive. Setting an arbitrary

function ¢{€,7) =1 in Equation (4.6) leads to
£ T 2 —itw
Po)= [f( =) f+)-e" e (4.10)

Defined as the Winger-Ville distribution (WVD) transform, Equation (4.10) provides
better resolution than STFT. But such a signal processing method requires a higher
sampling rate (usually at least four times higher than the highest frequency in a
signal) to avoid aliasing [Mathworks, 200le]. Meanwhile, undesirable negative
values may occur between two strong signal components, or between strong and
weak components, which do not have physical meaning but can lead to erroneous
explanation [Wang, 2001]. Additionally, WVD lacks sensitivity when applied
directly to raw signals, and changes in short duration or low magnitude may not
always be detected. Although some variants of WVD analysis have been developed
to overcome these disadvantages, e.g. Choi-Williams analysis [Kim and Kim, 2001;
Lee et al, 2001], the technique is still not very suitable for practical damage detection

[Wang and McFadden, 1993].

Some other time-frequency signal processing methods for NDE also include
reassigned spectrographic analysis [Valle, 2001], cepstrum investigation [Dalpiaz et
al, 2000; Zheng and Wang, 2001}, blind deconvolution [Zheng et al, 2001] and
cyclostationary processes [Rubin and Sidahmed, 1997}, or statistical model [Martin
et al, 1990], auto-regressive [Sohn et al, 2000] and probability analyses [Achenbach

et al, 1997], which can play certain roles in specific cases.
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4.3 Wavelet Transform Technique

In historical perspective, wavelet transform is a fresh approach, though its
mathematical underpinnings can be dated back to the work of Joseph Fourier in the
19" century. The first record of the term ‘wavelet’ appears in a thesis by Alfred Haar
in 1909 [Mathworks, 2001e]. The concept of wavelet in its present theoretical
fashion was established by Jean Morlet in the 1950s, and its modem algorithm was
perfected by Stephane Mallat in 1988. Since then, research on wavelets has become
active internationally. In particular, Ingrid Daubechies, Ronald Coifman and Victor
Wickerhauser, etc., have made essential contributions to their practical applications.
From geophysics, biomedicine, to offshore petroleum exploration and movie
industry, the wavelet transform technique plays an indispensable role, indeed,

wherever signal or image processing is engaged.

It was probably Daubechies [1990] and Newland [1994a, 1994b] who first
introduced the wavelet transform technique into studies of vibrational signals in the
early 1990s, and they found it of undeniable advantage for singularity detection in
signals. Nowadays, wavelet transform-based signal processing enjoys a burgeoning
popularity in the NDE industry [Abbate ef al, 1997; Liu ef al, 1997, Samuel and
Pines, 1997; Hou er al, 1998, 2000; Staszewski 1998; Staszewski et al, 1999b;
Okafor and Dutta, 2000; Peng and Chu, 2003], covering signal purification,

spectrographic analysis, and signal/image compression.

4.3.1 Fundamentals

In brief, a wavelet is a waveform with limited duration, whose average amplitude
equals zero. Like STFT, wavelet transform maps a time-dependent signal into a two-
dimensional representation with dual parameters, scale and fime. During

transforming, scale rather than frequency is used. Though scale is directly associated
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with the reciprocal of frequency (1/f), it is acknowledged that the wave energy

allocation for a variable signal can be more conveniently understood using the
parameters time and scale, for more intuitive explanation than the time-frequency

domain [Mathworks, 2001e]. They are reciprocally associated by
low scale < compressed wavelet < rapidly changing < high frequency
high scale < stretched wavelet < slowly changing < Low frequency

in addition to this replacement, sampling point (SP) is adopted in the present study

instead of time point (TP), to expedite data processing.

Sampling Point
Sampling Rate

Time Point =

Exhibited in time-frequency space, when and where the discontinuity or singularity
in a signal can be therefore determined. Examination of a dynamic signal can be
concentrated in a localised fragment to display hidden characteristics such as trends,

breakdown points or discontinuities, and self-similarity.

There are two types of wavelet transform, namely continuous wavelet transform
(CWT) and discrete wavelet transform (DWT). Generally, CWT is particularly
effective for signal analysis and visualisation, while DWT is more effective in signal

denoising, filtration, compression and extraction.

4.3.2 Continuous Wavelet Transform (CWT)

Fundamentally, with the basic orthogonal wavelet transform function, ‘¥(¢), a time-
dependent wave signal, f{r), acquired from sensors, is converted into a quadratic

expression using the dual parameters scale a, and time b [Hou et al, 2000]:
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1 7% o t=b
W(a,b)y=—= | f()-¥ (—=)dt 4.11)
7! .
Operation by Equation (4.11) is CWT and W (a,b) is the CWT coefficient. ¥’ (t)
denotes the complex conjugate of W(s) . Conversely, the signal can also be

reconstructed via inverse continuous wavelet transform:

00 +6O

f(t)=—é—; | IW(a,b)-%-‘P(t_b]-%da-db (4.12)

—-w0g>0 a

where C, is a constant depending on‘¥F(¢),, determined by,

2
C, = fmg%l-dw

In terms of Equations (4.9), (4.11) and (4.12), the energy allocation for the signal

7(¢) in the time-scale domain is then derived as [Picinbono, 1988]:
E=[" L: W (a,b)[ da - db (4.13)

where 1CWT(a,b) ?, referred to as a scalogram, permits the description of the signal

in the form of wave energy over the time-scale space, 1.e. spectrographic analysis.
Though wavelet transform does not produce a direct time-frequency view, it is not a
weakness but a strength of the time-frequency amalysis [Mathworks, 2001e], where
scale can be connected with frequency by determining the value at which a

scalogram reaches its maximum [Qu, 1994].

As an illustration, the signal acquired by a piezoceramic sensor attached on a flexural
alloy beam bearing a perpendicular crack (to be detailed in Chapter 8), is shown in
Figure 4.1(a). With CWT-based spectrographic analysis applied, its energy allocation
spectrum is displayed in Figure 4.1(b).
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Rescarch [Yan and Yam, 2002] has demonstrated that the CWT-based
spectrographic analysis is able to detect 0.0/-0.1% variation in selected parameters

for crack detection, while this value is normally over /0% for modal-based methods.

4.3.3 Discrete Wavelet Transform (DWT)

To calculate wavelet coefficients at every scale point 1s computationally expensive.
For simplification, Equation (4.11) is executed only at discretised scale and time

using dyadic variables m and n,i.e. DWT [Chui, 1997]:

a=a, and b=najb,, mnelZ (4.14a)

DWT (m,n)=a,” [f(t)-¥(a;"t - nb,)dt (4.14b)

where a, and b, are constants determining sampling intervals along the time and

scale axes, respectively. Equation (4.14) decomposes signals into associated scopes
with relatively higher and lower frequencies. Paradigmatically, decomposition in a
three-level architecture is outlined in Figure 4.2, where the signal f(¢) is
hierarchically represented by a series of approximations (low-frequency components,
denoted by A4) and details (high-frequency components, denoted by D). Inversely,

reconstruction of the wave signal can be performed by

f®O=c>.>.C,. (&) DWT(m,n) (4.15a)

C,. (D) =a,>¥(a;"t —nb,) (4.15b)

where ¢ is a constant in correlation with W(z). The time-dependent function C_, (¢)

is the DWT coefficient. The more densely the decomposition is conducted, the higher
the resolution that is achieved. Theoretically, decomposition can proceed
successively until the individual details consist of only a single sample point or pixel.

In practice, a suitable number of levels should be determined by evaluating the
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nature of a signal. After applying orthogonal DWT analysis to the example signal in

Figure 4.1(a}, its decomposed first ten levels are displayed in Figure 4.3.
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Figure 4.2 Principle of DWT-based digital filter design with 3-level architecture
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Figure 4.3 Details from levels / to 10 via DWT analysis for signal in Figure 4.1(a)
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4.4 Intelligent Signal Processing and Pattern
Recognition (ISPPR)

Considering the features of wave signals enumerated, an intelligent signal processing
and pattern recognition (ISPPR) technique for wave-based damage detection is
developed in this study, including units of signal purification, characteristic

extraction, data compression, information mapping and pattern recognition.

4.4.1 Signal Purification

Digital filters (DF) with discretised frequency thresholds and ranges are built in
virtue of DWT, to denoise the acquired raw wave signals and separate diverse wave
components. In this approach, noise is defined as any component that is not part of
the phenomena of interest, and may be generated by various factors such as electrical
units in the system, environmental variation, structural natural vibration, and other
unpredictable sources. Such noise is unavoidable even when precautions are taken
preliminarily. From a mathematical perspective, a digital filter is recognised as a

transfer function, with which the original signal, f(¢), is convolved and weighted by

[Mathworks, 2001d]
(@& =f)*w(z) (4.16)

where f'(¢) and w(z) are the filtered signal and filter function, respectively, with

representation in the Fourier domain,

b +b,e 0 + b7 ...y p g0

F'(w) = F(@) W(w) = . _ .
( a, + aze”“"“) + 6138"”"(2) +-ta, g~ Jotm=1)

Wiw) @.17)

where F'(w), F(w) and W{(w) are Fourier transform counterparts corresponding to
f (1), f(¢) and w(t), respectively. a, (i=1,2, -, m) and b, (i=1, 2, ---,n) are

the filter coefficients, and the maximum of m and » is the order of filter.
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Low-pass and high-pass DF are designed in parallel in ISPPR to remove all
extraneous components, as sketched in Figure 4.2. A low-pass DF admits lower
frequency components in a signal but attenuates higher frequency components, in
correlation with the designed cutoff frequency threshold, while a high-pass filter

inhibits the lower frequency components in the wave signal.

During transforming, it can be seen that the orthogonal wavelet function, ‘¥(¢), plays
an important role. Wavelet functions widely employed for NDE purposes include
Haar, Daubechies, Biorthogonal, Coiflets, Symliets, Morlet, etc. [Chan, 1995). The
choice of a wavelet function is really application-dependent. In particular, the
Daubechies family (denoted by dbN, where N is the order), a series of compactly-
supported orthonormal wavelets without mathematic expression, is chosen as the
transfer function in this study, as it has been demonstrated to be most effective in the

approach.

4.4.2 Digital Damage Fingerprints (DDF) and

Characteristic Extraction

A typical signal acquisition procedure is depicted in Figure 4.4, where the object’s
physical attributes are sensed and transformed into a reduced set of features. One
paramount concern in this procedure is how to ‘discover’ effective signal

characteristics.

The most effective characteristics of a signal are application-specific. However, the
basic principle is to extract the characteristics that are most sensitive to alteration of
damages. In ISPPR, specific spectrographic characteristics in both time and time-
scale spaces are adopted as the basic signal features, which have been rigorously

substantiated most susceptible to structural damage, as addressed hereinabove.
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Figure 4.4 Principles of signal acquisition

To facilitate data processing in ISPPR, it is stipulated that the time points in the DF-
filtered time-series signal and the time/frequency points in the energy allocation
spectrum, at which the absolute magnitude of amplitude is simultaneously larger or
smaller than those of contiguous time or time/frequency points anteriorly and
posteriorly, are defined as ‘characteristic points’, and the corresponding amplitudes
are ‘characteristic amplitudes’. Both of these are principal components for the
signal. While other extrinsic points are ‘non-characteristic componenis’, as

elucidated with a true signal fragment in Figure 4.5.

In ISPPR, characteristic points, characteristic amplitudes, and rising/attenuating
durations within sampling periods of interest are discretely extracted from the filtered
signals in the time domain. Similarly and in parallel, the characteristic points,
characteristic amplitudes, and rising/attenuating durations along both the #ime and
scale axes for each energy concentration within the time-scale region of interest are

also extracted. A feature vectors pair, {time, amplitude} and {time, frequency,
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amplitude}, is created to accommodate the extracted principal components for two

domains, respectively. As an illustration, a set of typical DDF is presented in

Appendix 4.
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Figure 4.5 Principal components in a signal fragment

In engineering practices, where a certain number of actuators and sensors rather than
a single device may be used to configure an actuator/sensor network, a series of

Jfeature vectors pairs can be obtained exclusively for each actuator-sensor path for a

particular damage case.

To streamline the analysis, a concept is introduced, where these feature vectors pairs
are arranged in sequence, referred to as ‘digital damage fingerprints’ (DDF). DDF
may be understood as a series of digitalised system behaviours or symptoms;
accordingly, one particular damage case is uniquely defined with one set of DDF.

For the purpose of damage detection, different damage cases can be personified as
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‘crimes’ to a structure, and thus DDF functions as the record of characteristics for

such a crime.

Using the concept of DDF and considering all the damage cases of interest, a damage
parameter database (DPD) containing all the fearure vector pairs is subsequently

constructed for one type of damage in a structure, such as cracks or delaminations.

4.4.3 Data Compression

During wave signal acquisition, a large amount of data is usually produced. Of this,
only the intrinsic characteristics in a filtered signal or energy spectrum are essential
for signal interpretation. Other extrinsic data, inevitably contained to serialise the
sampling, contribute virtually nothing to signal evaluation, which however takes
tremendous computational time and effort. Additionally, detection effectiveness can
be fairly jeopardised when high-dimensional data capacity is engaged. To maximise
precision and effective computational capability, condensation of the acquired data
but without loss of virtual characteristics is a necessity. A data compression unit is

therefore developed in ISPPR.

Known to be a matter of judgement beyond mathematic capability, there is no clearly
specified boundary at which the amount of acquired data becomes manageable for a
system. Several data compression approaches are available [Levin and Lieven, 1998;
Staszewski, 2002], roughly categorised as methods which eliminate redundancies in
a signal [Staszewski, 2002], and those using linear and nonlinear transforms, such as
principal component analysis (PCA) [Staszewski, 2002]. In ISPPR, data
compression is conducted by gradually screening the non-characteristic components

in the signal and constraining the signal to use principal components only.
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4.4.4 Information Mapping

Completely or partially symmetric geometry or loading conditions are commonly
available in a structure. To exploit this property, a mapping approach is additionally

adopted in ISPPR to simplify signal processing.

In brief, wherever symmetric conditions are applicable, the signal DDF, orderly
stored in the DPD for damage cases in a partial region of the entire structure to be
inspected, are parallelly mirrored into other regions with regard to the available
symmetric point, axis or plane, to figure out the mirror-images of other DDF.
Integrating all possible DPDs, a comprehensive database for the overall structure can
be established accordingly. Without sacrificing information that could possibly be
acquired, the mapping approach strengthens the capacity of a damage detection
technique under given conditions. Applications and restrictions of the mapping

approach are addressed in the light of actual case studies in subsequent chapters.

4.4.5 Normalisation

In variable environments, robust data are desired to minimise any uncertainty in
signal analysis. Normalisation with respect to varying operational and environmental
conditions is an essential step towards avoidance of false positive indications [Farrar

et al, 2001b].

For accurate DDF extraction in ISPPR, all the signals acquired from the piezoelectric
sensor network are normalised before extraction and identification. Meanwhile,
considering that actual signals usually suffer from DC deviation, the mean value of
signal history is calculated by integrating amplitudes at each sampling point within
the time period of interest, and then subtracted from the signal to remove such

disturbances. The maximum absolute amplitude is captured to normalise the signal,
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limiting all magnitudes to the range of [-1, +1]. An original signal acquired from a

PZT sensor and normalised signal are compared in Figure 4.6.
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Figure 4.6 Signal normalisation, (a) raw signal and (b) normalised signal
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4.4.6 Pattern Recognition

The identification of an individual object as a unique singleton class i1s defined as
pattern recognition [Looney, 1997]. For damage detection, diverse damage cases are
considered as different patterns that present various symptoms [Staszewski, 2002],
and therefore identification is a problem of pattern recognition. In ISPPR, damage
pattern recognition is fulfilled via an artificial neural network (ANN) technique,

which is detailed in Chapter 6.

4.5 Actualisation of ISPPR: Signal Processing
Package (SPP)

Signal processing package (SPP) software is developed to actualise the proposed
ISPPR algorithm, whose schematic flowchart is shown in Figure 4.7. Commercial
software Matlab® [Mathworks, 2002d, 2002e], which provides an interactive
interface and rich graphical environment, is employed as the development framework

for the SPP.

By way of tllustration, a raw Lamb wave signal acquired from a piezoelectric
transducer (sensor) surface-bonded on a quasi-isotropic CF/EP composite laminate,
under excitation of 500kHz by another transducer (actuator), 1s displayed in Figure
4.8(a). Applied with the digital bandpass filters designed in Section 4.4.1, the filtered
wave component corresponding to the active excitation frequency (J00KHz) 1s
separated, as shown in Figure 4.8(b). Spectrographic analysis is conducted, and the

wave energy spectrum is displayed in Figure 4.8(c).
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Figure 4.7 Flowchart for development of SPP

Applied with SPP, the signal further compressed in the time domain, and the
compressed energy spectrum in the time-scale domain for the selected example
signal are exhibited in Figures 4.8(d) and (e), respectively. DDF embedded in the
wave signals are sequentially extracted, in Figures 4.8(f) and (g). From Figures
4.8(a) to (f) and (g), the raw Lamb wave signal, involving all the kinds of
components, is now represented concisely and rationally, but without loss of
connatural features. Containing the extracted DDF for all concerned actuator-sensor
paths under a diversity of damage cases, the DPD is configured for the structure

under inspection, and then used for damage pattern recognition.
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Figure 4.8 Signal processing by SPP: (a) original Lamb wave signal; (b) filtered
signal of (a) in active excitation frequency band; (c) signal energy spectrum; (d)
compressed signal in time domain; (¢) compressed energy spectrum in time-scale

domain; (f) DDF in time domain; (g) DDF in time-scale domain
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4.5 Concluding Remarks

Problematic issues confronted in wave propagation-based damage detection are
addressed. In the light of these difficulties, various signal processing and
identification techniques, roughly grouped as analyses in time, frequency and joint

time-frequency domains, are reviewed in this chapter.

An efficient signal processing and interpretation algorithm is expected to extract
essential yet concise characteristics from acquired raw wave signals, and to assist the
prognostic or diagnostic evaluation for structural health status. To meet this
requirement, and an intelligent signal processing and pattern recognition (ISPPR)
technique is developed and actualised by a signal processing package (SPP), taking

advantage of wavelet transform and artificial neural algorithms (the latter is detailed
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in subsequent chapters). As the essential unit in a damage detection approach, SPP
functions signal filtration, characteristics extraction, data compression, information

mapping and pattern recognition.

In ISPPR, novel concepts, digital damage fingerprints (DDF) and a damage
parameter database (DPD), are developed. Such concepts are able to extract the
essential characteristics of raw signals acquired from an active sensor network,
digitise them into identifiable information for analysis and decision-making, and
consequently quantify a damage case in a complex structure using only characteristic
data. The effectiveness of ISPPR will be demonstrated by actual case studies in the

following chapters.
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Chapter 5

Elastic Waves in Defective Composite
Structures and Damage Detection

Scheme

5.1 Introduction

A study on the propagation characteristics of elastic waves in defective CF/EP
composite structures containing delamination is conducted in this chapter with aid of
the developed SPP. An FEM modelling technique for quasi-isotropic CF/EP
composite laminate containing delamination and coupled with piezoelectric
sensor/actuator is developed. The interaction between delamination and fundamental
Lamb modes is evaluated. In parallel with FEM analysis, experimental verification 1s
also carried out. Based on the phenomena observed, a damage locating scheme is
established, while quantitative identification techniques for damage size, shape and

orientation are detailed in subsequent chapters.

5.2 FEM Modelling Technique for NDE: A Review

For the purposes of NDE, FEM modelling techniques for defective composite
structures, particularly for those containing delamination, have been well developed

over years.
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Most commonly, delamination occurring through the width in a composite beam,
parallel to the beam surfaces along both the span and thickness directions, can be
one-dimensionally simplified into four separate component segments, each of which
can be modelled with beam elements [Majumdar and Suryanarayan, 1988; Islam and

Craig 1994; Ostachowicz et al, 2002}, as sketched in Figure 5.1(a).

/Delamination

Vicinity Region Delaminated Region Vicinity Region

FEM nodes Delamination

(b)
Figure 5.1 1-D delamination models by (a) [Majumdar and Suryanarayan, 1988;
Islam and Craig, 1994; Ostachowicz et al, 2002] and (b) [Guo and Cawley, 1992,
1993a]
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Continuity conditions of transverse displacements, slopes, bending moments and
shear forces, as well as axial displacements and forces, are applied. The solution for
the entire beam can be obtained by considering four separate components, with
boundary conditions at the ends of integral segments and continuity conditions at the
junctions between integral and delamination regions. Such a simple FEM model

works well for detection of delamination in composite beams.

Tracy and Pardoen [1989] developed a similar model and introduced two extra
assumptions: (1) extensional and bending stiffnesses are uncoupled; (2) the effect of
contact between delaminated free surfaces is included, i.e., the sections above and
below the delamination are constrained to vibrate together. This model has been
shown to predict well stiffness degradation and structural natural frequencies of
composite beams with delamination. Also focused on natural frequencies, mode
shapes and modal damping, a modelling approach for composite beams based on
laminate mechanics has been developed [Saravanos and Hopkins, 1996], where the
kinematic assumptions allow for in-plane and out-of-plane relative motion between
the delaminated parts. This approach can handle multiple delaminations. Its unique

merit is that it considers the effect of damping.

Guo and Cawley {1992, 1993b] presented another FEM model for composite beams
containing delamination (see Figure 5.1(b)), where FEM nodes across the interface
are separated by a small distance. This ‘zero volume’ delamination does not remove
any mass. Other methods for one-dimensional through-width delaminations in
composite beams also include models presented by Purekar et al [1998], by Gadelrab
[1996] using five-node elements, and by Pines [1997] based on continuum

mechanics.

To interrogate the scattering of ultrasonic waves in infinite isotropic sohds two-

dimensionally, a finite element model with absorbing boundary conditions was
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developed by Kishore er al/ [2000], which is able to simulate complex mode-
conversion when pulse interacts with flaw. It highlights the fact that if the scattering
object is a void, such as a delamination, part of the incident energy will be converted

to radiate energy in all directions and surface wave ‘creep’ around the cavity.

Using a more complex approach, Razi and Kobayashi [1993] created a three-
dimensional model to investigate the growth of delamination based on a criterion
using strain energy release rate. In their study, the delaminated area was modelled
with coincident nodes and gap elements between these nodes to prevent overlapping
of coincident surfaces, as shown in Figure 5.2, where the predicted shapes via such a
method and the actual delamination zones are also compared and good agreement is
observed. Similar work was also presented by Wisnom and Chang [2000], in which
duplicated nodes and interface elements were used to model the splitting and
delamination zone in a notched cross-ply laminate in terms of interface modelling
technique. The model accurately assessed development of a narrow triangular
delamination zone, and established the extent of splitting as a function of apphed

tensile stress.

Actual shape
(C-scan)

Delamination modelf )
Predicted delamination zone

Figure 5.2 3-D delamination model and practical validation [Razi and Kobayashi,

1993]
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Shah er al [1994] developed a quasi-three-dimensional model for a piezo layer
embedded in composite laminate containing a delamination using eight-noded iso-
parametric elements, as shown in Figure 5.3. Performed two-dimensionally but
allowing a degree of freedom in the third direction, this model lowered the
computational memory/time requirements, and simulated well the stress distribution

and electric response of the piezo layer.

45° Gr/EP
f
~45° Gr/EP
Piezo
fayer
[=] & ——
0° Gr/EP [ B

i | st
90° Gr/EP \l~\]
]

Figure 5.3 Delamination model for PZT-embedded composites [Shah et af, 1993]

Delamination

Olsson [2001] developed a peanut-shaped three-dimensional delamination model.
The delaminations were joined by matrix cracks to form a number of separate sub-
laminates of irregular shape and thickness. For simplicity, the entire damage was
represented by n equivalent circular delaminations of the same total area and outer
boundary. Damage growth was assumed to initiate with a single delamination (n =1)

and increase to a saturated number (n,_,, ) of delaminations. This modelling method

is particularly suitable for large-impact damage. Meanwhile based on layer-wise
theory, Barbero and Reddy [1991] modelled delaminations by jump discontinuity
conditions at interfaces, where displacements in adjacent layers remained
independent, allowing for separation and slope. Their results showed good

performance in studying multiple delaminations through the thickness of the plate.

91



Study on Eastic Waves in Delaminated Composite Structures

Clark {1989] proposed a model based on the discreet observation of impact tests, as
depicted in Figure 5.4. In his model, two adjacent, non-parallel plies, say 45° and -
45°, were considered under compact. This model successfully predicted a
delamination in a 56-ply [+/-45/0:]7s CF/EP laminate. However, such a model is
applicable for point loading only and is unable to provide quantitative predictions. To
overcome this shortcoming, Finn and Springer [1993] developed another model
using interface principles, to estimate locations, shapes and sizes of delaminations in
composite laminates subjected to either transverse static loads or penetrating (low

velocity) impact.

Delamination zone

Growth in fatigue

Figure 5.4 Model of impact-induced delamination [Clark, 1989]

Other modelling techniques worthy of mention also include that developed by
Williams and Vazint [2001] using LS-DYNA3D, where the damage took the form of
disc-like cracks oriented parallel or normal to the fibre direction. In such a manner,
symmetry of the lamina was preserved throughout damage evolution. Davis et al
[1994] modelled delamination as the loss of flexural stiffness due to fibre fracture
under impact, using an in-house FEM code FE77 at Imperial College. Though
confined to a small region, the loss of stiffness was sufficient to sofien the area
around the indent. A FEM model was also created to predict initiation of damage and

extent of final damage by Choi and Chang [1992], using their own damage criteria.
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Finite element modelling of wave propagation is usually associated with modelling
techniques for piezoelectrics-coupled structures. Further information on this specific
topic can be found in [Ha et al, 1991; Chee et al, 1998, 1999; Chattopadhyay et al,
1999; Fukunaga et af, 2002; Perel and Palazotto, 2002 ].

5.3 FEM Modelling and Simulation for Lamb

Waves in Delaminated Composites

A FEM modelling technique for piezoelectrics-coupled quasi-isotropic CF/EP
composite laminate containing a delamination is developed in this study. The

interaction between fundamental L.amb wave modes and delamination is evaluated.

5.3.1 Model of Actuator

Single PZT Activation

Considering a PZT-coupled composite laminate, a perfect bonding condition
between them is applied to ensure strain continuity at interfaces. The electro-
mechanical constitutive mutuality, with regard to direct and converse piezoelectric

effects, for a single piezoelectric disc in free status, is [Lin and Yuan, 2001],

r b r 1 r

(9 pp O O O O O 0 4, O E,

Q, O p 0 0O O 0 4, 0 0 E,

0 0 0 p, dy dy d; 0 0 O E,

€ 0 0 d, ¢ ¢, ¢ 0 0 O I
=10 0 d;, ¢, ¢, ¢ 0 0 0 |-<{0,¢ (5.1)
€3 0 0 dy ¢, 6 ¢ 0 0 O T3

£, 0 ds, 0 0 0 0 ¢ 0 O O

£ d, 0 0 0 O 0 O ¢, O T3

g2) LO 0O 0 0 0 0 0 0 ¢4 |lon
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where orthogonal components Q, and E, (i=1, 2, 3) are the electric displacement
(charge/area) and electric field (voltage/length), respectively. o; and &, are stresses
and strains in the PZT disc actuator. Constants d; , p, and c¢; represent the

piezoelectric strain constants, dielectric permittivity and compliance constants,
respectively. Provided the poling direction is perpendicular to the surface of the PZT
disc, Equation (5.1), in the absence of in-plane external electric fields (£, = E, =0},

is simplified in the polar coordinate system (see Figure 5.5(a)),

Q,=p,E, +d, (o, +7,) (5.2a)
E
O, = ——LE—[(&, +Vppr&y) ~ (L +Vppr ) d5  E; ] (5.2b)
1—-v*pzr
E
Oy = ——Pfr (65 +Vpzre, ) —(1+Vpzr ) dy ] (5.2c)
1= v pzr

where o, /¢, and o,/¢, are radial and tangential stress/strain components in the

polar coordinate system, respectively. £, and v.,, denote Young’s modulus and

Poisson’s ratio of the PZT disc, respectively.

For a free thin piezoelectric disc of 4,,, in thickness, in-plane strains, &, ., and

£4_pzr » ar€ generated when an external voltage V' is applied,

V=11 (5.3)

& _prr = Eg_ppr =dyEy =

Introducing the strain continuity condition at the interface (&!_,,, =&'_,,r = £ and
Eh pzr = Eb_ur = €5, While superscript i denotes variables at the interface between

the PZT disc and composite laminate), Equation (5.2b) can be rewritten as

; E ; i
o =t [(&, +Vpyr )~ (L4 V) dy B, (5-4)

S B
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Figure 5.5 Model of PZT actuator/sensor: (a) PZT disc in the polar coordinate
system; (b) single-PZT-coupled laminate system; (c) stress/strain distribution
throughout thickness for single-PZT-coupled laminate system; (d) stress/strain

distribution throughout thickness for double-PZT-coupled laminate system
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Figure 5.5 cont.

Laterally depicted in Figure 5.5(b), the z -axis in the referred polar coordinate
system originates from the interface, and A, denotes the distance between the
abscissa plane and neutral plane of the PZT-coupled laminate. Considering that both
the PZT disc and the laminate are thin, classic lamination theory is applicable and the

strain distribution in the laminate and PZT disc can be assumed linear across their

own thickness, as
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O = o.;leMT (M +2) (—h,; $250) (5.5a)

Reu

1 — Vi i EPZT e

T (h 47y TP T (0<z<hy) (5.5b)

G, pzr T E b neu
PZT EMT nes ~Vpzr

1-v

as graphically explained in Figure 5.5(c), where subscript LMT represents

corresponding variables and constants for the laminate.

Applying equilibrium of moments and force regarding neutral plane,

0 bipar
me'a,_ war ~2+dz + .[Z;rzro',_,,zr z-dz =0 (5.6a)
—henar 0
o hpzy
270, fyur dz+ 2100, ppp - dz=0 (5.6b)
~hiar J

yiclds stresses of the laminate and PZT actuator at the interface,

aj,PZT=Z-EPZT pn-—Ler n-f.n (5.7a)
Epper 1= Ve
o =D-TI (5.7b)

where

I = 1=V,
|

B= 2E  Epprbpsgr oy - (U= Vi ) - QR + 300 hpy + 205,

C = Efvrttpr Q= Vipgr ) + Epprhipyr (1= V0 )’

(A-vpy)

ELMTEPZT hPZT (4ELMTthT j 3E”LLMTh[z.MThPZT + ZEPZT h;’ZT)
B+C

D=
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EM(Z_EPZT fjm EPZT )
E ur 1=Vpsr
Substituting Equation (5.7) into Equation (5.2) leads to the strain of the PZT actuator

at the interface. For a small PZT disc ( ¢! =&, =£'), equivalent radial elastic

deformation, d, , along the disc circumference, is achieved by integrating the

r ?

interface strain

d, [E(I_VPZT)wéwl]_V (5.8)

PZr PZT

R
d = I&"'dr = R
0

1t is implied that the resultant equivalent radial displacement along the circumference
of a PZT disc actuator is proportional to the applied external voltage, whose scale

factor is determined by Equation (5.8).

Dual PZT Activation

A similar principle is applied for the case of dual PZT activation (see Figure 5.5(d)),
where the resulting neutral plane for the PZT-coupled laminate is consistent with the
neutral plane of the laminate, and the stress symmetrically distributes with regard to

the neutral plane as [Lin and Yuan, 2001]

2 i
G saer :m%&fm%-z (0<z<h,,/2) (5.92)
LMT
o-rmpzfzz._E_!;ZL.m;M.z__‘z’L.ﬂ (0$Z$hpzr) (5.9b)
ELMT hLM}" 1_"'?27"

as described in Figure 5.5(d). The equilibrium of moments regarding the neutral

plane can therefore be simplified as

Ay /2 huper/224hpzr
2o, ypz-dz+ [2m0, oy z-dz=0 (5.10)
0 Hpr /2

which gives the stress of the laminate at the interface
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ol =F-V (5.11)

r—LMT
F = 0d 3 hparr Epzr * (Ppper +Hiyr)
~ F
(1 —Vpzr ) '[th:r +24-—H thr (Bhfm’ + 4h12=zr + 6kz,m'hpzr )]

LMT

Substituting Equation (5.11) into Equation (5.9a) and integrating the strain at the

interface results in

R
d, = [e'dr F R Var) (5.12)

G E LMT

Serving the similar function to Equation (5.8), Equation (5.12) determines the scale

proportional factor for activation under dual PZT disc actuators.

Based on Equations (5.8) and (5.12), actuator models are developed (see Figure 5.6),
with which various Lamb wave modes can be generated by applying uniform radial
displacement constraints in the x-y plane to stimulate desirable Lamb modes in the

composite laminate.

Imposed

/ displacement

Diameter of PZT AN
disc interface

between PZT
and laminate

Figure 5.6 Actuator model with applied displacement constraints
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5.3.2 Model of Sensor

A model for PZT disc sensor bonded on composite laminate is developed.
Considering deformation in the x -y’ plane only, the constitutive relation, Equation
(5.1), for a PZT disc sensor of R in radius and 4., in thickness, can be simplified

in its local polar coordinate system r' — @' — z', in the absence of an external electric

field [Lin and Yuan, 2001],

Q=d,(c,+0,)= dFem (o, +&,) (5.13)

—Vpzr

where ' and 6" are the local polar coordinates. Electric charges, &, accumulated
on both surfaces of PZT disc sensor, can be defined in terms of applied external

voltage,

@:Lmv-g-w (5.14)

4
Substituting Equations (5.13) into (5.14) and applying Gauss’ theorem leads to

e DB

= (. +¢&,)r dr'-do' (5.15)
47 (1= Vpyr) ‘U ’

Regarded as a capacitor with a capacitance of C, the PZT disc sensor induces the

output voltage ¥, under the deformation

= ©._ _9,.,.’,,‘5@,2.,2, (5.16)
C »K,p,R

where K, and p, represent the relative dielectric constant and the dielectric
permittivity of the free PZT disc, respectively. Combining Equations (5.15) and

(5.16) yields

_ A3 E oy gy
® 4”K3P0R2 A-v,y)

[le. +84)-r"-ar'-ae’ (5.17)
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Compared with the laminate, the PZT disc sensor is geometrically small

(e, =g, =¢€,,,and ¢_, is the strain at the centre of PZT disc). Equation (5.17) then

cen ?

becomes

é = dSIEPZT hPZT

V, =G & ,
w m 47K e,(1-Vp,r)

(5.18)

This indicates that for a PZT disc sensor, the output voltage induced due to

geometrical deformation is directly proportional to the central strain of the PZT

sensor with the factor of G . Based on Equation (5.18), the PZT sensor output
responses, in the form of induced output voltage, can be achieved with the sensor

model by calculating the strain at the PZT sensor centre [Tracy and Chang, 1998].

5.3.3 Model of Delamination

Considering reality, a delamination is assumed to be geometrically elliptical in this
study, but allowed arbitrary axis length, orientation and interlaminar position. In the
delamination region, a volume-split is shaped and enveloped by two isolated surfaces
sharing the same boundary, on which FEM nodes are symmetrically allocated, as
depicted in Figure 5.7. The maximum distance between two delaminated surfaces, 7,

is determined depending on the individual case.

A surface contact algorithm provided by the ABAQUS/EXPLICIT® FEM package
[Hibbitt, Karlsson & Sorensen Inc., 2003] is adopted to process the contact problem
arising from delamination, primarily relaxing restrictions on surfaces which may
come into contact. The contact algorithm permits a small relative sliding
displacement and arbitrary rotation of two delaminated surfaces. Both the upper and
fower surfaces are defined using an element-based deformable surface, allowing

interaction between two surfaces in the normal direction without mutual penetration.
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Delamination

! Volume split ~~_ ‘// surfaces '
! - 1
': N\ o~ AN / >

\ h Y

Single lamina

Figure 5.7 Cutaway view of delamination model

5.3.4 Elastic Properties

A three-dimensional fibre/matrix model based on micromechanics [Gommers et al,
1996] is employed to derive the elastic properties for chosen CF/EP composite

materials (F584, Hexcel®). Tn the model, it is presumed

E
E, =QIE}.” +QE,; Ey,=E;= - E
1—1fo(1— ”)
Efzz
G G
G,=G;= = G ) Gy, = = el (5.19)
1——,(Qf(l—- ) IM,/Qf(lm 2.}
szz Gf23
Vip = Vi3 = Qv Qv Vs =i_1
2G,,

where subscripts f and m denote fibre and matrix, respectively. Q, G, E and v

are volume percentage, shear modulus, Young’s modulus and Poisson’s ratio,
respectively. Subscript /17 is the fibre direction. In general, these formulae predict the

in-plane elastic constants quite well, except for axial shear modulus which is
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normally underestimated [Gommers ez a/, 1996]. Assuming there are no voids in the

composite materials, the density is defined using
p=Q, p,+Q, p, (5.20)

Based on the elastic properties of individual fibre and matrix [Hexcel Co., 2001]
detailed in Tables 5.1, effective elastic properties for single unidirectional lamina are

determined using Equations (5.19) and {5.20), summarised in Table 5.2.

Table 5.1 Elastic properties for composite material (F584, Hexcel®) [Hexcel Co.,
2001]

(a) carbon fibre

Volume
Fraction sm Era Gria G Vi Py
%] [GPa] [GPa] [GPa] [GPa] [GPa] [g/m’]
0.555 276 17.3 11.24 6056 025 1835

(b) epoxy matrix

Volume

E
Fraction " G Ym Pn
[%) [GPa] [GPa] [GPa] [g/m®]
0.445 4.14 1.532 0.35 1219

Table 5.2 Estimated effective elastic properties for single CF/EP lamina

E11 EZZ EEI’ G‘EZ G13 Gza P

(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) Y e e [g/m’]

1563.67 9.49 9.49 4.26 4.26 3.44 0285 0285 0.381 1528

103



Study on Eastic Waves in Delaminated Composite Structures

5.3.5 Model of Delaminated Composite Laminate

Two quasi-isotropic CF/EP (T650/F584) composite laminates (475mm x 475mm x
1.275mm) with a configuration of [45/-45/0/90]; are considered. One pair of laminate
edges is fixed-supported, as shown schematically in Figure 5.8. Four PZT discs,
acting as both actuators and sensors, are presumed to be located along laminates
diagonally 65mm away from two neighboring edges, numbered counterclockwise as
PI, P2, P3 and P4 from the lower left. Two laminates are modelled without and with
damage as benchmark and defective laminates, respectively. In the latter, an elliptic
delamination (semi-major axis: /3mm, semi-minor axis: /0mm, angle between major
axis and 0° fibre direction: /35° centre position: 276mm to left and 299mm to
bottom edges of laminate, delaminated area: 0.25% of total surficial area of laminate)

between the /% and the 2™ layers is introduced.

Full-scale FEM models for the specified laminates are created using 8-node three-
dimensional brick elements on the PATRAN® platform, symbolised by FEM-UDI*
and FEM-UD2" for the benchmark and defective laminates, respectively. It is clear
that the delamination is a complicated 3-D pattern, and highly refined finite element
description with laminar-thick elements is adopted to capture all the stress/strain
components. Ensuring precision, § layers are divided along the laminate thickness to
characterise each unidirectional lamina individually, leading to approximate /00,000
solid brick elements for the simulation. The ichnography of the FEM model and the
vicinity of delaminated area are displayed in Figure 5.9, where more than 70 nodes

exist within one wavelength [Alleyne and Cawley, 1991, 1992b; Bull, 1996].

The delamination model (Section 5.3.3) is employed to simulate the delamination, as
shown in Figure 5.10. PZT actuator/sensor models (Sections 5.3.1 and 5.3.2) are
invoked, where a uniform radial displacement in the x-y plane, following a 5-cycle

sinusoidal toneburst windowed with the Hanning function at a central frequency of
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0.5MHz, 1s applied on the actuator model to generate Lamb waves. Wave

propagation is simultaneously monitored at a sample rate of 20.48MHz by the sensor

model.
zZ
|
o P4 P3®
PR o oxamision
0 Fibre degree
299 mm
o P! P2g Fixed boundary
1.275mm 475 mm )

Figure 5.8 §-layer [45/-45/0/90], quasi-isotropic composite laminate containing a

delamination

s

(a)

Figure 5.9 FEM Model for 8-layer [45/-45/0/90]; quasi-isotropic CF/EP composite

laminate; (a) overall model, (b) partial magnification near delaminated area
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Figure 5.10 Delamination model
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5.3.6 Dynamic Simulation and Results

The dynamic simulation is accomplished on a supercomputer (physically installed at
the Australian National University) using the ABAQUS/EXPLICIT® FEM code. The
step of calculation time is controlled to be less than the ratio of the minimum

distance of any two adjoining nodes to the maximum wave velocity.

Actively generated by the actuator model, visualised wave propagation in FEM-
UD1* at several representative times is captured in Figure 5.11. Mcanwhile, a typical
moment of the Lamb wave produced by the PZT actuator model in FEM-UD2* is
displayed in Figure 5.12 for comparison (note that the vertical displacement in the
figures is magnified for illustration, but not proportionately accurate}, where

delamination-imposed disturbance on the wave propagation can be clearly observed.

5.4 Experimental Validation

The FEM simulation was then experimentally verified. Two quasi-isotropic CF/EP
composite laminates with the same materials (T650/F584), configuration [45/-
45/0/90]s and geometry (475mm x 475mm x 1.275mm), made from unidirectional
(UD) prepreg were manufactured. For the purpose of comparison, a delamination of
the same shape and size in FEM simulation was introduced in one of the laminates to
serve as the defective specimen, using two pieces of UPLEX®-R-25 film of 25um in
thickness during fabrication, while the other was kept intact, symbolised by EXP-
UDI*/UD2¥, rcspectively. Meanwhile, two T650/F593 [(0/90)/(-45/45)/(90/0)]s
quasi-isotropic CF/EP laminates made from plain woven fabric (WF) prepreg were
also made, denoted by EXP-WF1 */WF2" for the benchmark and the one containing a
delamination, respectively. Configurations of the specimens are summarised in Table

5.3.
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Figure 5.11 Lamb wave generated by PZT actuator model at (a) 3.5" () 6.0™; (¢)
8.5%. (d) 12.0"
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Figure 5.12 Lamb wave propagation in delaminated area
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PZT wafers (PI° PICI51) of 6.9mm in diameter and 0.5mm in thickness were
selected. Amplified and modulated excitation conditions, in accordance with the
FEM simulation, were apphied on each PZT wafer in turn to generate Lamb waves.
Wave signals were acquired via each actuator-sensor path at the sample rate of

20.48MH:=.

Table 5.3 Configuration of specimens

(Unit: mm)

Geometric Simulated delamination

Dimension (mm) B ¢ 'S ¢ 6

Specimen No.

