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Abstract

The application of Lamb waves to monitor fatigue crack propagation and to
detect fatigue crack initiation in carbon fibre reinforced polymer (CFRP)
strengthened steel plates is investigated. A literature review of recent
developments and advances of Lamb wave-based structural health monitoring
(SHM) applications is presented. The characteristics of Lamb waves, current
signal processing and feature extraction technique, and damage-detection
techniques are studied. The mechanism of nonlinear Lamb waves, especially
contact acoustic nonlinearity (CAN), is investigated, along with latest numerical
and experimental achievements and findings of nonlinear Lamb wave-based

SHM.

This study consists of two parts, monitoring fatigue crack propagation and
detecting crack initiation. Two methods are proposed accordingly. The first uses
linear Lamb waves to monitor the fatigue crack propagation. 3-dimensional
Finite element (FE) models are developed in Abaqus to assess the proposed
linear method, along with Lab-based experimental validation. Based on the
results, it is concluded that Lamb waves are sensitive to the concealed fatigue
cracks, and Lamb wave-based SHM is a promising technique to monitor fatigue

crack propagation.

The second method employs nonlinear Lamb waves to detect the initiation of
fatigue crack because of their remarkable sensitivity to small-scale damage.
The principles of wave nonlinearity are presented and the mechanics of CAN
is discussed. The proposed nonlinear method is first assessed in steel plates.

The effects of CFRP laminates on Lamb waves are investigated and the signals
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captured in steel plates with/without CFRP laminates are compared. The

simulation and experimental results are presented and discussed.
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Notations

The abbreviations frequently used in this thesis are listed below with
corresponding definitions.

Ao fundamental anti-symmetrical mode
CAN contact acoustic nonlinearity
CFRP carbon fibre reinforced polymer
CWT continuous wavelet transform

DI Damage index

DSF Digital signal filter

DWT discrete wavelet transform

FE Finite element

FFT Fast Fourier transform

FSWT frequency slice wavelet transform
GW guided waves

LRS linear response subtraction

MRD minimum resolvable distance
PSD Power-spectral-density

RMS root mean square

So fundamental symmetrical mode
SD synchronous demodulation

SHM Structural health monitoring

SNR signal-to noise ratio

STFT short-time Fourier transform

PDI probabilistic-based diagnostic imaging
PZT Lead zirconate titanate

TCR transmission coefficient ratio

ToF Time of flight
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WT wavelet transform

The symbols used in this thesis are listed below with corresponding
definitions.

Da, Distance from actuator to damage

Dis Distance from damage to sensor

fo Excitation frequency

fmin Minimum of frequency range

frmax Maximum of frequency range

Vo Group velocity at the central frequency
Vmin Maximum velocities in the wave packet
Vmax Maximum velocities in the wave packet
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Chapter 1. Introduction

1.1. Motivation

There are a large number of steel structures, such as bridges, pipelines,
building frames and mining equipments that are subject to fatigue loading and
degradation of ageing metallic structure elements due to fatigue loading can
lead to integrity failure of civil infrastructure. In many cases, degradation occurs
only at the critical locations of certain parts of the structure, and it would be
more economical and convenient to retrofit those parts rather than replace the
entire structure. The bonding of CFRP materials to strengthen ageing steel
structures has attracted considerable attention from researchers seeking to
extend the service life of ageing steel structures by harnessing the outstanding
properties of CFRP such as high modulus, high strength-to-weight ratio and

excellent resistance to environmental degradation [1].

To ensure the functionality and integrity of retrofitted structures, long-term
monitoring of structural integrity is required. However, with the bonding of CFRP
materials, concealed crack growth due to fatigue loading cannot be detected by
common inspection methods. As an alternative, Lamb wave-based structural
health monitoring (SHM) techniques have been successfully applied by
researchers to locate and quantify defects in plate-like metallic structures The
use of Lamb waves for SHM has the following advantages: (1) capability of
propagation over a long distance with low attenuation and low energy
consumption, (2) sensitivity to both surface and through-thickness damage, (3)
high sensitivity to minor damage, and (4) ability to continuously monitor with

low cost and labour requirement, which make it a promising technique for long-
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term online monitoring of the retrofitted structures. For implementing this
technique in CFRP-strengthened steel plates, it is crucial to investigate the
wave propagation characteristics in the retrofitted zone and to determine the
feasibility of applying this technique to monitor crack growth in the strengthened

steel plates.