EXP-UD1* 480 x 480 x 1.275 N/A N/A N/A N/A  NA N/A
EXP-UDZ* 480 x 480 x 1.275 15 10 136 276 299 0.25

EXP-WF1* 480 x 480 x 1.454 N/A N/A N/A N/A  N/A NA
EXP-WF2* 480 x 480 x 1.454 17 12 45 268 190 0.18

a > semi-major axis [} . semi-minor axis ¢ angle between the major axis and 0° fibre direction
&/¢ 0 vertical distance to left/bottom edges from the centre of delamination

6 : percentage of delaminated area (%) in laminate

5.5 Signal Processing and Discussion

Signal Processing and Interpretation

Signal acquisition was well replicable in both the simulations and experiments. As
representative paradigms, captured signals for FEM-UDI*/UD2* and EXP-
UDI*/UD2*, via actuator-sensor path PI-P3, are displayed in Figure 5.13. Their
frequency spectra via FFT are compared in Figure 5.14. Certain nuances of
difference can be observed between the signals of the benchmark and defective
laminates, either in the time or the frequency domain. However, none of them is

sufficient for quantitative damage identification.
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Figure 5.13 Raw Lamb wave signals acquired via P/-P3 for (a) benchmark FEM-
UD1? (b) defective FEM-UD2% (c) benchmark EXP-UD1%; (d) defective EXP-UD2*
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Figure 5.14 FFT spectra for signals in Figure 5.13: (a) benchmark £XP-UDI1% (b)
defective EXP-UD2*
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Using the signal processing package (SPP), digitally filtered signals corresponding to
active excitation (500kHZ) are separated from raw signal (see Figure 5.15), where

the basic symmetric Lamb mode, §,, and the basic horizontal shear (SH) mode, S,
together with the reflected components from laminate edges, denoted by S ., can

be observed in sequence). For identification only the first few wave components arc

useful and the rest may be corrupted by multiple boundary reflections.

Mode conversion induced by the existence of delamination is noticeable in the
signals for the defective laminates. Compared with the benchmark laminates, extra

wave components between S, and S, are detected in Figures 5.15 (b) and (d),

which is recognised as the delamination-induced basic shear mode, 5, . The

appearance order of wave components in a signal is deterministically dependent on
the relative locations among defect, boundaries and sensors. Other damage-induced
modes are uncxploitable because their propagation velocities are either too high to be

identified or too low to be sampled in the specific time period.

Further, 2-D and 3-D spectrographic analyses based on CWT are also performed via
SPP. Results for selected signals are compared in Figure 5.16. In both 2-D and 3-D

energy spectra, a defect-caused shear wave, S;,_,..., can be visually detected. Similar
phenomena have also been observed for FEM simulations and experiments on

laminates made from woven fabric prepreg, which are detailed elsewhere [Su er al,

2002).
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Figure 5.15 DWT-filtered signals in time domain for (a) benchmark FEM-UD1; (b)
defective FEM-UD2"%; (c) benchmark EXP-UDI%, (d) defective EXP-UD2*
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Figure 5.16 CWT spectrographic analysis in time-scale domain: (a) 2-D spectrum
for FEM-UD2* (b) 2-D spectrum for EXP-UD2* (c) 3-D spectrum for FEM-UD2%
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Dispersion Natures

Expanding the above experiment in a sweep frequency range from 0.05MHz to
2.0MHz, the dispersion characteristics for Lamb waves in quasi-isotropic [0/-
45/45/90], CF/EP (T650/F584) composite laminates are studied. Wave velocities via
different actuator-sensor paths are individually measured and averaged upon
purification using SPP. The dispersion relation, introduced in Section 3.3, for chosen
laminates 1s diagrammed in Figure 5.17. For comparison, the dispersion curves
simulated by FEM and analytically calculated using the effective elastic constant
method [Percival and Birt, 1997] are also contrasted in Figure 5.17, denoted by
different symbols.

Phase Velocity [ Km/s ]

—a— Effective Elastic Constact Model
--4-- Experiment

0.0 0.5 1.0 ' 15 ' 2.0 ' 25 . 3.0
Frequency.Thickness [ MHz.mm ]

Figure 5.17 Dispersion curves for Lamb waves in 8-ply quasi-isotropic CF/EP

(T650/F584) composite laminate

Good correlation between FEM and experiments has been observed. Both reveal that

symmetrical and anti-symmetrical modes are synchronously available without the

118



Study on Eastic Waves in Delaminated Composite Structures

application of active control, and their phase/group velocities are dependent on the
algebraic product of the laminate thickness and the central frequency. A low-
frequency region (</.OMHz-mm) exists for the present structure, in which the

fundamental anti-symmetric Lamb mode, 4,, symmetric Lamb mode, S, and the
lowest order shearing mode, S|, exhibit reasonably non-dispersive behaviour.

Higher order modes appear gradually with increase in frequency.

During dispersion, distortion of the wave signal (deviation of waveform and
frequency from original diagnostic signal) could not be avoided. Different diagnostic
waveforms, /-cycle, 3-cycle, 5-cycle, 7-cycle and /0-cycle windowed toneburst as
well as pulse excitation, at different central frequencies, from 0.15MHz to 1.0MHz,
are examined. The results show that the signal-to-noise ratio (SNR) increases as the
signal central frequency increases, and the high SNR benefits signal identification.
However, high frequency weakens the capability of Lamb waves to propagate in the
composites. Meanwhile, it is noticed that a high cycle number of toneburst may
lower the risk of signal distortion, but an accompanying superposition of multiple
wave modes occurs due to the large bandwidth, also leading to confusion in signal
interpretation. As an example from experiment, the Lamb wave signals acquired by a
PZT sensor 485mm away from PZT actuator, under pulse-excitation at a central
frequency of 0.5 MHz and 10-cycle Hanning windowed toneburst at a central
frequency of 0.35 MHz, are processed with SPP and displayed in Figure 5.18, where
distortion of the incident pulse excitation is evident in (a), while immersion and
superposition of multiple Lamb modes inevitably appears in (b). Both the distortion
and superposition can make it problematic to extract useful diagnostic components.
In experiments, satisfactory resolution and accuracy can be met for the present
system when a S-cycle toneburst in the central frequencies of 0.3-0.5 MH: is

adopted.
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Figure 5.18 Signals under different excitations: (a) excited by pulse at 0. SMHz; (b)
excited by /0-cycle toneburst at 0. 35MFHz
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5.6 Elastic Wave-Based Damage Identification

Both the numerical simulation and experimental validation demonstrate that elastic
waves are highly sensitive to the presence, location and degree of structural damage.
Their normal propagation characteristics can be significantly influenced by such
damage, leading to scattering, i.e. reflection/transmission, and mode conversion.
Various damage locations and severities may cause exclusive scattering phenomena.
Based on these findings, a damage identification scheme is proposed in this study.
Two independent approaches are included, based respectively on forward (logical)
and inverse (anti-logical) analyses. The former is derived directly from experimental
signals (for damage location detection only), and addressed in the following section,
while the latter (applicable for all damage parameters) is illuminated by artificial

intelligence techniques, and is addressed 1n subsequent chapters.

5.6.1 Forward (Logical) Method

For damage triangulation, the time lags among wave components of interest in a
filtered signal and energy spectrum are captured. For the damaged laminate
described in previous sections, if transducer P/ acts as an actuator, and the damage
centre locates at (x, y) (in the coordinate system where the actuator is at the origin
and the X-axis is parallel to the lower edge of the laminate), a set of nonlinear

equations can be established with regard to the relative distances among transducers

and damage:

L,p + Lp.s _L
Vso

A-§ “—“‘Y;

(i=2,3,4) (5.21)
Vs,

—i

:
Sﬂ Delam

where L, o, L, , and L, ; represent distances between the damage centre (x,y)

and the " sensor, the selected actuator P/ and the damage centre, actuator P/ and

the i” sensor, respectively. V;, and V; are the measured velocities of modes,
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Sopeiwm a0d S, , respectively. 7,_; denotes the experimentally acquired time lag via

path P;-P;. In the referred Cartesian coordinate system, it is

Lps= \/(x”'xz‘)z +(y"‘yi)z

(i=2,3,4) (5.22)

where (x;,y;) represents the coordinates of the i® transducer in the current

coordinate system. In practice, some actuator-sensor paths are unexploitable because
multiple reflections of waves from boundaries may spoil the damage-induced wave

components in the sampled signals.

Analogously, a non-lincar system consisting of four equation sets is established after
the four coordinate systems are introduced individually, in which each PZT actuator
in turn is at the origin of its reference systems. A mathematic optimal method based
on a graphic searching technique [Gaul and Hurlebaus, 1999; Mathworks Inc.,

2001c] is then applied to solve the nonlinear system.

Additionally, preliminary searching for the approximate delamination location is
executed to expedite the overall process of identification, suggesting an initial point
for starting damage searching. In such a step, the whole laminate is assumed to be
quartered evenly and the delamination is assumed to locate individually at the central
position in each quadrant, respectively. An FEM simulation is performed to calculate
the relevant structural responses via actuator-sensor paths of interest under each
presumed situation. A comparison between these simulated signals and
experimentally acquired signals is conducted, and the least discrepancy indicates the

quadrant in which the damage is most likely to have occurred.

122



Study on Eastic Waves in Delaminated Composite Structures

5.6.2 Validation

The delamination searching procedure is schematically explained in Figure 5.19 for
‘specimen detailed in Table 5.3. The signal acquired via each individual actuator-
sensor path contributes to the construction of one equation in the non-linear equation
system based on Equations (5.21) and (5.22), whose root locus indicates the possible
damage locations, denoted by the dash-and-dot line in the figure. The intersection of
loci from all available actuator-sensor paths is the most likely position for damage to

have occurred.

The diagnosis results are summarised in Table 5.4. It is clear that detection errors
decrease with an increase in the number of actuator-sensor path involved, while 4
paths contribute the minimum mathematic requirement to the solution of the
nonlinear equation system. However, the more paths employed, the more time 1s
consumed in experimental measurement. It is noted that satisfactory accuracy can be

ensured with half of the total actuator-sensor paths engaged.

Table 5.4 Diagnostic results and estimation errors

(Unit: mm)

Based on 4 Paths Based on 6 Paths Based on 8 Paths

Specimen Diagnostic Relative Diagnostic Relative Diagnosti Relative

result * Error result * Error cresult* Error
EXP-UD2* (312, 266) 13.0% {293, 316) 6.8% (262, 313) 4.8%

EXP-WF2* (311, 218) 16.5% (249, 204) 7.7% (285, 201} 6.9%

* The vertical distances away from the left and bottom edges of the laminates, respectively

Recognised as a typical forward analysis, the proposed locating algorithm can serve

as a qualitative method to locate delaminations in composite structures.
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sren

Diagnosis based on 4 paths

W: Diagnosis results

Coordinate axes

(b)

4. Accompanying pseudo-results

Diagnosis based on 8 paths

Actual laminate frame

— === Jntercurrent lines for solving nonlinear system

Figure 5.19 Detection of delamination location for (a) specimen EXP-UDZ¥ (b)

specimen EXP-WF o
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5.7 Concluding Remarks

Elastic wave propagation in delaminated CF/EP composite structures is studied using
FEM methods. Modelling techniques for piezoelectric devices (actuator/sensor) and
delamination are specifically developed, which are substantiated to perform well in
simulating reality. A surface algorithm adopted in the simulation is shown to be
effective in handling problems arising from delamination. The FEM results are then

validated by experiments, and good correlation between them 1s achieved.

Actual case studies show that satisfactory diagnosis can be achieved by analysing
damage-scattering signals using signals after appropriate signal processing and
identification. However, strong reliance of estimation accuracy on excitation
waveforms and bandwidth is observed. Appropriate excitation conditions can ensure

Lamb wave signals with good non-dispersive behavior.

An elastic wave-based damage detection algorithm for CF/EP composite structures is
proposed using a forward (logical) method, which is validated by triangulating a
delamination. Identification errors are noticed to be dependent on the number of
actuator-sensor paths involved for diagnosis, and satisfactory precision can be
achieved when half of the total actuator-sensor paths are taken into account. But the
information that. this process can offer is yet not adequate for identification of

damage shape and size.

Benchmarks are introduced in both FEM simulation and experimental verification, to
avold any disturbance from boundary effects. During comparison between
benchmark and defective laminates, or between FEM simulation and experiment,
certain distinctions or incomplete agreement can be observed in addition fo the
delamination-induced extra wave components. These phenomena are attributed to

differences in boundary conditions, imperfect similarity of two individual laminates
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in manufacture or discrepancy of theoretical emulation with laboratory measurement.
For detection based on forward (logical) analysis, information from the benchmark is
essential, which limits the practical utility and precision of identification. Methods
independent of benchmarks are developed using artificial neural network techniques

in the following chapters.
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Chapter 6

Solution to Damage Detection:

Inverse Pattern Recognition

6.1 Introduction

The solution to an engineering problem can be either forward or inverse. Relatively
easier, a forward analysis can be conduced logically, and in most cases the solution
is unique. In contrast, an inverse problem may be difficult to solve by rational means,
and the solution can be uncertain or ambiguous. Damage detection is known as a

typical and highly complicated inverse pattern recognition problem.

Tremendous efforts have been directed towards this issue. Statistical modelling,
syntactic method and artificial intelligence are three major approaches in this regard.
Relying first on probabilistic models developed on deterministic and stochastic
theories, the principle of the former two approaches is an iterative comparison
between theoretical results and practically captured signals, to pursue the case that

fits best. These applications are limited to relatively simple cases.

Since the 1990s, with the aid of progressive advances in neuroscience and high
capable computing devices, artificial intelligence (AI) technology, defined as the
simulation of human intelligence so as to efficiently use the right piece of

‘knowledge’ at a given step toward solving a problem [Konar, 2000], has rapidly
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emerged as one of the most promising alternatives to deal with diverse and complex
inverse engineering problems. Represented by experr systems (knowledge-based
system), fuzzy logic, inductive learning, genetic algorithms and artificial neural
networks, Al technology now has a wide range of applications, including pattern
recognition, classification, function approximation, signal/image processing and
system identification. Particularly, inspired by psychological and neurophysiologic
principia, artificial neural network (ANN), a novel information processing approach,

inherently displays strong capability in adaptability, parallelism and robustness.

As a key unit in the Intelligent Signal Processing and Recognition (ISPPR), an
inverse pattern recognition technique taking advantage of an ANN algorithm is

developed in this chapter.

6.2 ANN Fundamentals

Emulating the human brain’s mechanisms, an artificial neural network (ANN)
operates as a parallel computational model to authentically explore the connection
between a éedes of reasons (inputs) and consequences (oufputs) for a given system.
A well-trained ANN is able to predict outcomes under an unknown stimulus
according to pre-accumulated knowledge, while avoiding interrogating intricate

constitutive relations or establishing a complicated model.

The attempt to make a general computing ‘engine’ was first proposed by Charles
Babbage in the 79" century. This became the conceptual basis for today’s ANN
technique [Anderson, 1995]. In 1950, abstract computational models of intelligence
appeared, and consequently simple learning algorithms were invented in the 1960s.
Substantial development of such a concept stemmed from introduction of the
personal computer, culminating in the evolution of ANNs in last decade [Mehra and

Wah, 1992].
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A typical ANN is illustrated in Figure 6.1, composed of one input layer, single or

several neural processing layers and one output layer.

[nput Layer"ﬁLwM
4
/ %0 ’%’f/ 1
1Lk !
A
]
1
#, "
2/
% e b S :
ﬂ: s | ‘ﬂl * o
?g,' .’: N :~2
\X— \\_mwww
Input Layer Neural Layer Output Layer

Figure 6.1 An artificial neural network

In the figure (where two processing layers are involved), R input elements are
arranged in an R -dimensional vector, p, (input vector,). § ' and S’ computing units
are respectively hosted in two processing layers to simulate neurons of the human
brain, and are therefore identified as ‘newrons’. The output layer accommodates § ?
output variables, to form the output vector, . Each neuron is weighted by an

adjustable variable (defined as a weight and denoted by w ), and offset by a constant

(defined as bias and abbreviated by b ) [Fausett, 1994].

In the network, the i” neuron summates all the weighted input elements and their

biases to output the scalar output g;, which then acts the input for the next layer.

Considering all neurons, this mathematic operation can be simplified by introducing

a weight matrix [Mehra and Wah, 1992]
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In the weight matrix, a row index indicates the destination neuron of the weight, and

a column index denotes the source for that weight. Similarly, all the biases are hosted

in the bias vector, b . Various layers in the network are associated by different

transfer functions, f . Thus the output for each layer can be obtained by
a =f,(w,-a+b), (i=123) (6.2)

Both w and b are adjustable, so that the network exhibits some interesting behaviors
by iterative training. The training procedure can be understood as seeking a set of
most suitable weights to negotiate all provided inputs and corresponding outputs by

comparing output with desirable targets.

Neural processing layers in an ANN are also referred to as hidden layers. Several
typical transfer functions are employed in this study, including hard-limit, linear,
tan-sigmoid and log-sigmoid [Karaylannis and Venetsanopoulos, 1993], as

diagrammed in Figure 6.2,

The hard-limit transfer function imposes the output of each neuron with either 0
(when the input argument is less than 0) or / (when the argument is greater than or
equal to 0), which works well for classification decisions in ANN architecture of a
single layer in. The linear transfer function faithfully sets the output equal to the
input, but that output may be far from ‘0’ or *7’. The sigmoid function, including tag-
sigmoid and log-sigmoid, squashes the output in the range [-1, 1]} and [0, 1],
respectively, which is commonly used in backpropagation networks. Based on the
choice of transfer function, an ANN can be categorised as perceptron (hard-limit),

hiner filter (/inear), and backpropagation (sigmoid).
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Figure 6.2 ANN transfer functions used in neural network

6.3 Feedforward Backpropagation ANN

As one of the closest simulations by far to human behaviour, the feedforward
backpropagation neural network (BP-ANN) was first designed by Rumelhart, Hinton
and Williams in 1986, and then actualised by David Parker in 1986 at MIT and Yann
Le Cun in 1986 at AT&T Bell Laboratory [Anderson, 1995]. Numerous successful
applications have substantiated its excellent performance in pattern recognition even
for highly complicated systems, where traditional modelling or analysis is

unavailable or difficult.

In brief, standard backpropagation is a gradient descent algorithm. The network
weights are moved in the direction of negative gradient [Mathworks Inc., 2001b].
The term backpropagation refers to such a gradient computing manner, while
Jeedforward describes the direction of information flow from input to output. During

ANN training, target vectors are referred until matched with network outputs with
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acceptable error. The feedforward architecture can provide excellent computational
efficiency, and a well-trained BP-ANN is adept at inferring general rules or
predicting consequences from specific examples such as new inputs that have never
been examined, or reorganising invariance from complex high-dimensional inputs. It
is the generalisation property of BP-ANN that makes it possible to train a network
using just a representative set of input/target pairs, rather than all possible cases, but

achieving good ratiocination.

BP-ANN Basics

Iteratively balancing weights in all neural processing layers is personified as
‘learning’ and ‘training’, which constitute the behaviour that accumulates experience
and strengthens network performance. Two contrast learning rules, unsupervised and
supervised, are commonly adopted for BP-ANN training, Unsupervised learning is
performed straightforward regardless of the outputs, and is suitable for clustering
analysis or identification of data groups [Mathworks Inc., 2001b). Supervised
training adjusts weights based on the discrepancies between the targets and actual
network outputs after each iteration, as illustrated in Figure 6.3. Guaranteed by
successive feedback, supervised training certainly excels at achieving higher

precision. In the present study, the supervised training algorithm is always used.

I Acceptable
Input Neural Network Using Precision
(DDF) Back Propagation Compare
Algorithm Ready for
Hentification
Enacceptable
Precision
Weights and Biases
Adjustment
Back Propagation Algorithm

Figure 6.3 Algorithm of error backpropagation (BP) training

132



Solution to Damage Detection: Inverse Pattern Recognition

An error function, mean square error (MSE), is introduced to indicate network

performance. Serving as a criterion, MSE is formulated as

N 2
MSE = “"1;(; > [ - o()] 6.3)

where #(i) and o(i) are the target and output vectors for every iteration, respectively,

while N denotes the element’s number in the target vector. Equation (6.3) calibrates
the network capability in real time. Monitored by MSE, error backpropagation

learning is conducted by
X =Xk — "8k (6.4)

where x, and g, are the vectors representing the current weights/biases and
gradient components, respectively. K represents the present iteration number, while
a, denotes a positive constant increment in training, described as ‘learning rate’.
Training is not terminated unless the maximum estimation error is controlled with

less than the desirable precision, Representatively, a typical ANN training progress,

reflected by the MSE versus training iteration, is displayed in Figure 6.4.
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Figure 6.4 Network training history
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BP-ANN Training Algorithms

For actual implementation, variants of the basic backpropagation algorithm are
commonly used to enhance the capabilities of BP-ANN, roughly classified as
incremental mode and batch mode. In incremental mode, the gradient is computed
and the weights are updated after each input is applied to the network. In batch mode,
the weight and bias are changed after an entire set (batch) of inputs are applied for
training. In this study, the batch training mode is used due to its excellence in
negotiating convergence precision at a fast rate. In batch mode, the training
algorithms to be used in the following study are: batch gradient descent with
momentum mode, variable learning rate batch mode, resilient backpropagation,
conjugate gradient mode and scaled comjugate gradient mode. In particular, the
scaled conjugate gradient (SCG) algorithm is most computationally efficient, since it

avoids time-consuming line searches [Mathworks Inc., 2001b].

BP-ANN Enhancements

Though effective for most applications, the performance of a normal
backpropagation neural network is still subject to a number of unpredictable factors.
For instance, inappropriate choice of initial training conditions can lead to unstable
and imprecise convergence, because of its gradient-descent nature. For this reason,
some enhancements are introduced for the BP-ANN training. These are mostly
heuristic modifications with the goals of increasing convergence speed, avoiding

local minima, and improving generalisation.

It has been mathematically demonstrated [Hassoun, 1995] that both the convergence
speed and precision of an ANN can be significantly influenced by the initial values
of weights. This issue becomes paramount when a single hidden layer is adopted in
the feedforward network. The weights are usually initialised to small zero-mean

random values, because large weights tend to result in premature saturation of the
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training and insensitivity of the network to the learning process. In this study, this is
achieved by setting the initial weights of unit / to be of the order of 1/ \/Z , where f

is the number of inputs for unit /, which proves very effective.

Before training, it is often useful to scale the inputs and targets so that they always
fall within a specified range. For all the neural networks developed m this study, the
input, output, and target variables are normalised by the possible maximum absolute
value, so as to fall in the range [-1, 1]. Whenever new inputs are fed into the trained

network, they are normalised.

6.4 ANN for Damage Detection

Crucially relying on neural network configuration, an actual engineering system
probably cannot be faithfully represented by a small size network, while on the other
hand, the convergence and stability of network training may be sacrificed if an
oversize network configuration is designed. Both are liable to vield erroneous
identification. In reality, no cardinal doctrines are available for a given system in
determining the most appropriate network size and architecture, but a suitable

configuration is usually achieved based on reiterative trial and experience.

Architecture

Pioneer work [Browne, 1997; Mathworks Inc., 2001b] suggests that any continuous
system with an m - to »-dimensional mapping can be smoothly portrayed using an
ANN with two hidden processing layers. On this basis, neural networks in
feedforward architecture, consisting of two neural hidden layers, are developed in

this study for damage detection. One of them is shown in Figure 6.5.
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Figure 6.5 A typical ANN developed for damage detection in this study

This example ANN features one input layer with m input elements (im), two
processing layers, respectively possessing J and K computing e¢lements, and one
output layer containing n output variables (ov). The vanables m, n, J and K are
dependent on actual applications. Mathematically, the i” output variable in the
designed network is defined by

ov, =T, (O W, Ty (W, T (W, -im, ) +51))+ B2) +87)

=} p=i
(i=1,2 . n) (6.5)
where im, denotes the p™ input element, w, , (r=1, 2, 3) represents the weight

joining the p" input element/neuron in the »* layer with the g™ neuron/output

th

variable in the next layer. Similarly, & element in i* layer

q

is the bias for the ¢

(g=1, 2, -, J/K/n for the first/second-processing/output layer), while 7 is the

transfer function to bridge different layers in the neural network.
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I/O Variables

In major NDE approaches based on ANN, various structural characteristics in the
single time or frequency domain, or static parameters are normally employed for
training the networks due to their simplicity of capture. These parameters include
mode shape [Tsou and Shen, 1994; Yun and Bahng, 2000] and natural frequencies
[Chaudhry and Ganino, 1994; Islam and Craig, 1994; Okafor et al, 1996; Chang et
al, 1999; Yun and Bahng, 2000; Zang and Imregun, 2001], or combined modal
information [Chang et al, 2000]; displacement [Chen er al, 1995; Barai and Pandey,
1996; Yoshimura et al, 1998), acceleration spectra [Wu et al, 1992] or combined
parameters of displacement, velocity and acceleration [Zu and Wu, 2001]; applied
force [Rhim and Lee, 1995], or static parameters, such as strain [Hwu and Liang,
1998, 2001; Liang and Hwu, 2001], strain history [Maseras-Gutierrez et al, 1998;
Staszewski et al, 2000], auto-correlation function [Zubaydi er al, 2002], impedance

[Lopes et al, 1999], etc.

However, these modal and time-series data or static parameters have relatively low
susceptivity to undersized damage or to the evolution of deterioration in a single time

or frequency domain as addressed in Chapters 4 and 5.

It has been shown in Chapter 5 that the spectrographic characteristics of elastic
waves in the time-scale domain are more sensitive to structural damage than modal,
temporal or static features. In terms of the signal processing package (SPP)
developed in Chapter 4, these characteristics are extracted as digital damage
fingerprints (DDF), stored in the damage parameters database (DPD). The DPD is
then used as input data for ANN training in this study, as highlighted in Figure 6.5.

The network outputs are herein set as the parameterised damage indices, i.e. damage

presence (0 or 1), central position (£ and ¢, in the referred coordinate system),
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semi-major/minor axis (a /£ ), and orientation (¢, the angle between the major axis
and x — axis in the referred coordinate system, 0 < ¢ < ), based on the assumption

of damage being elliptic.

Training Algorithm and Transfer Function

Supervised training using error-backpropagation (BP) algorithms, scaled conjugate
gradient {(SCGQG), is adopted. It has been pointed out [Mathworks Inc., 2001b] that a
BP-ANN, m which neural layers are connected with a sigmoid and a linear transfer
function, is capable of approximating any system with finite number of
discontinuities. In this regard, two sigmoid transfer functions, defined as (refer also
to Figure 6.2)

1
1+e®

f(Q)= (6.6)

are used to associate the input layer with the first processing layer, and between the

two processing layers in the designed ANN. Meanwhile a linear transfer function,
FQ)=a-Q 6.7)

where @ denotes a preset constant in the linear relation, links the second processing

layer with the output layer.

Design and training of the ANN is accomplished on commercial software MATLAB®
platform (Release 12.0) [Mathworks Inc., 2001b]. The constructed ANN is then
incorporated into the ISPPR developed in Chapter 4, acting as the unit of inverse
pattern recognition. Schematically, the basic flowchart for the whole process of
damage detection using ISPPR is outlined in Figure 6.6, and is to be elaborated by

actual case studies in the following chapters.
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Figure 6.6 Principle for proposed artificial neural network-based damage detection

6.5 Concluding Remarks

The ANN technique is employed in this study to perform damage detection, an
inverse pattern recognition problem. For this purpose, the fundamentals of ANN are
briefly introduced. In diverse ANNs, feedforward error-backpropagation (BP)

networks with supervised training algorithm show uncontroversial cost-efficiency in
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mapping a complicated system. Multi-layer networks are designed, and then trained
using the preliminarily constructed DPD, accommodating DDF extracted from Lamb

wave signals.
As the successor of work in Chapter 4, the designed ANN is incorporated into the

ISPPR. Validation of the proposed damage detection methodology is implemented in

the chapters that follow.
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Chapter 7

Actualisation of Damage Detection:

Active Online Diagnosis System

7.1 Introduction

Based on the work in Chapters 4-6, an active online structural health diagnosis (AO-
SHD) system is configured, supported by the intelligent signal processing and pattern
recognition {ISPPR). The system consists of a built-in transducer network, signal
generation subsystem (SGS), data acquisition subsystem (DAS) and, most

importantly, central control/analysis subsystem (CCAS).

Defined as the continuous monitoring of structural responses to the loading
environment in order to diagnose the onset of anomalous structural behavior [Moyo
and Brownjohn, 2002], a structural health monitoring (SHM) system 1s an integrity
possessing capabilities of signal acquisition, validation and technical data analysis.
Relying on condition-based changes, SHM is applicable to both predictable and
unpredictable working conditions [Chang, 2002b], greatly benefiting overall
improvement in structure reliability and facilitating life-cycle management decisions

[Hall, 1999; Balageas, 2002].

The SHM technology comprehensively involves material science, sensor/actuator

and manufacture techniques, computation and information processing, etc. At a
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sophisticated level, a complete SHM system hierarchically performs the following

tasks with increasing difficulty {Worden et af, 2003a]:

Level I (Occurrence detection): qualitative indication of damage occurrence;
Level 2 (Localisation): quantitative assessment of damage position;
Level 3 (Degree evaluation): quantitative estimation of damage severity;

Level 4 (Reliability prediction): prediction of structural safety, e.g. residual life.

An SHM system that can operate in real-time is referred to as online-SHM. Such a
system can quickly or online access the health status for in-service structures while
without terminating their normal operation. In addition, it should also have (1) a
reliable active actuator/sensor network; (2) efficient signal excitation and faithful
data acquisition subsystems; (3) exact and fast signal processing/identification

algorithms; and (4) economical system components.

Efforts directed towards the development of cost-effective SHM systems,
particularly for composite structures, have increased in the past decade.
Representatively, research teams from Stanford [Chang et al], the French
Aeronautics and Space Research Center (ONERA) [Balageas and Lemistre], MIT
[Kessler and Spearing], Imperial College [Cawley, Soutis and Staszewski] and the
University of Sydney [Ye et al] are known for their reputable contributions. Their
various SHM systems, though developed on different theoretical bases, have

demonstrated potential for engineering applications.

In addition to the above, Al-Khalidy et a/ [1997] have developed an SHM system
aimed at fatigue damage detection for civil infrastructures. Wang er al [1998]
configured a modal data-based system and validated it on large structures. Wolfinger
et al [1998] proposed a similar monitoring system for detection of impact damage in

reinforced composite materials using acoustic emission signals. Dupont et al [1999],
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Samuel and Pines [1997], Osmont et al [2002], Sung er al [2000] and Valdes and
Soutis [2001] have also individually presented various SHM systems using

distributed PZT transducers.

Though there is a considerable distance from laboratory research to engineering
practice, it is worthy of note that as a valuable step in this direction, few SHM
techniques have also been commercialised at this stage, such as the system developed
by Acellent Technologies Ltd. [Boller, 2001]. Structural Monitoring Systems Ltd. has

also introduced its SHM products into the engineering market in Australia.

7.2 Development of AO-SHD System

7.2.1 Basics

Basically, an SHM system comprises a host computer with integrated signal
processing/interpretation software, signal excitation/acquisition hardware and
sensors. In some cases, communication devices or equipment are also required for

data/command transmission between users and inaccessible or remote sites.

Host Computer

Accommodating previously developed software, the host computer in a SHM system
serves as the controller for signal excitation/acquisition, and the analysis unit for
damage assessment. Additionally, it functions to record and transfer data so that it is

PC-identifiable, and/or to communicate with remote computers.

Transducer (Actuator/Sensor)

Like the semsory cells disseminated all over the human body, transducers
(actuator/sensor) in a SHM system play roles of signal activation and information
collection. An efficient transducer is expected to faithfully deliver designed motion

(as actuator), and accurately sense local or global structural responses (as sensor).
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Signal Generation and Aéquisition

Signal generation and data acquisition units act as the link between the transducer
network and the host computer, transferring commands to each actuator and

returning sampled data from each sensor to the host computer.

Cormmunication

A characteristic of new generation of SHM systems is that their advanced
communication capabilities allow surveillance in more demanding circumstances,
such as outer aerospace. Possible communication devices include modem, telephone

line, satellite, telemetry, internet, radio link or cellular connection.

An AO-SHD system consisting of all the basic components is developed in this

study, following the development principles outlined in Figure 7.1.

7.2.2 Multi-Point Active Actuator/Sensor Network

According to the excitation source, an actuator/sensor network can be either passive
or active, as compared in Figure 7.2. In passive sensing, structural responses,
naturally induced due to uncontrollable or unpredictable sources, are collected, such
as the deformation of a bridge under certain traffic flow and wind. Such a sensing
scenarioc can be fulfilled inexpensively and easily. In contrast, active
actuating/sensing approach measures structural responses under a particular purpose,
using controllably generated excitation. Obviously, active sensing is able to offer
more flexible and exact monitoring than the passive method.

Two commercial sensor network products, SMART Layer® and HELP layer™, are
now available. SMART Layer® (also known as the Stanford Multi-Actuator-Receiver

Transduction Layer), jointly produced by Stanford University and Acellent®
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Technologies, Ltd., integrates a certain number of distributed piezoceramics into a
dielectric film. Unlike SMART Layer® that generates and measures stress waves,
HELP layer® (Hybrid Electromagnetic Performing Layer), developed by ONERA, is
based on the interaction between electromagnetic field and structural abnormality.
Mechanical damage, as well as thermal defects, can be diagnosed due to their

observable influence on electromagnetic properties [ Lemistre er a/, 2003].
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Figure 7.1 Development of the AO-SHD system
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Figure 7.2 (a) Passive sensing; (a) active actuating/sensing

7.2.2.1 Transducer Design

As introduced in Section 2.6, a variety of smart materials are selectable for NDE
transducers. Piezoelectric Lead Zirconate Titanate (PZT) seems most cost-effective
for generating and collecting elastic waves without inducing noticeable integrity
degradation on host structures. Commercial PZT disks (PI° PICI5I), with the
mechanical properties listed in Table 7.1 are chosen in the work, following an

optimal criterion [Kessler et al, 2002a),

ZRJW—}W*(M%EAW (), (1=0,12.) (@)
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where R is the radius of the PZT disk; v

wave ?

S and A,

. are the wave velocity
(circa 6000m/s in quasi-isotropic CF/EP laminates for the fundamental symmetric
Lamb mode), frequency (controlled at 0.5MHz in this study) and wavelength of the

relevant Lamb mode, respectively.

Considering the relation between PZT disk size and detectable damage area (Figure
2.2), PZT disks are shaped with a diameter of 6.9mm diameter. Such criterion-based
shaping is able to minimise geometric effect and consequently avoid uneven wave
propagation. The PZT disks are trimmed to 0.5mm in thickness to trade off the
desired excitation force and unpolarised voltage limit, permitting an unpolarised
voltage limit of /25~/50V (it was observed by Wang and Chang [1999] that the

maximum voltage applied to PZT without unpolarising effect is 250-300V/mm).

Table 7.1 Material properties of PZT transducer [PI Ceramic, 1994]

Product Name Pl 151
Geometry ¢:6.9mm, hp,p: 0.5mm
Density 7.80 gfem’
Poisson's ratio 0.31
Charge constant dj, -170x107 2 m/v
Charge constant ds; 450x10 " m/v
Relative dielectric constant K, 1280
Dielectric permittivity P, 8.85x10 "% Fm’’
Elastic constant E 72.5 GPa
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7.2.2.2 Standard Sensor Unit (SSU)

In practice, structures to be inspected are geometrically diverse. Traditional
transducer allocation, where the distribution of actuators/sensors and signal
excitation/acquisition must be individually configured for each application, is
unlikely to provide an expedient cost-effective solution. Motivated by methods
adopted in the automobile industry for standardised accessories and parts, a sensor

network approach based on concept of standard sensor unit (SSU) is developed.

Here, 4 PZT disks are collocated to encircle a square area of /72.5mm x 172.5mm
(the value is determined by most of the actual applications in this study) and
controlled by a signal excitation/acquisition circuit. Such a design is nominated as
standard sensor unit (SSU), and is illustrated in Figure 7.3(a). In SSU, two-way
switches are attached to each PZT wafer, enabling every PZT transducer to act as
both the actuator and sensor. Theorctically, a total of 6 actuator-sensor pairs, viz. 12
actuator-sensor paths, can be offered by one SSU. Paradigmatically, an active sensor
network involving several SSUs, customised for a non-regular geometric entity, is

schematically configured in Figure 7.3(b).

Serving as the basic unit in a transducer network, SSU is collocable. Via this
concept, diverse transducer networks can be conveniently customised by
appropriately assembling SSUs, to flexibly accommodate different gcometries and
boundary conditions. The distributed muiti-point architecture also contributes to the
enhancement of signal-to-noise ratio (SNR). Meanwhile, since each SSU is
independent from the others, such a network is robust for signal excitation and

acquisition.
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Figure 7.3 Active actuator/sensor network: (a) a standard sensor unit (SSUY); (b)

customised network for a geometrically non-regular structure
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7.2.2.3 Multi-Point Active Actuator/Sensor Network

In a network, several SSUs can be employed, which may own conterminous
actuator-sensor paths. Under such a circumstance, the number of PZT transducers is
minimised by keeping only one transducer at joint of SSUs, as in the example in

Figure 7.4, where 9 SSUs (/6 instead of 4x9 =36 transducers) are used.

Figure 7.4 Actuator/sensor network using 9 SSUs

By way of elucidation, a PZT transducer located in the second row is chosen as the
actuator. Synchronously belonging to SSUs 4, B, C and D, the selected transducer
performs standard excitation/acquisition for each SSU (denoted by solid lines with
double arrowheads), and also additional excitation/acquisition for neighbouring
SSUs (denoted by dotted lines with double arrowheads). The additional signal
acquisition is aimed at improving efficiency with a limited number of PZT
transducers. All the standard and additional excitation/acquisition is conducted in

sequence mastered by a central control circuit.

150



Actualisation of Damage Detection: Active Online Diagnosis System

7.2.3 Signal Generation Subsystem (SGS)

Performing excitation generation and transmission, a signal generation system
bridges control units with actuators. In the study, development of the signal
generation subsystem (SGS) covers (1) hardware design and implementation, and (2)
diagnostic signal construction. The SGS is able to provide user-defined signal

excitation with arbitrary waveform and frequency.

SGS Design and Implementation

The principium for SGS design is diagrammed in Figure 7.5.

Amplified Analog Signal

| Arbitrary Waveform
Generator

Transducer Network

Digital Signal

Figure 7.5 Principium of SGS design

The digital signal is programmed and excited by an arbitrary waveform generator
(Agilent® E1441), and transferred into the corresponding analog signal by a built-in
D/A converter. The analog signal is downloaded into a PZT signal amplifier
(PiezoSys® EPA-104), and then applied on each PZT actuator in the transducer

network.
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Diagnostic Signal Construction

As a basic feature in an active system, the excitation signal can be flexibly
controllable. Generated via the SGS, the signal most frequently used in this study, a
5-cycle toneburst modulated by the Hanning window function, is formulated as

[Mathworks, 2001d],
h(x) = {1 —cos(27—F)], (x=1,2,--n) (7.2a)
2 n+1

with the corresponding Fourier counterpart in the frequency domain,

- (%ﬂ}w

1 1 2r 2
H(w)= {EWR (;5:))-+~-—£:[]’/VJ,z (a)-~A-r—_1)+WR(a)+ N—_-}-)]}-e (7.2b)

where W, is the characteristic function for rectangular waveform. The constructed
diagnostic signal is shown in Figure 7.6. In the FFT spectrum, excitation energy is
observed to concentrate within a narrow frequency band, efficiently reducing the

wave dispersion effect and accordingly benefiting signal interpretation.

7.2.4 Data Acquisition Subsystem (DAS)

A data acquisition unit, collecting signals from both structure and environment, plays
important roles in determining the accuracy and precision that a SHM system can
offer. In a closed data acquisition loop, a sensor, such as a microphone or probe,
senses analog signal, and transports and converts the signal into digital bits by an

A/D converter for host computer identification.

In this study, development of the data acquisition subsystem (DAS) involves (1)
selection of sensor, and design of sensor number/locations (optimal versus
redundant) (see Sections 2.6 and 7.2.2); and (2) software/hardware design. More
general considerations also include sampling algorithms, system calibration and

variability qualification, as well as long-term reliability [Ye et a/, 2003]. Dual-
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channel synchronous sampling with adjustable sampling rate (up to 20.48MHz) is

supported by the control software in DAS.

1.0

0.5

0.0

Normalised Amplitude

| 2 1 L 1

0.0 5.0x10° 1.0x10° 1.5x10°
Time [ Second ]

(2)

i L |

0 M M

.10-13
Frequency [ Hz ]
(®)
Figure 7.6 Diagnostic wave (5-cycle Hanning window modulated toneburst)

constructed by SGS: (a) in time domain; (b) in frequency domain

153



Actualisation of Damage Detection: Active Online Diagnosis System

The DAS proposed in this study is diagrammed in Figure 7.7, where a digitizer
(Agilent® E14374) is employed to perform signal acquisition through IEEE-488 bus,
with an adjustable sampling rate up to 20.48MHz, and to digitise acquired signals.
Allowing for incompatibility between signals and acquisition hardware, the signal is
conditioned prior to transmission to computer, which is conducted by a signal
conditioner (Agilent® E32424) in the DAS, including amplification, filtering,
electrical isolation and multiplexing [Mathworks, 2001a].

Distributed
Sensors

T
f‘g Acquisition
Hardware
T
| Computer Based
i on Sofrware

R i e o S

Signal Processin
and Inrerpretatla

Physical
Phenomenon i Data Acquisition
Subsystem

Mudtiple Input Channels

Multiplexor Sampling & Hold Circuit

(b)

Figure 7.7 Principles of data acquisition: (a) DAS; (b) sampling unit
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In DAS, a signal conditioner usually generates a few micro-velts of internal noise,
limiting the signal resolution to this level. The amount of noise added to the signal
depends on the bandwidth of the input amplifier. To reduce internal noise, an
amplifier with a bandwidth that closely matches the bandwidth of the input signal is
adopted. Meanwhile, shielded cables, kept as short as possible, are used to screen
electrical and other environmental noises. Both the SGS and the DAS are developed

on the Agilen® VXT signal simulation/acquisition platform.

7.2.5 Central Control/Analysis Subsystem (CCAS)

Being the pivotal unit in AO-SHD system, the central control/analysis subsystem
(CCAS) comprehensively integrates diagnosis controller and signal
processing/interpretation. In-house software is developed on NI Labview® (Version:
5.6, National Instrument Co.) and HP VEE® (Version: 4.0, Hewlett-Packard Co.)
platforms to fulfill the designed functionalities. Such software interactively invokes
Agilent® Virtual Instrument Software Architecture (VISA) and Agilent® Standard
Instrument Control Library (SICL) [Agilent, 2000), to access the SGS and DAS. The

interfaces for control of the SGS and DAS are displayed in Figure 7.8.

In addition to function of control, CCAS also acts as the interpreter for acquired
signals and offers diagnosis and identification, by integrating signal processing
package (SPP), damage parameters database (DPD) and the well-trained artificial

neural network (see Chapters 4 and 6).

7.2.6 Active Online Structural Health Diagnosis (AO-
SHD) System

Incorporating the CCAS, SGS, DAS and transducer networks, an active online

structural health diagnosis (AOQ-SHD) system 1is then configured, shown
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schematically in Figure 7.9. The configuration of hardware involved in the system is
summarised in Appendix B. Biomimetic principles are introduced, whose philosophy
is illustrated in Figure 7.10. Herein, the active multi-point actuating/sensing network
simulates the nervous/muscular system of human body. The central control/analysis

subsystem functions as an expert system similar to the ‘human brain centre’.