1.2. Thesis outlines
This thesis consists of 6 chapters. The motivation of this research project,
research aims, research objectives and the contents of each chapter are

introduced in Chapter 1.

Chapter 2 gives a brief review of recent developments and advances of Lamb
wave-based SHM applications. The principles of Lamb waves are briefly
introduced, followed by the review of feature extraction and signal processing
techniques. The pattern recognition technologies are outlined and compared.
The basic principles of nonlinear ultrasonic phenomena are reviewed and the
process of nonlinear ultrasonic techniques is presented, along with the review
of previous numerical and experimental studies on nonlinear Lamb wave-based
structural health monitoring. These reviews not only provide a comprehensive
understanding of the current progress in the field of Lamb wave-based SHM,

but also identify the research gaps in this study.

Chapter 3 presents the proposed methodologies for Lamb wave-based SHM
to monitor fatigue crack propagation and to detect fatigue crack initiation. The
specimen is designed and the configuration and the material properties are

summarised. The selection of wave modes, waveform and the excitation
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frequency, and the damage detection strategy is discussed. The modelling

method and experiment set-up are also presented.

Chapter 4 examines the effectiveness of using linear Lamb waves to monitor
fatigue crack propagation in CFRP-strengthened steel plates. The numerical

and experimental results are presented and discussed.

Chapter 5 assesses the effectiveness of using nonlinear Lamb wave-based
method to identify crack initiation. First, a 3-dimensional steel plate is modelled
to exam the proposed method. Then the signals captured in steel plates with
and without surface-mounted CFRP laminates are compared. Experiments are
conducted on both steel plates and CFRP-strengthened steel plates. The

numerical and experimental results are presented and discussed.

Chapter 6 highlights the conclusions in this thesis and recommendations for

future works.
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Chapter 2. Literature review

Lamb waves, one of guided waves (GW), are elastic waves which propagate
in plate-like structures and are guided by the upper and lower surfaces of a
structure. Taking advantages of its capability of propagating over a significant
distance and high sensitivity to abnormalities in or near the wave propagation
path, Lamb waves are widely employed to detect damage and evaluate integrity
of a board range of aerospace, civil and mechanical engineering infrastructures.
Early developments and researches of applying GW in structural health
monitoring are well documented in [2-4]. This chapter mainly presented the
literature review of the recent developments and advances of GW based SHM
techniques. The generation method of Lamb waves was briefly introduced,
followed by the review of feature extraction and signal processing techniques.
The pattern recognition techniques were discussed and compared. The overall
progress of nonlinear ultrasonic techniques was discussed with a brief review
of basic principle of nonlinear ultrasonic phenomena. Lastly, previous studies,
both numerical and experimental, of nonlinear ultrasonic wave based non-

destructive evaluation were reviewed.

2.1. Generation of Lamb waves

Four crucial components, i.e. transducer, wave mode, wave frequency, and
waveform, are required to generate Lamb waves. Transducers are grouped into
four categories, ultrasonic probes, laser, piezoelectric elements, and interdigital
transducers, among which piezoelectric elements are widely accepted as
surface-mounted transducers for in situ structural health monitoring by
researchers [5-9] for its excellent performance in Lamb wave generation and

acquisition as well as wide frequency responses with low power consumption,
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negligible weight and volume, excellent integration into host structure with

minimum intrusion, and low cost [3, 4].

A desirable diagnostic Lamb wave mode should feature (1) less-dispersion;
(2) low attenuation; (3) high sensitivity to damage; (4) easy excitability; and (5)
good detectability [3, 4, 10]. The bandwidth, cycle number, frequency and
magnitude of a wave mode are crucial factors that can enhance the capability
of damage detection upon selecting the diagnostic wave. Various Lamb wave
modes at different frequencies in plates were examined [10], and it is concluded
that a narrow bandwidth signal with a certain number of cycles can greatly
prevent wave dispersion. For this reason, windowed tonebursts are used to
narrow the bandwidth of selected Lamb wave modes. The most widely adopted

window function is the Hanning h(n), defined as:

h(n) = %[1 — Ccos (Zm)], n=1.2,..,N) [2.1]

N-1
Where N is the sampling points.