(b)

Figure 7.8 In-house software interfaces of (a) arbitrary signal generation control for

SGS; (b) dual-channel data acquisition for DAS
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Figure 7.9 Active Online Structural Health Diagnosis (AO-SHD) System: (a)

schematic description; (b) in-field photo
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Figure 7.10 Biomimetic philosophy-inspired SHM system

7.3 System Calibration and Testing

7.3.1 System Calibration

A specified code is developed on the N/ Labview® platform to calibrate the
configured AO-SHD system before its actual application. The calibration includes
zero setting, correction of instrument offset and drift (gain errors, AD/DA converter
offset drift, voltage offset, etc.). A HP® 33104 signal generator and Agilent™ 546204

oscilloscope (commercially calibrated) are used as standard calibrating benchmarks.

Calibration circuits for SGS and DAS are designed, as shown in Figures 7.11(a) and
(b), respectively. In the former, a sweep of signals with same waveforms and
frequencies is actively generated by both standard generator and SGS, and applied on
a standard PZT actuator-sensor pair. Signal differences, collected and compared by

the standard oscilloscope, are then fed back for correction. Similarly, various signals
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generated by the standard generator are simultaneously acquired by both the
oscilloscope and DAS, and the differences are then fed back for amendment.

Calibration is repeated until satisfactory precision is met.

g
HP Signal
_, Cenerator

;%[}_ e ,{'ai
é’ Agilent 546204
§ Oscilloscope |
¥ PZT
! i,
System to be Calibrated I compare
} W
Adjusting
— - - —»» Calibrating
» Reference
(a)
B T T pe— -
! i -
I % Agilent 546204
I fé Oscilloscope || ]_

compare

i s g

HP Signal
Generator

\ System to be Calibrated M
Adjusting *
—rt—r— e —®>  Calibrating
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(b)

Figure 7.11 System calibration establishment for (a) SGS; (b) DAS
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7.3.2 System Testing

The developed AO-SHD system is then validated by stimulating desired fundamental

Lamb wave modes.

7.3.2.1 Setup Configuration

An active excitation control circuit is additionally designed and instrumented with
the AO-SHD system (see Figure 7.12). A pair of PZT discs, functioning as an
actuator-unit, are symmetrically surface-bonded at the same position on opposite
sides of an &8-layer [45/-45/0/90]); CF/EP (T650/F584) laminate plate. Three PZT
discs are located along a straight line, /00mm, 200mm and 250mm away from the
actuator, serving as sensors. All PZTs are kept far away from laminate edges to

preclude boundary effects.

The diagnostic signal (see Figure 7.6) is stimulated by the SGS to provide an external
electric field with 60 Vpp (peak-to-peak). Signal acquisition is performed by the
DAS. The SPP developed in Chapter 4 is employed to assist signal interpretation.

4

100mm [ [r——

— ;
{. | prr 3 }.275ny:;_f
“\ '\i fi .\
\
/\ a
S
instrumented with Active Conirol Circuit

(a)

Figure 7.12 Control circuit for selective generation of Lamb mode: (a) partition of

actuators and sensors; (b) control circuit
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7.3.2.2 Selective Excitation of Basic Lamb Modes

Case A: A single PZT actuator, located on the upper laminate surface, is energised
(Terminal B in switcher 7 and Terminal C in switcher /7 are simultaneously activated
in the additional control circuit, Figure 7.12). An external electric field, parallel to
the PZT polarised direction, is therefore applied. Processed by the SPP, the energy
spectrum for the signal acquired by the sensor located /00mm away, as a typical

example, is displayed in Figure 7.13(a), where the symmetric Lamb mode, §,, shear

mode, §;, and anti-symmetric mode, A4, are observed.

Case B: Dual PZTs are energised in-phase (Terminals B are simultaneously activated
in both switchers). Symmetric electric fields, parallel to the polarised direction, are

synchronously applied on the upper and lower PZT wafers. The energy spectrum for
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the signal acquired by the sensor located /00mm away is exhibited in Figure 7.13(b),
where symmetric Lamb mode, §,, is obvious with an enhanced magnitude in
amplitude, indicating stronger incident wave energy centralised on the symmetric

mode. Meantime, the shear mode, §;, and anti-symmetric mode, 4,, are

considerably weaker.

Case C: Dual PZTs are energised out-of-phase (Terminals C are simultaneously
activated in both switchers). Anti-symmetric electric fields, parallel to the polarised
direction, are applied on both PZT wafers simultaneously. The energy spectrum for
the signal acquired by the same sensor as used above is compared in Figure 7.13(c),
in which the shear mode, §;, and anti-symmetric mode, A4,, are observed to
dominate the overall wave energy, while the symmetric Lamb mode with a small

magnitude is reasonably suppressed.
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b
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(a)
Figure 7.13 Energy spectra for actively generated Lamb modes (from experiment)

under excitation: (a) Case A; (b) Case B; (c) Case C
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7.3.2.3 Numerical Validation

In parallel with experiments, numerical simulations based on the dynamic FEM
modelling developed in Section 5.3 are used for verification. Energy allocation
spectra for signals numerically obtained, under individual excitation cases in
accordance with those in the experiments, are shown in Figure 7.14. Good agreement
has been achieved between the experimental measurements (Figure 7.13) and

numerical simulations (Figure 7.14), upon signal processing via the SPP.

1.0~

o
(7
i

Wavelet Coefficient
Q
(=]
|

Time {microsscong)

(a)

Figure 7.14 Energy spectra for actively generated Lamb modes {from FEM

simulation) under excitation: (a) Case A; (b) Case B; (c) Case C

164



Actualisation of Damage Detection: Active Online Diagnosis System

" enhanced S,

; supbféééé& A,

o
o
1

Wavelet Coefhicient

30 - Y

Time (micrasecond)

(b)

enhanced S;

1.0+

o
n
:

" enhanced A0

Wavelet Coefficient
<
[ =]

® 60 75 0

Time (mlcrosecond)

(©

Figure 7.14 Cont.

165



Actualisation of Damage Detection. Active Online Diagnosis System

7.4 Concluding Remarks

An AO-SHD system is configured based on the work in previous chapters. It
includes an active multi-point actuator/sensor network using distributed piezoelectric
discs, a signal generation subsystem (SGS), a data acquisition subsystem (DAS), and
particularly, a central control/analysis subsystem (CCAS). The key unit, CCAS,
incorporates a signal processing package (SPP) (Chapter 4), a constructed damage
parameters database (DPD) and a designed ANN (Chapter 6), to actualise the

designed diagnosis algorithms. The system is then calibrated before application.

A novel concept of standard sensor unmit (SSU) is introduced to facilitate
actuator/sensor network design and improve robustness. Such an approach easily

negotiates different structural geometries and boundary conditions.

The system is then validated by selectively generating desirable single symmetric
and anti-symmetric modes in a quasi-isotropic CF/EP composite laminate. The FEM
modelling technique developed in Chapter 5 is also employed for validation, and
good agreement is achieved. It is concluded that (1) the configured AO-SHD system,
including hardware and software, performs well in the chosen case studies; (2) pure
waves can be generated by enhancing or suppressing certain Lamb modes; and (3)
the PZT actuator and sensor models developed in Section 5.3 simulate reality well.
The AO-SHD system is further evaluated in the following chapters by three actual

case studies.
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Chapter 8

Identification of Crack Growth in a

Structural Beam

8.1 Introduction

A one-dimensional structure, such as a flexible beam or a rod in a truss system,
serves as a basic component in a weight-carrying system. But its stiffness can be
reduced significantly with the occurrence of damage. This damage, such as a
iransverse crack in metal alloy or matrix crack/delamination in a composite beam,
can originate from internal manufacture defects or external impact, and develop
further under fatigue loading. As an essential step toward complicated structures,

assessment of damage in one-dimensional structures has generated much interest.

As a case study to validate the proposed damage detection technique and the AO-
SHD system, diagnostic monitoring of transverse crack growth in an aluminium
alloy structural beam is described in this chapter. (Detection of delamination in
composite beams, regarded as a special case of delamination in composite plates, can

be referred to Chapter 10.)

8.2 Damage Model

Consider a uniform Euler-Bernoulli beam bearing a transverse crack, perpendicular

to the beam axis and with an increasing depth, H,, as shown in Figure 8.1.
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Following the derivation in Section 3.2.1.2, its motion under transverse excitation

can be described as [ Achenbach, 1973; Bland, 1988]
w0 =[D 4e™ + 3 A4+ Ae™ +) 4,65 & 8.1)

Each term in Equation (8.1) respectively corresponds to one possible wave mode in
the beam, recognised in order as positively propagating wave, negatively
propagating wave, positively growing evanescent wave and negatively exponentially

decaying wave,

Left End Right End

Figure 8.1 Damage model

With the damage shown in Figure 8.1, Equation (8.1) is modified using two
equations before (denoted by w_) and after (denoted by w,) the left damage end,

respectively,
w_(x )= Ae™ +> 46N+ 4,4 (8.2a)
w, (x,0)=[> Be™ +> B ] (8.2b)

The three terms in Equation (8.2a) correspond to the incident wave, reflected
propagating wave and reflected exponentially decaying wave; and the two terms in

Equation (8.2b) are the damage-induced positively propagating wave and growing
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attenuating wave, respectively. Note that the wave components 4, and B, disappear
very quickly due to exponential decaying. Using the continuity and compatibility

conditions at the left damage end,

ow_(x,t) _ ow, (x,1)

w_(5,0) = w, (%,0),

ox Ox
2 2 3 3
EL D _ gy o)) gy O 6D gy O (D) g gy
o°x O0°x o0'x o’x
the reflection ratio, Ref , is obtained
Rep o Ao _ ZiL7KS A 21100k, + 2 LANKE — 20, Lk ik, 64

A Lk} +20 LK Ky + 21 LEK? + 21,1k + 12k

[-H®
T

l-(H~H,)
, =
12
where /, H and H, represent the width and depth of the beam cross-section and

damage depth, respectively. Equation (8.4) theoretically associates the damage depth,

H ,, with the reflection ratio, as calibrated in Figure 8.2.

L] M ¥ 4 I v 1 v 1

100 .
80 |- .
=
60 | .
:
g
dé‘ 40 | -
8
20 | 4
|
M 1 i ] " 1 i [l N 1
0.0 0.2 0.4 0.6 0.8 1.0

Reflection Ratio

Figure 8.2 Theoretical relation between reflection ratio and damage degree

169



Identification of Crack Growth in Structural Beam

8.3 Quantitative Diagnosis Scheme

8.3.1 Determination of Damage Location

Structural damage scatters the incident wave into reflected and transmitted
components, both of which carry information about the damage. Two key concerns
in this regard are (1) correct recognition of reflected wave components/energy, and

(2) measurement of time lag among the wave components concerned.

Using the signal processing package (SPP), acquired signals under excitation are
decomposed into discretised frequency ranges by digital bandpass filters, and
transformed into time-scale space by spectrographic analysis. To obtain higher
precision, time lags between incident and damage-induced waves in the filtered
signal (in the time domain), and incident and damage-induced energy in the energy
spectrum (in the time-scale domain), are simuitaneously captured. The reflection

source (damage) can thus be triangulated with the known wave propagation velocity.

8.3.2 Determination of Damage Severity

Lemma

Considering a three-dimensional energy spectrum in the time-scale domain via
spectrographic analysis, the magnitude of any wave energy ridge in this spectrum,

symbolised by A along the scale axis at an arbitrary time point, can be obtained

ridge ?

using the root-mean-square (RMS) method [Wolfram Co., 1999; Kim and Kim,
20001,

W2 W, v W,
Aridge = N

8.5)
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where W, (i=1,---,N )} is the i* wavelet coefficient along the scale axis at the

chosen time point, whilst N denotes the total number of discretised points, which is

determined by the selected wavelet transform.

Similarly, for two energy ridges in one spectrum, 4, ., and 4 at different time

ridge? ?
points ¢, and ¢, respectively, their amplitude ratio can be defined, if the same

wavelet transform function and precision are chosen, as

(Aﬁdgel )= W[2 + Wz2 oo WN2 - 8.6)
Aridgez m2+mz+'.'+wﬁz [r=t2 '
When N is sufficiently large, Equation (8.6) becomes
Sm.u
W?|_ -da
Aﬁdgel Fn 2 Sn:[: L_tl

T ®7)

ridge2 {1, J'Wz |;m;2 da

by

min

where a is the variable scale. Derived from the basic definition of wavelet transform

(see Section 4.3.1), it yields

Muax
2
E o j'|W(a,b)b=,1 da (8.8)
Min
where & is variable time. For two given energy components, £, and E,, over the

time-scale domain, at different time points, ¢, and ¢,, it has

Max
. I IW(a,b)b=,i |2 da
= e (8.9)
> (|w(ab),.,[ da
Min

On the other hand, the energy ratio can also be expressed by {Picinbono, 1988]
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Et:r, - UI (z)izﬁ
E. |LO) .

(8.10)

where f{z) represents the acquired signal. Combining Equations (8.9) and (8.10), the

energy ratio for two wave components, at specific time points, ¢, and ¢, respectively,

is derived
Mar 2
By Mj 7 (a,b),.,| da s -
E. MT|W(a,b)bz,2l2da Ao (8.11)
i

Compared with Equation (8.7), the reflection ratio, Ref , can be therefore achieved

{ Ari e Iz;
re = O] _| A )1 62

"l ‘(A X

Determination of Crack Depth

Equation (8.12) indicates that the reflection ratio, Ref , is equivalent to the RMS
ratio of their related continuous wavelet coefficients along the scale axis at the time
points, corresponding to the maximum energy concentration in the time-scale
domain. Based on this, the depth of the crack can be calibrated in terms of Figure 8.2
by interpolating the RMS ratio experimentally obtained from an unknown damage

case.

8.3.3 Experimental Implementation

The AQ-SHD system is employed to obtain RMS values for unknown damage cases.
A defective aluminum alloy beam (cross-section: /0mm x 10mm, Young’s modulus:
72.4GPa, density: 2.69g/cm’) with fixed ends, is considered, as in Figure 8.3. A

transverse crack across the entire width of the beam with a 0.75mm span along the

172



Identification of Crack Growth in Structural Beam

beam axis, is created using a diamond saw. The damage depth, H,, increases from /

to 8mm with a step of / mm, simulating crack growth.

In the majority of existing studies, either relatively complicated excitation sources,
such as laser-based ultrasonic (LBU), or imprecise hand operations were adopted for
generation of the diagnostic signal. For this simple case, a pendulum force hammer,
controlled by the signal generation subsystem (SGS) in the AO-SHD system, is used
as the excitation source to generate an impact energy at a constant level of 0.4/, A
piezoceramic disk (20mm x 10mm x Imm, PI° 15 1), with the properties summarised
in Table 7.1, is chosen as the sensor and surface-mounted on the beam with silver-

epoxy adhesive (Farnell®). Signal acquisition is performed via DAS at a sample rate

of 20.48 MHz.
i > To 8SGS
f P = To DAS
Impact Excitation J_L PZT Transa:ucer Damage
= —Z7 l/
pd yd yd
7 7 7
610mm 220mm 220mm 350mm

Figure 8.3 Experiment setup

As mentioned in Chapter 3, under imperfect transverse excitation, longitudinal and
transverse wave modes exist simultaneously. The propagating velocities for each
possible mode are therefore required. In this case, velocities for the longitudinal and
transverse waves 1n aluminum alloy are measured using a multi-point PZT sensor
architecture (see Figure 8.4), and processed by SPP. The average velocities measured

experimentally and calculated theoretically are compared in Table 8.1.
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(3 ;

Aluminium Plate

¢ ? 7

Figure 8.4 Multi-point PZT sensor network for wave velocity measurement

Table 8.1 Wave velocities in aluminium alloy

Wave Mode Measured (m/s) Calculated’ (m/s)
Longitudinal Wave 6365 6314
Transverse Wave 3205 3180

R L Rt PR E 77

8.3.4 Signal Processing and Interpretation

Inevitably, introduction of impact excitation comes at the cost of rich responses
scattered in a wide frequency scope. The signals for different damage severities are
sampled experimentally. As typical examples, the acquired wave signals for 4mm
and 6mm-depth cracks, and their corresponding frequency spectra are shown in

Figures 8.5 and 8.6, respectively.
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Figure 8.5 Raw wave signals for (a) 4mm crack; (b) 6mm crack
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Figure 8.6 FFT spectra of signals in Figure 8.5 for (a) 4mm crack; (b) 6mm crack
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Differences are noticed between the signals under different damage severities, but
neither is sufficiently clear for accurate diagnosis, because of interference by low-

frequency structural vibration and various noise,

Simple beam theory [Gere, 2002] is preliminanly used to calculate the first several
order structural eigen-frequencies, so that disturbance from structural natural
vibration can be filtered. Applied with frequency bandpass filters in the SPP, where

Daubechies function, W(a,b), at level 4 (db4) is chosen as the wavelet transform

function, purified stress wave components for 4mm-depth crack, as a paradigm, from
levels 7 to 10, and the distribution of DWT coefficients are displayed in Figures
8.7(a) and (b), respectively, where the grayscale indicates wave energy density. The
darker the grayscale appears, the stronger the wave energy is. Obvious energy
concentration can be noticed clearly from level 5, while at level & the spectrogram

exhibits major impact energy.

The filtered signals at level 8 (db4-8) for selected damage cases are displayed in
Figure 8.8. The first wave peak originates from the incident energy (transverse
wave), followed by the first reflected wave due to the crack as well as other reflected
components from left/right boundaries and multi-reflected waves from the damage.
The time lags among the related wave component peaks are then captured to locate

the crack.

2-D and 3-D energy spectra are achieved by SPP, respectively displayed in Figure
8.9 and Figure 8.10 for selected signals, where damage-induced extra energy is
detected between the incident energy and first reflected energy from the boundary. In
the experiment, stronger energy reflection from the crack is noticed as the crack size

increases because of expansion of the valid reflection area.
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Figure 8.9 2-D energy spectra for (a) 4mm crack; (b) 6mm crack
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Figure 8.10 3-D energy spectra for (a) 4#mm crack; (b) partial magnification of (a);
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8.3.5 Damage Diagnosis

Ridges of incident energy and reflected-energy from the 4mm to 6mm-depth crack in
the spectra at characteristic points (see Section 4.4.2) are anatomised along the scale

axis, and compared in Figure 8.11.
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Figure 8.11 Profile curves of CWT coefficients under different degrees of damage

In this figure, a crestiform distribution of wavelet coefficients along the scale axis
can be observed. The area encompassed by the profile curve and scale axis expands

with an increase in crack length.

Equation (8.12) demonstrates that the RMS ratio of wavelet coefficients for incident
energy to damage-induced energy in the profile curves is equivalent to the reflection
coefficient. Based on this observation, two approaches are employed to calculate the
reflection coefficient, namely the RMS method and the integration method [Kim and
Kim, 2000; Wolfram, 1999]. Furthermore, damage severity can be determined by
interpolating the calculated reflection ratio in Figure 8.2. Diagnostic results for

several typical degrees of damage are compared with actual values in Table 8.2.
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Table 8.2 Diagnostic results and estimation errors

Location Diagnosis N .
(mm) Degree Diagnosis {mm)
Actual
Damage Calculated Abs. | Calculated Abs. Calculated Abs.
Degree :‘:I’ ae*e Error Value by Error value by Error
u
% RMS o Integration %

(%) (%) (%)

imm 373 6.57 1.073 7.30 1.073 7.30
2mm 336 4.00 2.100 5.00 2.104 5.20
3mm 341 2.57 3.150 5.00 2.853 4 .90
4mm 3569 2.57 3.832 4.20 4,161 403
s5mm 340 286 5115 2.30 4.862 276
émm 357 2.00 6.123 2.05 6.141 2.35
7mm 355 1.14 6.404 8.51 7.642 9.17
amm 346 1.14 6.200 22.50 6.152 23.10

¥ The acrual damage position is 350mm away from the right end of the beam

8.4 Discussion

Credibility of predictions is charted in Figure 8.12. Both Table 8.2 and Figure 8.12
indicate that the identification accuracy for crack location, regardless of the actual
damage severity, is acceptable with high credibility. The precision for damage
severity identification increases with crack size and maintains until the crack size
approaches 6 mm approximately (60-70% of the entire beam cross-section).
Considerable errors occur when the crack size exceeds 65% of the beam height. This
is attributed to inapplicability of the basic hypotheses for model development in
terms of simple beam theory. Under such a circumstance, the twisting effect cannot
be neglected, leading to inapplicability of the continuity and compatibility

conditions.
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Figure 8.12 Credibility of identification for (a) damage location; (b) damage degree
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In the preceding discussion, a rectangular cross-section is considered for the beam
model. Since the derivation in Section 8.2 is not geometry-dependent, the model is
also applicable for other shapes. For instance, the corresponding reflection
coefficient derived for a circular cross-section, as shown in Figure 8.13, can be

obtained by modifyving Equation (8.4),

I, = %\/r"- —(R—H,)? (6H/R-2H/} -5H, R + R%)

(R—-H )R> —(R-H,)? | R
(QR-H) H 8

+:11—r4 -arctan (8.13)

where H, still denotes the damage depth and R represents the radius of the circular

cross-section.

Figure 8.13 Circular cross-section (shadow denotes the damaged area)
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It is important to maintain sufficient distance between the excitation source and
structural boundaries to ensure that the damage-induced wave would not be
interfered with waves reflected from boundaries. One possible solution to this
concern is to reduce the frequency bandwidth of excitation energy. For an accurate
damage diagnosis, based on the wave velocity and the maximum sampling rate of the
AQO-SHD system, the minimum distance between signal excitation source and PZT
sensor, and the distance between PZT sensor and crack should be no less than 200

mm for the current structure.

8.5 Concluding Remarks

The performance of the proposed damage identification scheme and configured AO-
SHD system are evaluated by quantitatively assessing a crack with an increasing
depth in an aluminum alloy structural beam, in correlation with impact response

analysis.

A simple and controllable impact excitation source is adopted for the generation of
diagnostic stress waves. The accompanying broadband interference from impact
excitation is effectively suppressed by the SPP. The sensitivity of the identification
algorithm is evaluated, and results indicate that identification accuracy depends on
the actual severity of the damage. Unacceptable error occurs only when the damage
is very severe (over 65% of the cross-section area of the beam). Such a large scale of
destruction is not normally of interest to structural health monitoring. For SHM

purposes, the developed method and system work well.
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Chapter 9

Identification of Through-Hole in
CF/EP Composite Laminate

9.1 Introduction

Let us return to the Cofumbia tragedy cited in Chapter 1. Investigation [NASA-
CAIB, 2003] revealed that its disassembly was directly attributable to a through-hole
occurring in the leading edge (carbon-carbon composites) of the left wing, induced
by the impact of a flying foam block during launching. Actually, composite
structures used in aircraft are normally susceptible to unexpected flying objects
during their flight, e.g. stone, hail, bird, potentially leading to through-hole type
damage. This type of damage interrupts the structural geometry and weight-carrying
pathway, and accordingly reduces the strength, stiffness and system stability.
Although they are visible, quick or online detection for the sudden appearance of

through-holes is yet not an easy process for in-service composite structures.

Pardo De Vera and Guemes [1998] identified the change in structural frequency with
the occurrence of through-hole type damage, which was then applied to the detection
of a hole in piezoelectrics-embedded glass/epoxy composites. Culshaw et al [1998]
established a relationship between hole size and reflection coefficients using an
optical fibre detector. Kishore et al [2000] developed a FEM model to simulate the
scattering of a Lamb wave by a hole. Ghosh et al [1998] configured a water-coupled

probe setup to detect vertical and horizontal holes in large aluminium plate, and
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concluded that symmetric Lamb mode S, is more sensitive than anti-symmetric
mode A, for hole type damage. Hwu and Liang [1998, 2001] quantitatively defined

the holes existing in a composite plate based on measured static strains, and further

expanded their method to holes with different geometries, such as square or triangle.

In this chapter, quantitative assessment for through-hole type damage in quasi-
isotropic CF/EP composite laminates is conducted, serving as the second case study

to validate the proposed damage identification technique and AO-SHD system.

9.2 Development of Damage Parameters

Database (DPD)

In this study, full-scale three-dimensional FEM simulation is employed for the

development of a damage parameters database (DPD).

9.2.1 Modelling of Composite Laminate with Hole

8-ply quasi-isotropic CF/EP (T650/F584) composite laminates in a stacking sequence
of [45/-45/0/90), measuring 475mm x 475mm x 1.275mm and with a pair of
clamped opposite edges, are considered. As an illustration, one such laminate is
schematically depicted in Figure 9.1. Four standard sensor units (SSUs), involving
nine distributed circular piezoelectric discs (see Table 7.1), are used to customise an
active actuator/sensor network, which is surface-bonded on the laminate. The sensors
are 65mm away from the neighbouring edge(s) or at the plate centre, numbered with
Pi (i=1, 2, -, 9). With regard to dual piezoelectric effects (i.e. actuating and
sensing), a total of 36 actuator-sensor pairs, i.e. 72 actuator-sensor paths, are
provided by such a network. For convenience of approach, the whole laminate is

factitiously quartered and denoted counterclockwise by Zone-1, Zone-2, Zone-3 and
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Zone-4 from the lower left quadrant. An elliptic through-thickness hole with certain

geometric identity occurs discretionarily in Zone-3 of the laminate.

..........................................................

0° fibre
directio

475mm

Figure 9.1 Quasi-isotropic CF/EP composite laminate with a hole-type damage

The modelling technique developed in Chapter 5 is employed. A full-scale FEM
model for the selected defective laminate is created using §-node consolidated brick
clements on the PATRAN® platform [MSC Software, 2001}, whose ichnography is
shown in Figure 9.2. It was found sufficient to model the laminate as an orthotropic
plate by giving the overall elastic properties determined from classical laminate
theory (see Section 5.3.4), assuming that the transverse shear stiffness of the laminate
is close to the in-plane shear stiffness of the unidirectional ply [Diamanti ef af, 2002].
The FEM mesh is particularly densified in the damage vicinity, where more than /0

FEM nodes are ensured to exist.per Lamb wavelength.

Excitation, a Hanning window-modulated 5-cycle sinusoid toneburst at a central
frequency of 500KH: (referring to Figure 7.6), is simulated by a PZT actuator model
(see Section 5.3.1) as the diagnostic signal. Dynamic simulation is accomplished on a
SUN Blade® 1000 workstation platform (dual processors at 900MHz and 2G RAM),
using the ABAQUS/EXPLICIT® FEM code. The step of calculation time is
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controlled to be less than the ratio of the minimum distance of any two adjoining
nodes to the maximum wave velocity, while the Lamb wave signals are acquired at a

sampling rate of 20.48MHz by the PZT sensor model (see Section 5.3.2).

(a)

;;;;;;

;;;;;;;;

|||||
.....

T
T

Damage
vicinity

(b)

Figure 9.2 FEM model for defective laminate: (a) ichnography of model; (b) partial

magnification in damage vicinity
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Analogously, a variety of defective laminates, each bearing one through-hole with
exclusive location and geometric identity, are individually modelled. In this
procedure, the damage is selected stochastically by virtue of a subroutine in the SPP,
which is programmed using a standard random function in the FORTRAN library
[Microsoft, 1995]. For each damage case in Zone-3, only the actuator-sensor paths
passing through this region, including P2-P9/P9-P2, P3-P8/P8-P3, P4-P9/P9-P4,
P6-P7/P7-P6 and P5-P9/P9-P35, P6-P8/P8-P6, are of interest, where propagation of

Lamb waves is significantly scattered by the existence of damage.

9.2.2 Signal Processing and DDF Extraction

SPP is applied on each numerically acquired Lamb wave signal to extract digital
damage fingerprints (DDF) for each presumed damage case. As an example, an
originally acquired Lamb signal via a diagonal actuator-sensor path P4-P& for a

typical damage case, and its DDF are displayed in Figure 9.3.
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Figure 9.3 DDF extraction by SPP: (a) original Lamb wave signal; (b) DDF in time

domain corresponding to excitation frequency range; (c) DDF in time-scale domain
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9.2.3 Construction of DPD

Symmetric geometry is applicable. For simplification and without losing generality,
all the damages cases are confined in the region Zone-3, for database development.
Up to /120 damage cases, selected by the random function in SPP, are assumed in
Zone-3. Containing the extracted DDF for all the actuator-sensor paths concerned

under all the presumed damage cases, the DPD is constructed.

The information mapping unit in the SPP is invoked to figure out the DDF in other
quadrants, to avoid reduplicative modelling and analyses while not sacrificing the
amount of information that could possibly be acquired. In this step, the available
DDF for Zone-3 are symmetrically mirrored into other quadrants, with regard to the
horizontal and longitudinal axes of the coordinate system. Four parallel sub-
databases hosting the relevant DDF, respectively pertaining to four zones, are
created. It is worth emphasising that adoption of the mapping technique for this case

is guaranteed by the dense damages assumed and the structural symmetry.

9.3 Customisation and Training of ANN

The ANN designed in Section 6.4 is customised. A feedforward neural network with
4-layer architecture is established, including an input layer, two neural processing

layers respectively possessing 36 and /4 neurons, and an output layer (see Figure

6.5).

Following the DDF extraction criteria (Section 4.4.2), 900 and /800 DDF in the time
and time-frequency domains, respectively, are extracted for each simulated damage
case. An accompanying farget vector is established with 6 damage indices, i.c.
damage presence (0/7), central position (£, £ ), semi-major/minor axis (a /), and

orientation (¢ ). All the variables in the ANN are normalised. /20 damage cases In

194



ldentification of Through-Hole in Composite Laminate

Zone-3 lead to 120 sets of DDF and relevant target vectors. Hosted in the DPD, these
DDF are then used to train the ANN.

A Supervised training algorithm (Section 6.3) is adopted, and the network training is
fulfilled on a PC platform (Pentium® IV 1.6GHZ/512M). Training convergence is
monitored in real-time to calibrate network performance ( MSE =1x107"° in this
study) as shown in Figure 9.4. An exponentially accelerated improvement in
convergence is obvious with an increase in iteration at the initial training stage,
indicating the prompt approach of the network outputs to the anticipated targets.
Although a slight instability may occur locally, as shown partially in Figure 9.4(b),
successive amendment occurs. Subdued convergence is sustained in spite of an
increase of iteration after 250,000, implying that the network training reaches

stabilisation.

9.4 Validation

9.4.1 Specimen Preparation

Three [45/-45/0/90]; quasi-isotropic laminates (475mm x 475mm x 1,275mm) are
fabricated using CF/EP (T650/F584) unidirectional (UD) prepreg in an autoclave at a
curing temperature of /80°. Through-hole type defects, as shown in Table 9.1, are
introduced in each laminate using a solid carbide helical router [Jahanmir ez al,
1999], symbolised by SP1*, SP?* and SP3* respectively. The laminates are

fabricated with the same boundary conditions, consistent with the FEM simulation.

9.4.2 Customisation of Active Actuator/Sensor Network

An active actuator/sensor network with four SSUs is configured based on the concept
of standard sensor unit (SSU), and instrumented with the AO-SHD system (see

Figure 9.5). The tailored actuator/sensor network is able to offer 72 actuator-sensor
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paths, though for the current structural geometry some of them are unexploitable. In
the network, only 8§ PZTs are energised, where the PZT disk located furthest from the
defective zone is not considered because of its minimal contribution to damage

identification.

1° 71

10"

10°

10

&
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Netwark Training Performance (MSE)

1 0-5 i . i s I : 1 " 1 N 1
0 1 2 3 4 5

Iteration ( X 100,000 )
(a)

Network Training Performance {(MSE)

0 10 20 30 40 50
iteration

(b)

Figure 9.4 ANN training: {(a) convergence history; (b) initial training stage
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Table 9.1 Configuration of specimens

(unit: mmy}
Damage indices
Specimen Geometric -
No. Dimension To To Major  Minor  Orit.
1 2 . . Zone

Left Btm. Axis Axis (° )y
sp1* 475 x 475 < 1.275 269 192 17 11 175 2
sp2* 475 % 475 x 1.275 172 272 19 12 135 4
sp3’ 475 x 475 x 1.275 330 353 25 18 40 3

1. Vertical distance to the left edge from the centre of damage (mm)
2. Vertical distance to the bottom edge from the centre of damage (mm)
3. Included angle between major axis and 0 fibre (%)

9.4.3 Damage Diagnosis

The damage locating technique, preliminarily developed in Section 5.6, is invoked to
find the zone where the actual damage exists, and thus the DPD exclusively for this

zone can be used to provide detailed damage identification.

Through-
hole

Figure 9.5 Instrumented specimen (quasi-isotropic CF/EP laminate) with active

sensor network
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Lamb wave propagation is monitored in real-time by the AO-SHD system via the
actuator-sensor paths concerned, under the same excitation condition and sampling
rate as in the DPD development. Using the SPP, DDF are extracted for each signal
and fed into the CCAS (see Section 7.2.5) to perform online quantitative damage
assessment. As a representative example, the diagnosis results for specimen SP3" are
compared with the actual damage in Figure 9.6. The complete identification results
for specimens SPI-3", based on the DDF extracted from /00 damage patterns among

a total of 120, are summarised in Table 9.2,

Zone-4 .
P4 r mmmmmmmmmm MM M L A s ke s e """'i"

ANN basic configuration: 2 neural processing layers with 36 and 14 neurons, respectively
PZT network: 8 energised PZT transducers, Training function: scaled conjugate gradient (5CG)-
based backpropagation

(a)
Figure 9.6 Diagnostic results from ANN trained with DDP: (a) whole laminate of
SP3*, (b) partial magnification of Zone-3
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Figure 9.6 Cont.

Table 9.2 Diagnostic results

Absolute Estimation Errors (%)

Specimen
No. (¢ ¢) (@ p) ¢
sp1* (5.7, 3.2) (6.0, 5.0) 8.5
sp2* (4.7, 5.2) (6.1, 4.8) 5.5
sP3* (5.0, 3.7) (2.8, 3.5) 4.1

& : X — coordinate of damage centre; ( : ¥y — coordinate of damage centre;
«  semi-major axis (mm); [ : semi-minor axis (mm);

¢ - Included angle berween major axis and 0 fibre ()

199



Identification of Through-Hole in Composite Laminate

9.5 Discussion

The diagnostic results for selected specimens indicate that excellent quantitative
predictions for damage presence, location, geometry and orientation have been
achieved using the developed system. The maximum estimation error occurs in the
prediction of orientation, but it still falls in an acceptable range (+9.5%). For further
investigation, the dependence of identification precision on different network

configurations is evaluated.

Training Pattern

As one of the key factors in network capability, the training pattern predominantly
determines the precision of the network. Insufficient training can certainly lead to
misleading predictions, while superfluous training unavoidably comes at the cost of

demanding computational requirements.

20, 50, 80, 100, 120 stochastic damage cases are respectively used for network
training. The ANNs consequently developed, represented by ANN-T-20, ANN-T-50,
ANN-T-80, ANN-T-100 and ANN-7-120, are individually evaluated. The complete
diagnostic results for specimen SP7-3" using different ANNs, together with their
corresponding CPU time consumed for offline network training, are summarised in
Table 9.3. From Figure 9.6(b), it is evident that the ANN ratiocination progressively
approaches the actual damage, subject to the training patterns. To assist
understanding, identification acci.lracy histograms are shown in Figure 9.7, where
prediction error decreases with an increase in training patterns, while it stabilises
after 80 damage patterns. No significant improvement in precision can be observed
when ANN-T-100 and ANN-T-120 are used, compared with ANN-T-80. Conclusively,
for the present system, satisfactory detection can be accomplished if up to 80-100

damage cases in one zone of the entire laminate are used for the DPD development.
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Basically, the more training patterns are taken into account, the more accurate
diagnosis for all damage parameters can be expected. But some impairment in
identification of damage orientation is noted for ANN-7-720, from which is
considered that the ANN has been overtrained. Additionally, more than double the

computing time is consumed with a non-linear increase rate.

Table 9.3 Diagnoses based on different amounts of training patterns

Spec. Abselute Prediction Error (%2} Max Approx

DPD No. £ & o B P Error (%) Time*

sP1* 216 233 217 279 320 32.0

DPD-T-20 SP2* 248 199 230 204 395 39.5 3.2
sP3*  26.0 1741 192 253 355 35.5
sp1* 175 135 174 155 277 27.7

DPD-T-50 SP2* 178 98 142 166 24.0 24.0 5.1
sP3" 157 110 123 141 265 26.5

sp1* 6.5 3.5 6.9 58 9.2 9.2
DPD-T-80  sP2* 58 6.3 7.2 43 40 7.2 8.3

sp3* 6.5 3.1 46 38 43 6.5

sp1* 5.7 3.2 6.0 50 85 8.5
DPD-T-100 SP2* 47 5.2 6.1 48 55 6.1 13.5

spa* 5.0 37 2.8 35 41 5.0

sp1? 5.3 37 4.8 4.8 9.1 9.1
DPD-T-120 sp2* 4.7 52 6.1 47 54 5.4 17.2

sp3* 5.0 3.0 2.8 30 8.1 8.1

ANN configuration: 2 neural processing layers (36/14 neurons); 8 energised PZT transducers; SCG-

based backpropagation training; preset training MSE: 1x 107 ; Approximate time consumed for the
ANN training based on a PC with configuration of Pentium® 1V 1.6G/512M RMA.
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Figure 9.7 ANN identification accuracy for (a) SP1*; (b) SP2*; (c) SP3"
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Transducer Number

The dependence of ANN precision on the number of SSU and amount of input
information is evaluated. Three transducer networks, respectively possessing 4 (PS5,
P6, P8, P9), 6 (plus P2 and P4) and & (plus 3 and P7) activated PZT disks m the
tailored actuator/sensor network, are used for DPD development. Individually,
signals are acquired via 4 (P5-P9/P9-P5 and P6-P8/P8-P6), 8 (plus P2-PY9/P9-P2
and P4-P9/P9-P4), and 12 (plus P3-P8/P8-P3 and P6-P7/P7-P6) actuator-sensor
paths for each damage case. Three input feature vectors with the capacity of 900,
1800 and 2700 elements can thus be created when the same amount of DDF is
extracted, and employed to develop three ANNs, represented by ANN-P-04, ANN-P-
06 and ANN-P-08. Their diagnoses for specimen SP3” under the current network
architecture, training functions and training patterns (80 damage patterns for one

quadrant) are collated in Tabie 9.4.

Table 9.4 Identification precision for SP3* using different transducer networks

Number of Energised 4 6 8
PZT Transducers (DPD-P-04) (DPD-P-06) (DPD-P-08)
& 18.7 9.4 6.5
16.8 8.2 3.1
Relative é’
Identification o 24.5 17.5 4.6
Error (%
(%) J;; 29.1 216 3.8
¢ 27.6 17.6 43

2 neural processing layers (36/14 neurons); 80 damage patterns in Zone-3
SCG-based backpropagation training; preset training MSE: 1x 10°*

It is apparent that the adoption of more PZT sensors, i.e. more input information,
uncontroversially leads to more precise identification, while much more
computational memory and time will be consumed. Section 5.6.2 demonstrated that 4

PZT transducers could ensure satisfactory detection for the location of damage based
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on a forward analysis, but are deficient in providing exact description for damage
geometry. The current case study confirms that identification based on inverse
analysis by virtue of the ANN relying on information collected from 4 transducers is
unlikely to be adequate to quantitate both damage location and geometry. An ANN
using 6 PZT transducers, i.e. § actuator-sensor paths, can give an approximate
prediction for damage presence and location, but it is inadequate to depict the
damage geometry exactly. The ANN using 8 PZT transducers (/2 actuator-sensor
paths) is found sufficient to achieve excellent identification precision for all the

damage parameters.

Training Function

In the above discussion, the ANN is trained using the scaled conjugate gradient
(SCG)-based error-backpropagation algorithm, denoted by ANN-SCG. For
comparison, performances of ANNs using other popular training functions, including
basic gradient descent (BGD), gradient descent with momentum (GDM), with
adaptive learning rate (GDA), with combined momentum and adaptive learning rate
(GDMA), resilient back-propagation (RBP) and Levenberg-Marquardt (LM)
algorithms [Mathworks, 2001b], are also evaluated. Their éorresponding trained
ANNs are represented by ANN-BGD, ANN-GDM, ANN-GDA, ANN-GDMA, ANN-
RBP and ANN-LM, respectively, Each ANN is kept the same with regard to other

network configurations (80 damage patterns used and 8 energised PZT transducers).

During evaluation, an attempt to use the database ANN-LM for the current system is
found not cost-effective due to its exigent demand for computational memory. The
capabilities of other ANNs are compared in Figure 9.8, with their convergence speed
and prediction precision. From Figures 9.6-9.8, 1t is clear that the ANN using the
SCG-based backpropagation algorithm achieves both fast convergence and

satisfactory precision. Subsequently, ANN-BGD is considered an alternative with
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acceptable accuracy, although more training time is consumed in reaching network
convergence. With slow convergence, ANN-GDM achieves good identification of
damage location but has a relatively poor capability for identifying damage
geometry. In contrast, databases ANN-GDA, ANN-GDMA and ANN-RBP meet
convergence much more quickly than other ANNs, but their diagnosis precision is
poor, or acceptable for only some damage parameters. Briefly, the consolidated
neural network capabilities via different training functions for the present detection

are summarised in Table 9.5.

Figure 9.5 Overall capabilities of ANNSs using different training algorithms

DPD Convergence Memory Identification
Speed Requirement Performance
\Y d identification f
ANN-SCG Medium Medium ery good identification for
alt damage parameters
ANN-BGD Slow Low Good identification for
most damage parameters
ANN-RBP Fast Low Poor ldenilflcatu?n for
damage location
ANN-GDM Slow Low Poor identification for
damage geometry
A . . .
ANN-GDMA Fast Medium cceptat_)ie identification
for partial parameters
ANN-GDA Fastest Medium Poor identification
ANN-LM 2 Medium Huge N/A

" time to reach preset convergence precision
? only suitable for smail-scale analysis and unsuccessful for the present system

Altogether, compared with other backpropagation (BP) algerithms, SCG-based
training avoids computationally expensive linear searching for convergence and thus
exhibits a good balance between identification precision and training convergence
speed. In practice, no clear guideline exists for selecting a training function toward a
specific system, so efficiency and convergence speed may differ slightly in different

Cascs.
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PZT network: 8 energised PZT transducers; Training patterns; 80 damage patterns in Zone-3

Figure 9.8 Cont.

Network Architecture

As noted earlier, an engineering system can probably not be represented faithfully by
a small sized network, while on the other hand, convergence and stability for
network training may be sacrificed with an oversize network. Three ANNs
characterised by different network architectures are parallelly constructed, featuring
20/8, 36/14 and 50/30 neurons in the first/second processing layers, represented by
ANN-A-2008, ANN-A-3614 and ANN-A-5030, respectively. Their convergence
speeds versus training iterations, under the given training conditions (SCG-based
training function, 80 damage patterns used in one quadrant and 8 energised PZT
transducers), are displayed in Figure 9.9(a); and their relevant damage identification

results for specimen SP{ -3* are diagrammed in Figure 9.9(b).
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An interesting phenomenon can be observed, in that both ANN-4-2008 and ANN-A-
5030 are relatively slow to reach convergence compared with ANN-A4-3614, implying
that insufficient neurons in the processing layer may lead to difficulty in achieving
convergence with satisfactory precision; and superfluous neurons can also lead to
unforeseen reduction in precision, additionally entailing bulky network architecture
and certainly more computational costs. Like other factors, the most appropriate
number of neurons in a network varies with different applications. To obtain an
adequate yet efficient architecture is beyond mathematical capability, and the best
configuration can usually be achieved based on reiterative trials and experience,
although research [Tao, 1997] suggests that the neuron number can be approximately

determined by

i=vm+n+ A 9.1)

where i, m and n are the numbers of neurons, input elements and output targets,
respectively. A denotes an empirical constant, commonly ranging from 4 to &

depending on actual applications.
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PZT network: 8 energised PZT transducers; Training patterns: 80 damage patterns in one quadrant;
Training function: Scaled Conjugate Gradient (SCG)-based backpropagation

Figure 9.9 Comparison of different network architectures: (a) convergence history

and stability; (b) diagnostic precision
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Damage Severity

Different levels of damage are introduced for validation (specimen SP1-3%), as
summarised in Table 9.1. It can-be seen that good diagnoses for all the chosen
damage levels are obtained using the well-trained neural network, although a
relatively unfavorable deviation of assessment for smaller amounts of damage is
noticed under insufficient training. Unlike the experiment-based detection
approaches, in which more severe damage normally leads to more tractable signal
discrimination and thus more accurate prediction, identification based on the ANN is

dependent on the accumulated DDF in the DPD. More precise results can be
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achieved when the actual damage falls into the ranges involving more damage
patterns during training. From the results, it is concluded that the current system has
a stronger ability to estimate damage location and geometric identity, but a somewhat
weaker ability to identify damage orientation, especially when the angle is close to
the critical values (0 or r ), although rapid amelioration appears as the training

patterns increase.

Robustness

Filtered by the SPP, the inputs for ANN training are free of noise. For comparison,
the raw dynamic responses obtained directly from simulation for two randomly
chosen damage cases involving various disturbances in broadband, together with the
processed noise-free DDF for the other 78 damage cases, are mixed as the inputs for
ANN training. The network consequently configured, denoted by ANN-NOISE, and
the network without artificial disturbance, ANN-NOSFR, are compared in Figure 9.10

by their diagnostic results.

No evident negative impact on identification using ANN-NOISE can be noted, which
suggests that for a small amount of perturbance among the massive number of DDF,
good robustness and fault tolerance can still be anticipated for a well-trained ANN.
In fact, in addition to noise-filtered DDF, the original raw structural dynamic
responses, involving diverse interference, can also be used directly for DPD
development, where the various disturbances can be regarded as one part of the input
information for ANN training. However, this exponentially and unnecessarily

increases the capacity of input vector and incurs more training time.

As a complicated high-order non-linear system, the development of the most suitable

ANN is tied to a diversity of comprehensive diatheses. Other than the major factors
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discussed above, validity and accuracy of an ANN also depend on choice of initial

weights and biases, order of input elements, transfer function, etc.
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Figure 9.10 Diagnostic results of ANNs with/without noise disturbances

9.6 Concluding Remarks

Validation of the proposed damage detection algorithm and the AOQ-SHD system is
conducted using a case study of quantitatively identifying through-hole type damage
in quasi-isotropic CF/EP (T650/F584) composite structures. Excellent diagnosis for

damage parameters (presence, location, geometry and orientation) is achieved.
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During system development, identification efficiency and accuracy are noted to be
dependent on the multiformity of neural network configurations. For investigation, a
diversity of ANNs are constructed with different network architectures, neuron
numbers, training patterns, PZT transducer numbers, and training functions. Based

on this testing, the following conclusions can be drawn:

(1) based on the developed DPD, a feedforward artificial neural network (ANN)
with two neural processing layers using the error-backpropagation algorithm
exhibits excellent capability to define damage parameters using extracted DDF;

(2) an over-trained network may contribute to improvement of identification
precision (but not always for all the damage parameters), however, at the expense
of massive extra computational time and cost. For the present case, 80-/00
damage cases, assumed in one-fourth of the whole laminate for network training,
are found sufficient yet with affordable computational effort;

(3) the utility of 8 PZT transducers can offer sufficient information for exactly
quantitative recognition;

(4) various training functions may lead to different efficiency and convergence
speeds. Among popular functions, the SCG-based BP algorithm is found most
effective to achieve fast training with high precision;

(5) the effectiveness and convergence speed of the ANN are also noted to rely on the
number of neurons in the processing layer. For the current structure, 36//4
neurons allocated in the first/second layers, are shown to be most cost-effective;

(6) a well-trained neural network possesses a certain robustness and fault tolerance,
capable of tolerating a small amount of unintended disturbance in training
information;

(7) although substantial time is inevitably spent on the offfine development of the
DPD and training of the ANN, the diagnosis of actual damage can be performed

mstantly onfine with a well-developed ANN,
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Chapter 10

Identification of Delamination in

CF/EP Composite Laminate

10.1 Introduction

Delamination, appearing as the debonding of adjoining plies, is probably the most
common but most hazardous defect in carbon fibre-reinforced composites. It can be
induced in manufacture, through the accumulation of small defects, or as a result of
accidental impact during service [Voyiadjis, 1993]. In a delaminated region, the
mismatch in Poisson ratios between plies causes large out-of-plane interlaminar
stresses near the ply interfaces, to balance the bending moment along the thickness
direction. Furthermore, the redistribution of such stresses can also lead to additional
stresses in areas around the delamination under fatigue loadings, expanding the
original delamination area. The occurrence of delamination plays a major role in
lowering structural strength and stiffness or damping properties, consequently

downgrading system integrity and reliability.

As one of the hottest topics in the NDE community, delamination detection has
attracted much interest (see reviews in Chapters 3 and 5). In this chapter the aim is to
examine the effectiveness of the proposed damage detection technique and the AO-
SHD system for identifying delamination in three-dimensional CF/EP composite

laminates.
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10.2 Development of Damage Parameters

Database (DPD)

As with the DPD development for through-hole damage in the previous chapter,
dynamic FEM simulation is used to achieve digital damage fingerprints (DDF) for

delaminated CF/EP composite structures and construct DPD.

10.2.1 Modelling of Composite Laminates with

Delamination

Consider an &-ply [45/-45/0/90]s quasi-isotropic CF/EP composite laminate,
measuring 490 mm x 490 mm x 1.27mm, as schematically shown in Figure 10.1. All
edges are clamped supported. As in the approach in Chapter 9, the whole laminate is
presumed to be quartered, denoted counterclockwise by Zone-1, Zone-2, Zone-3 and
Zone-4 from the lower-left quadrant. Without losing generality, an elliptic
delamination is presumed to occur between the first and second laminae in Zone-/.
Four standard sensor units {S8SUs), involving nine piezoelectric disks, are tailored
and surface-bonded on the laminate. Each PZT disk is 70mm away from the

neighboring edge(s) or at the plate centre, numbered with Pi (i =1, 2, ---, 9).

Commercial composite materials (T650/F584) [Hexcel Co., 2001] with properties
listed in Table 5.1 are considered. In terms of the modelling techniques for
delamination and PZT actuator/sensor given in Section 5.3, full-scale FEM models
for the delaminated laminates are created using 8-node three-dimensional brick

elements on the PATRAN® platform.

To accommodate the actual laminate configuration, 8 layers are divided along the
laminate thickness in Zone-1 to characterise each unidirectional lamina individually.

The FEM mesh is particularly densified therein, where more than /0 FEM nodes are
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guaranteed to exist per Lamb wavelength. Distant fields (e.g. Zone-2, 3, 4 for
damage occurring in Zone-1), modelled for geometric completeness but not virtually
contributing to the identification, are simplified by choosing consolidated single
layer 8-node brick elements [Diamanti et af, 2002)] as used in Chapter 9. For each
single layer, elastic properties, derived on a micro-mechanics model (Section 5.3.4),

are adopted.
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Figure 10.1 Composite laminate with a delamination

216



Identification of Delamination in Composite Laminate

Under such a circumstance, degrees of freedom (DoF) are incompatible at
conterminous edges among four zones. A multi-point constraints (MPC) technique
[Hibbitt, Karlsson & Sorensen, Inc., 2003] is invoked to harmonise different DoF
among Zone-! (8-layer 3-D brick elements) with other zones (7/-layer 3-D brick
elements). As explained in Figure 10.2, MPC constrains each DoF at nodes p and ¢
to be interpolated linearly from DoF at nodes a and b, whose linear relation is
represented by scale of shadow. Such a measure makes it possible to connect models

with different mesh density while without eliminating any DoF.

Figure 10.2 MPC technique

The FEM model developed is displayed in Figure 10.3. In the model, a total of
120,000 three-dimensional solid elements with 420,000 DoF are engaged. The
particular mesh description for a delamination region can be found in Figures 5.7, 5.9

and 5.10.
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10.2.2 Parameterised Modelling Technique (PMT)

For data accumulation in the DPD, a variety of defective laminates, each bearing one
delamination with exclusive location and geometric identity, is required. However, it
is clearly not practical and economical to develop complicated FEM models for each
damage case individually. The effectiveness of the proposed identification technique
could be strongly challenged due to the massive amount of work required for
database development. Motivated by this constraint, a parameterised FEM modelling

technique is developed.

Commercial FEM software PATRAN® [MSC Software, 2001] provides a
development environment, Patran Command Language (PCL), to customise specific
applications, perform variational modelling, and integrate self-developed programs
into commercial ones. A computational code is built on the PCL platform to realise
parameterised modelling [Huang er al, 2004]. Such a techmique permits the
development of FEM models for complicated structures in terms of just several
simple characteristic parameters provided by the user. Paradigmatically, for the
composite laminate under inspection, these parameters include three-dimensional
geometric definition, material properties and boundary conditions; for delamination,
they are location, interlaminar position, shape, size, and orientation; for PZT
actuator/sensor, they are location, material properties, geometry, and intensity of
applied electrical field. Additionally, FEM mesh density along three dimensions,

element genus, etc. can also be specified.

With the provided parameters, the PMT is able to customise an FEM model
automatically and expeditiously. Research [Huang et al/, 2004] reveals that over 90%
of computational effort and time can be saved via such a technique. Further,

modelling errors are also avoided or at least minimised.
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By using PMT, up to /00 individual cases are considered, where each laminate
contains one unique delamination in Zone-!, generated by the random program in the
signal processing package (SPP) introduced in Section 9.2.1 (allowing arbitrary
location, length of major/minor axes, orientation and interlaminar position). FEM
models are created by simply changing parameters, and properly transformed into

ABAQUS/EXPLICIT® for dynamic analysis.

Similarly, a Hanning window-modulated 5-cycle sinusoid toneburst at a central
frequency of 500KHz (referring to Figure 7.6), is stimulated by the actuator model as
the diagnostic signal. Dynamic FEM simulation is accomplished on a SUN Blade®
1000 workstation (dual processors at 900MHz and 2G RAM). The step of calculation
time is controlled to be less than ratio of the minimum distance of any two adjoining
nodes to the maximum wave velocities, while Lamb wave signals are acquired at a
sampling rate of 20.48MHz by the sensor model. For damage in Zone-1, only the
actuator-sensor paths directly passing through this region, including P7-P8/P8-P1,
P1-P6/P6-Pi, P2-P7/P7-P2, P4-P3/P3-P4 and Pl-P5/P5-P1, P2-P4/P4-P2, are of

interest.

10.2.3 Signal Processing and DDF Extraction

The SPP is applied to the acquired Lamb wave signals to extract DDF. By way of
illustration, one raw wave signal acquired via a diagonal actuator-sensor path P/-P8§
for a damage case arbitrarily chosen, with its DDF in the time domain corresponding
to active excitation frequency (500kHz), and DDF in the time-scale space, are

displayed in Figure 10.4.
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Figure 10.4 Signal processing by SPP: (a) original Lamb wave signal; (b) DDF in

time domain; {c) DDF in time-scale domain
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10.2.4 Construction of DPD

The DPD for delamination in quasi-isotropic CF/EP laminate is constructed,
containing the extracted DDF for all the relevant actuator-sensor paths under all the
damage cases considered. Since symmetric geometry and excitation conditions are
applicable, for simplification and without losing generality, all the damage cases are
confined to region Zone-1 during database development. /00 damage cases in Zone-1
lead to /00 sets of DDF. The mapping technique in the SPP is then employed to
achieve DDF for the other quadrants of the laminate. Four parallel sub-databases
hosting the relevant DDF, respectively pertaining to the four zones, are configured. It
i1s emphasised again that the feasibility of the mapping technique adopted here is

guaranteed by the assumption of dense damage cases during database development.
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10.3 Customisation and Training of ANN

The artificial neural network (ANN) designed in Section 6.4 is customised for this
case study, consisting of two hidden neural processing layers (see Figure 6.5),
containing 50/22 neurons in the first/second processing layers. The ANN is then

trained using the constructed DPD.

8 PZT transducers are energised for damage cases occurring in Zone-1, where the
furthest transducer P2 (see Figure 10.1) is not considered due to the minor influence
of damage on the wave signals emitted from it. Assisted by SPP and following DDF
extraction criteria (Section 4.4.2), one set of DDF, extracted from the Lamb wave
signal from each actuator-sensor path, consists of 50 temporal data items and 50
corresponding crestal amplitndes in the time domain, and 50 sets of temporal and
frequency data, as well as 50 corresponding energy crestal magnitudes in the time-
frequency domain. & PZT transducers, that is, /2 concerned actuator-sensor paths,
can offer 3000 DDF for each damage case. /00 sets of accompanying target vectors
are established for the chosen /00 damage cases, hosting 6 damage indices, namely

damage presence (0/1), central position (£ and ¢'), semi-major/minor axis (a/f8),

and orientation (¢ ). All the variables in the network are normalised.

The supervised training algorithm, introduced in detail in Section 6.3, is adopted.

Network training is performed on a PC platform (Pentium® IV 2.4GHZ, 256M

RAM), as recorded in Figure 10.5 ( MSE =1x107" in this study), where it can be

seen that the ANN stabilises at circa 2,300,000 iterations.
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Figure 10.5 ANN training

10.4 Validation

10.4.1 Specimen Preparation

The trained ANN is evaluated by identifying actual delaminations in 8-ply [45/-
45/0/90]; quasi-isotropic CF/EP (T650/F584) laminates. Configuration of specimens
is summarised in Table 10.1, symbolised by SP/* and SP2*, respectively.
Delaminations are introduced using two pieces of UPLEX®-R-25 film of 25m in

thickness during hand-lay-up. The laminates are then applied with boundary

conditions consistent with the FEM simulations.

10.4.2 Customisation of Active Actuator/Sensor
Network

Four SSUs are involved in customising an actuator/sensor network on each specimen

in accordance with DPD development (see Figure 10.6), which is able to offer a total
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of 72 actuator-sensor paths. The network is then instrumented with the AO-SHD

system.
Table 10.1 Configuration of specimens
Damage Indices

Specimen Geometric . N
No. Dimension Toleft ToBtm a B ¢s 2one Delam
[mm] [mm] (mm]  [mm] [°] Area

4

sp1* %0 : ;790 X 100 192 25 19 75 1 062%
sp2* 490 1" :79 0 349 272 28 15 150 3  0.55%

{. Vertical distance to the lefi edge from centre of the damage (mm)
2. Vertical distance to the bottom edge from centre of the damage (mm)
3. Included angle between major axis and 0 fibre ()

Figure 10.6 Instrumented specimen (quasi-isotropic CF/EP laminate) with active

sensor network
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10.4.3 Damage Diagnosis

As with the detection of through-hole type damage in Chapter 9, the damage location
technique initially developed in Section 5.6 is applied first to determine the zone
where damage exists. The DPD for the detected zone is then invoked to offer
quantitative identification of delamination. The same diagnostic signal, in accordance
with DPD development, is activated and applied to each PZT disk in turn to generate
the Lamb wave. The acquired Lamb wave signals are processed with the SPP, to

extract the DDF and feature vector, which are then fed into the ANN for diagnosis.

The diagnostic results for the selected laminates are shown in Figure 10.7, compared

with the actual damage.

Actual __|
damage

Predicted
damage |

(a)

Figure 10.7 Diagnostic results for (a) SP/ # (b) SP2*
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10.4.4 Discussion

Results (see Figure 10.7) indicate that excellent quantitative predictions for presence,
location, geometry and orientation of delamination in CF/EP composite laminates
have been achieved in terms of the current neural network. The maximum estimation
error occurs for delamination geometry and orientation, but it still falls in an

acceptable range.
As discussed in Chapter 9, one of the deterministic factors to qualify ANN capability

is the training pattern that predominantly masters precision of identification.

Insufficient training certainly leads to misleading predictions, while superfluous
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training unavoidably entails demanding computational requirements. Although more
training patterns certainly lead to good identification, no significant improvement in
precision can be observed when training patterns increase beyond a certain level (100

in the present case study).

The results predicted by the well-trained ANN, as shown in Figure 10.7, do not
superpose any damage pattern used during network training, which implies that the
resuits are ratiocinated, rather than just finding the fittest patterns from the DPD.
Precision of dentification also depends on various network configurations (input
amount, training functions, network architecture, etc.), as discussed in the previous

chapter.

10.5 Concluding Remarks

The proposed damage detection methodology and AO-SHD system are validated by
identifying delaminations in quasi-isotropic CF/EP (T650/F584) composite
structures, with tailored piezoelectric transducer networks. A DPD for delamination
is constructed and an artificial necural network is customised. Quantitative diagnosis
for delamination parameters (presence, location, geometry and orientation) has been

achieved.

During DPD development, the parameterised modelling technique (PMT) greatly
reduces time and effort in modelling and analysing, and it enhances the versatility
and efficiency of the proposed method, making structural health monitoring feasible

for complicated structures.
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Chapter 11

Conclusions and Recommendations for

Future Research

11.1 Concluding Remarks

In this study, the propagation characteristics of elastic waves, particularly Lamb
waves, in an aluminium alloy structure containing a transverse crack and in quasi-
isotropic CF/EP composite laminates bearing through-hole or delamination, were
evaluated in terms of analytical derivation, FEM simulation and experimental
validation. Results indicate that spectrographic characteristics of elastic waves in the
time-scale domain are highly sensitive to the existence and degree of structural
damage. Based on this observation, a quantitative damage detection algorithm was
established. An intelligent signal processing and pattern recognition (ISPPR)
algorithm was developed to fulfill the proposed detection scheme, actualised by

software signal processing package (SPP).

In ISPPR, wavelet transform (WT) and artificial neural network (ANN) techniques
are adopted to facilitate damage identification, a complicated inverse probiem. It has
been demonstrated that WT-based digital filters and spectrographic analysis are able
to effectively eliminate broadband interference from various noise in signals,
providing legible explanation for wave behaviour. The concept of digital damage

fingerprints (DDF) was established, for the purpose of forming a pattern to describe
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the filtered signals and their energy spectra, using digitalised and concise
characteristic information. Hosting the extracted DDF, damage parameters databases
(DPDs) for through-hole damage and delamination in CF/EP (T650/F584) composite
structures were constructed. Additionally, an information mapping technique was
proposed in ISPPR, which was also substantiated to significantly enhance the

capability of the identification technique with limited data.

Another major contribution of this work concerns the establishment of the concept
standard sensor unit (SSU). Such a concept is able to customise an active
actuator/sensor network conveniently and promptly, to cater for engineering

structures with various geometries and boundary conditions.

Modelling techniques for transverse crack in aluminium beams, interlaminar
delamination and through-hole damage in CF/EP composite laminate, as well as
piezoelectric actuator/sensors were developed. Effective elastic properties based on a
micromechanical model, contact surface and multi-point constraint (MPC)
algorithms in FEM simulation were also proven effective in this study. Experimental
validation correlated very well with FEM results. The parameterised modelling
technigue (PMT) developed in this study exhibits powerful ability to make
repetitious modelling for a complex engineering system feasible with minimal
human manipulation, thus exponentially improving the efficiency and accuracy of

the proposed damage detection scheme.

Supported by ISPPR, an active online structural health diagnosis (AO-SHD) system
was configured on the VX7 instrument platform with a tailored active
actuating/sensing network, to implement damage assessment in real time. Validation
of the identification algorithm and the AO-SHD system was then undertaken by
actual case studies of detecting transverse crack growth in an aluminium alloy

structural beam, and through-hole and delamination in quasi-isotropic CF/EP
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(T650/F584) composite structures. Excellent quantitative diagnosis for damage
parameters (presence, location, geometry and orientation) was achieved, verifying

the capability of the ISPPR and the system developed.

Sensitivity of the proposed method to sensor numbers was evaluated. Results
indicate that utility of & PZT transducers offers sufficient information to guarantee
exact recognition for the chosen case studies in CF/EP composite laminates with
economical and rational effort, while 4 PZT sensors can locate a delamination
approximately but seem to be ineffective at providing quantitative identification of

damage geometry and degree.

During ANN training, it was noted that a wide range of factors could influence
network performance. A feedforward ANN with an architecture of two neural
processing layers exhibits excellent capability to correlate damage parameters with
structural dynamic parameters. Clearly, the number of training pattern plays an
essential role in determining detection accuracy. Based on the results, training
patterns, roughly covering the region where damage is most likely to occur but not
necessarily to be considered with different orientation and geometrical shapes at the
same location, were found to be sufficient to meet normal damage detection
requirements. Massive training patterns do not always significantly improve ANN
performance. In fact, from the study, a greater number of training cases can even lead
to a decrease in prediction accuracy when ANN training has reached saturation. The
scaled conjugate gradient (SCG)—bascd error-backpropagation (BP) algorithm
performs well in negotiating network convergence and identification precision. In
addition to the major factors delineated above, the network architecture may also
affect convergence speed to some extent. Although it is beyond mathematic
capability to select the most appropriate network configuration, some criteria can still
be followed, which have been summarised in the discussion. Interestingly, a well-

trained neural network seems to possess a certain robustness and fault tolerance,
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capable of tolerating a small amount of disturbance in training input. This feature

greatly benefits the SHM in practical environments.

11.2 Problematic Issues and Recommendations

for Future Research

Inverse identification inherently involves the themes of searching, solvability and
uniqueness. In spite of the promising results reported herein, problematic issues were

also observed during the study, which need to be addressed in future work.

Firstly, the detection algorithm relying on the ANN technique is generally focused on
one type of damage under given structural properties and geometry, which is
naturally confined and not applicable to other kinds of damage or structures, or to
multiple damage situations. One major concern evoked in this respect is to improve
the versatility of an ANN with possibly less extra effort. To develop a universal
damage information database applicable to various types of damage, structural
propertics, geometric identities and working conditions, would certainly lead to
burdensome work and expensive computation, which is understood to be unfeasible
and uneconomical. Moreover, as demonstrated in this study, the capability of the
neural network may not be guaranteed with such bulky architecture. Considering the
practical reality, several ANNs, exclusively contributing to the identification of one
kind of damage in structures concerned, can be constructed and further integrated to
perform comprehensive structural health monitoring. As a step towards resolving this

issue, an information mapping technique can be helpful in reducing input effort.
Secondly, in this study, numerical simulations were used to produce DDF for

nefwork training, but higher identification precision can be expected by including

actual experimental data for rectification during network training.
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Flexible configurations of the active actuator/sensor network show promise. But
optimisation of the number, location, and scale of the actuator/sensor network is
another interesting topic worth exploring. With regard to the sensor network,
interests also include improvement of cost-efficiency, integration with various
systems, and combination of multiple sensor types, e.g. fibre optical sensor, so as to
exploit their unique advantages. To accommodate future field applications, remote
control and data transmission, less wire or even a wireless network would also be
preferred. In particular, less ambitious but more attainable wireless actuating/sensing

is now emerging as a full-fledged engineering discipline [Liu and Tomizuka, 2003].

The effects of damage on a structure can be classified as linear or nonlinear, A lincar
damage situation is defined as one in which the initially linear-elastic structure
remains linear-elastic after damage. The majority of the work in this field concerns
linear damage detection only, because in most cases SHM targets the identification
of damage initiation only. In contrast, a nonlinear damage situation is defined as one
in which the initially linear-elastic structure behaves in a nonlinear manner after
damage. One example of nonlinear damage is the formation of a fatigue crack that
opens and closes under normal operating vibration. A robust damage-detection

method should be applicable for both types of situation.

Multiple damage detection is another intriguing subject, which contra-indicates
uniqueness of detection technié;ues. Some encouraging issues associated with the
present study also include the repair and/or rehabilitation of damaged components,

sensitivity study, etc., which were not addressed here.
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Appendix B

Glance of AO-SHD System Configuration
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Selective generation of Lamb wave modes and
their propagation characteristics in defective

composite laminates

Z Su and L Ye*
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Abstract; Techniques for the generation of Lamb waves with purpose of non-destructive inspection (NDI)

were briefly reviewed. An active excitation control circuit was designed and instrumented with an online
damage diagnosis system, by which the desired fundamental symmetric Lamb mode, shear mode and
antisymmetric mode can be selectively stimulated. A signal processing and identification algorithm in the time-
scale domain, using spectrographic analyses based on the wavelet transform technique, was developed to assist
the wave signal interpretation. The proposed excitation methodology was applied to the study of the dispersion
and propagation characteristics of Lamnb waves in quasi-isotropic CF/EP composite laminates with delamina-
tion. For validation, numerical simulations were conducted in parallel with experimental investigations.

Keywords: Lamb wave, wave excitation, fibre-reinforced composite, wavelet transform, finite element

method, damage detection

1 INTRODUCTION

Lamb waves, guided elastic waves propagating in plate-like
structures with free surface boundaries, have emerged as a
competent tool for non-destructive inspection (NDI) of
engineering structures, combining high precision and univer-
sal accessibility. Lamb waves were first used as a means of
damage detection in 1960 by Woriton [1], and their mechan-
isms have been rigorously investigated in the past two
decades and widely introduced into virtual applications.
Lowe [2] and Habeger ef al. [3] developed transfer and
global matrix methods to evaluate the dispersion
characteristics of Lamb waves in multilayered structutes,
Percival and Birt [4] and Alleyne and Cawley [5] interrogated
Lamb wave propagation using numerical simulations, while
experiment verifications were individually conducted by Guo
and Cawley [6-8] and Birt [9]. Representatively, Cawley et
al. in the United Kingdom [5-8, 10], Chang et al in the
United States {11, 12} and Balageas ef al. in France [13, 14]

The M5 was received on 23 April 2003 and was accepied after revision for
publication on § August 2003,
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2006, Australia.

L02003 ©© IMechE 2004

have made substantial achievements in Lamb wave-based
NDI techniques for composite structures. All these studies
have shown the potential of Lamb waves for diverse NDI
practices. However, in spite of many attractive traits, the
propagation of Lamb waves in anisotropic viscoelastic media
is notoriously complicated. In most cases, multiple Lamb
modes synchronously exist, and moreover their dispersive
properties throughout the medium thickness are not identical,
even for the same mode but in different frequency ranges.
Two challenging technologies are essential to streamline the
practical actualization of Lamb waves:

{a) active generation of controllable Lamb modes,
(b) efficient signal processing and interpretation,

The present studies are aimed at an active Lamb wave
excitation approach using distributed piezoelectric lead
zirconate titanate (PZT) transducers, with which the desir-
able Lamb modes can be selectively generated. For this, a
control circuit was established and a signal identification
algorithm based on the wavelet transform technique was
developed in order to improve the Lamb wave signal inter-
pretation. The methodology was then applied to examine the
relationship between Lamb waves and composite delamina-
tion. In addition, numerical simulations for the designed
activation establishment and propagation characteristics of

Proc. Instm Mech. Engrs Vol. 218 Parl L: J. Materials: Design and Applications
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Lamb waves in delaminated composite laminates were
performed in parallel.

2 GENERATION OF LAMB WAVES:

A BRIEF REVIEW

Lamb waves can be expediently and efficiently activated by
a varicty of methods with intrinsic advantages and disad-
vantages. These methods can be roughly summarized into
four major categories:

1.

Ultrasonic probes. Notable for excellent precision and
controllability, ultrasonic probes coupled with angle-
adjustable perspex wedges have been dominantly
employed in NDI practice over the years [4-8, 15, 16]
to generate and collect pure Lamb waves in accordance
with Snell’s law {17]. Without the interference of multi.
ple modes, the probe-excited Lamb wave enables an
effective yet explicit signal interpretation, and conse-
quently exhibits a high reliability for damage assessment.
Such methods, though extensively successful, have been
incrementally challenged for their flexibility in real-time
signal generating and monitoring, where accessing the
in-service systems is somewhat problematic. In most
circumstances, a temporary downtime of the structures
under inspection is required to guarantee the operation of
probes. During manipulation, directionality and contact
are among basic issues that may considerably influence
the detection effectiveness. Motivated by this, substituent
non-contact devices, such as air-coupled [18, 19] and
fluid-coupled [20] transducers or electromagnetic acous-
tic transducers (EMATs) (21, 22], were invented.
However, air- or fluid-coupled transducers can suffer
from a relatively low efficiency because of the large
differences in mechanical impedances between the air/
fluid and the objects under detection. As for EMATS,
they are severely restricted by the applicable frequency
ranges, and their functionality may be fairly limited by the
electrical conductivity of the objects to be inspected [23].
On the other hand, being the diagnostic signal most
extensively excited by ultrasonic probes, the narrow-
band pulse excitation, though capable of providing
centralized incident energy, becomes less efficient for
the detection of near-surface damage, where the reflec-
tions frot the defects are limited within the wavelength
of the transmitted ultrasonic pulse [23]). Meanwhile, the
non-neglectable mass/volume of probes, costly excitation
establishment and complication in device manufacturing
also reduce the practicability of these ultrasonic probes to
a certain extent.

. Laser. Non-contact excitation of Lamb waves via laser-

based ultrasonics (LBU) and acquisition using a laser
interferometer has recently appeared as a promising
method for contactless NDI [21, 24-27]. Flexibly
controllable, the LBU can be designed to be broadband
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or narTrow-band, depending on the application, providing
excellent spatial resolution. The exact detection that the
LBU can offer ranges from apparent defects to small
cracks. An LBU can be exceptionally effective for
remote manipulation, with easy scanming, exact calibra-
tion and applicability to curved surfaces or complicated
geometric identities [23], and it is even applicable in
exigent environments where access is unfeasible. Never-
theless, faced with similar issues to those encountered by
probe-based methods, the use of LBU in cost-effective
real-time damage assessment systems, in which surveil-
lance devices are expected o be economically integrated
into the system without modifying the original structural
integrity, is clearly restricted by its bulky and costly
excitation equipment.

. Interdigital transducers. Alternatively, interdigital trans-

ducers, such as polyvinylidene fluoride (PVDF) piezo-
electric polymer films, are introduced to cater for more
versatile applications with favourable cost [28-30]).
Possessing higher internal damping features than other
common c¢eramics, PVDF exhibits good ability to
produce guided Lamb waves with specific wavelength

_ by controlling the space between interdigital electrodes

deposited on the transducer substrates [28]. Soft and
flexible, the interdigital PVDF may be shaped and
permanently bonded onto or embedded into structures,
adapting to the curved surfaces or complicated geometry.
In contrast to piezoceramics, PVDF usually exhibits a
certain insensitivity to structural dynamic responses and
a relatively weak driving power, limiting its applications
to some cases. In addition, its performance is highly
susceptible to the environmental temperature in relation
to its glass transition temperature.

. Piezoelectric elements. Initially used for sensing devices,

such as accelerometers, or for active structural control,
PZT eclements have been increasingly used for damage
detection since the 1980s [12-14, 31-35], regarded asan
important step towards intelligent structure technigues to
fulfil designed functions. A PZT element, shaped as a
disc, a tube, etc, has characteristics of massless, volu-
meless, low-power consumption, easy integration and
activation, low acoustic impedance, wide frequency
responses and low cost. With a good affinity, PZTs are
easily surface bonded on structures, with miner intru-
sion, as in situ wave generators or sensors. The transdu-
cer network can be tailored, using distributed PZT
elements, to realize multipoint measurements [35].
However, in spite of the above merits, PZT-generated
Lamb waves still present some problematical issues.
Most intricate, multiple Lamb modes are simultaneously
induced by piezoelectric elements if appropriate design
and implementation are not carried out, which fairly
obscures the signal explanation. Additionally, PZT
elements usually exhibit non-linear behaviour and
hysteresis under large strains or high temperature,
small driving force and displacement, brittleness, low
fatigue life [36].
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3 MODES

- Set-up configuration

‘electric lead zirconate titanate wafers (PIC PIC151) of
6.9mm diameter, with the material parameters listed in
“Table 1, were selected on the basis of an optimal criterion
"[37] as below, so as to lower the geometric effect and
" consequently avoid uneven propagation

m:}(n+%) =l(n+%),

where R is the radius of the PZT disc, v is the propagating
velocity of the Lamb wave modes (ca 6000m/s for the
fundamental symmetric Lamb mode), f is their frequency
{controlled at 0.5 MHz in this study) and A is their wave-
length. The PZT discs were trimmed to 0.5 mm in thickness
to trade off the desired excitation force and unpolarized
voltage limit, permitting an unpo]anzed voltage limit of
125156 V.

A control circuit for the selective generation of desirable
Lamb modes was designed and is shown in Fig. 1. A pair of
PZT wafers, functioning as an actuator unit, were symme-
trically surface bonded at the same location on both sides of
an eight-layer [45/-45/0/90], CF/EP laminate plate (T650/
F584) with the properties detailed in Table 2. Meanwhile,
three PZT wafers were allocated on the laminate surface
along a straight line, 100, 200 and 250 mm away from the
actuator, serving as the sensors. All the PZT wafers were
kept far away from the laminate edges to preclude boundary
effects. The control circuit was instrumented by an active
online damage diagnosis system established in previous
studies [33, 34], as outlined in Fig. 2. The incident diag-
nostic signal, a five-cycle sinusoid toneburst windowed with
a Hanning function at a central excitation frequency of
0.5MHz, was stimulated by Agilent® E1441 on the NI
Labview® platform, shown in Fig. 3a, and then amplified to
60 Vpp (peak to peak) by a PZT ampiifier (PiezoSys® EPA-
104). Its corresponding frequency spectrum, achieved via
fast Fourier transform (FFT), is displayed in Fig. 3b, in
which the excitation energy can be seen to concentrate
within a narrow frequency band, efficiently reducing the
wave propagation dispersion and benefiting the signal inter-
pretation. Signal acquisition was performed using an

n=012... (1)

Table 1 Material properties of PZT transducer

Product name Pl 151

Geometry ¢ 6.9mm, Apzy 0.5mm
Density 7.80 g/em™

Poisgon’s ratio 0.31

Charge constant dy; 170 x 10~ 2quv
Charge constant ds, 450 x 10 Pmsv
Relative dielectric constant X, 1280

Dielectric permittivity Py 8.85 x 1072 F/m

Elastic constant £ 72.5GPa
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Agilent® E1437A digitizer at a sampling rate of
20.48 MHz via IEEE-488 after conditioned by Agilent®
E3242A.

3.2 Signal processing algorithm

As commented upon in section 2, the interpretation of Lamb
waves generated by a piezoelectric eiement can be hindered
by the confusion of multiple Lamb modes and wave
dispersion. Meanwhile, diverse interferences, such as struc-
tural natural vibration patterns or broadband noises, are also
inevitably contained in the sampled signals, which compli-
cate the extraction of signal characteristics. For this, a signal
processing and identification algorithm was developed using
time—frequency spectrographic analyses implemented by the
continuous wavelet transform (CWT) and discrete wavelet
transform (DWT) technigques [38—40].

Fundamentally, applied with a basic wavelet transfer
function ¥(¢) (Daubechies in this study), the signal K1)
acquired from a PZT sensor was convened into a quadratic
expression using parameter scale, 2, and time, b, via CWT
analysis as

W(a, b) = J_r (:)W( )dt )

where #{a, b) is defined as the continuous wavelet coeffi-
cient and ¥*(!) denotes the complex conjugate of P().
Conversely, the signal could be successively reconstructed
via an inverse wavelet transform

1 [t—b\ 1
f(t)m—r m W(a,b)%W(T)a—zdadb Q)

where Cy is a constant depending on ¥(f). Based on
equations (2) and (3), the energy distribution of the wave
signal over the time-scale domain was derived

+00 pt+oc
E= I l W (a, b)|* da db )
0 -JO

where |CWT(a, b)), referred to as the scalogram, indicates
the wave energy density over the time-scale domain. For
simplification, equation {2) was also performed at discrete
scale and time using dyadic variables m and r, namely DWT
analysis

a=ag and b = nay by,

DWT(m, n) = ag™? I S(O¥(ag™t — nby)dt (5b)

mneZ (53)
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Signal Excitation and
Amplification Circult

Cuase A: Single electric field excitation
Case B: Symmetric electric fields excitation

Cuase C: Anti-symmetric electric fields excitation

(b)

Fig. 1 Control circuit for generation of the selective Lamb mode: {(a) PZT generator unit and sensors; (b)
contro} circuit

where ap and by are constants determining the sampling which the one-dimensional tirne dependent wave signals were
intervals along the time and frequency axes respectively. decomposed into associated frequency bands. Lamb wave
Similarly, the signal could be inversely reconstructed by components pertaining to the active excitation were separated

and extracted without diverse interferences. Meanwhile, taking

F@=c) > Conl)DWT(m, n) (6a)
m "
C,(t) = ab—mn W(a5™t — nby) (6b) Table 2 Properties of T650/F584 CF/EP composites
Fibre Matrix Fibre Matrix Laminate
. . \ . product product volume volume densxtg'

where ¢ is a constant in correlation with P(#). name name %) (%) (kg/m’}

Based on equation: (6), a series of bandpass filters with -
discrete initial thresholds and frequency ranges was built, with 6507512k oM 3 4 1528
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Fig. 2 Active online damage diagnosis system [34]

advantage of equation (4), the acquired signals were further
examined in the time-scale space, where the propagation of
Lamb waves could be intuitively characterized by the illustra-
tion of energy spectra. A program was developed using the
processing algorithm for exact location of the characteristic
tenes/frequencies and capturing of their comresponding magni-
tudes in the filtered wave signal and energy spectra.

3.3 Activation of basic Lamb modes

Multiphase switchers were introduced into the control
circuit, shown in Fig. 1b, for selective excitation of the
desirable Lamb modes:

1. Case A: a single PZT actuator, located on the upper
laminate surface, was energized (terminal B in switcher ]
and terminal C in switcher II were simultanecusly acti-
vated). An external clectric field, parallel to the PZT
polarized direction, was applied. For illustration, the raw
signal acguired by the sensor located 100 mm away and its
visualized energy allocation in the time-scale domain,
obtained through the signal identification algorithm, are
displayed in Fig. 4a, where the symmetric Lamb mode, .S,
shear mode, S, and antisymmetric mode, A4, are observed.

2. Case B: dual PZTs were in-phase energized (terminals B
were simultancously activated in both switchers).
Symmetric electric fields, parallel to the polarized direction,
were synchronously applied on the upper and bottom PZT
wafers. Similarly, the raw signal acquired by the sensor
located 100 mm away and its energy allocation in the time-
scale domain are exhibited in Fig. 4b. A symmetric Lamb
mode, So, of enhanced amplitude is noted, indicating that a
stronger wave energy is centralized on the symmetric

LO2003 © IMechE 2004

mode. Meanwhile, the shear mode, S}, and antisymmetric
mode, Ay, are considerably weaker,

3. Case C: dual PZTs were out-phase energized (terminals
C were simultaneously activated in both switchers).
Antisymmetric electric fields, parallel to the polarized
direction, were synchronously applied on both PZT
wafers. The raw signal acquired by the same sensor
used above and its energy allocation are compared in
Fig. 4c. The shear mode, S, and antisymmetric mode,
Ap, are observed to dominate the overall wave energy,
while with a small magnitude, the symmetric Lamb mode
is reasonably suppressed.

3.4 Dispersive nature of Lamb waves in
the composites

The dispersion characteristics of Lamb waves in the multi-
layered medium are some of the pivotal concerns for the
development of guided wave-based damage detection tech-
niques. Lamb waves are known to have a great ability to
propagate over a relatively long distance without significant
attenuation in the wave amplitudes, even in materials with a
high attenuation ratio, such as CF/EP laminated composites.
However, dispersion phenomena with variation in wave
velocity are commonly observed, which complicates the
analysis and signal interpretation.

By means of the proposed selective generation method for
Lamb wave modes and the signal processing algorithm, the
dispersion nature of findamental Lamb modes in an eight-
layer quasi-isotropic CF/EP laminate (T650/F584) were
experimentally characterized. Wave velocities for symmetric
and antisymmetric Lamb modes, excited by the generation
circuit, at a sweep frequency ranging from 0.1 to 1.5MHz

Proc. Instn Mech. Bngrs Vol, 218 Past L: J. Materials: Design and Applications



generated by applying uniform radial displacement

‘in’the x—y plane, in correlation with the excitation
Mtages, to simulate excitation case A, or by individu-
lying in-phase or out-phase constraints in the dual
configuration to emulate excitation cases B or C.

“ Sensor model

The model for the PZT sensor was created in parallel.

. Considering the deformation in the x’-)" plane only, the

% somstitutive relation, equation {7), for a PZT sensor of radius

~ R and thickness hpzr can be simplified in its local polar
coordinate system ¥z, in the absence of external electric
fields, as [41]

dy, E
Q = dyy(0, +09) = T2 (s, + ) (19)
= Vpzr

Wavelet Coefficient

Time (microsecond)

(a)

enhanced §-

Waveiat Coefficient
o
[=]
L

£5.
/’;’y\m
L P — . e
° {;f* vap‘wq-%'"‘%—:w” i o L]
4 60 s 0 g
Time {inicrosecong)
)
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where #’ and & are the local polar coordinates. On the other
hand, the electric charges, @, accumulated on both surfaces
of the PZT sensor can be defined in terms of the externally
applied voltage as

emi%f“vgdzf (20)

Substituting equation (19) into equation (20) and applying
Gauss’ theorem leads to [41]
dy Epzy j J '
G = —= 0 A dr’ df 21
prrcpmeend | (GO0 @1)
Regarded as a capacitor of capacitance C, the PZT sensor
induces the output voltage, Vorp, under the deformation

&  Ohyyy
== 22
Voo = nK3poR2 22)
eﬁh&m Ay

enhaficsd A,

-

P

PG T g

60 7% 0
Time (microsecond)

{c)

Fig. 9 Energy distribution spectrum for selectively generated Lamb modes (from FEM simulation):
(a) excitation case A; (b) excitation case B; (c) excitation case C
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where K; and p, represent the relative dielectric constant
and the dielectric permittivity of a free PZT sensor respec-
tively (Table 1). Combining equations (21) and (22} yields

d3 Epzrhpzr J’j(s" + o) drdd 23)

V. =
o AnK 3 poRE(1 — vpgzy)

Compared with the laminate, the PZT sensor is geometri-
cally small (¢, & £y = €,, where g, is the strain at the
centre of the PZT disc), and equation (23) can accordingly
be simplified as [41]

Ve = Geen (24)
where
& = DnErrrhezy

AnKep(l ~ vpzr)

Z SUAND LYE

This indicates that the output voltage for a PZT sensor,
induced by geometrical deformation, is directly proportional
to the centra! strain of the PZT sensor with a factor G. Based
on eqguation (24), the PZT sensor output responses, in the
form of induced output voltage, were achieved by the sensor
model through calculating the strain at the PZT sensor centre.

4.3 Numerical simulation

Using the developed PZT actuator and sensor models, three-
dimensional dynamic FEM simulation was accomplished
employing ABAQUS/EXPLICIT® code. The relevant
properties for the piezoelectric element can be found in
Table 1. An eight-layer [45/-45/0/90], CF/EP quasi-isotropic
composite laminate (T650/F584) was modelled using eight-
node solid brick elements with effective elastic properties,

480mm
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(b)
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Instrumented CF/EP laminate containing a delamination: (a) schematic description; (b) FEM model]
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" calculated using classical laminate theory from those of
the unidirectional lamina [35], in Table 3, obtained from a

. micromechanics mode] [42].