The relationship between the frequency range [fmin, fmax], toneburst cycle

number n, and excitation frequency fo is defined as:

fnin = fox (1-3), [2.22]

fnax = fo X (1+3), [2.2b]

Where k is a constant depending on the bandwidth. Equation 2.2 indicates
that, as the cycles number increases, the wave bandwidth is reduced, the signal
energy is more concentrated around the central excitation frequency and the

peak amplitude increases, and thereby wave dispersion is reduced [11].
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However, a large cycle number may result in overlapping in the time domain
among the different wave components which propagate at different velocities.
A trade-off between the cycle number and its duration must be considered for
each case. The most suitable cycle number and frequency of the selected Lamb
wave modes can be determined using minimum resolvable distance (MRD),

defined as [4]:

1 1

MRD =2{i x ( , [2.3]

) + Tinitiail

Vmin  Ymax min

Where | and d are the wave propagation distance and plate thickness; vo, Vmin,
and vmax are the group velocity at the central frequency, minimum and
maximum velocities in the wave packet to travel through the distance of I; Tinitia
is the initial time duration of the wave packet. It was indicated that the smaller
a MRD value, the better resolution, and the more suitable the frequency and

cycle number for the diagnostic signal [4].

The fundamental symmetrical mode, SO and anti-symmetrical mode, AO have
been found to have very low MRDs, and thereby are commonly used for
damage detection. The SO mode features lower attenuation, faster propagation
velocity and lower dispersion in the low frequency range, whereas A0 mode
outperforms SO mode with shorter wavelength, larger signal amplitude at
certain frequencies and easier means of activation[3, 4]. It is concluded that SO
mode is more sensitive to defects in the structural thickness [12-14], while A0
mode exhibits higher sensitivity to surface damage [15, 16] such as surface

cracks, corrosion, and surface crack growth.
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Since the excitation frequency of a wave mode is inversely proportional to the
wavelength, a wave mode with high frequency is preferred to generate small
wavelength, and therefore be able to detect small-sized damage, as the wave
IS more sensitive to damage of the size larger than or equal to half of the
wavelength. However, high frequency can result in presence of multiple wave
modes due to the dispersive properties of Lamb waves. Power-spectral-density
(PSD), which is the energy distribution of a wave in frequency domain, is used
to achieve the balance between the frequency and dispersive properties of
Lamb wave modes [17]. For a certain structure and damage type, the maximum
PSD value of a series of Lamb wave signals among a range of potential
frequencies determines the most suitable frequency because it indicates the
maximum response amplitude [4]. A higher PSD value results from higher
response amplitude dedicated to the excitation frequency in the diagnostic
signals. As for the amplitude of the excitation frequency, the higher the
amplitude of the excitation signals, the stronger responses can be generated in
the diagnostic signals. Higher amplitude of the signal can increase the signal-
to-noise ratio (SNR), leading to less contaminated signals. However, excessive
voltage can depolarise or even damage the PZT elements. The maximum
excitation voltage is generally dominated by the limitation of PZT elements

given by the manufacturer.

2.2. Signal processing and feature extraction

Captured Lamb wave signal carries comprehensive information regarding to
any interferences existing in the wave path. Signal processing techniques are
required and able to extract the useful information from the raw signals. Hence,

signal processing of the captured signal is one of crucial components of
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structural health monitoring system as it determines the accuracy of Lamb-
wave based damage identification. However, the process is complex due to the
existence of multiple wave modes, dispersion, mode conversion, broadband
noise, superposition of scattered signal and other features [3]. To overcome
these challenging problems, various signal processing techniques have been
developed, in particular time domain analysis, frequency domain analysis and
jointed time-frequency domain analysis. In most studies, the captured wave
signals are presented in time domain where the propagation of Lamb waves
through structures in term of time is recorded, hence it can provide the most
straightforward information about the waves. The features of Lamb waves can
be extracted in time domain including the absolute value of amplitude, root
mean square (RMS), Time-of-flight (ToF), etc.[4] Among these features, the
ToF, i.e. the time required for a specific wave mode to travel a certain distance,
is the most straightforward and important feature of Lamb waves because it
indicates the relative distance between sensor and damage, therefor ToF is
widely adopted by researchers to locate damage[7, 9, 18-21] and then to

guantify the damage size[19].

To avoid the potential loss of information carried by Lamb waves in the sole
time- or frequency- domain analysis, a combination of time and frequency
domains, known as jointed time-frequency domain analysis, is also introduced.
Techniques such as short-time Fourier transform (STFT) [7, 19, 22], Wigner -
Ville distribution (WVD) [20] and wavelet transform (WT) [5, 23, 24] are widely
applied to extract features concerning time- and frequency- information
simultaneously. Beside the abovementioned conventional signal processing

methods, Sohn et al [25] combined linear response subtraction (LRS) and
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synchronous demodulation (SD) to extract the crack-induced spectral
sidebands. Lu et al [26] proposed a signal processing algorithm using cross-
correlation function to extract the arrival time of first wave component induced
by damage. Yan et al [27, 28] extended STFT and developed a new signal
processing method called frequency slice wavelet transform (FSWT). By
comparing with conventional methods e.g. fast Fourier transform (FFT),
continuous wavelet transform (CWT), discrete wavelet transform (DWT), STFT
and WVD, FSWT was found to be more flexible to fit ever-changing signals and

more convenient to analyse and control in application.