. Actively generated by the actuator model, visualized
wave propagation from three-dimensional dynamic FEM
simulations in the selected composite laminate at several
f. representative times is plotted in Fig. 8. The energy alloca-
. tions in the time-scale domain for signals numerically
. calculated for individual excitation cases (cases A, B and
C) in accordance with experiments are compared in Fig. 9.
_‘ Similar energy allocation (characteristic time and energy dis-
E- wibution) between the experimental measurements (Fig. 4)
k. and numerical simulations (Fig. 9) can be observed upon
E application of the developed signal processing algorithm,
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5 LAMB WAVE PROPAGATION IN
DEFECTIVE LAMINATES

5.1 Specitnen preparations and experimentation

Schematically depicted in Fig. 10a, two eight-layer [45/-4
0/90}; CF/EP quasi-isotropic laminates (T650/F584) with
pair of clamped edges, shaped at 480mm x 480mm
1.275 mm, were manufactured using a unidirectional (UI
prepreg (Table 3) in an autoclave at 180 °C under 600 k1
pressure. In one laminate, an anificial delamination w;
introduced by inserting two elliptic UPLEX®-R-25 filn
(thickness 25 um) between the first and the second laye
(semi-major axis: 15 mm, semi-minor axis: 10mm, ang

05

b
o

Nonmalised Amplitude
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‘Sf
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@

Fig. 11 DWT analysis processed signal acquired via actuator-sensor path P1-P3: (a) benchmark laminate
from experiment; (b) delaminated laminate from experiment; (c) benchmark laminate from simula-
tion; (d) delaminated laminate from simulation
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between the major axis and 0 fibre direction: 135°, centre
position: 276 and 299 mm away from the left and bottom
edges of the laminate respectively). Another laminate was
kept defect free as a benchmark for comparison. Four
piezoelectric (PZT) discs, acting as both actuators and
sensors, were bonded on the upper surface of each laminate,
65 mm away from the two neighbouring laminate edges and
numbered counterclockwise P1, P2, P3 and P4 from the
bottom left one. A diagnostic Lamb wave at the central
excitation frequency of 0.5MHz was activated by the
designed control circuit. Signal acquisition was accom-
plished by an active online damage diagnosis system
developed in a previous study [34].

3]
E
3
[x
k]
:
el . R .. ‘//// 100
b : . PRl
4500 m’ e NS e -450
Sampling Points
(a)

£
g
£33
&
3
0
k]
[
®
-
) 100
| SRRENO 15
400 goog” T g
5500 e e
6000  gsap 7000 gc?
Sampiing Points
(b}

5.2 Signal interpretation

The acquired signals were then identified using the signal
processing algorithm described in section 3.2, The DWT-
filtered wave signals for the benchmark and defective
laminates, experimentally acquired through one actuator-
sensor path P1-P3, corresponding to the incident excitation
frequency, are displayed in Fig. 11a and b respectively. Their
relevant energy allocation spectra in the time-scale domain
are compared in Fig. 12. The fundamental symmetric Lamb
mode, Sy, and basic shear mode, Sj, together with the
reflected components from the boundaries, denoted by
Sorer, can be observed for both benchmark and delaminated

£
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Q
g
4500 sopg L /g
I e
Sampling Points
©

Wavelet Coefficient

Sampiing Points

@

Fig. 12 Wave energy spectra for signal acquired via actuator-sensor path P1-P3: (a) benchmark laminate
from experiment; (b) delaminated laminate from experiment; (c) benchmark laminate from simula-

tion; (d) delaminated laminate from simulation

Proc. Instn Mech. Engrs Vol. 218 Part L: J. Matenals: Design and Applications

L62003 © IMechE 2004



GENERATION OF LAMB WAVE MODES AND THEIR PROPAGATION IN LAMINATES 109

jaminates. Compared with the benchmark laminate, extra
wave components between Sp and Sy,.r are detected in Figs
11b and 12b, which are recognized as the delamination-
induced basic shear mode, denoted by S, Based on the
spectrographic analyses, the quantitative damage prediction
can be fulfilled by capturing the variation in the energy
spectra using a searching algorithm based on the artificial
neural network technique, detailed in other work by the
present authors [35].

For substantiation, FEM simulations were conducted in
parallel. A previously developed modelling technique for
the laminated CF/EP composite structures containing dela-
mination [43] was employed. The FEM model for the
vicinity of the delaminated area in the defective laminate
is shown in Fig. 10b. The corresponding filtered signal and
energy spectra are compared in Figs 1lc and 12¢ for
benchmark laminates and in Figs 11d and 124 for delami-
nated laminates. Good correlation, particularly the charac-
teristic time and frequency for wave energy concentration in
both time and time-scale spaces, was found between the
numerical simulations and experimental measurements upon
application of the proposed signal processing algorithm.

6 CONCLUSION

The practical utilization of Lamb waves for NDI purposes
may be impeded by their complicated multimode and
dispersive nature. An approach for active generation of
selective Lamb wave modes in a CF/EP composite laminate
was designed, by which the desirable single symmetric and
antisymmetric modes can be individually stmulated. A
signal processing and identification algorithm was devised
using wavelet transform techniques in order to assist the
filtration and interpretation of signal characteristics. Model-
ling techniques for PZT actuators and sensors were estab-
lished and applied for the numerical simulation of Lamb
wave generation and propagation in the chosen composite
laminates. Good agreement between experimentation and
FEM prediction has been achieved. The methodology was
then implemented to investigate the propagation characteris-
tics of Lamb waves in flawless and delaminated composite
laminates. The results show that the utilization of Lamb
waves and the interpretation of wave signals can be consi-
derably facilitated by enhancing or suppressing certain
Lamb modes via the proposed approach.
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: Abstract

In this study. a damage identification approach was developed for carbon fibrefepoxy composite laminates with jocalized internal
delamination. Propagation of the Lamb wave in laminates and its interaction with the delamination were examined. The funda-
' mental symmetric Lamb wave mode, Sy, and the lowest order shear wave mode, S, were chosen to predict damage location. A real-
ime active diagnosis system was therefore established. This technique uses distributed piezoelectric transducers 1o generate and
- monitor the ultrasonic Lamb wave with narrowband frequency. The two-way switches were employed to minimize the number of
transducers. A signal-processing scheme based on the time-frequency spectrographic anaiysis was utilised 10 extract useful diag-
-nostic information. Also, an optimal identification method was applied on damage searching procedure to reduce errors and obtain
 the diagnostic results promptly. Experiments were conducted on [0/-45/45/90], CF/EP laminates to verify this diagnosis system. The

:© 2002 Elsevier Science Ltd. All rights reserved.

 results obtained show that satisfactory detection accuracy could be achieved.

eywords: Structural health monitoring; Fibre-reinforced composite: Lamb wave: Signal processing; Smart structures

1. Introduction

. Impact-induced damage is perhaps one of the most
common defectives in carbon fibre reinforced composite
Jaminates. which may result in a substantial impairment
of structural integrity. Delamination, the most familiar
mpact damage in composite structures, plays a major
role in inhibiting the further widespread application of
laminated composites in practice. Particularly, its loca-
tion and extent are of vital difficulty to predict in most
cases. In the past two decades, both researchers and
- engineers have been pursuing eflective techniques to
 detect the occurrence of delamination and to estimate its
_position at the early stage so as to reduce the risk of
t further catastrophic failure. Recently, vast of research

“indicates that non-destructive evaluation techniques
- based on the Lamb wave propagation offer one possible
'solution to this concern [1-11].

- The Lamb wave in ultrasonic domain has the ability
1o propagate a relatively long distance in laminated
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composites, and a wide section can therefore be inter-
rogated with a small number of transducers. In addi-
tion, the appearance of Lamb wave-caused interlaminar
stresses makes the detection through the entire laminate
thickness applicable, which affords a potential to detect
the internal defects as well as the surface defects. For
example. Tang and Henneke [1] proposed a monitoring
technique for the stiffness reduction in laminated com-
posite plates based on the Lamb wave; Guo and Cawley
{2.3] examined the interaction between the ultrasonic
Lamb wave and the delamination in terms of both nu-
merical and experimental approaches: Tan et al. [4] de-
veloped a damage detection method for composites
using ultrasonic probes. In most approaches, probes
were usually used for the generation and collection of
the Lamb wave due to good accessibility, with which the
damage identification can be fulfilled conveniently and
accurately. However, in most circumstances, a tempo-
rary out-of-service of the structure is reguired, ensuring
the function of probes. As know, this confines the fur-
ther application for on-line damage diagnosis. On the
other hand, the advanced composite structures in aero-
space industry are expected to be involved with built-in
actuator/sensor networks to enhance the performance

0263-8223/02/% - see frant matier © 2002 Elsevier Science Lid. All rights reserved.
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and to reduce the operation and maintenance costs. For
this target, innovations have been made in the past few
years, in which piezoelectric elements instead of con-
ventional probes are employed directly to facilitate a
simple and reliable on-line damage detection with low
expenditure. Wang and Chang [5] discussed the damage
detection technique based on the Lamb wave generated
by ultrasonic transmitter, and Lemistre et al. [6] re-
ported a structural defect identification method using
piezoelectrics.

The present work aims at developing a practical and
effective real-time damage identification technique for
CF/EP composite laminates, with which the structural
heaith status can be in-service monitored. In this study,
distributed piezoelectrics were involved into the struc-
ture during manufacturing to minimize the interference
on the structural integrity. In correlation with the study
on the propagation characteristics of Lamb wave in
composites, a diagnosis system was developed. The
feasibility of this system was then verified by applying it
10 quasi-isotropic laminates for the locating of delam-
ination.

2. Characteristics of the Lamb wave in composites

Compared with the components produced by ul-
trasonic probes, the Lamb wave generated by the
fixed piezoelectrics unavoidably contains multi-modes in
plate-like laminated structure simultaneously due to the
exclusive attenuation mechanism, which can be basically
divided into two categories depending on the particulate
motion, viz. symmetrical and asymmetrical modes. Ad-
ditionally, the vibrational patterns and dispersive
properties through the plate thickness are not identical
for each mode, even for the same mode but in the dif-
ferent frequency domains, making the study for Lamb
wave more intractable. Percival and Birt [7] verified that
the dispersive characteristics of Lamb wave depend on
both the plate thickness and frequency. In their study,
an inhouse FEM software and a numerical simulation
approach based on the effective elastic properties were
developed to calculate the dispersive curves for typical
compeosite laminates.

In this work, the propagation of Lamb wave in [/
—-45/45/90), quasi-isotropic CF/EP laminates within the
frequency domain, ranging from 0.05 to 1.5 MHMz, was
investigated first. Four piezoelectric transducers were
fixed on the laminates to establish 6 pairs of totally 12
actuator-sensor paths in order to characterise the wave
velocity for different modes. The dispersive curve ex-
perimentally measured is plotted in Fig. 1, while the
curve theoretically calculated by FEM [8] is also com-
paratively displayed, denoted by triangle and square
symbols respectively. In Fig. i, the fundamental asym-
metric Lamb mode, Ay, symmetric Lamb mode, §;, and

10 p
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Fig. . The dispersive curve for quasi-isotropic CF/EP taminates.

the lowest order SH (shear mode) wave mode, S', can be
observed in low frequency region, while the higher order
modes appear gradually with an increase of frequency.
The dispersive curve implies that at least two Lamb
modes are available synchronously and their phase/
group velocity is dependent on the algebraic product of
the laminate thickness and the mode central frequency.
Nevertheless, a low-frequency domain {(<1.0 MHzmm)
can be noticed in the dispersive curve, where the fun-
damental Lamb wave modes and the lowest order shear
wave mode exhibit reasonably non-dispersive behavior.
In this research, the fundamental symmetric Lamb
mode, Sp. and the internal defect-induced lowest order
SH mode, S, are utilised for the diagnosis.

3. Configuration of experiment

An active real-time diagnosis system was developed m
this work, whose schematic description is given in Fig. 2.
In this system, piezoelectric lead zirconate titanate
(PZT) wafers (¢»: 6.9 mm, thickness: 0.5 mm) acled as
both actuators and sensors with the aid of two-way
switches. Agilent® E1441 arbitrary waveform generator
was used to produce S-cycle toneburst with Hanning
window at a central frequency of 0.5 MHz. The simu-
lated diagnostic signal was then applied on each PZT
wafer after amplified with the PZT amplifier (PiezoSys®
EPA-104) to generate ultrasonic Lamb wave. Response
signals were conditioned by Agilem® E32424 and ac-
quired via EI4374 digitizer at a sampling rate of 20.48
MHz; Sampled signals were transmitted into the central
control unit (CCU) for further analyses; All the diag-
nosis control and signal analyses were performed by
CCU, supported on the NI Labview® and Mattab®
platforms.
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Fig. 2. Configuration of proposed diagnosis system.

The validity of this system was then verified by ap-
plying it to [0/-45/45/90], CF/EP laminates (HEXCEL"
F854). For comparison, (wo laminates (480 x 480 x
1.275 mun’) without/with pre-treated internal defect
were manufactured, which are hereafter recognised as
the benchmark laminate and the defective laminate. An
elliptic UPLEX®-R-25 film (thickness: 25 um, semi-major
axis: 15 mm, semi-minor axis; 10 mm, angle between
semi-major axis and 0° fibre direction: 135°) was in-
serted at interfaces between the Ist and the 2nd layer,
simulating the common impact-induced delamination.
The centre of the artificial delamination lies 276 and 299
mm respectively away trom the left edge and bottom
edge of the laminates. Response signals were sampled
for each actuator-sensor path in experiment.

In Fig. 2, four PZT wafers are denoted counter-
clockwise by PI, P2, P3 and P4 respectively from the
bottom-left one. Each transducer locates 65 mm away

from two neighboring edges. Thus, totally 12 pairs of

actuator-sensor path are theoretically available. In ex-
periment, each laminate was fixed-supported on one pair
of its parallel edges while another pair was free.

4. Signal processing and damage diagnosis

Sampling signals for the benchmark laminate and the
defective laminate via actuator-sensor paths P/-P3 and
P2-P4, as typical paradigms, are displayed in Figs. 3
and 4, respectively. Containing the structural vibration
components and diverse bandwidth noises, the acquired
raw signals can hardiy be used directly for the diagno-
sis. Wavelet transform-based time-frequency spectro-
graphic analyses were employed to extract the useful
diagnostic information [12 18]. In this study. both the
discrete wavelet transform (DWT) analysis and contin-
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ﬁ
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Fig. 3. Sampled signals via actuator-sensor path P/-P3 (a) the
benchmark laminate, (b} the defective lanuinate.

uous wavelet transform (CWT) analysis were performed
for the signal processing to effectively diminish the in-
fluence of broadband noises. Daubechies function
Wia b) at level 4 {(db4) was chosen as the transform
function and applied with the CWT transform [14],

W(:a,mm% / ‘ .f'{zw*("; ”)dr (0

where W{a.h) denotes the continuous wavelet coefli-
cient. ¢ and » are the scale parameter and the translation
parameter, respectively. f(¢) represents arbitrary sam-
pled signal, while ¥*(¢) denotes the complex conjugate
of ¥(¢). Furthermore, the CWT analysis can be simpli-
fled by calculating the wavelet coeflicients at discretized
scale, i.e., the DWT analysis, with which the sampled
signal can be broken down into low-resolution compo-
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Fig. 4. Sampled signals via actuator-sensor path P2-Pé (a)} the
benchmark laminate, {b) the defective luminate.

nents. In addition, derived from Eq. 1, the total energy
for sampling signal can be yielded as [14);

e [Tt

a®

It indicates that the wavelet coefficient W(a,b) can re-
flect the distribution of wave energy over the time and
frequency domain.

The analytical results by DWT at the 5th level for
signals shown in Figs. 3 and 4 are displayed and illus-
trated in Figs. 5 and 6, respectively. With the aid of
DWT analysis, the . fundamental symmetric Lamb
modes, Sy, and the lowest order shear wave mode, Si- a8
well as their corresponding reflected waves from the
boundaries which are herein denoted as Sorer and S

hef's
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Fig. 5. DWT analytical results for signals via actuator-scusor path £
P3: {a) the benchmark laminate, (b} the defective laminate,

can be observed in the analysed signals in Fig. 5(a) and
Fig. 6(a), corresponding to the benchmark laminate.

Paralleled with the analysed signals {or the bench-
mark laminate, extra wave components can be noticed
in analysed signals corresponding to the defective lam-
inate via the same actuator-sensor paths, which are
contrastively shown in Figs. 5(b) and 6(b}. The extra
component in signal is recognised as the induced fowest
order shear wave mode S due to the existence _of dg!-
amination, denoted as S, Other delamination-im-
duced wave modes, Sqpeam and Agpeam. e um?xplmta.bie
because their propagation velocities are either too high
to be separated or too low to be sampled. For identifi-
cation, only first several wave components in sampled
signals are useful.
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Fig. 6. DWT analytical results for signals via actuator-sensor path P2
P4 ¢a) the benchimark fuminate. (b)Y the defective laminate,

Meanwhite, full-scale spectrographic analyses by
CWT were also performed for the sampled signals. As
example, 2D spectra of the raw signals for the bench-
mark faminate and the defective laminate via actdator-
sensor path P/-P3 are displayed in Fig. 7. In the
spectra, the wavelet coefhicients, represented by de-
scending grayscale, revesl the distribution of wave en-
ergy density, deploving the local perturbations in the
signals, Mere mtuttively, 3D spectrum for the defective
laminate is shown in Fig. & By virtue of DWT and
CWT analyses, the damage can be located by calculating
the related time lags upon consideration of multi-mode
velocities [13).

A rough estimation for the possible delamination
locations was preliminarily executed to expedite the

Ca.b Coefficlents - Coloration mode : init + by scale + abs

LR

3¢

5§

20 N

i 24114 i XA H
4800 5000 5200 5400 5600 5800 6000

Sampling Points

(a)

Ca,b Coefficients - Coloration mode

4000 i 4200 4400 4600

:init + by scale + abs

30

25

Scale

5

1¢

L s f
4600 4800 5000 520¢ 5400 5600 2 S5BOQ §000

Sampling Points

4000 4260 4400

(b)

Fig 7. 2D COWT spectra for signals via actuator-sensor path 2/ P
(a} the benchmuark laminate, (by the defective laminate.

diagnosis, approximately offering an initial position
for the damage scarching, Tt was found that the dam-
age searching and identification could be consequently
simplified by such initial estimation. During the scarch-
ing procedure. the transducer P/ is inttially assumed
as the origin of the coordinate system with the X axis
paralleling with the bottom edge of the laminate, and a
set of non-linear equations involving the position pa-
rameters for the delamination centre can be therefore
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etup in correlation with the geometric relationships
unong the Jocations of transducers and damage. The
ion-linear equations corresponding to the transducer P/
:an be given as [6,9].

Ve-x?+0-0 SRR TS
-4 — =T\
Vsl Kg‘u VSQ

{128 NPT

(i =2,3,4) (3)

vbere (x,y) denotes the coordinates of delamination
sentre in the current reference frame, and (x;, y;} repre-
sents the coordinates of the ith transducer. ¥ and
V;, are the velocities of wave modes Sjp,m and So, re-
spectively; while Ty ; is the measured time lag via actu-

ator-sensor path PI-Fi.

Analogously, total four sets of the non-linear cqua-
tiens can be established upon four coordinate systems
introduced, in which each PZT actuator takes tur;x 10 be
nominated as the origin of the reference frames respec-
tively. Further, an optimisation based on a graphic ap-
proach is then applied to solve the non-linear sysiems
{13}, fulfilling a prompt diagnosis with high accuracy.
The whole searching procedure is schematically ex-
plained in Fig. 9. The dash-dot-lines represent the in-
tercurrent lines generated by the searching algorithm,
with which the proposed non-linear systems can be
solved graphically, facilitating an accurate locating for
the damage centre.

The results show that the diagnostic errors are de-
pendent on the total number of the actuator-sensor
paths involved for identification. The errors decrease
with the increase of the path number for evaluation,
while four paths are the minimum mathematic require-
ment to solve the nominated non-linear system sets for
the location of delamination. However, the more the
paths are taken into account, the more CCU computing
time is consumed. In practice, a compromise between
expected accuracy and affordable time/cost should be
sychronised in accordance to the actual requirement.

8. Conclusion

An identification approach for delaminaiion locating
in laminated composites based on the Lamb wave
propagation was proposed. The fundamentat synmumetric
Lamb mode and the lowest order shear wave mode were
identified. An active diagnosis system using built-in pi-
ezoelectrics was consequently developed and applicd to
quasi-isotropic CF/EP composite laminates (o verify
the feasibility and capability. Wavelet transform-based

o .
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Fig. 9. Delamination locating procedure.
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" signal processing technique was employed in the iden-
- tification scheme to suppress the diverse noises. 1t ig
. shown that good diagnostic results can be achieved.
" Further studies will focus on the development of iden-
" tification technique for the extent of delamination.
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Quantitative Assessment of Damage in a
Structural Beam Based on Wave Propagation
by Impact Excitation
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A damage identification system involving a surface-attached piezoelectric transducer was developed
in this study in correlation with an elastic wave propagation model. A signal processing and
identification algorithm in the time-frequency domain based on the wavelet transform technique was
proposed t¢ suppress the diverse broadband interferences and effectively extract useful diagnostic
information from the acquired raw impact responses, facilitating a prompt yet accurate structural health
assessment. The developed system was then validated by applying it to a defeclive metal beam
bearing a transverse crack with an increasing depth that simulales the crack growth. It is shown that
the monitoring for the variable damage severity in the one-dimensional structure can be f{ulfiled
quantitatively and exactly using this technique.

Keywords structural health monitoring (SHM) - wave propagation
processing - wavelet transform

- impact response - signal

Introduction techniques and damage diagnosis systems, leading
to significant achievements in this area [1-19]. In
particular, the detection approaches based on the
elastic wave propagation have been attracting
more and more attentions from both researchers

and engineers, regarded as one of the most

Great interest in the structural health mon-
itoring with possibly less intrusion is increasing
throughout the aerospace, mechanical and civil
engineering communities. In the past decade,

more demanding requirements for the identifica-
tion accuracy and applicability as well as the
operating/maintenance cost have considerably
motivated the development of effective and eco-
nomical structural health monitoring (SHM)

*Author to whom correspondence should be addressed.
E-mail; ye¢naeromech.usyd.edu.au

promising solutions to the quantitative assessment
of the structural deterioration and the prevention
for catastrophic failure.

On the other hand, signal processing is a key
point to make an identification scheme applicable

Copyright © 2003 Sapge Publications,
Yol 2(1). 0602740 ‘
[1475-9217 (200303) 2:1:27--40; 10.1177/145792103029779]
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and understandable. As known, neither tradi-
tional time-series nor frequency-spectrum analysis
is capable of exhibiting the essence of signal at
the full length, so that much useful diagnostic
information may be lost. However, such an issue
can be ameliorated with the aid of wavelet trans-
form-based-analysis in the time—frequency space,
through which the time-dependent signal can be
decomposed into the time and frequency domains
simultaneously, and thus the characteristic details
hidden 1n signal, such as trends, breakdown
poinis or discontinuities, can be fully revealed.
While probably Daubechies [1] and Newland {2]
first systematically introduced the wavelet trans-
form technique into the vibrational signal ana-
lyses in the early 1990s, it is in the past couple of
years that the wavelet transform-based analyses
have been widely applied into the structural
damage detection. Actually, in its brief history,
the wavelet transform technique has been proven
to be a powerful analytical tool for signal proces-
sing, emerging as a substantial auxiliary imple-
ment for the system identification. Combined
with the investigation on signals in the time-—
frequency space via the wavelet transform, elastic
wave propagation-based detection approaches
make the quantitative evaluation for structural
health status more efficient and reliable. Kim
et al. [3] reported their model and a signal-
processing method for the identification of a
fixed damage in a one-dimensional structure;
Samuel et al. [4] accomplished a damage detec-
tion for a rotorcraft geartrain system; meanwhile
Sung et al. [5] developed an impact monitoring
technique for a composite structure using wavelet
transform technique; and Kim et al. {6] thor-
oughly investigated the effectiveness of wavelet
transform in the analysis for dispersive elastic
waves; while other different analytical models and
identification approaches have also been widely
reported [7-19].

Damage growth, such as the extension of a
crack in the metal alloy, is a common phenom-
enon for engineering structures in practice, which
may resuit in the lethal malfunction of the whole
system. It is therefore of vital importance to
monitor the damage growth and conseguently
apply with appropriate remediation to minimise
the risk of further structural destruction. The

objective of the present research focuses on the
development of a continuous monitoring scheme
for the damage growth in one-dimensional stryc.
ture. For this purpose, a damage diagnosis -
system incorporated with a piezoelectric transdy.
cer, in correlation with an elastic wave propaga-
tion model, was developed. The validity of thig
system was then investigated by applying it to 5
metal beam bearing a transverse crack with an -
increasing depth, simulating the damage growth, -
It is shown that the damage parameters, including :
the damage presence, location and its variable
severity, can be identified promptly and accu-
rately using this technique.

Model for Damage Identification

Consider a uniform Euler—-Bernoulli beam
owning a transverse crack-shaped damage per-
pendicular to the beam axis with an increscent
depth, H, as depicted in Figure 1. With the
assumption of the beam axis being the x-axis and
neglecting the twisting effect, the motion equation
for the Euler-Bernoulli beam can be expressed in
terms of the lateral displacement w(x, () and the
rotation angle 8(x,?) [20] upon the introduction
of shear correction parameter «,

Fw 00 Fw
2.2
A7 _ -T2 _—q Iz
« ‘-*]:aﬂ ax] ar (ta)

, 6 zc_f[aw_:l PO_0

et gl Y T

o =VE/p,
[K n/m]

where, E,f, 4 and p denote the elastic modulus,
second moment of area, cross-section area and
mass density of the beam, respectively.

Upon the consideration of the dispersion
relations,

= G/p, g=I/A,

(Ic)

—ithkx—mw1)
»

Wz Wg - € 6 = 9() . eﬁi(k.\'ﬁwf} (2}
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Figure 1 Damage model for diagnosis based on wave propagation.

| the eigen roots (wavenumber) for Equation (1)
‘can be yielded as,

1 I e )\? 1 3\’
= - —_— -t ——=
k=2t z(”x;*cz)*‘\/ (o) +a(1-25

11/2
xZ, (n=1,2,3,4) (3)
Co

Mathematically, the existence of four eigen
roots determines that four propagating wave
components are possibly available synchronously
in the Euler—Bernoulli beam. The general solution
to Equation (1) can be further expressed with a
summation of four terms as below,

wix, f) = [E Ale'”‘*‘ + Z Agé’jk“' + ZABf?mkx

+2A4(’kx] . eim~r (4)

where each term is respectively corresponding to
one of the wave modes, which is hereafter
recognised as the positively propagating wave,
the negatively propagating wave, the positively
growing evanescent wave or the negatively expo-
nentially decaying wave, respectively, depending
on their propagating direction and properties.

In Equation (4), the coefficient of exponential
represents the amplitude of each wave compo-
nent, which may be a complex. With the occur-
rence of a damage, Equation (4) yields two

propagating equations before and after the left

damage end (referring to Figure 1), respectively,
denoted with w_ and w,,

w.(x,0)= [ZA e vy " 4 26"""X+2A¢ek*":| o

(5a)
wlx, 1) = [z Bie~* ¢ Z Bze"‘l‘] &1 (5b)

where, the three terms in Equation {(5a) corre-
spond to the incident wave, reflected propagating
wave and reflected exponentially decaying
wave, respectively, which are induced by the
interaction between the incident wave and the
damage; while the two terms in Equation (5b) are
recognised as the damage-induced positively pro-
pagating wave and growing attenuating wave,
respectively. Note that the wave components 4,
and B, disappear very quickly due to exponen-
tially decaying.

Applied with the continuity and compatibility
conditions [3],

aw_(x, 1) _ dwy(x,1)

w_(x, 1) = wyl(x, 1},

ox ax
v (x, ) i (x, 1
Eh—" = F,—— =2
Ty 2T 9
awl (x, 1) BH-’i(x, 1)
El __——33.x m Fis e
(6)
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the reflection ratio at the damage surface can be
obtained as,

—f]lzk? + 27 ng?kz +2H;12k%k'_2, — 21;]3}'{1]{% — ffzzkg
[g“k? +21112k‘?k2 +21 fzk%k% +21 fgk;k% +1§'kg

(7a)

3

=l LW HD gy
12

where / and H denote the width and depth of the
cross-section of the beam, respectively; while I,
represents the depth of the damage. Equation (7)
implies that the depth of damage, H, can be
therefore determined with a given reflection
ratio. The relationship between the reflection
ratio and the damage degree (H,/H) for the
present system was theoretically calibrated and
shown in Figure 2.

Diagnosis Scheme

Daubechies function, ¥{a, b), at level 4 (db4)
was chosen as the wavelet transform function,
which was demonstrated most effective in this
study to cater for the resolution requirement
on the present problem compared with other

v L) N T M I v L) T

100 } E

60 | 4

Damage Degree [ %]

ke 1 " 1

i 1 L
0.0 02 0.4 086 0.8 1.0
Reflection Ratio

Figure 2 Theoretical relationship between reflection
ratio and damage degree.

transform functions. W{a,») was then applied
with the Continuous Wavelet Transform (CWT) 1
[21,22],

| 1P
Wia.b)= - f(t)-‘l‘(T)df @®)

where W(a,b) denotes the continuous wavelet
coefficient, which reflects the energy distribution
of the signal over the time-scale domain. « and 4
are the scale and translation parameter, respec-
tively. While f(¢) represents an arbitrary sampled
signal; and ¥*(¢) denotes the complex conjugate
of W(r). Contrarily, if the transform is invertible,
the inverse wavelet transform exists,

+oo ptoo _
(= f W(a,b)-ia- w(’-—b) 'C:—ida-db |

C‘I’ —0 a0 \/_

a

(9)

where CW is a constani that depends on ¥(1).

Practically, the CWT analysis can be simpli-
fied by calculating the wavelet coefficients only at
discretised scale, namely, the Discretised Wavelet
Transform (DWT) [21,22]. The sampiled signal
can be therefore decomposed into a series of
Approximations and Details via DWT analysis,
characterising the time-dependent signal in inde-
pendently assorted frequency ranges.

The time-scale or time—frequency domain
analysis offers a capability to quantitate the local
perturbation or singularity in signal. In this
study, the damage parameters (i.e., the location
and severity), regarded as singularity involved in
the signal, were determined using the CWT and
DWT spectrographic analyses. In more detail, the
damage location diagnosis was performed by
calculating the time difference between the inci-
dent wave component and damage-induced wave
component along the time axis within the dis-
creted frequency scope pertaining to the impact
excitation via the DWT analysis, or the time
difference between incident wave energy concen-
tration and damage induced-wave energy concen-
tration in spectra through the CWT analysis.
While the damage severity was calibrated upon
the relation with the reflection ratio (see Figure
2}, in which the reflection ratio was theoretically




sroven to be equivalent te the root-mean-square
(RMS) ratio of their related continuous wavelet
o coefficients along the scale axis at the time points
 corresponding to the maximum energy concentra-
tion over the time-scale domain {3] (see
. AppendiX)ﬁ while the RMS ratio could be
achieved by experimental approach.

Configuration of Diagnosis System

The damage diagnosis system based on a
vXI platform, described schematically in Figure 3,
consists of the Signal Generation Unit (SGU),
Signal Acquisitton Unit (SAU) and Central
Control Unit (CCU). With a low acoustic impe-
dance and a broadband response range, a piezo-
electric lead zirconate ttanate (PZT) element
(PI® 151), with the properties summarised in
Table 1, was chosen as the signal sensor and
surface-mounted on the beam with silver-epoxy
adhesive (Farnell®), Signal acquisition was per-
formed via the Agilent® E1437A digitizer at a
sampling rate of 20.48 MHz after conditioned by
the Agilemt® E3242A conditioner. Being the
kernel of the system, CCU performed as both the
controller and the interpreter, supported by an

Su et al.  Structural Damage Assessment 31

inhouse software developed on the NI Labview"
piatform.

In order to evaluate the effectiveness of the
proposed model and identification scheme, the
diagnosis system was then applied to a defective
aluminum alloy beam (cross-section of 10mm x
[0mm, Young's modulus of 72.4 GPa and density
of 2.69g/cm’) with dual-end fixed-supported.
sketched in Figure 4. A transverse crack. extend-
ing across the entire width of the beam with a
0.1Smm span along the beam axis, was pre-
viously made using a diamond saw. The damage
depth, H,, varies from | mm to 8 mm with a step of
I mm. In most previous studies, relatively compli-
cated excitation sources, such as PZT actuators,
were chosen for the generation of a diagnostic

Table 1 Geometry and mechanical properties of PZT
sensor.

Product Name

Ceometry

Density

Charge constant ds
Charge constant da;
Elastic constant F |,
Elastic constant Fx:

PLi5]

20mm = 10mm x T mm
7.80 g/em’

— 170 < 107" m/V
450 x 107" m/V
66.67 GPa
86.21 GPa

Specimen
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Figure 3 Configuration of identification system based on VXi
platform.
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Figure 4 Configuration of experiment setup for a structural beam with

damage.

signal. In the present study, a simple yet practical
pendulum force hammer, controlled by the SGU
to generate constant impact energy of 0.4J, was
used for the excitation of incident signal. It is of
essence to keep a sufficient distance between the
excitation spot and structural boundaries to
ensure the reflected wave modes from the bound-
aries would not interfere the damage-induced
wave component,

Signal Analysis

Inevitably, broadband responses will be
induced by the impact excitation due to the wave
dispersion, making the signal distinguish intract-
able. Meanwhile, muddled with the diverse noises
and structural vibration patterns, the diagnostic
information is usually ruined in the raw response
signal. An improved signal processing and
damage identification algorithm by virtue of
CWT and DWT analysis based on the Matlab®
mathematic platform [23] was hereby proposed to
meliorate the identification.

In experiment, different wave components can
simultancously be observed. The propagating
velocity for each possible wave is therefore
required for the signal distinguish. The velocities
measured experimentally and calculated theoreti-
cally are compared in Table 2. The response
signals for different damage severities were sampled.
As typical examples, the acquired structural
response signals in the time domain for 4mm and
6 mm-depth cracks, and their corresponding fre-
quency spectra by the Fast Fourier Transform
(FFT) analysis are shown in“Figures 5 and 6,
respectively. Interfered by the low-frequency struc-
tural vibration and various noises, only tiny

o == To SGU
: PR » ToSAU
Impact Excitationﬂ PZT Trani:ducar Damage
. T 4
4 o &
610mm 220mm 220mm 350mm

Table 2 Measured wave velocities in an aluminum alloy
structural beam.

Measured Calculatedt
HWave Mode {m/s) (m/s)
Longitudinal wave 6365 6314
Transverse wave 32058 3180
* CLongimdinuE = m; . w/'” — )N+ ) (1= 2{-"3; Crransverse = \/EZE

J172(Y 4 i), E. Elastic modulus, 72.4 GPa; p: Mass density, 2.69 g/em’,
i Poisson’s ratio, (.33,

differences can be noticed between the signals in
the time or frequency domain, both of which can
hardly be used directly for the accurate diagnosis. -
Spectrographic analyses based on the CWT and
DWT techniques [24] were accordingly executed.
A series of band filters with proposed threshold
and different frequency scopes were designed and
applied on the sampled signais to suppress the
diverse interferences and effectively extract diag-
nostic components. Meanwhile, the Ansys® FEM
software was employed to calculate the vibrational
patterns of the structural beam, so that the com-
ponents in the frequency scopes corresponding to
the structural natural modals could be filtered.
Thus the interrogation on the sampled signals can
be concentrated in a specific frequency scope. On
the other hand, in this study, the Sampling Point
(SP) was hereafter introduced instead of the direct
Time Point (TP} in CCU to expedite and facilitate
the data processing procedure.

The DWT analytical results of the sampling
signal for the 4mm-depth crack, as a paradigm,
from level 1 to level 10, and the distribution of its
DWT coefficient are displayed in Figure 7, in
which the DWT level refers to the different
frequency ranges. The wave energy distribution 1s
portrayed by the grayscale, and the darker the
grayscale appears, the stronger the wave energy
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Figure § Sampled raw response signals in the time
domain: (a) 4 mm-depth crack; (b) 6 mm-depth crack.

is. The obvious energy concentration can be
clearly noticed from level S, while at level 8 the
spectrogram  well exhibits the response arisen
from the impact excitation.

Particularly, the DWT analytical results at
level 8 for 4mm and 6mm-depth cracks are
displayed in Figure 8 for comparison. The first
wave peak originates from the incident wave
(transverse wave in this case), followed by the
first reflected wave due to the crack as well
as other reflected components from left/right
boundaries or multi-reflected wave components
from the damage. For the signal identification
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Figure 6 FFT analysis for signals in Figure 5: (a) 4 mm-
depth crack; (b} 6 mm-depth crack.

purpose, only the first several wave components
in the sampling signal are useful while the others
are not the concern. The time lags among the
related wave components (peaks and wavefronts)
were calculated to locate the crack.

Meanwhile, the 2D and 3D spectrographic
analyses via CWT were performed. As instances,
the 2D spectra for the paradigmatic sampling
signals, shown in Figure 5, are displaved in

Figure 9, where the grayscale reflects the density
of wave energy over the time-scale domain, with
the darker one indicating the higher energy. The
damage-induced energy can be observed between
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Figure 7 DWT analytical results of the sampled signal for 4 mm-depth crack: {a) details from level 1 to ievel 10; (b)

distributions of DWT coefficients.

the incident energy and the first reflected encrgy
from the boundary. More intuitively, the corre-
sponding 3D spectrographic images for different
damage severities and their partial magnification
are displayed in Figure 10. In the 3D spectra, the

intuitionistic ridges, relative Lo the CWT coeffi-
cients, also indicate the encrgy distribution.
Simtlarly, the energy concentration induced by
the damage can be visually observed in 3D
spectra. From Figures 8-10, stronger energy




LI S L B R T
Reflected components]
from boundaries |

I Incident componant/

é 0.4} ) r/

? o2t /

- [ :

. 0.0 H\N{b

} -02 o ‘\,_. o
E 045
. 061
- [ ]
Q8 Damage-induced wave component ]
1.0 . 1 N i a 1 N I " ¥ " ]
0 3000 6000 anco 12000 15000 - 18000
Sampling Points
(a)
7 4 T v ¥ v T o
Reflected components]
frotn boundaries 4

o Incident companent
. é ‘
'g \
2 |
. E 08} ]
0.8 i Damage-induced wave component *}
1.0+ ‘ 4
1 . 1 " 1 A 1 1 N
0 3000 6000 9000 12000 15000 18000
Sampling Points
(b)

Figure 8 Detail at level 8 by DWT analysis for signals in
Figure 5: {a) 4 mm-depth crack; (b} 6 mm-depth crack.

reflection from the crack can be noticed as the
crack size increases because of the expansion of
the wvalid reflection area. The resolution for
sampling signal and identification accuracy for
both the damage location and the severity are
consequently improved. The full-scale CWT
analyses are more wieldy of detecting local
perturbations in signal.

Damage Diagnosis and Discussion

For diagnosis purpose, the energy ridges in
the time-scale space at the time point, pertaining
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to the maximum energy concentration, are
anatomised and investigated along the scale
axis. The consequently anatomised profiles for
the incident energy and induced-energy from 4 mm
to 6mm-depth crack are contrastively shown
in Figure 11 as paradigms. In profile curves,
a crestiform distribution of the wavelel coeffi-
cients along the scale axis within the assorted
scale range can be observed. Two approaches
were employed to calculate the magnitude of
the distribution of wavelet coefficient in the
profile curves, viz.,, RMS method [3] and inte-
gration method, so that the reflection ratio
can be determined. Attention should be paid
that the area encompassed by the profile curve
and scale axis increases with the crack length
from lmm to 8mm. By virtue of the RMS
valve ratio of the wavelet coefficients for the
incident energy to the damage-induced energy in
the profile curves, the reflection ratio was calcu-
lated (Equation (A10)), leading to the determina-
tion of the damage severity (Figure 2). The
damage diagnostic results achieved via the pro-
posed identification scheme and the actual
damage parameters are compared in Table 3.

Capability of the diagnoses for damage
location and severity using the developed system
was evaluated. The percentage diagnostic
errors are listed in Table 3 and illustrated in
Figure 12. The results imply that the identifica-
tion accuracy for crack location, in spite of the
actual damage severity, is acceptable with a high
creditability. The preciston of damage severity
identification increases with the crack size and a
satisfactory precision for the damage severity
estimation is maintained until the crack size
approaches 6 mm approximately when the trans-
verse damage area occupies around 60-70%
of the entire cross-section of the ~beam.
Considerable errors occur when the crack size
exceeds 70% of the height of the beam. This is
attributed to the inapplicability of the basic
hypotheses used in the Euler—Bernoulll beam
theory, on which the model was developed.
Under such a circumstance, the twisting effect
cannot be neglected, leading to the inapplicabil-
ity of the continuity and compatibility condi-
tions.
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Figure 8 2D spectrographic analysis by CWT for signals in Figure 5:
{a) 4 mm-depth crack; (b} 6 mm-depth crack.

Conclusion

An identification and monitoring scheme for
structural damage in correlation with the impact
response anaiysis has been developed, and its
validity was examined experimentally through a
quantitative diagnosis for the location and size of

damage with an increasing depth in a one-
dimensional  structural beam. A simple and
practical impact excitation source was used for
the generation of diagnostic stress wave. The
accompanying broadband interference of impact

excitation was suppressed using an improved

signal processing technique based on the wavelet
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transform technigue as well as a high-resolution
data acquisition system, with which satisfactory
diagnosis results have been achieved. The sensi-
tivity of the identification algorithm was then
evaluated. The experimental results indicate that
the wdentification accuracy depends on the actual
severity of the damage. Unacceptable error
occurs only when the damage is very severe (the
damage size 15 over 65% of the cross-sectional
arca of the beam). In practice, such a kind of
large destruction is normally not the concern of
the structural health monitoring,

Health monitoring technigques and identifica-
tion systems for more complicated structures,
such as laminated fibre composite plates, will be
presented in forthcoming reports.
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Table 3 Diagnosis results and relative percentage errors for a crack with variable depths in a beam.

Location Diagnosis (mm) Degree Diugnosis (mm}

Acival e A e e e . et e, B
Damage  Calewlated Vildue™ Minimum  Calewlaied Value by Minimum Calerdared Value
Degree (To the Right End}  Error (%) RMS Method Error (%) by Integrarion Method  Error (%)
i mm 373 6.57 1.073 7.25 1073
2mm 336 4.00 2.100 4,50 2.104

Imm 341 2.79 3150 4.69 2.853

4 mm 3359 2.05 31832 4.17 4.161

Smm 340 2.26 5115 2.30 4.862

6 mm 357 2,05 6.123 205 6.141

7mm 355 Fi3 6.404 8.52 7.642

Emm 346 1.02 6.200 22.5 6.152
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*The sctual damage position is 350 mm away from the right end of the bean.
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Figure 12 Credibility for proposed identification scheme: (a) for
damage location diagnosis; (b) for damage degree diagnosis.
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; Appendix

Considering a 3D spectrum over the time-
scale domain obtained via the CWT analysis, the
magnitude of a wave energy ridge in this spec-
trum, denoted hereafter by Aigg., along the scale
' axis at an arbitrary time point, can be calculated

. by RMS method {25],

W+ Wi+ W}
Aridge=

N (A1)

where W;{(i=1,N) is the ith wavelet coefficient
on the profile curve along the scale axis, whilst ¥
denctes the total number of discretised points,
which is determined by the precision of the
selected wavelet transform.