2.3. Data Fusion

Lamb wave-based damage identification is a typical inverse problem, in which
the outcome, i.e. damage-induced wave signals, is known and then interpreted
to identify the reason leading to the outcome, i.e. defects. Inverse algorithms
for damage detection have been extensively examined in recent years, among
which feature-based inference techniques are widely adopted for Lamb wave-
based damage identification [3]. Data fusion, the process of aggregating and
interpreting features extracted from captured signals, is applied to relate the
extracted features to damage parameters. Damage index (DI) [29-31], time-of-
flight based damage triangulation [18, 24, 32], time reversal [33, 34], migration
technique [35] and probability-based diagnostic imaging [7, 36-43] are common

data fusion algorithms adopted to identify the damage.

Damage index, developed from features extracted from captured Lamb
waves, can be used to establish the relationship between features and damage
parameters. Cho and Lissenden [29] detected fatigue crack in the vicinity of a

fastener holes and inside a lap joint using transmission coefficient [44] and
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transmission coefficient ratio (TCR). Lu et al [30] successfully correlated the
length of a through-thickness crack with reflection coefficient (RC) and
transmission coefficient [44] with the assistance of a Hilbert transform.
However, DI-based damage identification, correlating a particular DI with a
particular damage parameter, generally cannot define different or multiple
damage parameters and the accuracy of this algorithm is strongly depending
on the extracted feature. The selected DI must be most sensitive to the damage
parameter of interest to avoid ambiguous identification results. To overcome
this deficiency, He et al [45] proposed a multi-feature integration method based
on a second-order multivariate regression analysis to detect fatigue crack and

to estimate crack length in riveted lap joint.

The difference in ToFs between damage-induced and incident waves is one
of the most straightforward features. Damage can be triangulated based on the
difference in ToFs, and hereby the relative position among actuator, sensor and
damage can be established in an ellipse shape. The intersections of the ellipse
established from multiple actuator-sensor pairs can be used to indicate the
possible location of the damage. Sun et al [18] applied one-dimensional ToF
based triangulation to locate the notch in a thick steel beam. Hu et al [32]
successfully located circular and elliptical through-thickness holes in an
aluminium plate using damage triangulation with the assistance of a sensor
network. Moll et al [24] extended the ellipse method to detect multiple damage

in the aluminium plate.

There has been increasing interest in employing probabilistic-based
diagnostic imaging (PDI) techniques for Lamb wave based SHM by visualising

damage in a two- dimensional imaging. The value of the probability image at a
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specific pixel, termed field value, can be applied to calculate the probability of
the presence of damage at point[3, 41]. Imaging approaches can be grouped
into four categories in term of DI extracted from captured Lamb waves, which
are ToF [7, 42], signal amplitude, signal energy and signal correlation[38, 39].
Wu et al [38] applied a signal correlation based diagnostic imaging technique
to detect debonding in a composite plate using the ratio of the energy of
scattered signal to the baseline energy. Su et al [42] developed a ToF based
diagnostic imaging approach to probabilistically. Zhou et al [37] applied a two-
level synthetic approach combining ToF and signal intensity to indicate the
orientation of individual damage edges, and later proposed a probability-based
diagnostic imaging using hybrid features consisting of ToF, signal energy
intensity and signal correlation [36]. The proposed PDI approach was capable
of visualizing structural damage quantitatively, regardless of shape and

number.

2.4. Nonlinear Lamb waves evaluation

Investigation of using nonlinear characteristics of Lamb waves to detect
microscopic material degradation and defects has been of growing interest.
Nonlinear evaluation methods are more sensitive to microscopic defects and
capable of identifying incipient damage in contrast to linear methods. Second-
harmonic generations have been employed to characterize the microscopic
defects in metallic structures by many researchers [40, 46-55].When the
incident Lamb waves traverse an elastic medium, the waveform of the incident
waves is distorted by the inherent nonlinearities from the medium and additional
nonlinearities from damages which lead to the higher-order harmonics

generation [40, 47, 48, 51] in the acquired Lamb waves. Higher-order harmonic
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generation is the most classical nonlinear acoustic phenomenon, only up to
second-order harmonic is considered by researchers [40, 49-58] because the
nonlinearity of third- or higher orders is much smaller and therefore difficult to
detect. In general, cumulative second-harmonic generation of Lamb wave
propagation does not occur, only if several conditions are satisfied. Deng [48]
reported the physical process of cumulative resonant second-harmonic
generation of Lamb-mode propagation in an isotropic solid plate. The results
indicated that the cumulative second-harmonic field was symmetrical
regardless of whether the Lamb wave mode propagated symmetrically or anti-
symmetrically. Phase velocity matching between the primary waves and
second-harmonic was required. Lima and Hamilton [59] investigated harmonic
generation in elastic isotropic plates where all mods of secondary wave field
were considered. It was found that the amplitude of the secondary Lamb wave
mode grows linearly in the direction of propagation if phase matching and non-
zero power flux from primary to secondary wave are satisfied. Lee et al. [58]
proposed two additional conditions for cumulative harmonic generation, which
were group velocity matching and non-zero out-of-plane displacement. The
phase and group velocity matching is named synchronism. This warrants a
smooth power transfer from primary mode to the generated secondary mode of
the same mode type, and the primary and secondary wave arrive at the same

time on the same received point.

When an ultrasonic wave with high amplitude is incident on imperfect
surfaces, repetition of collisions between the contact surfaces occurs, and
therefore higher harmonic responses are generated. This effects is known as

contact acoustic nonlinearity (CAN) [60]. When ultrasonic waves reach the
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imperfect contact surfaces, “breathing” behaviour of the interface occurs under
cyclic loading. The compressional part of the waves can close the interface and
allow the compressional part to penetrate, while tensile part opens the interface
and therefore cannot be transmitted through the interface[52, 57], as illustrated
in Figure 2-1. The penetrated waves result in a localised nonlinearity, CAN,
which can be detected by higher harmonics. This imposes an additional
nonlinearity to the ultrasonic wave signals guided by medium [52]. CAN has
attracted increasing attention and has been applied to characterise closed

defects and imperfect interfaces [52, 60-65].

Tensile stress Fatigue crack

i Point of
m Ilnteraction
e = e >
Compressional\l} U

stress

Figure 2-1 Schematic diagram illustrating CAN [52, 57]

A recent paper [56] provided a comprehensive review on the latest advances
in nonlinear guided wave based non-destructive evaluation, covering

theoretical modellings, numerical simulations and experimental validations.

Pruell et al. [50] developed an experimental procedure for nonlinear Lamb
wave based detection of fatigue damage in metallic plates. The results showed
the normalised nonlinearity of Lamb waves was related to fatigue damage

which was similar to that of longitudinal and Rayleigh waves. The relationship
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between acoustic nonlinearity and fatigue damage was further confirmed with

the measured cumulative plastic strain.

Dutta et al. [54] conducted an experimental study to detect fatigue crack in
aluminium and steel structures using nonlinear Lamb waves. Noticeable
harmonics in response signals from cracked specimen were observed. Less
effect of nonlinearity was observed in the case of steel structure. This was
because the size and stiffness of the steel specimens were much greater than
those of aluminium plates, the amplitude of vibration in steel was smaller for the
same level of excitation voltage. The presence of second- and third harmonics
in the undamaged and notched states caused by unknown sources was also

reported.

Hong et al. [52] developed a modelling technique for comprehending nonlinear
characteristics of Lamb waves travelling in a fatigued medium. Material,
geometric, plasticity-driven, and CAN were considered in this model. An
experimental study was later conducted to verify the reliability of the proposed
modelling technique and a good consistency was obtained between the results

from the simulation and experiments.

2.5. Research gap and research aim

Lamb wave-based SHM in plates has attracted extensive research interest
during the past decades. In particular, Lamb wave-based detection of fatigue
cracking in thin metallic plate-like structures have been studied by [20, 29, 32,
35, 66]. However, limited studies have been done in the area of monitoring
crack growth and detecting fatigue crack initiation in composite retrofitted