Simiiarly, as for two energy ridges in one
spectrum, Ajigger and Augez, at different time
points £, and 7, respectively, their amplitude ratio
can be defined as following if the same wavelet
transform function and transforming precision
are chosen,

(Aridgcl) _ W? + sz +--- 4 W,%!‘::n (Az)
AridgeZ WEE + sz + -+ Wg:l;:,z

When N is large enough, Equation (A2) is
equivalent to,

(A3)

mix
2
A . 2 f W |fﬁzfg s da
( r;dgel ]!I - Smin
Ar!-d J - sl“:l)(

gelin 2

W |.t=r2 - da
Swin

where a represenis the variable on the scale axis.
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Meantime, derived from the definition of

wavelet transform [21],

1 —+oC
W(a, by = —

[ s v () a aw

where f(r) represents any time-dependent signal,
its inverse wavelet transform exists,

1 e~ -+00 |
f{{) - a];oc a={ W(a= b) . '\/_’E

xw("b)-lzda.db
a a

where a is the scale parameter while & is the
translation parameter, both of which are real
number and @ must be positive. Cy is a constant
and ¥*(7) denotes the complex conjugate of W(y).
Derived on Equations (A4) and (AS), the follow-
ing proportional relation exists [21],

(A3)

Muax
E f {W(a, by, da (A6)

Mi

For two given energy components, E, and E,,
over time-scale domain, at different time points,
t) and 15, respectively, it exists,

Max
E, fM LC b)pey, | da
E = T Max (A7)
f |W(a, b),., \ da
Min )

On the other hand, in the time domain, the
energy ratio for two sampled signals is known to
be equal to [21],

Evy _ LAOL
Ec. 1ROV

(A8)

Combining Equations (A7) and (AB), the
energy ratio for two wave components, at

specific time points, #, and 1, respectively, can be
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yielded as,

’ Max
Wia,b),_, °d :
Epes, _ji;lin [(W(a, )bﬁr.| a_ifi(f)li

E. X - Max - 2
= [ W pa O
Mhin

(A9)

Therefore, via Equations (A3) and (A9), the

reflection ratio can be given:

|f(11)! - !(Aridgellxi)i A10
1)) |\ Avidgez| s, (A10)
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Fundamental Lamb Mode-based Delamination
Detection for CF/EP Composite Laminates
Using Distributed Piezoelectrics
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A delamination detection scheme for the CF/EP composite laminates based on the Lamb wave
propagation was proposed. The fundamental symmetric Lamb mode {Sp) and the delamination-
induced basic shear mods (S}) in an ultrasonic frequency range were utilised for locating the
delamination. Both numerical simulation and experimental studies were performed to evaluate the
propagation characteristics of Lamb waves in the composite laminates involving a delamination. An
active online damage diagnosis system was established with a transducer network configured using
distributed piezoelectrics. Bandpass filters were designed and spectrographic analyses in the time-
scale space via wavelet transform technique were accomplished, to diminish diverse broadband
interferences and consequently improve signal interpretation. Algorithm based on a graphic approach
was intfroduced into the damage searching procedure to expedite the diagnosis and minimise the
estimation errors. The proposed identification scheme and diagnosis system were then validated by
detecting delaminations in CF/EP laminates made from unidirectional and woven fabric prepreg,
respectively. Satisfactory prediction for the damage location has besn achieved. Additionally, the
influence of diagnostic waveforms and frequencies on the identification accuracy was also evaluated.

Keywaords fibre-reinforced composite -
element method (FEM)

structural health monitoring (SHM) - Lamb wave - finile
- wavaelet transform

1 Introduction strength, stiffness or damping properties of the
composites and severely reduce the structural

Delamination, induced by the interlaminar stres-  integrity and reliability. It is therefore momentous

ses, 1s probably the most common internal defect
in carbon fibre (CF)/epoxy (EP)-laminated com-
posites, and it can originate and develop during
manufacturing or as a result of accidental out-
of-plane impact during service. The occurrence
of delamination may considerably lower the

~
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for engineers and researchers to pursue effective
and reliable detection techniques, with which
the delamination might be detected at its inmitial
stage.

Conventional nondestructive  evaluation
(NDE) for structural criticality, such as C-scan
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and radiographic inspection, or model-based
methods, ranging from modal analyses to static
parameters identification, are facing the challenge
of compromise between satisfactory estimation
accuracy and versatile applicability in practice.
Motivated by this, innovations in NDE field have
become an increasing concern over years, leading
to intensive researches on the novel and improved
techniques. Amongst them, Lamb wave-based
detection approaches have been increasingly
attracting noticeable preferences, encouraged for
damage assessment with high precision require-
ment [1-13]. Generated and monitored by trans-
ducers expediently and efficiently, Lamb wave is
able to propagate over a relatively long distance
even in materials with high attenuation ratio,
such as CF/EP laminated composites, and thus a
broad area can be investigated with only a few
transducers. Meanwhile, the entire thickness of
the laminate may be interrogated in virtue of
different vibration patterns of various Lamb
modes, which affords possibility to detect the
internal damages as well as the defects on the
surface. In the majority of existing literatures
[1-10], the ultrasonic probes were widely used for
the generation and monitoring of Lamb waves
for their excellent accessibility and accuracy.
However, the further applications of ultrasonic
probes for online detection may be hindered due
to the poor affinity with practical engineering
structures and the non-neglectable size and
weight. Additionally, in most cases, a period of
temporary out-of-service for the structures to be
inspected is required to ensure the probes are
operational. It is obvious that these deficiencies
have considerably limited their applications, such
as the health surveillance for in-service aircrafts,
where the structural components are expected to
combine the designed functions together with
self-assessment and self-rehabilitation capabilities.
Under such a circumstance, the integration of
in situ transducers into the structures is regarded
as a promising measure to feature the smart
function for the real-time damage monitoring.
Wang et al. [11] reported a practical damage
identification approach using distributed piezo-
electric devices; Lemistre et al. [12] successfully
detected the structural damage using Lamb wave
generated by piezoelectrics; while Gaul et al. [13]

determined the history of an external transient force
applied on a structure by analysing the responses
measured by piezoelectric materials. In these sty-
dies, the piezoelectrics exhibit low acoustic impe-
dance and wide frequency responses vet with minor
intrusion into the structures, serving as a practical
and reliable integrated signal transmitter.

On the gther hand, the study upon character-
istics of Lamb wave propagation in the laminated
composites and the damage evaluation using
numerical simulation have been rigorously explo-
red for a couple of years, and related achieve-
ments are in a good supply [2,4-7,14-16]. Most
of the related work, however, is limited in either
one-dimensional or two-dimensional situations, in
which the internal damage, a complicated three-
dimensional pattern, usually has to be simplified
with certain scenarios, leading to approximate
simulations.

The efforts in this study are aimed at devel-
oping a delamination identification scheme for
CF/EP composite structures based on the Lamb
wave propagation. A detection algorithm using
the wavelet transform technique was developed.
The propagation properties of fundamental Lamb
modes interacted with interlaminar delamination
were examined through numerical and experimen-
tal analyses. For this, a full-scale three-dimen-
sional finite element model was developed and
structural dynamic analyses were performed. An
active diagnosis system incorporated with piezo-
electrics network was consequently established in
accordance with the identification scheme, and
it was then validated to locate delaminations in
CF/EP laminates made from unidirectional and
woven fabric prepreg, respectively,

1

2 Lamb Waves in the Composites

2.1 Propagation Characteristics
of Lamb Wave in Laminated
Composites

Lamb wave, a guided wave propagating in the
plate-like structures, is known to be dispersive
during propagation in the viscoelastic medium,
whose properties rely on not only the material
properties and structural geometry, but also the



scitation conditions. In most cases, more than
two modes are synchronously available; and the
ibration patterns and dispersive properties
hroughout the plate thickness are not identical
~for different modes, even for the same mode but
in different frequency ranges. Practically, the
angle-variable ultrasonic probes are normally
employed to produce the pure and single Lamb
" mode in accordance with the Snell’'s law [17],
shunning multiple modes. Compared with the
components generated by ultrasonic probes, the
Lamb waves induced by the piezoelectric elements
directly, such as a PZT disk, unavoidably contain
multi-modes simultaneously, which can be basi-
cally classified as symmetrical and anti-symmetri-
cal modes, depending on the particulate motion
patterns.

Dispersion characteristics of Lamb waves in
the multilayered medium are some of the pivotal
concerns for development of guided wave-based
damage detection techniques. Lamb waves are
known for owning a strong ability to propa-
gate over a relatively long distance while without
significant attenuation in the energy and wave
amplitudes, even in the materials with a high
attenuation ratio, such as CF/EP-laminated com-
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posites [17]. However, the dispersion phenomena
with the variation in wave frequency were clearly
observed, dependent on the structural thickness. The
dispersive properties for fundamental Lamb wave
modes in an 8-layers [45/--45/0/90}, CF/EP quasi-
isotropic composiie laminate were experimentally
evaluated. In experiments, wave phase velocities
for symmetric and anti-symmetric Lamb modes,
excited by a PZT actuator in a sweep frequency
ranging {rom 0.1 to 1.5MHz with a step of 50 Hz,
were measured individually by PZT sensors. The
dispersion curves for fundamental Lamb waves in
terms of wave phase velocities and excitation
frequencies are plotted in Figure 1. Meanwhile
the dispersion curves theoretically calculated
using the method proposed by Percival et al. [2]
are also included in Figure 1 for comparison.
Good correlation between them can be noticed.
The fundamental anti-symmetric Lamb mode, Aqg,
symmetric Lamb mode, So, and the lowest order
shearing mode, S;, are observed in the low fre-
quency region, while higher order modes appear
gradually with increase in frequency. The disper-
sion properties shown in Figure ! indicate the
presence of multiple Lamb modes in the lami-
nated composite, whose phase/group velocities
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Figure 1 Dispersion properties for Lamb waves in an 8-ply quasi-

isotropic CF/EP laminate.
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are dependent on the algebraic product of the
laminate thickness and the central excitation
frequency. Whereas for the current structure, a
low-frequency domain (< 1.2MHzmm) exists, in
which the fundamental modes exhibit reasonably
non-dispersive behaviour. In the present work,
the fundamental symmetric Lamb mode, §,, and
the defect-induced basic shear mode, S, were
utilised for the damage detection.

2.2 Interaction between Lamb Modes
and Internal Defect in the
Composites

The interaction between fundamentzl Lamb
modes and the interlaminar delamination in CF/
EP [45/—45/0/90]; quasi-isotropic composite lami-
nate was numerically investigated. A rectangular
laminate (480 x 480 x 1.275 mm®) with an assumed
elliptic delamination (semi-major axis: [5mm,
semi-minor axis: 10 mm, angle between the major
axis and 0° fibre direction: 135°, centre posttion:
276 and 299 mm away from the left and bottom
edges of the laminate, respectively, delaminated
area: 0.25% of suificial area of laminate) between
the Ist and the 2nd layers was considered. One
pair of its edges were fixed-supported while the
other pair were kept free. Four PZT disks, acting
as both actuators and sensors, were located at
the corners of a square route, 65mm away from
the two neighbouring laminate edges, counter-
clockwise numbered with P1, P2, P3 and P4 from
the bottom-left one, schematically delineated in
Figure 2.

Full-scale three-dimensional FEM model
with fine mesh description was created for the
delaminated laminate on the PATRAN® platform
[18], while the dynamic analyses were accom-
plished using ABAQUS/EXPLICIT® FEM code
[19] using a super computer. Eight layers were
divided along the laminate thickness to character-
ise each unidirectional lamina individually, lead-
ing to approximately 100,000 solid brick elements
used for the simulation. The ichnographic FEM
model for the vicinity of delaminated area is given
in Figure 3(a), where more than 10 nodes exist
within one wavelength. For comparison, model-
ling and numerical simulation for the laminate
without artificial defect were also conducted. The
time step adopted in dynamic calculation was
controlled to be clearly less than the ratio of the
minimum distance of any two adjoining FEM
nodes to the maximum achievable wave velocity.
A surface contact algorithm [19], permitting a
small sliding relative displacement and arbitrary
rotation of two delaminated surfaces, was intro-
duced to process the contact problem arising from
the delamination, sketched in Figure 3(b), which
was proven in this study to be virtual in approxi-
mating the delamination. The technical informa-
tion for the CF/EP composites considered in
the simulation is listed in Table I(a); while the
mechanical properties for unidirectional laminae
estimated using a micromechanics maodel [20]
based on properties of constituents (carbon fibre
and epoxy matrix), in accordance with the compo-
site Jaminates used in the following experiments,
were detailed in Table 1{(b). In addition, PZT

4EO0mim

Figure 2 Composite laminate for numerical simulation.
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(a)

Delamination

Vicinity

(b)  Neighbouring
arca

Upper delaminated surface

Lower delaminated surface

Proposed

diplacement
constraint

6.9mm

Figure 3 FEM modslling in numerical simulation: (a) mesh near delamination area; (b)

contact surfaces for delamination; and {c} applied displacement constraints in the actuator
ared.

actuators/sensors were individually modelled [21]. 0.5 MHz, was applied on the actuator model [21]
A uniform radial displacement in the x-y plane, to generate the Lamb modes, as described in
following a 5-cycle sinusoidal toneburst windowed Figure 3(¢). The structural responses were dyna-
with Hanning function at a central frequency of  mically monitored using the sensor model [21] at a




48 Structural Health Monitoribg 3(1)

Table 1 Configurations of specimens

(a} Technical data for CF/EP composites used in simulation and experiment.

Fibre Matrix Fibre Matrix Laminate Count Warp
Product Product Fraction Fraction Density x
Name Name (%) (%) (kg/m>) Weave Fili
uUpD T650/35-12K F584 56 44 1528 N/A N/A
WF T300/3K F593 48 52 1376 Plain 12.5x12.5
{b} Estimated elastic properties for unidirectional CF/EP lamina.
Eyy Ey; Es; G2 Gs Ga;
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) o v bys
153.67 9.49 9.49 4.26 4.26 3.44 0.295 0.295 0.381
(c) Geometric identities of laminates and delaminations {Unit: mm).
. Sirmulated Delamination
Geometric
Specimen No. Dimenszion {mm} o B v} £ ' é
UD1? 480 <480 x 1.275 N/A N/A N/A N/A N/A N/A
UD2* 480 x 480 x 1.275 15 10 135 276 299 0.25
WF1# 480 x 480 x 1.454 N/A N/A N/A N/A N/A N/A
WEF2# 480 x 480 x 1.454 17 12 45 268 190 0.18

«: semi-major axis; g semi-minor axis; ¢: angie between the major axis and 0° fibre direction; & vertical distance to the left edge from centre of the
delamination; £ vertical distance to the bottom edge from centre of the delamination; §: percentage of delaminated area (%) in laminats.

sample rate of 20.48 MHz. Stereo-visualised plots
from FEM for Lamb wave propagation in the
delaminated composite plate with a time interval
of 10us are shown in Figure 4, where the internal
defect-imposed disturbance on the Lamb wave
propagation can be clearly observed.

A series of bandpass filters with proposed
thresholds were designed, introduced hereinafter,
and applied on the simulated signals to screen
the broadband noisy interferences and extract
diagnostic components in the frequency scopes
corresponding to the excitation. The filtered
dynamic signals via actuator-sensor path P1-P3,
as typical examples, for the composite laminates
without/with delamination are displayed in
Figure 5. Mode conversion induced by the
existence of delamination is mnoticed in the
signals for defective specimen. Compared with
Figure 5(a), extra Lamb mode in the selected
frequency scope is clearly observed in Figure 5(b),
which is recognised as the damage-induced basic
shear mode, hereafter denoted by Sype.m- Other
damage-induced modes are unexploitable because
their velocities are either too close to other

actuator-generated wave modes in the limited
sampling period, or too slow to be sampled in
the specific time.

3 Signal Processing and
Experimental implementation

3.1 Wavelet Transform Principles

Muddled by the structural low-frequency vibra-
tion patterns and diverse broadband noise cor-
ruptions, the interpretation of both theoretically
calculated structural responses and experimentally
acquired signals are not straightforward for
damage detection in either the time or frequency
domain. An identification algorithm based on the
spectrographic analysis in the time-scale space was
developed using the Discrere Waveler Transform
(DWT) and Continuous Wavelet Transform (CWT)
technique [22-26]. Daubechies function was chosen
as the wavelet transform function, which was
experimentally demonstrated in this study to be
most effective for the present system compared
with other transform functions.
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(b)

Simulated Internal
defect area

Simulated Internal
defect area

Figure 4 Defect-impacted disturbance on Lamb wave propagating in
composite laminates: (a) at the 55th microsecond after excitation and (b) at

the 65th microsecond after excitation.

Herein, for an arbitrary sampled signal f(7),
the discrete expression in the time-scale domain
could be achieved by applying the selected basic
wavelet function W(r) (Daubechies in this study)
as {22],

”m

a=ay and b = nayby, mne”Z (1a)

DWT(m,n) = agm/z ff(z) (g™t — nbg)- dt
(1b)

where ¢ and b are the scale and time parameters,
which were discreted by dyadic variables m and »n,
while ay and by are constants determining the
sampling intervals. Reversely, the signal could be
reconstructed by [26],

S0 =Y 3 Conlt) - DWT(m,1)  (2a)

m el

Crn(0) = ag ™ * W(a; ™1 — nbyg) (2b)
0 G

where ¢ is a constant in correlation with W{r).
Time-dependent function C,,,(1), is defined as the
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Figure 5 DWT analysis-processed structural responses via actuator—
sensor path P1-P3 in simulation: (a) for laminate without delamination and
(b) for laminate with delamination.

DWT coefficient, and the overline indicates the
complex conjugate.

Based on Equations (1b) and (2), a series of
bandpass filters with discreted initial thresholds

and frequency scopes were established, with which
the one-dimensional time-dependent wave signals
were decomposed into associated band ranges
according to frequency. Lamb wave components
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pertaining to the excitation were therefore
separated and characterised without diverse
interferences.

Serialising Equation (1), signal f(f) was
converted into a quadratic description as [22],

T atoo

CWT(a,b) = % (0 - q:(’—;—b)- dt (3

where CWT(a,b) is defined as the CWT wavelet
coefficient. Conversely, the signal was reconstru-
cted via the inverse continuous wavelet trans-
form,

y [t gt i i—b
ro=¢, [ [, evren 7 9(Z)
L da-ab )
a

where Cy is a constant depending on (7).
Energy allocation for the wave signal was
furthermore derived, in light of Equations (3) and

(4) as,
E='f°°f°°|W(a,b)12da-db (5)
o0 Jaz0

where |CWT(a, b)!z, defined as the scalogram,
indicates energy density in the time-scale domain.
Based on Equations (3)-(5), the sampled signals
were decomposed into two- and three-dimen-
sional time-scale spaces with the intuitive illustra-
tion for the energy allocation, which offers a full
display of. the characteristics for acquired signals,
more capable of detecting local perturbations in
the signals. If the detected perturbation is not
~ caused by the factors already known, such as a
geometric boundary, it can be attributed to the
existence of a damage. In the present study, the
characteristic times for -different Lamb modes in
the time-scale space, at which the wave energy
reached its maximum/minimum, were captured
using a special program. The time differences
among concerned Lamb modes, such as the one
between incident and damage-reflected modes,

were used to predict the damage location. In this
study, identification of delamination location in
the CF/EP composite laminates was conducied,
while complete quantitative identification for
damage severity using the energy allocation is
reported elsewhere {27, 28].

In the above discussion, the spectrographic
analyses were conducted in the time-scale domain,
rather than the time—frequency space. The param-
eter scale (@) in Equations (1){5) is directly
proportional to the reciprocal of frequency (1/f),
depending on the selected wavelet transform func-
tion. It was found that the wave energy allocation
could be more easily defined by representing
the acquired signal into the time-scale domain
[22,29].

3.2 Configuration of Diagnosis
System

An active online damage diagnosis system was
established in accordance with the identification
principle, sketched in Figure 6. It consists of
Signal Excitation Unit (SEU), Signal Acquisition
Unit (SAT)) and Central Control Unit (CCU).
A transducer network was designed using Piezo-
electric Lead Zirconate Titanate (PZT) wafers,
6.9mm in diameter and 0.5mm in thickness,
which was surface-bonded on each laminate and
controlled by the SEU and SAU. Two-way
switches were attached to SEU and SAU, making
each PZT transducer function as both actuator
and sensor, minirmising the number of transducers
and intrusion into the structure. While diagnostic
signal, simulated by Agilent® El44] on NI Lab-
view® platform, was applied on actuators through
SEU after amplified to 60 Vpep (peak-to-peak)
by a PZT amplifier (PiezoSys® EPA-104). Signal
acquisition was performed via Agilent® E14374
digitizer at a sample rate of 20.48 MHz through
IEEE-488 bus; and the acquired signal was

conditioned by Agilent® E32424 before trans-
mitted into CCU. Being the key unit of the
system, CCU performed as both controller and
interpreter, supported by an inhouse software
developed on the NI Labview® platform using
Matlab® package [29], and finally the diagnostic
results were output to the user’s interface.
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Figure 6 Configuration of diagnosis system using distributed piezoelectrics network.

3.3 Experimental Impiementation

The proposed identification principle and devel-
oped diagnosis system were then validated by
locating delaminations in CF/EP T650/F584 [45/
—45/0/90]; quasi-isotropic laminates made from
unidirectional (UD) prepreg, and CF/EP T650/
F593 [(0/90)/(—45/45)/(90/0)}; orthotropic lami-
nates made from plain woven fabric (WF) pre-
preg, respectively. The geometric identities for
specimens are the same as those summarised in
Table 1(c). A delamination with the same shape
and size in the above numerical simulation was
introduced using two pieces of UPLEX®-R-25
film of 25um thickness during manufacturing.
For comparison, the specimens without the dela-
mination were also fabricated. The benchmark/
defective laminates are represented by symbol
UDI1#/UD2* for the unidirectional prepreg lami-
nates and WFI1#/WF2¥ for the woven fabric
prepreg laminates, respectively.

Amplified and modulated tomeburst with
various waveforms, at central excitation frequen-
cies from 0.1 to 1.0 MHz, was applied on each
PZT wafer in turn to generate the Lamb waves.
When one wafer was activated, other three wafers

were used to real-time monitor the structural
response. By virtue of the two-way switches enga-
ged in the SEU and SAU, totally 12 actuator-
sensor paths were available with 4 transducers.
Structural response signals were dynamically
acquired for each actuator—sensor path in the
experiment at the same sample rate used in
simulation {20.48 MHz2).

4 Damage ldentification

4.1 Signal Interpretation

In the experiment, good repeatability for the
signal acquisition was noticed. Arbitrarily chosen
as typical examples, acquired signals for specimens
UDI1¥/UD2* via actuator—sensor path P1-P3 and
those for specimens WF1¥/WF2¥ via path P2-P4
arc displayed in Figures 7 and 8, respectively.
Certain differences can be noticed between the
structural responses for the benchmark and defec-
tive laminates in the time domain. Meanwhile,
the frequency spectrum analyses by Fast Fourier
Transform (FFT) were also performed, and the
spectra for the chosen signals are correspondingly
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Figure 7 Sampled signals via P1-P3 for laminates made from
unidirectional prepreg: {a) for benchmark laminate UD1* and (b)

for defective laminate UD2*.

exhibited in Figure 9. The FFT analysis is able to
provide an interrogation on the acquired signals in
the diverse frequency ranges. In the spectra for
UD2* and WF2¥, extra frequency components,
shaped as spike, could be noticed when compared
with those for UD1* and WF1¥. However, these
characteristics or differences in either the time-
or frequency-domain are not sufficient for quanti-
tative identification of damage in the laminate.

The signal processing principles proposed in
Section 3 were applied and the wave components
pertaining to the incident excitation were correctly
extracted from raw acquired signals via DWT
analyses. The filtered signals are displayed in
Figure 10, where fundamental symmetric Lamb
mode, Sy, and basic shear mode, S}, together
with the reflected components from the bound-
aries, denoted by Soer, can be orderly observed
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Figure 8 Sampled signals via P2-P4 for laminates made from
woven fabric prepreg: (a) for benchmark laminate WF1* and (b) for

defective laminate WF2¥,

within the selected frequency scope and time
period. For identification purpose, only first

several wave components in the acquired signals
arc useful while the rest may be corrupted by
the boundary reflections. Compared with bench-
mark laminates, extra wave components between
5o and Sgr or following S were detected in

Figure 10(b) and (d). In correlation with the study
in Section 2, the extra components are recognised
as the delamination-induced basic shear mode,

oDelam+ 1€ appearance order of the wave compo-
nents in a signal is deterministically dependent on
the relative locations among the delamination,
boundaries and sensors. Herein, the Sampling
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Figure 9 FFT analysis for paradigmatic signals shown in Figures 7
and 8: (a) for benchmark laminate UD1%; (b) for defective laminate
UD2*%; (c) for benchmark laminate WF1*, and (d) for defective

laminate WF2¥,

Point (SP) was introduced instead of the direct
Time Point (TP) s0 as to expedite and facilitate the
data processing in CCU.

Further, two- and three-dimensional spectro-
graphic analyses based on the CWT technique
were performed and relevant results for the para-
digmatic signals are shown in Figures i1 and 12,
respectively. In the two-dimensional spectra, the

allocation of energy for various Lamb modes
were calibrated by the CWT coefficients, repre-
sented by descending grayscale, where the darker
the grayscale is, the higher the coefficients and
the stronger the encrgy concentrates. In both
two- and three-dimensional energy allocation
plots, the defect-caused shear wave, .S, can
visually be identified.

Pyelam?
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Figure 9 Continued.

The same geometric identity and delamina-
tion location were used in both numerical simula-
tion and experimental analyses, which enables the
comparison between the theoretical and experi-
mental results. Representatively, the two- and
three-dimensional CWT analyses for the signals
from simulation, via the same actuator—sensor

path P1-P3 for laminate UD2¥ are displayed in
Figure 13. Good correlation, in terms of the
characteristic time and frequency for wave energy
concentration, was found between the numerical
simulation (Figure 13) and experimental measure-
ments (Figures 11(b) and 12(b)), upon the appli-
cation of signal processing. ’
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Figure 10 DWT analysis for paradigmatic signals shown in Figures 7 and 8:
{a) for benchmark laminate UD1*; (b) for defective laminate UD2*; (c} for
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Figure 10 Continued.

4.2 Delamination Locating Algorithm

possible and approximate delamination positions
An internal structural damage locating algorithm  was executed to expedite the overall diagnosis,
based on the analyses conducted above was  suggesting an initial point for the start of damage
established. A preliminary searching for the  searching [27]. In this procedure, the whole
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Figure 11 Two-dimensional CWT spectra for paradigmatic signals shown in

Figures 7 and 8; (a) for benchmark taminate UD1%; (b) for defective laminate UD2%;
(¢) for benchmark laminate WF1*; and (d) for defective laminate WF2*,

laminate was supposed to be quartered evenly  was executed to calculate the relevant structural
and the delamination was assumed to individually responses via concerned actuator-sensor paths
locate at the central position in each quadrant, under these presumed damage situations. The

respectively. The 3D dynamic FEM simulation calculated signals were applied with DWT/CWT
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analyses and then compared with the correspond-
ing signals based on the experimental measure-
ments. Least discrepancy indicated the most
possible quadrant in which the damage might
occur, where damage search should be concen-
trated. It was found that the damage searching

(d)

Continued.

and identification could be consequently simpli-
fied and expedited considerably through the
preliminary estimation.

The time lags measured among con-
cerned wave components from the DWT/CWT
analyses were then used for the damage location
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Figure 12 Three-dimensional CWT spectra for paradigmatic signals shown in
Figures 7 and 8: (a) for benchmark laminate UD1¥; (b) for defective laminate UD2";
{c) for benchmark laminate WF1*; and (d) for defective laminate WF2".

identification. A searching algorithm based on a was supposed to locate at (x, y) (in the coordinate
graphic optimisation [12,13,30,31] 'was devised. system that the actuator was the ongin and the
For example, in the case that the transducer P1 X-axis paralleled with the bottom edge of the
functioned as the actuator and the damage centre laminate), a nomnlinear set of equations can be
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established upon the relative distances among the
transducers and the damage,

Ly p
Vs,

Lp-s Las

+
Vs,

=T (i=2,3.4) (6)

d
Sﬂ Detam

where Lp_.g, Ls_p and L, ¢ represent the dis-
tances between the damage centre (x,y) and the

ith sensor, the selected actuator and the damage
centre, the selected actuator and the ith sensor,
respectively. Vg,....and Vs, are the measured
velocities of wave modes, Sy, and Sy, respec-
tively. 7T7_; denotes the experimentally acquired
time lag via actuator-sensor path P,—P;, by
catching the characteristic times corresponding to
the maximum/minimum energy concentration.
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Figure 13 CWT spectra of simulated signal for UD2* via actuator-
sensor path P1-P3; (a) two-dimensional and (b) three-dimensional.

In the referred Cartesian coordinate system, where (x;,1;) represents the coordinates of the ith
it has, transducer in the current coordinate system. In
practice, some paths in the theoretically 12
actuator—sensor paths were unexploitable because
multi-reflection of waves from boundaries may
spoil the damage-induced wave components in
(7)  the sampled signal, incapable of providing essen-

[dl') ...... A ‘V/{_"\' — ‘\’-[)2*{“( _5‘ - )"1")2

Lig= \/x? + 7 tial diagnostic information.
. Analogously, a non-linear system consisting
of four equation sets were established after four
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coordinate systems introduced, in which each
PZT actuator took a turn to be nominated as the
origin of its reference frames, respectively. A
mathematic optimal method [30] was applied to
solve the nonlinear system, with which the non-
linear system can be solved graphically using an
inhouse program, facilitating an accurate locating
for the damage centre. The searching procedure
is schematically explained in Figure 14. In these
diagrams, the signal acquired via each individual
actuator—sensor path is contributing to the con-
struction of one equation based on Equations (6)
and (7). Involving the damage coordinates {x, y),
each equation graphically indicates the locus for
the possible damage locations, denoted by the
dash-and-dot line in the figures. The intersection,
taking into account the loci from all the available
actuator-sensor paths, is recognised as the most
possible position where damage occurs.

8 Discussion

The diagnosis results and estimation errors are
summarised in Table 2. It is clear that the errors
decrease with the increase of actuator—sensor
- paths involved for the damage identifying, while
4 paths are the minimum mathematic requirement
to solve the nonlinear equation system. However,
the more the paths were employed, the more time
on experimental measurement was consumed.

A compromise between expected accuracy and

affordable efforts should be accordingly synchro-
nised for actual applications. It is noted that a
satisfactory accuracy can be ensured upon half of
the total actuator-sensor paths involved.

In this study, it was found that a satisfactory
accuracy for the location detection could be achi-
eved when 4 PZT transducers were used, while
the information that they can offer is yet not
adequate for the identification of damage shape
and size. The relationship between transducer
numbers and detectable damage parameters is
investigated in another study [21] by comparing a
diversity of designed transducer networks.

During the experiment, the estimation errors
were also noticed to be dependent on the inter-
laminar location of the delamination. The closer
to the upper or bottom surfaces the delamination

]

is located, the stronger the perturbance wyg - 3
detected in the signals, facilitating a precige :
detection. This deduction has also been theoreti.
cally demonstrated [2], in which the damage.
induced shear stress, oyz or gyz, exists when the
delamination situates between any two layers
except in the middlemost of the laminate, which
has less influence on the propagation of Lamb
waves. On the other hand, compared with the
laminates made from unidirectional prepreg, rela-
tively larger estimation errors were obtained for
the laminates made from woven fabric prepreg,
which may be attributed to the relatively compli-
cated effect of woven fabric structures on the
propagation of Lamb waves.

In this study, the benchmarks were intro-
duced in both numerical simulation and
experimental verification, to avoid any distur-
bance from boundary effects, etc. During the
comparison between benchmark and defective
laminates or the comparison between FEM simu-
lation and experiment, certain distinction or
incomplete agreement could alsc be noticed in
addition to the delamination-induced extra wave
components, which is attributed to the imperfect
similarity of two individual laminates in manufac-
turing or discrepancy between theoretical emula-
tion and laboratorial measurement. For detection
based on a forward analysis, the information
from benchmark is therefore essential, and more
accurate identification is expected to be accom-
plished when the comparison of signals from the
same laminate before and after the occurrence of
damage can be conducted. While an inverse iden-
tification approach, independent of the bench-
mark, is developed [21,28] using artificial neural
network algorithm to overcome this hindrance.

Undergoing the dispersion phenomenon, dis-
tortion of the incident diagnostic waveform could
not be avoided in experiment, .reducing the
diagnosis precision to certain extent. Different
diagnostic waveforms, l-cycle, 3-cycle, 5-cycle,
7-cycle and 10-cycle windowed toneburst as well
as pulse excitation, at different central frequen-
cies, from 0.15 to 1.0MHz, were conducted for
comparison, respectively. The results show that
the SNR (Signal-to-Noise Ratio) increases as
the signal central frequency increases, conse-

quently making the identification more accurate.
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Table 2 Diagnosis results and estimation errors (Unit: mmj.

Based on 4 Paths Based on 6 Paths Based on 8 Paths
Diagnostic Relative Diagnostic Relative Diagnostic Relative
Specimen Resulr* Error (%) Resuit* Error (%) Result* Error (%)
uD1* (312, 266) 13.0 (293, 316) 6.8 (262,313) 4.8
WEF2* (311,218) 16.5 (249, 204) 7.7 (285,201) 6.9

*The vertical distances away from the left and bottom edges of the laminates, respectively.
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ST

. However, synchronously, the high frequency

weakens the capability of Lamb wave to propa-
gate in the composites due to the attenuvation
“mechanism. Meanwhile, it was also heeded that
the high cycle number of toneburst may fower the
risk of signal distortion. But an accompanying
superposition of multiple wave modes occurs due
to the large bandwidth, leading to the confusion
in signal interpretation. As an example, the
structural responses corresponding to the pulse-
excitation at a central frequency of 0.5 MHz and
10-cycle Hanning windowed toneburst at a central
frequency of 0.35 MHz were processed with DWT
analyses and given in Figure 15, where evident
distortion of the incident pulse excitation can be
noticed in Figure 15(a), while immersion and
superposition of multiplicate Lamb modes appear
in Figure 15(b). Both the distortion and super-
position make it more difficult to extract useful
diagnostic components. In experiments, satisfac-
tory resolution and accuracy could be met for the
‘present system when S-cycle toneburst in the
central frequencies of 0.3-0.5 MHz was used.

6 Conclusion

A Lamb wave-based delamination locating
approach was developed using the propagation
characteristics of Lamb waves in laminated com-
posites involving a delamination. An active diag-
nosis system using distributed piezoelectrics was
consequently established, and it was then experi-
“mentally validated by identifying delaminations in
CF/EP laminates made from unidirectional and
woven fabric prepreg, respectively. It is shown
that satisfactory diagnosis can be achieved by
analysing the acquired scattering signal using the
wavelet transform technigue-based identification
algorithm. Identification errors in damage loca-
tion depend on the number of actuator-sensor
paths to be used for diagnosis, and satisfactory
precision can be obtained when half of the total
actuator-sensor paths are taken into account.
An algorithm based on a graphic approach was
applied on solving the nonlinear equation system,
to fulfill an accurate identification. Additionally,
the strong reliance of the estimation-accuracy on
excitation waveforms and bandwidth was noticed.

The present work is aimed at an active online
damage assessment technique with hybrid numeri-
cal and experimental approaches, capable of con-
tinnously monitoring the structural integrity.
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Fig.3 Diagnostic wave generated by the control circuit: {a} in
time domain; (b) in frequency domain

with a step of 100Hz, were measured individually. The
dispersion curves in the form of the averaged wave velocities
versus excitation frequencies are plotted in Fig. 5. The
dispersive curves simulated using the finite element method
(FEM) (4] and those analytically calculated using the effective
elastic constant method [4] are also compared with experi-
mental measurements. Good correlation between them can
be seen. Both experimental measurement and theoretical
derivation reveal that symmetric and antisymmetric modes
are synchronously available if without appropriate active
control. Their phase velocities are dependent on the algebraic
product of laminate thickness and central excitation
frequency. A low-frequency region (<1.0MHzmm) exists
for the current structure, in which the fundamental anti-
symmetric Lamb mode, 4y, the symmetric Lamb mode, S,
and the lowest-order shearing mode, §;, exhibit reasonable
non-dispersive behaviour.
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4 NUMERICAL MODELLING

4.1 Actuator model
4.1.1  Single PZT activation

In parallel with the laboratory work, numerical simulations
based on three-dimensional dynamic FEM modelling was
conducted. A perfect bonding condition between piezo-
electric discs and laminate was imposed to cnsure strain
continuity at the interfaces. The electromechanical constitu-
tive mutuality, considering both direct and converse piezo-
electric effects, for a piezoelectric disc is given as [41]

0, pp 0 0 0 0 0 0 dy 0]
0, 0 p, 0 0 6 0 ds 0 O
Qs 0 0 py dy dy dy 0 6 O
11 0 0 dy ¢y ¢ ¢5 0 0 0
tpeng=|0 0 dy cp ¢ ¢a 0 0 0
€33 0 0 dy3 3 3 ¢35 0 0 0
&3 O ds 0 0 0 O c5 0 O
&1 ds 0 0 0 0 0 0 ¢4 0
ex] L0 0 0 0 0 0 0 0 o
CE,
E,
E,
o1
) ™
T3
O
T13
L T2

where the orthogonal components Q; and E; (i=1, 2, 3) are
the electric displacement (charge/area) and electric field
(voltage/length) respectively, and o, and ¢; are the stresses
and strains in the PZT actuator. Constants dy, p; and cy
represent piezoelectric strain constants, dielectric permitti-
vity and compliance constants respectively, Considering that
the poling direction is perpendicular to the surface of the
PZT disc, equation (7), in the absence of in-plane external
clectric fields (Ey=FE;=0), is simplified in the polar
coordinate system in Fig. 6a as

O3 = p3E5 + dy {0, + 0p) (8a)

E
0, = T:%L (e, + vezreg) = (1 + vizr)da B3] (8D)
PZT -

kK
2 [(eg + Yezre) — (1 + Vpzr)dyEs]  (8¢)

0’9=
l“"'vaT

where o,/¢, and og/t5 are the radial and tangential stress/strain
components in the polar coordinate system respectively,
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Fig.4 Raw signal and energy distribution spectrum for selectively generated Lamb modes (from experiment):
(a) excitation case A; (b) excitation case B; (c) excitation case C

while Epzr and vpzr denote Young’s modulus and Poisson’s
ratio of the PZT disc respectively.

For a free thin piezoelectric disc of thickness kj,, the
in-plane strains, &,.pzy and £q.pz, Will be generated when an
external voltage, ¥ is applied

d3l
e Vo= [T
hpyy

®

&pzr = Egpzr = dy By =

Introducing the strain continuity condition at the interface
betwe_eﬂ ﬂlc PZT aﬁmatqr and lminate (EI':PZT = 8:‘-LMT e 8:-
and g5 . = g M7 = £ Where superscript i denotes vari-
ables at the interface), equation (8b) can be rewritten as

E . .
"“‘""‘"‘“‘Pg [(er + vpzrep) — (1 + vppp)ds E;)

Trpzr =7
= ¥YpzT

(10)
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Laterally depicted in Fig. 6b, the z axis of the referred polar
coordinate system originates from the interface, while .,
denotes the distance between the abscissa plane and the neutral
plane of the coupled PZT-laminate. Considering that both the
PZT and laminate are thin, lamination theory is applicable, and
the through-thickness strain distribution within the laminate
and PZT disc can therefore be assumed to be linear

G'i
r-l.MT (hneu o+ 2’),

rimr = —hyr<z<0 (lla)
hneu
V=it Bpzr 0 iy
Gppzy = { = VezT ELMT hneu (hneu +Z)
E
——E 1, 0<z<hpy (11b)
I —vpyp

as graphically shown in Fig. 6¢, where the subscript LMT
represents corresponding variables and constants for the
laminate.
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Considering the moments and force equilibrium in rela-
tion to the neutral plane

My
-r 2nro, yrzdz + J 2nrg, pprzdz = 0 (12a)
—hyage 0
Hpzy
2nra, gy dz + J 2nre, pyrdz =0 (12b)
by 0

leads to the stresses of the laminate and PZT actuator at
the interface

. ~ - E, -
a',,pm::AEPZT b2 _ng=En (13a)
Epmr b —vpgr
ol vy = DIT (13b)
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Fig. 5 Dispersive characteristics for generated Lamb waves in
a T650/F584 CF/EP quasi-isotropic laminate

where
4= LT” Vumr
I —_ vPZT
B = 2E \grEpzrhimrherr(l — viur)
* (2hir + 3hpurhesr + 2hezy)

¢ = Eyrhiar(l = vorr) + Edprhibpr(l — vipr)
(1 — vpzy)

EparEezrhezr(AE mrfvr + 3Eur

X kimhpz:r + AEpyrhiyr)

D= !
B+ C
B (2 Epzr 7y Evr )
Ermr 1 — vpzy

Substituting equation (13} into equation (8) yields the strain
of the PZT actuator at the interface. For a smail PZT disc
(¢l =~ g} = ¢'), the equivalent radial elastic deformation, d,,
along the disc circumference is then achieved by integrating
the interface strain

R y
d. = I gdr= R:“ [E(IE Yezr) | 1]:/ (14)
] PEZT PZT

This implies that the resultant equivalent radial displacement
along the circumference of the PZT actuator is proportional
to the applied external voltage, whose scale factor can be
determined by equation (14).

4.1.2 Dual PZT actiyatz‘on

A similar principle was applied for the case of dual PZT
activation. Under these circumstances, the resulting neutral
plane for the coupled dual PZT-laminate system was
consistent with the neutral plane of the laminate, and the
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PZT Disk

(@

() )

Fig. 6 PZT actuator and sensor model: (a) PZT disc in polar coordinate system; (b) single coupled PZT-
laminate system; (c) stress/strain distribution for laminate coupled with single PZT; (d) stress/strain
distribution for laminate coupled with double PZT

stress was symmetricaily distributed in relation to the as graphically indicated in Fig. 6d. The equilibrium
neutral plane for moments in relation to the neutral piane is therefore
21 P simplified as
O =MLz 0z O (15a)
- Epyr 26 E /2 Hywer/22+hezr
Orpzr = tel Gr'LMTZ L i 8 J 2nre,  yrzdz +J 2nro pppzdz =0
Epvr homr b~ vpzp 0 )
0<z< hpzr (15b) (16)
Proposed
displacement
Z
Y
X
interface
between PIT
and laminate

Fig. 7 Actuator model with applied displacement constraints
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Table 3 Calculated effective elastic properties of T650/F584 CF/EP lamina

E); (GPa) £y (GFa) £33 (GPa) Gz (GPa)

G5 (GPa) Gqy (GPa) ¥iz Vi3 V23

153.67 5.49 9.49 4.26

4.26 344 0.295 0.295 0.381

which gives the stress of the laminate at the interface
aymr = FV a7
where

6ds1 At Epzr (Bt + hpzr)

(0 = vozp) i air + 24(Epzr/Eipar)
Xhpzr(Ghingy + 4hbzr + 6hyyyrhezr)]

F=

Substituting equation (17) into equation (15a) and integrat-
ing the strain at the interface results in

R
d,mj ¢ dr = R0 = Vwr) (8)
) Ep vy
Serving a similar function to equation {14), equation (18)
determines the scale proportional factor for activation using
dual PZTs.
Based on equations (14) and (18), actuator models were

consequently developed, shown in Fig. 7, with which Lamb

(c)

(d)

Fig. 8 Active Lamb wave in the CF/EP composite laminate generated by control circuit: (a) at 1.5 ms; (b} at

6ms; (c) at 7.5ms; (d) at 10ms
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generated by applying uniform radial displacement
in’the x-3 plane, in correlation with the excitation
yltages, to simulate excitation case A,_ or by individu-
plying in-phase or out-phase constraints in the dual
configuration to emulate excitation cases B or C.