metallic systems in civil engineering because of the complexity of wave
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propagation in anisotropic infrastructures, where cracking is concealed. There
has arisen an increasing interest among researchers to study the ability of using
nonlinear Lamb waves to detect different types of damages due to its sensitivity
to detect small-scale defects. However, current studies only focus on detecting
defects in thin homogenous metallic plates, such as aluminium plates, no study,
to the best of author's knowledge, has been carried out to determine the
feasibility of using nonlinear Lamb waves to detect concealed small-scale
damage in multiple layered sandwich structure consisting of different materials.
From the point of view of civil infrastructure evaluation and monitoring, the most
commonly used evaluation techniques are visual inspection, dye penetrant
inspection and passive ultrasonic testing, which are labour intensive and these
techniques require up-close access to the structure for fully-developed crack
detection. Employing Lamb wave-based SHM technique in civil infrastructure
evaluation can provide more timely and accurate information about the
structural health than conventional methods with less cost and labour
requirements. Hence this method is introduced into this study to monitor the

structural health of both steel plates and CFRP strengthened steel plates.

The specimen used in this study is a multi-layer plate-like structure consists of
3 materials, i.e. steel, epoxy adhesive and FRP. Since Lamb waves are
sensitive to material changes, the wave velocity varies along different materials,
complicating the interpretation of the signals. Furthermore, beach marking
technique is widely adopted by researchers [67, 68] to estimate the fatigue
cracking propagation in FRP strengthened steel plates, which however can only
be visualised after the specimen failure, limiting the applicability in practical

application. To overcome the complexity of Lamb waves propagating in multi-
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layered structure and the deficiencies of the currently used techniques, a new
non-destructive, real-world applicable methodology will be designed in this
study to monitor the propagation of cracking in FRP strengthened steel plates

subjected to fatigue loading. The key aims of this project are:

e To assess the feasibility of using linear Lamb wave-based structural
health monitoring technique to monitor concealed fatigue crack
propagation in CFRP strengthened steel plates.

e To assess the feasibility of using nonlinear Lamb wave-based structural
health monitoring technique to detect concealed fatigue crack initiation

in CFRP strengthened steel plates.

In order to achieve these aims, the key objectives are proposed and listed as

follow:

e To investigate the propagation of linear and nonlinear Lamb waves in
multi-layered structures consisting of different materials. This is studied
in order to understand the dispersive characteristics of Lamb waves
when travelling in multiple-layered specimens. The findings are used to
help design sensor network and select excitation wave modes.

e To study the interaction of Lamb wave modes with fatigue cracking, to
detect crack location and to monitor the crack propagation. This is
studied in order to assess the sensitivity of the proposed method to
detect cracks. The objective is first assessed using finite element

method, then is assessed through experiments.
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e To monitor the crack propagation and to evaluate the initiation of fatigue
cracking. This part is devoted to assess the feasibility of using proposed
methods to detect defects and its sensitivity to defects.

e To assess the methodology under different loading condition. This is
studied in order to assess the feasibility of using proposed methods to
detect defects and its sensitivity to defects under different loading

conditions.

2.6. Summary

The literature review briefly summarised a great number of studies relate to
development and researches of applying Lamb waves on damage detection,
including debonding, delamination and fatigue cracks. The key components to
generate Lamb waves were discussed, which were the transducer, wave mode,
wave frequency, and waveform. The SO and AO modes were compared and
discussed. The commonly used signal processing techniques and damage
recognition methods were presented. The physical mechanism and nature of
nonlinear Lamb waves were presented in detail in this chapter, alongside with
the latest numerical and experimental studies on applying nonlinear Lamb

waves to detect fatigue cracks.
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Chapter 3. Methodology

The methodology for Lamb wave-based SHM was presented in this chapter.
Firstly, the specimen configuration and the material properties were
summarised, followed by the selection of wave mode, waveform and the
excitation frequency, and the damage detection strategy. Secondly, the
numerical method was described covering the mesh convergence study,
modelling strategy for signal excitation and acquisition, and modelling of
damages. Lastly, the experimental method was discussed, including the

specimen preparation and test set-up.
3.1. Specimen

3.1.1. Specimen configuration

The configuration of the specimens used in this project was designed to be
similar to those in [67] for comparison and correlation purposes. The specimens
were made of a steel plate with a through-thickness hole at the centre and two
CFRP laminates bonded to the upper and lower surfaces of the plate by epoxy
adhesive. The detailed geometry and configuration of the specimens are
presented in Figure 3-1. The steel plate was 500 mm long, 90mm wide and 10
mm thick. A through-thickness hole of 2.5 mm radius with an initial notch of 1
mm long and 0.3 mm wide was drilled at the centre of the plate to facilitate the
propagation of cracking. Two 250 mm long, 90 mm wide CFRP laminates were
bonded to both upper and lower sides of the specimen. Six surface-mounted
circular PZT sensors, with 10 mm in diameter, were placed on the upper side

of the specimen as shown in Figure 3-1 (c).
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Figure 3-1 Specimen geometry (in mm) and configuration (a) Steel plate
with through-thickness hole and crack (b) CFRP strengthened steel plate

(c) Layout of PZT sensors

3.1.2. Material properties
The steel plates are Grade 300 Hot rolled plates with the nominal tensile
strength of 450-540 MPa and the density of 7850 kg/m?3. “MBrace™ Laminate
210/3300” manufactured by BASF were adopted to strengthen the steel plates.
It is an ultra-light weight high modulus plate with typical nominal strength of
3300 MPa and a nominal tensile modulus of 210 GPa. The measured thickness
is 1.47 mm with the same width of 90 mm as the steel plate. Araldite 420 A/B

epoxy adhesive was used to bond CFRP laminates to the steel plate. The
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material properties of steel plates and CFRP laminates were tested according
to ASTMD3039 in Civil Laboratory, Monash University by [67]. The measured

material properties of steel and CFRP plates are listed in Table 3-1.

Table 3-1 Measured material properties of steel and CFRP plates

Steel MBRACE™ Laminate | Araldite 420 A/B
210/3300
Density (kg/m?3) 7850 1900
Tensile strength [MPa] | 497 2882 28.6
Tensile modulus (GPa) | 200 177 1.901
Thickness (mm) 10 1.57

3.2. Selection of wave mode, waveform and excitation frequency

Lamb waves are highly dispersive with multiple modes propagating
simultaneously at different velocities across all excitation frequencies. The
dispersive characteristics of Lamb waves complicate the selection of wave
modes and their measurement, which limited the implementation of ToF
methodologies. Two important parameters of the dispersive characteristic are
phase and group velocities, which are dominated by the properties of the
medium, the thickness of the medium and the frequency. A commercial
software known as “DISPERSE®’[69] has been adopted in this study to
calculate dispersion curves, which are displayed in Figure 3-2 for a normalised
thickness steel plate These curves demonstrate, phase and group velocities of

Lamb wave modes plotted against frequency-thickness production.
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Figure 3-2 a) Phase and b) group velocity for a 10mm thick steel plate

calculated using DISPERSE®

In this study, both linear and nonlinear Lamb waves will be employed. The
central excitation frequency of linear Lamb waves is selected below the cut-off
frequency where higher-order Lamb waves start to present, so as to minimise
signal complications due to the presence of higher-order harmonics. For
nonlinear Lamb waves, fundamental modes are excited at selected
frequencies, which simultaneously satisfy the conditions of synchronism and
non-zero power flux as discussed in Section 2.4. As illustrated in Figure 3-2,
Mode pair (S1, S2) satisfies both synchronism and non-zero power flux. The
excitation frequency of S1 mode is at 3.77 MHz-mm, which can induce a S2
mode at 7.54 MHz-mm. Both S1 and S2 mode propagate at the same phase
and group velocities. As illustrated in Figure 3-3, two waveforms have been
used in this study. A 5.5-cycle tone burst is used to excite the linear Lamb
waves, in consideration of minimizing the possibility of wave packet overlapping
and narrowing bandwidth so as to minimise wave dispersion. To enhance the
recognition of second harmonic mode, the cycle number of the tone burst is

increased to 15.5, which reduces the wave bandwidth. The signal energy is
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more concentrated around the excitation frequency, where the peak amplitude

increases and accordingly wave dispersion is minimised.
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Figure 3-3 a) 5.5-cycle and b) 15.5-cycle Hanning-windowed tone burst

3.3. De-noising of signal

Operational and environmental noises are unavoidably received by PZT
sensors and recorded as part of the signal. These noises contain useless
information about the structure and mask the desired Lamb waves,
complicating the interpretation process of the received signals and leading to a
false structure health diagnosis. It is therefore important to remove the noises
from the signal to generate the desired ones. A discrete wavelet transform,
particularly Doubechies wavelet, is employed to de-noise the received signals,
where the original signal is decomposed into different levels of signal
components through a series of frequency filter as shown in Figure 3-4. The
maximum frequency of the original signal for decomposing is half of the
sampling rate of the received signal. At each decomposition level, the signal is
halved into lower and higher frequency range and then the signal in lower
frequency range is further halved until it contains the frequency of activated

Lamb wave mode.
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Figure 3-4 Principle of DWT-based signal decomposition