4.2 " Sensor model

The model for the PZT sensor was created in parallel
Considering the deformation in the x-)" plane only, the
constitutive relation, equation (7), for a PZT sensor of radius
"R and thickness Apzy can be simplified in its local polar
- eoordinate system ¥—6'-z', in the absence of external electric
fields, as [41]

dy Epgr
— ¥pzT

0 =dy (0, +09) =1 (6 + e (19)

Wavetet Coefficient

Time {microsecong;

(a)

enhanced 5,

e
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g
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e
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where # and ¢ are the local polar coordinates. On the other
hand, the electric charges, @, accumulated on both surfaces
of the PZT sensor can be defined in terms of the externally
applied voltage as

o= L[[[vear @)

Substituting equation (19) into eguation (20) and applying
Gauss’ theorem leads to [41]

O = M“(eﬂ + gg ) dr' 40’ 1)

- 4TI(E - V?ZT)
Regarded as a capacitor of capacitance C, the PZT sensor
induces the output voltage, ¥, under the deformation

o Ch
V o e— -———-——*"—-—?ZT
T C T nKypR? (22)
e.ar.rha.ié.ced S, '

_ enhanced A,

é

5

2054

//’;’—BG
gk e
0 4 T T e
® 60 7m0
Time (microsecond)
(¢}

Fig. 9 Energy distribution spectrum for selectively generated Lamb modes (from FEM simulation):
(a) excitation case A; (b) excitation case B; (c¢) excitation case C
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where K3 and py represent the relative dielectric constant
and the dielectric permittivity of a free PZT sensor respec-
tively (Table 1). Combining equations (21) and (22} yields

dliEPZThPZT JJ(EH + ng)f‘ldr’dgf (23)

V. =
o T 4Ky poRY(1 — Vpzr)

Compared with the laminate, the PZT sensor is geometri-
cally small (¢, =~ ¢ty = £,, where £, is the strain at the
centre of the PZT disc), and equation (23) can accordingly
be simplified as [41]

Votp = Gacen (24)
where
&= dy Epprhpzr

4nKye0(l — vpzy)

Z SUANDLYE

This indicates that the output voltage for a PZT sensor,
induced by geometrical deformation, is directly proportional
to the central strain of the PZT sensor with a factor G. Based
on equation (24), the PZT sensor output responses, in the
form of induced output voltage, were achieved by the sensor
model through calculating the strain at the PZT sensor centre.

4.3 Numerical simulation

Using the developed PZT actuator and sensor models, three-
dimensional dynamic FEM gimulation was accomplished
employing ABAQUS/EXPLICIT® code. The relevant
properties for the piezoelectric element can be found in
Table 1. An eight-layer [45/-45/0/90]; CF/EP quasi-isotropic
composite laminate (T650/F584) was modelled using eight-
node solid brick elements with effective elastic properties,
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* calculated using classical laminate theory from those of
the unidirectional lamina [35], in Table 3, obtained from a
micromechanics modei [42].

Actively generated by the actuator meodel, visualized
wave propagation from three-dimensional dynamic FEM
simulations in the sclected composite laminate at several
representative times is plotted in Fig. 8. The energy alloca-
tions in the time-scale domain for signals numerically
calculated for individual excitation cases (cases A, B and
C) in accordance with experiments are compared in Fig. 9.
~ Similar energy allocation (characteristic time and energy dis-
- tribution) between the experimental measurements (Fig. 4)
and numerical simulations (Fig. 9) can be observed upon
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5 LAMB WAVE PROPAGATION IN
DEFECTIVE LAMINATES

5.1 Specimen preparations and experimentation

Schematically depicted in Fig. 10a, two eight-layer [45/-45/
0/90], CF/EP quasi-isotropic laminates (T650/F584) with a
pair of clamped edges, shaped at 480 mm x 480mm x
1.275mm, were manufactured using a unidirectional (UD)
prepreg (Table 3) in an autoclave at 180 °C under 600 kPa
pressure. In one laminate, an artificial delamination was
introduced by inserting two elliptic UPLEX®-R-25 films
(thickness 25 pm) between the first and the second layers
(semi-major axis: 15mm, semi-minor axis: 10mm, angle
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DWT analysis processed signal acquired via actuator-sensor path P1-P3; {a) benchmark laminate

from experiment; (b} delaminated laminate from experiment; {(c) benchmark laminate from simula-
tion; {d) delaminated laminate from simulation
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between the major axis and 0° fibre direction: 135°, centre
position: 276 and 299 mm away from the left and bottom
edges of the laminate respectively). Another laminate was
kept defect free as a benchmark for comparison. Four
piezoelectric (PZT) discs, acting as both actuators and
sensors, were bonded on the upper surface of each laminate,
65 mm away from the two neighbouring laminate edges and
nurnbered counterclockwise Pl, P2, P3 and P4 from the
bottorn left one. A diagnostic Lamb wave at the central
excitation frequency of 0.5MHz was activated by the
designed control circuit. Signal acquisition was accom-
plished by an active online damage diagnosis system
developed in a previous study [34].

Sampling Points

{a}

Wavelet Coetficient

Sampling Points

(b}

5.2 Signal interpretation

The acquired signals were then identified using the signal
processing algorithm descnbed in section 3.2, The DWT-
fillered wave signals for the benchmark and defective
laminates, experimentally acquired through one actuator—
sensor path P1-P3, corresponding to the incident excitation
frequency, are displayed in Fig. 11a and b respectively. Their
relevant energy aliocation spectra in the time-scale domain
are compared in Fig. 12. The fundamental symmetric Lamb
mode, S, and basic shear mode, S|, together with the
reflected components from the boundaries, denoted by
Sorer» can be observed for both benchmark and delaminated

Wavelet Coefficient

Sampling Points

()

g
£
&
2
5
2
4500
Sampling Points
(&)

Fig. 12 Wave energy spectra for signal acquired via actuator—sensor path P1--P3: (a) benchmark laminate
from experiment; (b) delaminated laminate from experiment; {¢) benchmark laminate from simula-

tion; (d) delaminated laminate from simulation
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faminates. Compared with the benchmark laminate, extra
wave components between Sy and Sy,er are detected in Figs
11b and 12b, which are recognized as the delamination-
induced basic shear mode, denoted by Si,.,..,- Based on the
spectrographic analyses, the quantitative damage prediction
can be fulfilled by capturing the vanation in the energy
spectra using a searching algorithm based on the artificial
neural network technique, detailed in other work by the
present authors [35].

For substantiation, FEM simulations were conducted in
parallel. A previously developed modelling technique for
the laminated CF/EP composite structures containing dela-
mination [43] was employed. The FEM model for the
vicinity of the delaminated area in the defective laminate
is shown in Fig. 10b. The corresponding filtered signal and
energy spectra are compared in Figs 1lc and 12¢ for
benchmark laminates and in Figs 11d and 12d for delami-
nated laminates. Good correlation, particularly the charac-
teristic time and frequency for wave energy concentration in
both time and time-scale spaces, was found between the
numerical simulations and experimental measurements upon
application of the proposed signal processing algorithm.

6 CONCLUSION

The practical utilization of Lamb waves for NDI purposes
may be impeded by their complicated mmltimode and
dispersive nature. An approach for active generation of
selective Lamb wave modes in a CF/EP composite laminate
was designed, by which the desirable single symmetric and
antisymmetric modes can be individually stimulated. A
signal processing and identification algorithm was devised
using wavelet transform techniques in order to assist the
filtration and interpretation of signal characteristics. Model-
ling techniques for PZT actuators and sensors were estab-
lished and applied for the numerical simulation of Lamb
wave generation and propagation in the chosen composite
laminates. Good agreement between experimentation and
FEM prediction has been achieved. The methodology was
then implemented to investigate the propagation characteris-
tics of Lamb waves in flawless and delaminated composite
laminates. The results show that the utilization of Lamb
waves and the interpretation of wave signals can be consi-
derably facilitated by enhancing or suppressing certain
Lamb modes via the proposed approach.
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E Abstract

.. In this study, a damage identification approach was developed for carbon fibre/epoxy composite faminates with localized internal
:‘defamination. Propagation of the Lamb wave in laminates and its interaction with the delamination were examined. The funda-
f mental symmetric Lamb wave mode, Sg, and the lowest order shear wave mode, 5, were chosen to predict damage location. A real-
E time active diagnosis system was therefore established. This technique uses distributed piezoelectric transducers to generate and
E monitor the ultrasonic Lamb wave with narrowband frequency. The two-way switches were employed to minimize the number of
E transducers. A signal-processing scheme based on the time—frequency spectrographic analysis was utilised to extract useful diag-
2 nostic information. Also, an optimal identification method was applied on damage searching procedure 1o reduce errors and obtain
E the diagnostic results promptly. Experiments were conducted on [0/-45/45/90), CF/EP laminates to verify this diagnosis system. The

!© 2002 Elsevier Science Litd. All rights reserved.

b

. results obtained show that satisfactory detection accuracy could be achieved.

Keywords: Structural health monitoring; Fibre-reinforced composite; Lamb wave; Signal processing; Smart structures
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1. Introduction

Ar=——

Impact-induced damage is perhaps one of the most

“common defectives in carbon fibre reinforced composite
?{laminatcs, which may result in a substantial impatrment
tof structural integrity. Delamination, the most familiar
;i_;ixrlpact damage in composite structures, plays a major
rrole in inhibiting the further widespread application of
‘laminated composites in practice. Particularly, its loca-
“tion and extent are of vital difficulty to predict in most
-cases. In the past two decades, both researchers and
engineers have been pursuing effective techniques to
-detect the occurrence of delamination and to estimate its
position at the early stage so as to reduce the risk of
further catastrophic failure. Receantly, vast of research
indicates that non-destructive evaluation techniques
based on the Lamb wave propagation offer one possible
solution to this concern [1-11].

The Lamb wave in ultrasonic domain has the ability
to propagate a relatively long distance in laminated

.Corrersponding awthor. Tel.: +61-2-9351-4798; fax: +61-2.9351-
3760.
E-nit acldress: ye@acromech.usyd.edu.au (L. Ye).

composites, and a wide section can therefore be inter-
rogated with a small number of transducers. In addi-
tion, the appearance of Lamb wave-caused interlaminar
stresses makes the detection through the entire laminate
thickness applicable, which affords a potential to detect
the internal defects as well as the surface defects. For
example, Tang and Henneke [1] proposed a monitoring
technique for the stiffness reduction in laminated com-
posite plates based on the Lamb wave; Guo and Cawley
[2.3] examined the interaction between the uitrasonic
Lamb wave and the delamination in terms of both nu-
merical and experimental approaches; Tan et al. [4] de-
veloped a damage detection method for composites
using ultrasonic probes. In most approaches, probes
were usually used for the generation and collection of
the Lamb wave due to good accessibility, with which the
damage identification can be fulfilled conveniently and
accurately. However, in most circumstances, a tempo-
rary out-of-service of the structure is required, ensuring
the function of probes. As know, this confines the fur-
ther application for on-line damage diagnosis. On the
other hand, the advanced composite structures in aero-
space industry are expected to be involved with built-in
actuator/sensor networks to enhance the performance

0263-8223/02/% - see front matter © 2002 Elsevier Science Ltd. All rights reserved,
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and to reduce the operation and maintenance costs. For
this target, innovations have been made in the past few
years, in which piezoelectric elements instead of con-
ventiona! probes are employed directly to facilitate a
simple and reliable on-line damage detection with low
expenditure. Wang and Chang [5] discussed the damage
detection technique based on the Lamb wave generated
by ultrasonic transmitter, and Lemstre et al. [6] re-
ported a structural defect identification method using
piezoelectrics.

The present work aims at developing a practical and
effective real-time damage identification technique for
CF/EP composite laminates, with which the structural
health status can be in-service monitored. In this study,
distributed piezoelectrics were involved into the struc-
ture during manufacturing to minimize the interference
on the structural integrity. In correlation with the study
on the propagation characteristics of Lamb wave in
composites, a diagnosis system was developed. The
feasibility of this system was then verified by applying it
to quasi-isotropic faminates for the locating of delam-
ination.

2. Characteristics of the Lamb wave in composites

Compared with the components produced by ul-
trasonic probes, the Lamb wave generated by the
fixed piezoelectrics unavoidably contains multi-modes in
plate-like laminated structure simultaneously due to the
exclusive attenuation mechanism, which can be basically
divided into two categories depending on the particulate
motion, viz. symmetrical and asymmetrical modes. Ad-
ditionally, the vibrational patterns and dispersive
properties through the plate thickness are not identical
for each mode, even for the same mode but in the dif-
ferent frequency domains, making the study for Lamb
wave more intractable. Percival and Birt [7] verified that
the dispersive characteristics of Lamb wave depend on
both the plate thickness and frequency. In their study,
an inhouse FEM software and a pumerical simulation
approach based on the effective elastic properties were
developed to calculate the dispersive curves for typical
composite laminates.

In this work, the propagation of Lamb wave in [0/
~45/45/90], quasi-isotropic CF/EP laminates within the
frequency domain, ranging from 0.05 to 1.5 MHz, was
investigated first. Four piezoelectric transducers were
fixed on the laminates to establish 6 pairs of totally 12
actuator-sensor paths in order to characterise the wave
velocity for different modes. The dispersive curve ex-
perimentally measured is plotted in Fig. 1, while the
curve theoretically calculated by FEM (8] is also com-
paratively displayed, denoted by triangle and square
symbols respectively. In Fig. 1, the fundamental asym-
metric Lamb mode, 4y, symmetric Lamb mode, 5,, and

T v T g T T T
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Fig. 1. The dispersive curve for quasi-isotropic CF/EP laminutes.

the lowest order SH (shear mode) wave mode, S), can be
observed in low frequency region, while the higher order
modes appear gradually with an increase of frequency,
The dispersive curve implies that at least two Lamb
modes are available synchronously and their phase/
group velocity is dependent on the algebraic product of
the laminate thickness and the mode central frequency.
Nevertheless, a low-frequency domain {<!.0 MHz mmn)
can be noticed in the dispersive curve, where the fun-
damental Lamb wave modes and the lowest order shear
wave mode exhibit reasonably non-dispersive behavior.
In this research, the fundamental symmetric Lamb
mode, 5. and the internal defect-induced lowest order
SH mode, §;, are utilised for the diagnosis.

3. Configuration of experiment

An active real-time diagnosis system was developed in
this work, whose schematic description is given in Fig. 2.
In this system, piezoclectric lead zirconate titanate
(PZT) wafers (¢: 6.9 mm, thickness: 0.5 mm) acted as
both actuators and sensors with the aid of two-way
switches. Agilent® E1441 arbitrary waveform generator
was used to produce 5-cycle toneburst with Hanning
window at a central frequency of 0.5 MHz. The simu-
lated diagnostic signal was then applied on each PZT
wafer after amplified with the PZT amplifier (Pe'e:oS}-‘S‘R‘
EPA-104) to generate ultrasonic Lamb wave. Response
signals were conditioned by Agilemt® E32424 and ac-
quired via E1437A4 digitizer at a sampling rate of 20.48
MHz; Sampled signals were transmitted into the central
control unit (CCU) for further analyses; All the diag-
nosis control and signal analyses were performed b}{
CCU, supported on the NI Labview® and Mattab®
platforms.
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The validity ef this system was then verified by ap-
plying it to [0/-45/45/90), CF/EP laminates (HEXCEL® 4t 1
F854). For comparison, two laminates (480 x 480 x I |
'1.275 mm’) without/with pre-treated internal defect SEr ,é 1
‘were manufactured, which are hereafter recognised as E T ; ]
the benchmark laminate and the defective faminate. An g° N ! Vb \/\Ufk V\W
elliptic UPLEX®-R-25 film (thickness: 25 pm, semi-major *;’-» ob i
-axis: 15 mm, semi-minor axis: 10 mm, angle between gl J
semi-major axis and 0° fibre direction: 135°) was n- <Ll i
serted at interfaces between the st and the 2nd layer, i
simulating the common impact-induced delamination. 6 1 .
The centre of the artificial delamination lies 276 and 299
mm respectively away from the left edge and bottom 8 zéo . 2;0 . Zéo - 2;30 : 3(')0 0
edge of the laminates. Response signals were sampled Time (s )
for each actuator-sensor path in experiment. (b)

In Fig. 2, four PZT wafers are denoted counter-
clockwise by PI, P2, P3 and P4 respectively from the
bottom-left one. Each transducer locates 65 mm away
from two neighboring edges. Thus, totally 12 pairs of
actuator-sensor path are theoretically available. In ex-
periment, each laminate was fixed-supported on one pair
of its parallel edges while another pair was free.

4. Signal processing amd damage diagnosis

Sampling signals for the benchmark laminate and the
defective laminate via actuator-sensor paths P/-P3 and
P2-P4, as typical paradigms, are displayed in Figs. 3
and 4, respectively. Containing the structural vibration
components and diverse bandwidth noises, the acquired
raw signals can hardly be used directly for the diagno-
sis, Wavelet transform-based time-frequency spectro-
graphic analyses were employed to extract the useful
diagnostic information {12-18]. In this study. both the
discrete wavelet transform (DWT) analysis and contin-

Fig. 3. Sampled signals via actuator-sensor path P/-P3 (a) the
benchmark laminate. (b} the defective laminate.

uous wavelet transform (CWT) analysis were performed
for the signal processing to effectively diminish the in-
fluence of broadband noises. Daubechies function
¥{a b) at level 4 (db4) was chosen us the transform
function and applied with the CWT transform [14],

Wia, b) = ?/La / 7 I‘f{{)ip* (L%) dt (1)

where W{a.bd) denotes the continuous wavelet coefhi-
cient. ¢ and b are the scale parameter and the translation
parameter, respectively. f{7) represents arbitrary sam-
pled signal, while ¥"(r} denotes the complex conjugate
of ¥({r). Furthermore, the CWT analysis can be simpli-
fied by calculating the wavelet coefficients at discretized
scale. ie., the DWT analysis, with which the sampled
signal can be broken down into low-resolution compo-
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Fig. 4. Sampled signals via actuator-sensor path P2-P4: (a) Lhe
benchmark laminate, (b) the defective laminate.

nents. In addition, derived from Eq. 1, the total energy
for sampling signal can be yielded as [14]}:

E= C/j /:x i (a, by 3998 (2)

a?

It indicates that the wavelet coefficient W (a,5) can re-
flect the distribution of wave energy over the time and
frequency domain.

The analytical results by DWT at the 5th level for
signals shown in Figs. 3 and 4 are displayed and illus-
trated in Figs. 5 and 6, respectively. With the aid of
PWT analysis, the fundamental symmetric Lamb
modes, Sy, and the lowest order shear wave mode, S}, as
well as their corresponding reflected waves from the

boundaries which are herein denoted as Sy and S, ,
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Fig. 5. DWT analytical results for signals via actuator-sensor path £/
P32 (a) the benchmark laminate, {b) the defective laminate.

can be observed in the analysed signals in Fig. 5(a) and
Fig. 6(a), corresponding to the benchmark laminate.

Paralleled with the analysed signals for the bench-
mark laminate, extra wave components can be noticed
in analysed signals corresponding to the defective lam-
inate via the same actuator-sensor paths, which are
contrastively shown in Figs. 5(b) and 6(b). The extra
component in signal is recognised as the induced E?wcst
order shear wave mode ) due to the existence of d_el-
amination, denoted as Sjy.,.,- Other delaminathn-m-
duced wave modes, Supenm and Appeim, ate unexploitable
because their propagation velocitigs are either too high
to be separated or too low to be sampled. For identifi-
cation, only first several wave components in sampled
signals are useful.
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Meanwhile, full-scale spectrographic analyses by
CWT were also performed for the sampled signals. As
example, 2B spectra of the raw signals for the bench-
mark laminate and the defective laminate via actuator-

spectra, the wavelet coefficients, represented by de-
scending grayscale. reveal the distribution of wave en-
ergy density, deploying the local perturbations in the
signals. More intuitively, 3D spectrum for the defective
laminate is shown in Fig. 8 By virtues of DWT and
CWT analyses, the damage can be located by calculating
the related time lags upon consideration of multi-mode
velocities [13].

A rvough estimation for the possible delamination
locations was preliminarily executed to expedite the
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Fig. 7.2 CWT spectra For signals via actuator-sensor path P10 P8
{a) the benchmark nminate, (b) the defective laminate.

4000 4200 4400 4600

diagnosis. approximately offering an inital pesition
for the damage scarching. It was found that the dam-
age searching and identification could be consequently
simplified by such initial estimation. During the search-
ing procedure, the transducer P/ is initially assumed
as the origin of the coordinate system with the X axis
paraileling with the bottom edge of the laminate, and »
set of non-linear equations involving the position pa-
rameters for the delamination gentre can be therefore
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Fig. 8 3D CWT spectrum for signals via actuator-sensor path P/-P3
for the defective laminate.

setup in correlation with the geometric relationships
among the locations of transducers and damage. The
non-linear equations corresponding to the transducer P/
can be given as [6,9],

2 2
\/(X—x,-) “i‘(y““y.")? \/x2+y2 \/x? +y12
-+ —
Vs, Vs, Vso

“ODclam

(i=12,3,4) (3)

=T

where (x,y) denotes the coordinates of delamination
centre in the current reference frame, and (x;,y;) repre-
sents the coordinates of the ith transducer. Vg and
Vs, are the velocities of wave modes Sy, and S, re-
spectively; while 7;_; is the measured time lag via actu-

ator-sensor path P/-Fi.
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' Analogously, total four sets of the non-lincay cquia-
tions can be established upon four coordinate svstems
introduced, in which each PZT actuator takes turn 1o bé
nominated as the origin of the reference frames respec-
tively. Further, an optimisation based on a graphic ap-
proach is then applied to solve the non-linear systems
[13], fulfilling a prompt diagnosis with high ztcét:raacv.
The whole searching procedure 1s schematically ex-
plained in Fig. 9. The dash-dot-lines represent the in-
tercurrent lines generated by the searching algorithm,
with which the proposed non-lincar systems can he
solved graphically, facilitating an accurate locuting for
the damage centre, )
The results show that the diagnostic errors are de-
pendent on the total number of the actuator-sensor
paths involved for identification. The errors decrease
with the increase of the path number for evaluation,
while four paths are the minimum mathematic require-
ment to solve the nominated non-linear system sets for
the location of delamination. However, the more the
paths are taken into account, the more CCU computing
time is consumed. In practice, a compromise between
expected accuracy and affordable time/cost should be
sychronised in accordance to the actual requirement.

5. Conclusien

An identification approach for delamination locating
in laminated composites based on the Lamb wave
propagation was proposed. The fundamental symmetric
Lamb mode and the lowest order shear wave mode were
identified. An active diagnosis system using built-in pi-
ezoclectrics was consequently developed and apphed to
quasi-isotropic CF/EP composite laminates to verify
the feasibility and capability,. Wavelet transform-bused

2= 7 ™
~ ~. % 4 e ““.?
\ﬂ&” 1
P N
2 %&
Pub 4 L3 -
f'/ .\ R
L
e w2 N
7 N
Ea \
-
F2- %

Pragtiosts hased on 8 paths '

— Coordinate uxes (o presumed coordinade sysiem

fntercurzent fines for solving nop-lincar set ol equations

Fig. 9. Delamination locating procedure.
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: signal processing technique was employed in the iden-
: tification scheme to suppress the diverse noises. It is
.shown that good diagnostic results can be achieved.
" Further studies will focus on the development of iden-
tification technique for the extent of delamination.
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Quantitative Assessment of Damage in a
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by Impact Excitation

Zhongqing Su,’ Lin Ye,"* Xiongzhu Bu?, Xiaoming Wang® and Yiu-Wing Mai'

{Centre for Advanced Materials Technology (CAMT), School of Aerospace,
Mechanical and Mechatronic Engineering, The University of Sydney, NSW 2006,
Australia

2School of Mechanical Engineering, Nanjing University of Science and
Technology, 210094, P.R. China

JCSIRO Infrastructure Systems Engineering, Highert, VIC 3190, Australia

A damage identification system involving a surface-attached piezoelectric transducer was developad
in this study in correlation with an elastic wave propagation model. A signal processing and
identification algorithm in the time-frequency domain based on the wavelset transform technique was
proposed to suppress the diverse broadband interferences and effectively extract useful diagnostic
information from the acquired raw impact responses, facilitating a prompt yet accurate structural heaith
assessment. The developed system was then validated by applying it to a defective metal beam
bearing a transverse crack with an increasing depth that simulates the crack growth. It is shown that
the monitoring for the variable damage severity in the one-dimensional structure can be fulfilled
quantitatively and exactly using this technique.

Keywords structural health monitoring (SHM) -

processing - wavelet transform

Introduction

Great interest in the structural health mon-
itoring with possibly less intrusion is increasing
throughout the aerospuce, mechanical and civil
engineering communities. In the past decade,
more demanding requirements for the identifica-
ion accuracy and applicability as well as the
operating/maintenance cost have considerably
motivated the development of effective and eco-
nomical structural health monitoring (SHM)

*Author to whom correspondence should be addressed.
E-mail: yegrasromech.usyd.edu.au

wave propagation - impact response - signal

techniques and damage diagnosis systems, leading
to significant achievements in this area [1-19]. In
particular, the detection approaches based on the
elastic wave propagation have been attracting
more and more attentions from both researchers
and engineers,
promising solutions to the quantitative assessment
of the structural deterioration and the prevention
for catastrophic failure.

On the other hand, signal processing is a key
point to make an identification scheme applicable

Copyright © 2003 Sage Publications,
Vol 2(1): 002740 -
{1475-9217 (200303) 2:1:27-40; 10.1177/145792103029779)
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regarded as one of the most. .
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and understandable. As known, neither tradi-
tional time-series nor frequency-spectrum analysis
is capable of exhibiting the essence of signal at
the full length, so that much useful diagnostic
information may be lost. However, such an issue
can be ameliorated with the aid of wavelet trans-
form-based-analysis in the time-frequency space,
through which the time-dependent signal can be
decomposed into the time and frequency domains
simuitaneously, and thus the characteristic details
hidden in signal, such as trends, breakdown
points or discontinuities, can be fully revealed.
While probably Daubechies [1] and Newland [2]
first systematically introduced the wavelet trans-
‘form technique mmto the vibrational signal ana-
lyses in the carly 1990s, it is in the past couple of
years that the wavelet transform-based analyses
have been widely applied into the structural
damage detection. Actually, in its brief history,
the wavelet transform technique has been proven
to be a powerful analytical tool for signal proces-
sing, emerging as a substantial auxiliary imple-
ment for the system identification. Combined
with the investigation on signals in the time—
frequency space via the wavelet transform, elastic
wave propagation-based detection approaches
make the quantitative evaluation for structural
health status more efficient and reliable. Kim
et al. [3] reported their model and a signal-
processing method for the identification of a
fixed damage in a one-dimensional structure;
Samuel et al. [4] accomplished a damage detec-
tion for a rotorcraft geartrain system; meanwhile
Sung et al. [5] developed an impact monitoring
technique for a composite structure using wavelet
transform technique; and Kim et al. [6] thor-
oughly investigated the effectiveness of wavelet
transform in the analysis for dispersive elastic
waves; while other different analytical models and
identification approaches have also been widely
reported [7-19].

Damage growth, such as the extension of a
crack in the metal alloy, is a common phenom-
cnon for engineering structures in practice, which
may result in the lethal malfunction of the whole
system. It is therefore of vital importance to
monitor the damage growth and consequently
apply with appropriate remediation to minimise
the risk of further structural destruction. The

objective of the present research focuses on the
development of a continuous monitoring scheme
for the damage growth in one-dimensional strye.
ture. For this purpose, a damage diagnosyy
system incorporated with a piezoelectric transdy. -
cer, in correlation with an elastic wave propaga.
tion model, was developed. The validity of thi
system was then investigated by applying it to 4
metal beam bearing a transverse crack with ap
increasing depth, simulating the damage growth.
It is shown that the damage parameters, including
the damage presence, location and its variable
severily, ¢an be identified promptly and accu-
rately using this technique.

Model for Damage Identification

Consider a uniform Euler-Bernoulli beam
owning a transverse crack-shaped damage per-
pendicular to the beam axis with an increscent
depth, H, as depicted in Figure 1. With the
assumption of the beam axis being the x-axis and
neglecting the twisting effect, the motion equation
for the Euier--Bernoulli beam can be expressed in
terms of the lateral displacement w{x,?) and the
rotation angle 8(x,r) [20] upon the introduction
of shear correction parameter «,

Fw 0] Fw
22| Fw B0 Fw ‘
ol [8x2 Bx] 5 =0 (1a)

AL »_ . _ ¥
a2

Cow-l-l( (}'2 . — =10 (1b)

o =VE/p,
o=

q=+I/A,

('S == G/p‘

(l¢)

where, E,I, 4 and p denote the elastic modulus,
second moment of area, cross-section area and
mass density of the beam, respectively.

Upon the cousideration of the dispersion
relations,

—ikx—mt)
4
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Figure 1 Damage model for diagnosis based on wave propagation.

the eigen roots (wavenumber) for Equation (1)
_“can be yielded as,

- i a2 o\ 1 ¢t z
=% z(”rzcg)i\[(;a) +4(‘

xZ, (n=1,2,3,4) )
4]

¥ 172

Mathematically, the existence of four eigen
roots determines that four propagating wave
components are possibly available synchronously
in the Euler-Bernoulli beam. The general solution
to Equation (1) can be further expressed with a
summation of four terms as below,

w(x, ) = [Z A~ 4 Z Are™* + Z Aze™k
+ Z A4€!\‘] LA )

where each term is respectively corresponding to
one of the wave modes, which is hereafter
recognised as the positively propagating wave,
the negatively propagating wave, the positively
growing evanescent wave or the negatively expo-
nentially decaying wave, respectively, depending
on their propagating direction and properties.

In Equation (4), the coefficient of exponential
represents the amplitude of each wave compo-
nent, which may be a complex. With the occur-
rence of a damage, Equation (4) yields two
propagating equations before and after the left

damage end (referring to Figure 1), respectively,
denoted with w_ and w,,

W’_(X,I)M[ZAlé’_ik"‘+ZA2€’—&['\‘+EA4€,CII]’eim‘[

(5a)
wilx, ) = [Z Bje~*x 4 E Bge_"'z"‘] .7 (5b)

where, the three terms in Equation (5a) corre-
spond to the incident wave, reflected propagating
wave and reflected exponentially decaying
wave, respectively, which are induced by the
interaction between the incident wave and the
damage; while the two terms in Equation (5b) are
recognised as the damage-induced positively pro-
pagating wave and growing attenuating wave,
respectively. Note that the wave components A4
and B, disappear very quickly due to exponen-
tially decaying.

Applied with the continuity and compatibility
conditions {3], ~

w_{x,1 awg{x, 1} -
w0 = walx, D, o *) _ &y

Ix 3x
aw? (x, £) 311%_()@ ]
Fr — . - R .
h Fx Elz Fx
owd (x, 1) an(x, 8)
Bl = By
(6)
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the reflection ratio at the damage surface can be
obtained as,

Re=22
A

=ik 20 Bk ka+ 20 B KGR = 21 Bk kS — TGRS
o 1321(?+2f| ng'?r’(z-!—Zf; [2k%k%+2f1 fgk;k;, -‘1—1221{3

(7a)

p o~ Hy)
12 T 12

(7b)

where / and H denote the width and depth of the
cross-section of the beam, respectively; while H,
represents the depth of the damage. Equation (7)
implies that the depth of damage, H, can be
therefore determined with a given reflection
ratio. The relationship between the reflection
ratio and the damage degree (H,/H) for the
present system was theoretically calibrated and
shown in Figure 2.

Diagnosis Scheme

Daubechies function, W(a, b). at level 4 {db4)
was chosen as the wavelet transform function,
which was demonstirated most effective in this
study to cater for the resolution requirement
on the present problem compared with other

T v T M 3 v L] T T

wol 4
80 F i

60 | ‘i

Damage Degree [%]

20| -

— L 4 L.

0.0 02 0.4 08 08 1.0
Reflection Ratio

a
N

Figure 2 Theoretical reiaiionsh'rpA between reflection
ratio and damage degree.

i 1 OO +00 1 —b
j(r)=-(—:,-f W(a,b)-—-q:(’——) A da-ap
a 4} (45

transform functions. W(¢,b) was then applieq
with the Continuous Wavelet Transform (CWT)
[21,22], :

1 f1—h _
W(a.b):E _f(:)-q:( - )dr 8y

—0

where W(a.b) denotes the continuous wavelet
coefficient, which reflects the energy distribution
of the signal over the time-scale domain. « and p
are the scale and translation parameter, respec-
tively. While f(¢) represents an arbitrary sampled
signal; and W*(r) denotes the complex conjugate
of ¥(r). Contrarily, if the transform is invertible, -
the inverse wavelet transform exists,

Yoo Ja>D ‘\/—
%)

where CW is a constant that depends on ¥(¢s).

Practically, the CWT analysis can be simpli-
fied by calculating the wavelet coefficients only at
discretised scale, namely, the Discretised Wavelet
Transform (DWT) [21,22]. The sampled signal
can be therefore decomposed into a series of
Approximations and Details via DWT analysis,
characterising the time-dependent signal in inde-
pendently assorted frequency ranges.

The time-scale or time-frequency domain
analysis offers a capability to quantitate the local
perturbation or singularity in signal. In this
study, the damage parameters (i.e., the location
and severity), regarded as singulanty involved in
the signal, were determined using the CWT and
DWT spectrographic analyses. In more detail, the
damage location diagnosis was performed by
calculating the time difference between the inci-
dent wave component and damage-induced wave
component along the time axis within the dis-
creted frequency scope pertaining to the impact
excitation via the DWT analysis, or the time
difference between incident wave energy concen-
tratton and damage induced-wave energy concen-
tration in spectra through the CWT analysis.
While the damage severity was calibrated upon
the relation with the reflection ratio (see Figure
2), in which the reflection ratio was theoretically




“proven 10 be equivalent to the root-mean-square
RMS) ratio of their related continuous wavelet
" coefficients along the scale axis at the time points
" corresponding to the maximum energy concentra-
" tion over the time-scale domain [3] (see
- Appendix). while the RMS ratio could be
achicved by experimental approach.

Configuration of Diagnosis System

The damage diagnosis system based on a
vXI platform, described schematically in Figure 3,
consists of the Signal Generation Unit (SGU),
- Signal Acquisition Unit (SAU) and Central
_ Control Unit (CCU). With a low acoustic impe-
dance and a broadband response range, a piezo-
electric lead zirconale titanate (PZT) element
(PI® 151}, with the properties summarised in
Table 1, was chosen as the signal sensor and
surface-mounted on the beam with silver-epoxy
adhesive (Farnell®). Signal acquisition was per-
formed via the Agilent® E1437A digitizer at a
sampling rate of 20.48 MHz after conditioned by
the Agilent® E3242A conditioner. Being the
kernel of the system, CCU performed as both the
controller and the interpreter, supported by an
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inhouse software developed on the NI Labview"’
platform,

In order to evaluate the effectiveness of the
proposed model and identification scheme, the
diagnosis system was then applied to a defective
aluminum alloy beam (cross-section of 10mm x
10mm, Young's modulus of 72.4 GPa and density
of 2.69g/em’) with dual-end fixed-supported,
sketched in Figure 4. A transverse crack, extend-
ing across the entire width of the beam with a
0.15mm span along the beam axis, was pre-
viously made using a diamond saw. The damage
depth, H,, varies from | mm to 8 mm with a step of
I mm. In most previous studies, relatively compli-
cated excitation sources, such as PZT actuators,
were chosen for the generation of a diagnostic

Table 3
Sensor.

Geometry and mechanical properties of PZT

Product Name Prist

20mm x 10mm x 1l mm
7.80 gfem”

170 x 1072 m/V
450 x 107" myVv
66.67 GPa
86.21 GPa

Geometry

Density

Charge constant o,
Charge constant dx
Elastic constant £,
Elastic constant £

;
|
i
|
j

Specimen

]
O {  dmpact Excitation

_g PZT Transducer
i
{
|
|

Signal Generation Unit (SGU)

Signal Acquisition Unit (SAU) _ F

\
1
i AgHlent Conditioner HP3242

HP Vectra 660 Platform (CCU)

Agilent VXI (E1437A4)

Figure 3 Configuration of identification system based on VXI
piatform.
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Figure 4 Configuration of experiment setup for a structural beam with

damage.

signal. In the present study, a simple yet practical
pendulum force hammer, controlled by the SGU
to generate constant impact energy of 0.4J, was
used for the excitation of incident signal. It is of
essence to keep a sufficient distance between the
excitation spot and structural boundaries to
ensure the reflected wave modes from the bound-
aries would not interfere the damage-induced
wave component.

Signal Analysis

Inevitably, broadband responses will be
induced by the impact excitation due to the wave
dispersion, making the signal distinguish intract-
able. Meanwhile, muddled with the diverse noises
and structural vibration patterns, the diagnostic
information is usually ruined in the raw response
signal. An improved signal processing and
damage identification algorithm by virtue of
CWT and DWT analysis based on the Matlab®
mathematic platform [23] was hereby proposed to
meliorate the identification.

In experiment, different wave components can
simultaneously be observed. The propagating
velocity for each possible wave is therefore
required for the signal distinguish. The velocities
measured experimentally and calculated theoreti-
cally are compared in Table 2. The response
signals for different damage severities were sampled.
As typical examples, the acquired structural
response signals in the time domain for 4mm and
6 mm-depth cracks, and their corresponding fre-
quency spectra by the Fast Fourier Transform
(FFT) analysis are shown  Figures 5 and 6,
respectively. Interfered by the low-frequency struc-
tural vibration and various noises, only tiny

Table 2 Measured wave velocities in an aluminum alloy
structural beam.

Measured Cat’cm’atmem?d:
Wave Mode (m/s) (m/s)
Longitudinal wave 6365 6314
Transverse wave 3205 3180

* Closgiradingl = VETp - './(1 — )1+ ) -1 - 2u) Crransverse = Ejp-
V17201 + 1), E: Elastic modulus, 72.4 GPa; o: Mass density, 2.6%g/em®,
15; Poisson's ratio, 6.33.

differences can be noticed between the signals in
the time or frequency domain, both of which can
hardly be used directly for the accurate diagnosis.
Spectrographic analyses based on the CWT and
DWT techniques [24] were accordingly executed.
A series of band filters with proposed threshold
and different frequency scopes were designed and
applied on the sampled signals to suppress the
diverse interferences and effectively extract diag-
nostic components. Meanwhile, the Ansys® FEM
software was employed to calculate the vibrational
patterns of the structural beam, so that the com-
ponents in the frequency scopes corresponding to
the structural natural modals could be filtered.
Thus the interrogation on the sampled signals can
be concentrated in a specific frequency scope. On
the other hand, in this study, the Sampling Point
(SP) was hereafter introduced instead of the direct
Time Point (TP) in CCU to expedite and facilitate
the data processing procedure.

The DWT analytical results of the sampling
signal for the 4mm-depth crack, as a paradigm,
from level I to level 10, and the distribution of its
DWT coefficient are displayed in Figure 7, in
which the DWT level refers to the different
frequency ranges. The wave energy distribution is
portrayed by the grayscale, and the darker the
grayscale appears, the stronger the wave energy
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Figure § Sampled raw response signals in the time
domain: (a) 4 mm-depth crack; (b) 6 mm-depth crack.

is. The obvious emergy concentration can be
clearly noticed from level 5, while at level 8 the
spectrogram  well exhibits the response arisen
from the impact excitation.

Particularly, the DWT analytical results at
level 8 for 4mm and 6mm-depth cracks are
displayed in Figure 8 for comparison. The first
wave peak originates from the incident wave
(transverse wave in this case), followed by the
first reflected wave due to the crack as well
as other reflected components from left/right
boundaries or multi-reflected wave components
from the damage. For the signal identification
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Figure 6 FFT analysis for signals in Figure 5: (a) 4 mm-
depth crack; {b) 6 mm-depth crack.

purpose, only the first several wave components
in the sampling signal are useful while the others
are not the concern. The time lags among the
refated wave components (peaks and wavefronts)
were calculated to locate the crack. '

Meanwhile, the 2D and 3D spectrographic
analyses via CWT were performed. As instances,
the 2D spectra for the paradigmatic sampling
signals, shown in Figure 5, are displayed in
Figure 9, where the grayscale reflects the density
of wave energy over the time-scale domain, with
the darker one indicating the higher_energy. The
damage-induced energy can be observed between
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Figure 7 DWT analytical results of the sampled signal for 4 mm-depth crack: (a) details from level 1 to level 10; b

distribution of DWT coefficients.

the incident energy and the first reflected energy

from the boundary. More intuitively, the corre-
sponding 3D spectrographic images for different
damage severities and their partial magnification
are displayed in Figure 10. In the 3D spectra, the

intuitionistic ridges, relative to the CWT coeffi-
cients, also indicate the energy distribution.
Similarly, the energy concentration induced by
the damage can be visually observed in 3D
spectra.  From  Figures 810, stronger energy




-y Y T L} ¥ 3 T il T T
1.0F Refiected components]
- from boundaries

Incident componant / ]

[=4
om
b |

Normalised Amplitude

Damage-induced wave component
10 . ! N i . 1 PR L 1 .
3] 3000 6000 900C 12000 15000 - 18000
Sampling Points
(a)
¥ T 1 hd 1 v L v T v
1.0 Reflected components |
08 [‘_ from boundaries I

“t Incident component 1
08k 4
04 t /

- '4 « -
02} PR /
X |l 'y 4

0.0 I y ; )
021 ‘\\

Normalised Amplitude

0.4}

06} .
0.8 - Damage-induced wave component
A0F ‘ ~

PR— 1 _— 1 P i L L a L e,
0 3000 6000 o000 12000 15000 18000
Sampling Points
(b)

Figure 8 Detail at level 8 by DWT analysis for signals in
Figure &: (a) 4 mm-depth crack; (b} 6 mm-depth crack.

reflection from the crack can be noticed as the
crack size increases because of the expansion of
the wvalid reflection area. The resolution for
sampling signal and identification accuracy for
both the damage location and the severity are
consequently improved. The (f{ull-scale CWT
analyses are more wieldy of detecting local
perturbations in signal.

Damage Diagnosis and Discussion

For diagnosis purpose, the energy ridges in
the time-scale space at the time point, pertaining
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to the maximum energy concentration, are
anatomised and investigaled along the scale
axis. The consequently anatomised profiles for
the incident energy and induced-energy from 4 mm
to 6mm-depth crack are contrastively shown
in Figure 11 as paradigms. In profile curves,
a crestiform distrnibution of the wavelet coeffi-
cients along the scale axis within the assorted
scale range can be observed. Two approaches
were employed to calculate the magnitude of
the distribution of wavelet coefficient in the
profile curves, viz., RMS method (3] and inte-
gration method, so that the reflection ratio
can be determined. Atiention should be paid
that the area encompassed by the profile curve
and scale axis increases with the crack length
from !mm to 8mm. By virtue of the RMS
value ratio of the wavelet coefficients for the
incident energy to the damage-induced energy in
the profile curves, the reflection ratio was calcu-
lated (Equation (A10)), leading to the determina-
tion of the damage severity (Figure 2). The
damage diagunostic results achieved via the pro-
posed identification scheme and the actual
damage parameters are compared in Table 3.

Capability of the diagnoses for damage
location and severity using the developed system
was evaluated. The percentage diagnostic
errors are listed in Table 3 and illustrated in
Figure 12. The results imply that the identifica-
tion accuracy for crack location, in spite of the
actual damage severity, 1s acceptable with a high
creditability. The precision of damage severity
identification increases with the crack size and a
satisfactory precision for the damage severity
estimation is maintained until the crack size
approaches 6 mm approximately when the trans-
verse damage area occupies around 60-70%
of the entire cross-section of the beam.
Considerable errors occur when the crack size
exceeds 70% of the height of the beam. This is
attributed to the inapplicability of the basic
hypotheses used in the Euler-Bernoulli beam
theory, on which the model was developed.
Under such a circumstance, the twisting effect
cannot be neglected, leading to the inapphicabil-
ity of the continuity and compatibility condi-
tions.
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Figure @ 2D spectrographic analysis by CWT for signals in Figure 5:

(&) 4 mm-depth crack; (b) 6 mm-depth crack.

Conclusion

An identification and monitoring scheme for
structural damage in correlation with the impact
response analysis has been developed, and its
validity was examined experimentally through a
quantitative diagnosis for the location and size of

damage with an increasing depth in a one-
dimensional structural beam. A simple and
practical impact excitation source was used for
the generation of diagnostic stress wave. The
accompanying broadband interference of impact
excilation was suppressed using an improved
signal processing technique based on the waveiet
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05 S —

T transform technique as well as a high-resolution
e incident data acquisition system, with which sausfactory
. diagnosis results have been achieved. The sensi-
tivity of the 1dentification algorithm was then
evaluated. The experimental results indicate that
the identification accuracy depends on the actual
1 severity of the damage. Unacceptable error
occurs only when the damage is very severe (the
damage size is over 65% of the cross-sectional
i area of the beam). In practice, such a kind of
large destruction is normally 1ot the concern of
the structural health monitoring.

03

02

Gmmﬁepm Smm-depth

Wavelet Coefficient

01

0.0

0 70 140 210 280 350 Health monitoring techniques and identifica-
Scafe tion systems for more complicated structures.
such as laminated fibre composite plates, wiil be

Figure 11 Profile curve of CWT coefficients for signals. presented in forthcoming reports.
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Table 3 Diagnosis results and refative percentage errors for a crack with variable depths in a beam.

Location Diagnosis (mm)

—

Degree Diagnosis {mm)

Acrua! [ e oo e e e e e e e e o o
Damage  Calewlated Value® Mininumm  Colewlated Value by Minimum Calewlated Value Minimym -
Degree (To the Right FEnd)  Error (%) RMS Method Error (%Y by Integration Meihod — Error %)
I mm 173 6.57 1073 7.25 1.073 731
2 mm . 334 4.00 2.100 4.90 2,104 519
3mm 341 2.79 3150 4.69 2.853 4 89
4 mm 359 2.65 3832 417 4.161 4.02
Smim 340 2.26 5.1158 2.30 4.862 2.76
6mm 357 2058 6.123 2.05 6.141 238
7 mm 355 113 6.404 8.52 7.642 9.17
fmm 346 1.02 6.200 22.5 6.152 231

e s i - . T —
*The actual damage pesition f 350mm away rom the night ond of the heam,

(a) 100
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Actual Damage Severity [%]

(b 100

95
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85
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Creditahility [%]

60
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50
i0 20 30 40 50 60 70 B0

Actual Damage Severity [%]

Figure 12 Credibility for proposed identification scheme: (a) for
damage location diagnosis; (b} for damage degree diagnosis.
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_'Appendlx

Considering a 3D spectrum over the time-
scale domain obtained via the CWT analysis, the
magnitude of a wave energy ridge in this spec-

" trum, denoted hereafter by Aigg., along the scale
axis at an arbitrary time point, can be calculated
by RMS method [25],

N (A1)

\/WE+W§+---+W§,
Ari&gc =

where W;(i=1,N)} is the ith wavelet coefficient
on the profile curve along the scale axis, whilst &
denotes the total number of discretised points,
which is determined by the precision of the
selected wavelet transform.

Simijarly, as for two energy ridges in one
spectrum, Arigget and Arigger. at different time
points r, and 1, respectively, their amplitude ratio
can be defined as following if the same wavelet
transform function and transforming precision
are chosen,

(Aridgcl> _
Aridger
When N is large enough, Equation (A2) is
equivalent to,

W12+ W22+ S W;%;!r:r;
Wi+ Wi+ -+ Wik,

(A2)

Slh:n. 2
A E 2 We e, - da
ndgci 1 o Smin (A3)
AridgeZ Ell S 2
Wei,—, - da
Sanin

where a represents the variable on the scale axis.
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Meantime, derived from the definition of
wavelet transform [21],

W(a,b)=—’— w.f‘(fl-‘l’*(ﬂ) -di - {(Ad)

N -~

a

where f(1) represents any time-dependent signal,
its inverse wavelet transform exists,

400 +00 1
Wi(a,b) —

1
f(t) - C—‘i‘»[—oo a>0 */E

x w(f—_-“'f) L da-ab
d a

(A3)

where a is the scale parameter while b is the
translation parameter, both of which are real
number and a must be positive. Cy is a constant
and W*(¢) denotes the complex conjugate of W(7).
Derived on Equations (A4) and (AS5), the follow-
ing proportional relation exists [21],

Max
E f |W(a,b),, da (A6)

Min

For two given energy components, E, and E,,
over time-scale domain, at different time points,
f, and &, respectively, 1t exists,

Max N
E[ Min l W(a) b).‘}ﬁ(] ' da A7
mé; = Max ( )
[ Wb, da
Min B

-

On the other hand, in the time domain, the
energy ratio for two sampled signals is known to
be equal to [21],

E-, _LAQL
Een  LAOR

(A8)

Combining Equations (A7) and (AS8), the
energy ratio for two wave components, at
specific time points, 7, and ¢, respectively, can be
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yielded as,

Max
b, P .
Evr _/Mi,, W@ by lPda 1 2

Max - 2
oo j {W(a, b)) da 20k,
Min

(A9)

Therefore, via Equations (A3) and (A9), the
reflection ratio can be given:

Ef(fl); = I(Aridgell;l)l ]
@) (A10)

Aridgez |13
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Fundamental Lamb Mode-based Delamination
Detection for CF/EP Composite Laminates
Using Distributed Piezoelectrics

Zhongqing Su and Lin Ye*

Laboratory of Smart Materials and Structures (LSMS),
Centre for Advanced Materials Technology (CAMTY),

School of Aerospace, Mechanical and Mechatronic Engineering,
The University of Sydney, NSW 2006, Australia

A delamination detection scheme for the CF/EP composite laminates based on the Lamb wave
propagation was proposed, The fundamental symmetric Lamb mode (Sg) and the delamination-
induced basic shear mode (Sj) in an ultrasonic frequency range were utilised for locating the
detamination. Both numerical simulation and experimental studies were performed 1o evaluate the
propagation characteristics of Lamb waves in the composite laminates involving a delamination. An
active oniine damage diagnosis system was established with a transducer network configured using
distributed piezoelectrics. Bandpass filters were designed and specirographic analyses in the time-
scale space via wavelet transform technique were accomplished, to diminish diverse broadband
interferences and consequently improve signal interpretation. Algorithm based on a graphic approach
was introduced into the damage searching procedure to expedite the diagnosis and minimise the
astimation errors, The proposed identification scheme and diagnosis system were then validated by
detecting delaminations in CF/EP laminates made from unidirectional and woven fabric prepreg,
respectively, Satisfactory prediction for the damage location has been achieved. Additionally, the
influence of diagnostic waveforms and frequencies on the identification accuracy was also evaluated.
Keywords fibre-reinforced composite - structural health monitoring (SHM) - Lamb wave . finite
element method (FEM) - wavelet transform

1 Introduction strength, stiffness or damping properties of the

composites and severely reduce the struciural

Delamination, induced by the interlaminar stres-
ses, is probably the most common internal defect
in carbon fibre (CF)fepoxy (EP)-laminated com-
posites, and it can originate and develop during
manufacturing or as a result of accidental out-
of-plane impact during service. The occurrence
of delamination may considerably lower the

“
k»

*Author to whom correspondence should be addressed.
E-mail: yei@aeromech.usyd edu.au

integrity and reliability. It is therefore momentous
for engineers and- researchers to pursue effective
and reliable detection techniques, with which
the delamination might be detected at its initial
stage. '
Conventional nondestructive  evaluation
(NDE) for structural criticality, such as C-scan

Copyright © 2004 Sage Publhications,
Vol 3(1} 004368
[1475-9217 (200493) 3:1;43—68 10.1177/1475921704041874)
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fxcitation conditions. In most cases, more than
E...o modes are synchronously available; and the
Evibration patterns and dispersive properties
t throughout the plate thickness are not identical
E for different modes, even for the same mode but
in different frequency ranges. Practically, the
angle-variable ultrasomic probes are normally
employed to produce the pure and single Lamb
mode in accordance with the Snell's law [17],
shunning multiple modes. Compared with the
. components generated by ultrasonic probes, the
" Lamb waves induced by the piezoelectiric elements
~ directly, such as a PZT disk, unavoidably contain
-~ multi-modes simultaneously, which can be basi-

cally classified as symmetrical and anti-symmetri-

catl modes, depending on the particulate motion
_ patterns. .

Dispersion characteristics of Lamb waves in
the multilayered medium are some of the pivotal
concerns for development of guided wave-based
damage detection techniques. Lamb waves are
known for owning a strong ability to propa-
gate over a relatively long distance while without
significant attenuation in the energy and wave
amplitudes, even in the materials with a high
attenuation ratio, such as CF/EP-laminated com-

T AT
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posites {17]. However, the dispersion phenomena
with the variation in wave frequency were clearly
observed, dependent on the structural thickness. The
dispersive properties for fundamental Lamb wave
modes in an 8-layers [45/—45/0/90]; CF/EP quasi-
isotropic composite laminate were experimentally
evaluated. In experiments, wave phase velocities
for symmetric and anti-symmetric Lamb modes,
excited by a PZT actuator in a sweep frequency
ranging from 0.1 to 1.5 MHz with a step of 50 Hz,
were measured individuaily by PZT sensors. The
dispersion curves for fundamental Lamb waves in
terms of wave phase velocities and excitation
frequencies are plotted in Figure 1. Meanwhile
the dispersion curves theoretically calculated
using the method proposed by Percival et al. [2]
are also included i1n Figure [ for comparison.
Good correlation between them can be noticed.
The fundamental anti-symmetric [.amb mode, Ay,
symmetric Lamb mode, Sp, and the lowest order
shearing mode, Sj, are observed in the low fre-
quency region, while higher order modes appear
gradually with increase in frequency. The disper-
sion properties shown in Figure 1 indicate the
presence of multiple Lamb modes in the lami-
nated composite, whose phase/group velocities
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Figure 1 Dispersiton properties for Lamb waves in an 8-ply quasi-

isotropic CF/EP laminate.
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are dependent on the algebraic product of the
laminate thickness and the central excitation
frequency., Whereas for the current structure, a
low-frequency domain (< 1.2 MHzmm) exists, in
which the fundamental modes exhibit reasonably
non-dispersive behaviour. In the present work,
the fundamental symmetric Lamb mode, S, and
the defect-induced basic shear mode, Sj, were
utilised for the damage detection.

2.2 Interaction between Lamb Modes
and Internal Defect in the
Composites

The interaction between fundamental Lamb
modes and the interlaminar delamination in CF/
EP [45/—45/0/90]; quasi-isotropic composite lami-
nate was numerically investigated. A rectangular
laminate (480 x 480 x 1.275 mm?) with an assumed
elliptic delamination (semi-major axis: 15mm,
semi-minor axis: 10 mm, angle between the major
axis and 0° fibre direction: 135°, centre position:
276 and 299mm away from the left and bottom
edges of the laminate, respectively, delaminated
area: .25% of surficial area of laminate) between
the 1st and the 2nd layers was considered. One
pair of its edges were fixed-supported while the
other pair were kept free. Four PZT disks, acting
as both actuators and sensors, were located at
the corners of a square route, 65mm away from
the two neighbouring laminate edges, counter-
clockwise numbered with £1, P2, P3 and P4 from
the bottom-left one, schematically delineated in
Figure 2,

Full-scale three-dimensional FEM model
with fine mesh description was created for the
delaminated laminate on the PATRAN® platform
[18], while the dynamic analyses were accom-
plished using ABAQUS/EXPLICIT® FEM code
[19] using a super computer. Eight layers were
divided along the laminate thickness to character-
ise each unidiréctional lamina individually, lead-
ing to approximately 100,000 solid brick elements
used for the simulation. The ichnographic FEM
model for the vicinity of delaminated area is given
in Figure 3(a), where more than 10 nodes exist
within one wavelength. For comparison, model-
ling and numerical simulation for the laminate
without artificial defect were also conducted. The
time step adopted in dynamic calculation was
controlled to be clearly less than the ratio of the
minimum distance of any two adjoining FEM
nodes to the maximum achievable wave velocity.
A surface contact algorithm [i19], permitting a
small sliding relative displacement and arbitrary
rotation of two delaminated surfaces, was intro-
duced to process the contact problem arising from
the delamination, sketched in Figure 3(b), which
was proven in this study to be virtual in approxi-
mating the delamination. The technical informa-
tion for the CF/EP composites considered in
the simulation is listed in Table 1(a); while the
mechanical properties for unidirectional laminae
estimated using a micromechanics model [20]
based on properties of constituents (carbon fibre
and epoxy matrix), in accordance with the compo-
site laminates used in the following experiments,
were detailed in Table I(b). In addition, PZT

anr

aat

,,,,,

/,/// “Fixed boundary

480mm

Figure 2 Composite laminate for numerical simulation.
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Figure 3 FEM modelling in numerical simulation: (a) mesh near delamination area; (b)
contact surfaces for delamination; and (¢) applied displacement constraints in the actuator

area.

actuators/sensors were individually modelled [21]. 0.5MH:z, was applied on the actuator mode! [21]
A uniform radial displacement in the x—» plane, to generate the Lamb modes, as described in
following a S-cycle sinusoidal toneburst windowed Figure 3{(c). The structural responses were dyna-
with Hanning function at a central frequency of  mically monitored using the sensor model [21] at a
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Table 1 Configurations of specimens
(&) Technical data for CF/EP composites used in simulation and experiment.

Fibre Matrix Fibre Matrix Laminate Count Warp
Product Product Fraction Fraction Densit *
Name Name (%) (%) (kg/m™) Weave Fill
uD T650/35-12K F584 56 44 1528 N/A N/A
WF T300/3K 393 48 52 1376 Plain 12.5x12.5
{b) Estimated elastic properties for unidirectional CF/EP lamina. -
E;,; Ey Es; Gy G Gas
(GPa) (GPa) (G—Pa) (GPa) (G’Pa) (GPa) Via Viz Va3
153.67 9.49 9.49 4.26 4.26 3.44 0.295 0.295 0.381
{c) Geometric identities of laminates and delaminations (Unit: mm).
. Simulated Defamination
Geomelric
Specimen No. Dimension (Inm) o B & £ I4 7]
uDI1# 480 %480 x 1.275. N/A N/A N/A N/A N/A N/A
uD2* 480 x 480 x 1.275 15 10 135 276 299 0.25
WF1¥ 480 x 480 x 1.454 N/A N/A N/A N/A N/A N/A
WF2# 480 x 480 x 1.454 17 12 45 268 190 0.1%8

«. semi-major axis; 8: semi-minor axis; ¢: anglo between the major axis and 0° fibre direction; & vertical distance to the left edge from centre of the
delamination; ¢: vertical distance to the bottom edge from centre of the delamination; 8: percentage of delaminated area (%) In laminate.

sample rate of 20.48 MHz. Sterco-visualised plots
from FEM for Lamb wave propagation in the
delaminated composite plate with a time interval
of 10us are shown in Figure 4, where the internal
defect-imposed disturbance on the Lamb wave
propagation can be clearly observed.

A series of bandpass filters with proposed
thresholds were designed, introduced hereinafter,
and applied on the simulated signals to screen
the broadband noisy interferences and extract
diagnostic components in the frequency scopes
corresponding to the excitation. The filtered
dynamic signals via actuator-sensor path P1-P3,
as typical examples, for the composite laminates
without/with delamination are displayed in
Figure 5. Mode conversion induced by the
existence of delamination is noticed in the
signals for defective specimen. Compared with
Figure 5(a), extra Lamb mode in the selected
frequency scope is clearly observed in Figure 5(b),
which is recognised as the damage-induced basic
shear mode, hereafter denoted by Sjp.pan,. Other
damage-induced modes are unexploitable because
their velocities are either too clese to other

actuator-generated wave modes in the limited
sampling period, or too slow to be sampled in
the specific time.

3 Signal Processing and
Experimental Implementation

3.1 Wavelet Transform Principles

Muddled by the structural low-frequency vibra-
tion patterns and diverse broadband noise cor-
ruptions, the interpretation of both theoretically
calculated structural responses and experimentally
acquired signals are not straightferward for
damage detection in either the time or frequency
domain. An identification algorithm based on the
spectrographic analysis in the time-scale space was
developed using the Discrete Wavelet Transform
(DWT) and Continuous Wavelet Transform: (CWT)
technique [22-26). Daubechies function was chosen
as the wavelet transform function, which was
experimentally demonstrated in this study to be
most effective for the present system compared
with other transform functions.
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(b}

Simulated Internal
defect area

Simnuiated Internal
defect area

Figure 4 Defect-impacted disturbance on Lamb wave propagating in
composite laminates: (a) at the 55th microsecond after excitation and (b) at

the 65th microsecond after excitation.

Herein, for an arbitrary sampled signal f(f),
the discrete expression in the time-scale domain
could be achieved by applying the selected basic
wavelet function ¥(r) (Daubechies 1n this study)
as [22],

f2i]

a=dy and b = naj'hy, mneZ (1a)

DWT{(m, n) = a(’}’m/2 f_f'(t) “A(ai™t — nby)- dt
‘ (1b)

where ¢ and b are the scale and time parameters,
which were discreted by dyadic variables » and #,
while ay and by are constants determining the
sampling intervals. Reversely, the signal could be
reconstructed by [26],

FO=cd 3 Conl)- DWT(m,n)  (22)

Coa ) = a; ™ W(ay ™t — nby) (2b)

where ¢ is a constant in correlation with W(r).
Time-dependent function C,,,(1), is defined as the
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Figure 5 DWT analysis-processed structural responses via actuator—
sensor path P1-P3 in simulation: (a} for l[aminate without delamination and
{b) for laminate with delamination.

DWT coefficient, and the overline indicates the  and frequency scopes were established, with which
complex conjugate. the one-dimensional time-dependent wave signals

Based on Equations (1b) and (2}, a series of  were decomposed into associated band ranges
bandpass filters with discreted initial thresholds  according to frequency. Lamb wave components
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pertaining to the excitation were therefore
separated and characterised without diverse
interferences.

Serialising Equation (1), signal f{) was
converted into a quadratic description as [22],

| I t—b
CWT(a,b) = 7 (o - w(—a-).dz (3)

where CWT(a,b) is defined as the CWT wavelet
coefficient, Conversely, the signal was reconstru-
cted via the inverse continuous wavelet trans-
form,

) 1 +00 0o i —b
Y
1

. —da - db (4)

where Cy is a constant depending on W(r).
Energy allocation for the wave signal was
furthermore derived, in light of Equations (3) and

(4} as,
Emfmfmw(a,b)fda-db (5)
—oc a=90

where |CWT(a,b)|2, defined as the scalogram,
indicates energy density in the time-scale domain.
Based on Equations (3)—(5), the sampled signals
were decomposed into two- and three-dimen-
sional time-scale spaces with the intuitive illustra-
tion for the energy allocation, which offers a full
display of the characteristics for acquired signals,
more capable of detecting local perturbations in
the signals. If the detected perturbation is not
caused by the factors already known, such as a
geometric boundary, it can be attributed to the
existence of a damage. In the present study, the
characteristic times for different Lamb modes in
the time-scale space, at which the wave energy
reached its maximum/minimum, were captured
using a special program. The time differences
among concerned Lamb modes, such as the one
between incident and damage-reﬂecied modes,

were used to predict the damage location. In this
study, identification of delamination location in
the CF/EP composite laminates was conducted,
while complete quantitative identification for
damage severity using the energy allocation is
reported elsewhere {27, 28].

In the above discussion, the spectrographic
analyses were conducted in the time-scale domain,
rather than the time—frequency space. The param-
eter scale (a) in Equations (1)(5) is directly
proportional to the reciprocal of frequency (1/f),
depending on the selected wavelet transform func-
tion. It was found that the wave energy allocation
could be more easily defined by representing
the acquired signal into the time-scale domain
{22,29].

3.2 Configuration of Diagnosis
System

An active online damage diagnosis system was
established in accordance with the identification
principle, sketched in Figure 6. It consists of
Signal Excitation Unit (SEU), Signal Acquisition
Unit (SAU) and Central Control Unit (CCU).
A transducer network was designed using Piero-
electric Lead Zirconate Titanate (PZT) wafers,
6.9mm in diameter and 0.5mm in thickness,
which was surface-bonded on e¢ach laminate and
controlled by the SEU and SAU. Two-way
switches were attached to SEU and SAU, making
each PZT transducer function as both actuator
and sensor, minimising the number of transducers
and intrusion into the structure. While diagnostic
signal, simulated by Agilent® E1441 on NI Lab-
view® platform, was applied on actuators through
SEU after amplified to 60 Vpp (peak-to-peak)
by a PZT amplifier (PiezoSys® EPA-104). Signal
acquisition was performed via Agileni® EI14374
digitizer at a sample rate of 20.48 MHz through
IEEE-488 bus; and the acquired signal was
conditioned by Agilent® E32424 before trans-
mitted into CCU. Being the key unit of the
system, CCU performed as both controller and
interpreter, supported by an inhouse software
developed on the NI Labview® platform using
Matlab® package [29], and finally the diagnostic
results were output to the user’s interface.
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Figure 6 Configuration of diagnosis system using distributed piezoelectrics network.

3.3 Experimental Implementation

The proposed identification principle and devel-
oped diagnosis system were then validated by
locating delaminations in CF/EP T650/F584 [45/
~45/0/90]; quasi-isotropic laminates made from
unidirectional (UD} prepreg, and CF/EP T650/
F593 [(0/90)/(—45/45)/(90/0)]; orthotropic lami-
nates made from plain woven fabric (WF) pre-
preg, respectively. The geometric identities for
specimens are the same as those summarised in
Table 1(c). A delamination with the same shape
and size in the above numerical simulation was
introduced using two pieces of UPLEX®-R-25
film of 25wn thickness during manufacturing.
For comparison, the specimens without the dela-
mination were also fabricated. The benchmark/
defective laminates are represented by symbol
UDI*/UD2* for the unidirectional prepreg lami-
nates and WF1¥/WF2” for the woven fabric
prepreg laminates, respectively.

Amplified and modulated toncburst with
various waveforms, at central excitation frequen-
cies from 0.1 to 1.0MHz, was applied on each
PZT wafer in turn to generate the Lamb waves.
When one wafer was activated, other three wafers

were used to real-time monitor the structural
response. By virtue of the two-way switches enga-
ged in the SEU and SAU, totally 12 actuator—
sensor paths were available with 4 transducers.
Structural response signals were dynamically
acquired for each actuator-sensor path in the
experiment at the same sample rate used in
simulation (20.48 MHz).

4 Damage Identification

4.1 Signal Interpretation

In the experiment, good repeatability for the
signal acquisition was noticed. Arbitrarily chosen
as typical examples, acquired signals for specimens
UDI#/UD2* via actuator-sensor path P1-P3 and
those for specimens WFI#/WF2¥ via path P2-P4
are displayed in Figures 7 and ¥, respectively.
Certain differences can be noticed between the
structural responses for the benchmark and defec-
tive laminates in the time domain. Meanwhile,

the frequency spectrum analyses by Fast Fowrier
Transform (FFT) were also performed, and the
spectra for the chosen signals are correspondingly
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Figure 7 Sampled signals via P1-P3 for laminates made from
unidirectional prepreg: {(a) for benchmark laminate UD1* and (b)

for defective laminate UD2*,

exhibited in Figure 9. The FFT analysis is able to
provide an interrogation on the acquired signals in
the diverse frequency ranges. In the spectra for
UD2* and WF2¥, extra frequency components,
shaped as spike, could be noticed when compared
with those for UD1” and WF1#. However, these
characteristics or differences in either the time-
or frequency-domain are not sufficient for quanti-
tative identification of damage in the laminate.

The signal processing principles proposed in
Section 3 were applied and the wave components
pertaining to the incident excitation were correctly
extracted from raw acquired signals via DWT
analyses. The filtered signals are displayed in
Figure 10, where fundamental symmetric Lamb
mode, Sy, and basic shear mode, S, together
with the reflected components from the bound-
aries, denoted by Sg.r, can be ordesly observed
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Figure 8 Sampied signals via P2-FP4 for laminates made from -

woven fabric prepreg: (a) for benchmark laminate WF1* and (b) for

defective laminate WF2#.

within the selected frequency scope and time
period. For identification purpose, only first

several wave components in the acquired signals
are useful while the rest may be corrupted by
the boundary reflections. Compared with bench-
mark laminates, extra wave components between
Sy and Sy or following Sy were detected in

Figure 10(b) and (d). In correlation with the study
in Sectton 2, the extra components are recognised
as the delamination-induced basic shear mode,
Sopetam+ The appearance order of the wave compo-
nents in a signal is deterministically dependent on
the relative locations among the delamination,
boundaries and sensors. Herein, the Sampling
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Point (SP) was introduced instead of the direct
Time Point (TP) so as to expedite and facilitate the
data processing in CCU.

Further, two- and three-dimensional spectro-
graphic anaiyses based on the CWT technique
were performed and relevant results for the para-
digmatic signals are shown in Figures 11 and 12,
respectively. In the two-dimensional spectra, the

allocation of energy for various Lamb modes
were calibrated by the CWT coefficients, repre-
sented by descending grayscale, where the darker
the grayscale is, the higher the coefficients and
the stronger the energy concentrates. In both
two- and three-dimensional energy allocation

plots, the defect-caused shear wave, Sjp,,,, can
visually be identified.
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The same geometric identity and delamina-
tion location were used in both numerical simula-
tion and experimental analyses, which enables the
comparison between the theoretical and experi-
mental results. Representatively, the two- and
three-dimensional CWT analyses for the signals
from simulation, via the same actuator—sensor

path P1-P3 for laminate UD2* are displayed in
Figure 13. Good correlation, in terms of the
characteristic time and frequency for wave energy
concentration, was found between the numerical
simulation {Figure 13) and experimental measure-
ments (Figures 11{b) and 12(b)), upon the appli-
cation of signal processing, -
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4.2 Delamination Locating Algorithm

possible and approximate delamination positions
An internal structural damage locating algorithm  was executed to expedite the overall diagnosis,
based on the analyses conducted above was  suggesting an initial point for the start of damage
established. A preliminary searching for the searching [27]. In this procedure, the whole
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Figure 11 Two-dimensional CWT spectra for paradigmatic signals shown in

Figures 7 and 8: (a) for benchmark laminate UD1"; (b) for defective laminate UD2*;
(c) for benchmark laminate WF1"; and (d) for defective laminate WF2*.

laminate was supposed to be quartered evenly was executed to calculate the relevant structural
and the delamination was assumed to individually responses via concerned actuator—sensor paths
locate at the central position in each quadrant, under these presumed damage situations. The
respectively. The 3D dynamic FEM simulation calculated signals were applied with DWT/CWT
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analyses and then compared with the correspond-
ing signals based on the experimental measure-
ments. Least discrepancy indicated the most
possible quadrant in which the damage mught
occur, where damage search should be concen-
trated. It was found that the damage searching

and identification could be consequently simpl-
fied and expedited considerably through the
preliminary estimation.

The time lags measured among con-
cerned wave components from the DWT/CWT
analyses were then used for the damage location
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Figure 12 Three-dimensional CWT spectra for paradigmatic signals shown in
Figures 7 and B: {a) for benchmark laminate UD1¥; (b) for defective laminate UD2*,
{c) for benchmark laminate WF1¥; and (d) for defective laminate WF2".

identification. A searching algorithm ~based on a  was supposed to locate at (x, y) (in the coordinate
graphic optimisation [12,13,30,31] was devised. system that the actuator was the origin and the
For example, in the case that the transducer Pl X-axis paralleled with the bottom edge of the
functioned as the actuator and the damage centre  laminate), a nonlinear set of equations can be
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established upon the relative distances among the
transducers and the damage,
La-p

+
Vs,

Lp_s Lys
Vs,

=Ty (=234 (6)

Vs

;
# Delarn

where Lp_ s, Ls. p and L, 5 represent the dis-
tances bhetween the damage centre (x,¥) and the

ith sensor, the selected actuator and the damage
centre, the selected actuator and the ith sensor,
respectively. Vg, and Vg, are the measured
velocities of wave modes, Sy, and Sp, respec-
tively. 77.; denotes the experimentally acquireci
time lag via actuator-sensor path PP, by
catching the characteristic times corresponding to
the maximum/minimuwm energy concentration.
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Figure 13 CWT spectra of simulated signal for uD2* via actuator—
sensor path P1-P3; (a) two-dimensional and (b) three-dimensicnal.

In the referred Cartesian coordinate system, where (x;, v;) represents the coordinates of the ith

it has, transducer in the current coordinate system. In
practice, some paths in the theoretically 12
7 2 actuator—sensor paths were uncxploitable because
Lp-s= \/(‘Y =X Ay =) multi-reflection of waves from boundaries may
LA—Dﬁx/;CT:;? _ spoil the damage-induced wave components in
o (7Y the sampled signal, incapable of providing essen-

Lig= \/xf + 7 tial diagnostic information.
i1 34 . Analogously, a non-linear system consisting

I 3 3 =3

of four equation sets were established after four
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coordinate systems introduced, in which each
PZT actuator took a turn to be nominated as the
origin of its reference frames, respectively. A
mathematic optimal method [30] was applied to
solve the nonlinear system, with which the non-
linear system can be solved graphically using an
inhouse program, facilitating an accurate locating
for the damage centre. The searching procedure
is schematically explained in Figure 14. In these
diagrams, the signal acquired via each individual
actuator—sensor path is contributing to the con-
struction of one equation based on Equations (6)
and (7). Involving the damage coordinates (x,y),
each equation graphically indicates the locus for
the possible damage locations, denoted by the
dash-and-dot line in the figures. The intersection,
taking into account the loci from all the available
actuator—sensor paths, is recognised as the most
possible position where damage occurs.

5 Discussion

The diagnosis results and estimation errors are
summarised in Table 2. It is clear that the errors
decrease with the increase of actuator-sensor
-paths involved for the damage identifying, while
4 paths are the minimum mathematic requirement
to solve the nonlinear equation system. However,
the more the paths were employed, the more time
on experimental measurement was consumed.

A compromise between expected accuracy and |

affordable efforts should be accordingly synchro-
nised for actual applications. It is noted that a
‘satisfactory accuracy can be ensured upon half of
the total actuator—sensor paths involved.

In this study, it was found that a satisfactory
accuracy for the location detection could be achi-
eved when 4 PZT transducers were used, while
the information that they can offer is yet not
adequate for the identification of damage shape
and size. The relationship between transducer
numbers and dectectable damage parameters is
investigated in another study [21] by comparing a
diversity of designed transducer networks.

During the experiment, the estimation errors
were also noticed to be dependent on the inter-
laminar location of the delamination. The closer
to the upper or bottom surfaces the delamination

is located, the stronger the perturbance wag
detected in the signals, facilitating a precige
detection. This deduction has also been theoreti-
cally demonstrated (2], in which the damage.
induced shear stress, oyy oOr oyz, exists when the
delamination situates between any two layers,
except in the middlemost of the laminate, which
has less influence on the propagation of Lamb
waves. On the other hand, compared with the
laminates made from unidirectional prepreg, rela-
tively larger estimation errors were obtained for
the laminates made from woven fabric prepreg,
which may be attributed to the relatively compli-
cated effect of woven fabric structures on the
propagation of Lamb waves.

In this study, the benchmarks were intro-
duced in both numerical simulation and
experimental verification, to avoid any distur-
bance from boundary effects, etc. During the
comparison between benchmark and defective
laminates or the comparison between FEM simu-
lation and experiment, certain distinction or
incomplete agreement could also be noticed in
addition to the delamination-induced extra wave
components, which is attributed to the imperfect
similarity of two individual laminates in manufac-
turing or discrepancy between theoretical emula-
tion and laboratorial measurement. For detection
based on a forward analysis, the information
from benchmark is therefore essential, and more
accurate identification i1s expected te be accom-
plished when the comparison of signals from the
same laminate before and after the occurrence of
damage can be conducted. While an inverse iden-
tification approach, independent of the bench-
mark, is developed [21,28] using artificial neural
network algorithm to overcome this hindrance.

Undergoing the dispersion phenomenon, dis-
tortion of the incident diagnostic waveform could
not be avoided in experiment, reducing the
diagnosis precision to certain exfent. Different
diagnostic waveforms, l-cycle, 3-cycle, 5-cycle,
7-cycle and 10-cycle windowed toneburst as well
as pulse excitation, at different central frequen-
cies, from 0.15 to 1.0MHz, were conducted for
comparison, respectively. The results show that
the SNR (Signal-to-Noise Ratio) increases as
the signal central frequency increases, conse-
quently making the identification more accurate.
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Table 2 Diagnosis results and estimation errors {Unit: mm).

Based on 4 Paths Based on 6 Paths Based on 8 Paths
Diagnostic Relative Diagnostic Relative Diagnostic Relative
Specimen Resulr* Error (%) Result* Error {%) Result* Error (%)
UD1# (312, 266) 13.0 (293,316) 6.8 {262,313) 4.8
WEF2¥ {311,218) 16.5 (249, 204) 7.7 (285, 201) 6.9

*The vertical distances away from the left and botlom edges of the laminates, respectively.
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Figure 15 DWT analysis for structural responses under different excitations:

(a) excited by pulse-excitation at 0.5MHz and (b} excited by 10-cycle toneburst at
0.35 MHz.
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However, synchronously, the high frequency
weakens the capability of Lamb wave to propa-
gate in the composites due to the attenuation
mechanism. Meanwhile, it was also heeded that
the high cycle number of toneburst may lower the
risk of signal distortion. But an accompanying
superposition of multiple wave modes occurs due
to the large bandwidth, leading to the confusion
in signal interpretation. As an example, the
structural responses corresponding to the pulse-
excitation at a central frequency of 0.5 MHz and
10-cycle Hanning windowed toneburst at a central
frequency of 0.35 MHz were processed with DWT
analyses and given in Figure 15, where evident
distortion of the incident pulse excitation can be
noticed in Figure 15(a), while immersion and
superposition of-multiplicate Lamb modes appear
in Figure 15(b). Both the distortion and super-
position make it more difficult to extract useful
diagnostic components. In experiments, satisfac-
tory resolution and accuracy could be met for the
present system when S-cycle toneburst in the
central frequencies of 0.3—0.5 MHz was used.

6 Conclusion

A Lamb wave-based delamination Ilocating
approach was developed using the propagation
characteristics of Lamb waves in laminated com-
posites involving a delamination. An active diag-
nosis system using distributed piezoelectrics was
consequently established, and it was then experi-
mentally validated by identifying delaminations in
CF/EP laminates made from unidirectional and
woven fabric prepreg, respectively. It is shown
that satisfactory diagnosis can be achieved by
analysing the acquired scattering signal using the
wavelet transform technique-based identification
algorithm. Identification errors in damage loca-
tion depend on the number of actuator-sensor
paths to be used for diagnosis, and satisfactory
precision can be obtained when half of the total
actuator-sensor paths are taken into account.
An algorithm based on a graphic approach was
applied on solving the nonlinear equation system,
to fulfill an accurate identification. Additionally,
the strong reliance of the estimation accuracy on
excitation waveforms and bandwidth was noticed.

The present work is aimed at an active online
damage assessment technigue with hybrid numeri-
cal and experimental approaches, capable of con-
tinuously monitoring the structural integrity.

Acknowledgement

Part of the FEM simulation presented in the work was
carried out through the APAC services provided by the
Australian National University. 7.8u would like to grate-
fully acknowledge thée support of the International
Postgraduate Research Scholarship (IPRS) from the
Department of Education Science, and Training (DEST),
Australia, and the frternational Postgraduate Award (IPA)
from the University of Sydney.

References

1. Badeock, R.A. and Birt, E.A. (2000). The use of 0-3
piezocomposite embedded Lamb wave sensors for
detection of damage in advanced fibre composites.
Smart Materials and Structures, 9, 291-297.

2. Percival, W.J. and Birt, E.A. (1997). A study of Lamb
wave propagation in carbon-fibre composites. Insight,
39, 728-1735.

3. Guo, N. and Cawley, P. (1992). Lamb waves for the
NDE of composite laminates. In: Thompson, D.O. and
Chimenti, ).E. (eds.), Review of Progress in Quantitative
Nondestructive Evaluation, Vol. 11, (pp. 1443-1450).
Plenum, New York.

4. Guo, N. and Cawley, P. (1993). The interaction of
Lamb wave with delaminations in composite laminates.
Journal of the Acoustical Society of America, 94, 2240
2246.

5. Guo, N. and Cawley, P. (1993). Lamb wave propagation
in composite laminates and its relationship with acousto-
ultrasonics. NDT & E International, 26, 75-84.

6. Guo, N. and Cawiey, P. (1994). Lamb wave reflection for
the guick nondestructive evaluation of farge composite
laminates. Materials Evaluation, 52, 404-411.

7. Alleyne, D.N. and Cawley, P. (1992}, The interaction of
Lamb waves with defects. IEFE Transactions on
Ultrasonics, Ferroelectrics and Freguency Control, 39,
381-397.

8. Tan, K.8., Guo, N., Wong, B.S. and Tui, C.G. (1995).
Experimental evaluation of delaminations in composite
plates by the use of Lamb waves. Compasites Science and
Technology, 53, 7784,



68

1.

12.

Structural Health Monitoring 3(1)

. Tang, B. and Henneke, E.G. (1989} Lamb-wave

monitoring of axial stiffness reduction of laminated
composite plates. Materials Evaluation, 47, 928-934.

. Legendre, 8., Massicotte, D, Goyette, J. and Bose,

T.K. (2000}, Wavelet-transform-based method of ana-
lysis for lamb-wave ultrasonic NDE signals. Journal of
I{EEE, 49, 524-530.

Wang, C.5. and Chang, F.-K. (1999). Built-in diag-
nostics for impact damage identification of composite
structures. In: Chang, F.-K., (ed.), Struémml Health

Monitoring  (pp. 612621}, 2nd ed. Lancaster:
Technomic.
Lemistre, M., Gouyon, R., Kaczmarek, H. and

Balageas, D, (1999). Damage localization in composite
plates using wavelet transform processing on Lamb wave

. signals. In: Chang, F.-K.. (ed.), Structural Health Moni-

13.

14,

15

16.

17.

18.

19,

toring (pp. 861-870}, 2nd ed., Lancaster: Technoric.
Gaul, L. and Hurlebaus, S. (1999}, Wavelet-transform
to identify the location and force-time-history of
transient load in a plate. In: Chang, F.-K. {ed.)},
Structural Health Monitoring (pp. 851-860), 2nd ed.,
Lancaster: Technomic.

Istam, A.S. and Craig, K.C. (1994). Damage detection
in composite structures using piezoelectric materials.
Smart Materials and Structures, 3, 318-328.

Inada, T., Shimamura, Y., Todoroki, A., Kobayashi,
H. and Nakamura, H. (1999). Damage identification
method for smart composite cantilever beams with
piezoelectric materials. In: Chang, F.-K. (ed.), Srruc-
tural Health Monitoring (pp. 986-994), 2nd ed.
Lancaster: Technomic.,

Wisnom, M.R. and Chang, F.-K. (2000). Modelling of
splitting and delamination in notched cross-ply lami-
nates, Composites Science and Technology, 60: 2849-
2856.

Rose, LL. (1999). Ultrasonic waves in solid media.
Cambridge: Cambridge University Press.

Bull, J.W. {(1996). Numerical analysis and modelling of
composite materials. London: Blackie Academic &
Professional.

ABAQUS User's Manual, Version: 6.2. 2001}. Hibbitt,
Karlsson and Sorensen, Inc.

2L

22

23.

24.

25.

26.

27.

28.

29.

30.

31.

. Gommers, B., Verpoest, I. and Houtte, P.V. (1996).

Modelling the elastic properties of knitted fabric.
reinforced composites. Composites
Technology, 56, 685694,

Su, Z. and Ye, L. (2003). Lamb wave propagation-based
damage identification for quasi-isotropic composite
laminates using artificial neural algorithm, Pari [-
methodelogy and database development. (submitted to
Journal of Intelligent Material Systems and Structures),
Chan, YT. {1995). Waveler basic. Boston: Kluwer
Academic Publishers.

Newland, D.E. (1994). Wavelet analysis of vibration,
Part I: theory. Journal of Vibration and Acoustics, 116,
409425,

Boashash, B. (1992). Time-fregquency signal analysis.
Melbourne: Longman Cheshire.

Abbate, A, Koay, J., Frankel, J., Schroeder, S.C. and
Das, P. (1997). Signal detection and noise suppression
using a wavelet transform signal processor: application
to ultrasonic flaw detection. Journal of IEEE, 44, 14~
25.

Chui, CK. (1997). Wavelet: a mathematical tool for
signal processing. Philadelphia: SIAM.

Su, Z. and Ye, L. (2002). A damage identification
technique for CF/EP composite laminates using dis-
tributed piezoeleetric transducers. Composite Structures,
57 465471, .

Su, Z. and Ye, L. (2002). Quantitative damage prediction
for composite laminates based on wave propagation and
artificial neural algorithm. Presented in Awustralian
Inaugural Workshop on Structural Health Monitoring,
25-26, November, 2002, Melbourne, Australia.

The Mathworks, Inc, (2001}, Waveler Toolbox User's
Manual. Ver.1.0.

The Mathworks, Inc. (2001}, Optimisation Toolbox
User’s Manual. Ver. 2.0,

Science  ang

Su, Z., Ye, L. and Bu, X. (2002). Evaluation of
delamination in laminated composites based on Lamb
wave modes: FEM simulation and experimental verifi-
cation. In: Balageas, Daniel (ed.), Proceedings of the Ist
European Workshop on Structural Health Monitoring
{pp. 328-335), 10-12 July, 2002, Parjs: France.