3.4. Damage detection strategy

As discussed in literature review, time-of-flight (ToF) is the most
straightforward feature that is related to the interference of developed cracks
within the structure, hence it is suitable as a damage index (DI) to detect the
crack propagation. The ToF of damage-scattered waves (linear method) and
damage-induced waves (nonlinear method) can be applied to extract the length
of the wave propagating path, therefore the damage can be triangulated to
determine the relative positions of the actuator, sensor and damage.
Furthermore the crack propagation can be monitored by detecting the wave
path increment due to the crack growth. To calculate the length of the wave
path, the wave velocity travelling in the specimen must be identified primarily.
The velocity of all wave paths which are not influenced by the initial notch, e.g.
paths S2-S4, S3-S6, S2-S5 as shown in Figure 3-5, is calculated. The average

value of these velocities is chosen as the benchmark wave velocity travelling in
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the specimen. The relative distances between damage (X, y) and the actuator
and the sensor, Da, and Dis ,are presented in an ellipse shape, as illustrated in
Figure 3-6. The intersection of the ellipses derived from different pitch-catch

transducer pairs is used to identify the possible location of the crack, as shown

in Figure 3-7.
Sensor 2 ® @ Sensor 4
Actuator D_iffracted Sensor 5
signal
Sensor 3 Reflected signal ® scnsors

Figure 3-5 Wave paths for reflected signal and diffracted signal

Damage (X, y)

Figure 3-6 The illustration of relative distance
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Figure 3-7 Principle of damage triangulation

Probability based diagnostic imaging (PDI) approach is employed to better
visualise the damage and detect the probability of the presence of the damage
at a specific location. Assuming that there are N sensing paths in a sensor
network, the probability of damage present at specific location (X, y) can be

calculated as [70]
P(x,y) = XL, DIy - Wi[R;(x, )] [3.1]

Where, DI; is the damage index for ith sensing path. Wi[Ri(x, y)]is the weight
distribution function of the ith sensing path. It depends on the relative distance

from the defect to the ith sensing path and can be calculated as

Ri(x, y) — Dgi(x,y )[;:Di,s(x:J’) -1 [32]

Here, Di is the distance between the actuator and sensor for ith path. Da,i(X,y)
and Dis (x,y) are the distances between defect (x, y) and the actuator and

sensor for ith sensing path, respectively.
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This weight is the non-negative linearly decreasing weight distribution function
of the ith sensing path when the relative distance increases [70], since a defect
would cause less signal change in the incident wave path if the defect is away
from the wave path [70]. The weight distribution function, which regulates the

affected area of the a damage on a sensing path, can be written as

[Ri(ny/)—Rc]z

Where, Wo is the offset (Wo=1), A is the height of the peak, Rc is the central
position of the peak (Rc = B) and w controls the width (w=0.2902x(3) [70]. B is
the scaling parameter that controls the size of the affected elliptical distribution
zones of each sensing path. Each sensing path contributes a probabilistic
image of damage, where the higher field value indicates a higher chance of
presence of damage in that point. To neutralise the effect of the scaling
parameter on the identification accuracy, the probabilistic images constructed

using all sensing paths are fused [70].

3.5.  Numerical method

Numerical studies have been used alongside laboratory work as
complementary and cost-effective methods to study Lamb wave behaviours
and to predict the experiment outcomes. A number of humerical methods can
be used to analyse Lamb wave propagation, including finite difference
equations, finite element (FE) analysis, boundary element method (BEM), finite
strip elements (FSE), mass-spring lattice model (MSLM) and local interaction
simulation approach (LISA) [71]. Although all the approaches can provide

reasonably accurate analysis of Lamb wave behaviour, FEM is the most
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commonly used technique because it is the most cost-effective method. FEM
can model complex geometries and determine the response at any points of a
structure. A commercial FEM software Abaqus Dynamic/Explicit® has been
widely used for the analysis of engineering problems, including simulation of
Lamb wave propagation. Therefore, it was adopted to simulate the

experimental specimens in this study.

3.5.1. Mesh convergence

Since the through-thickness hole, thin notches and circular PZTs are
introduced in this model, an isotropic square mesh throughout the model cannot
be achieved. A mesh convergence study was conducted, aiming for generating
an appropriate mesh for the FE modelling with minimum computational costs
and accurate calculation. Due to the restrictions of FEM on the degree of
freedom (DOF), at least eight elements per wavelength and a minimum of four
to five nodes in the thickness direction are required to achieve accurate
solutions [3, 4]. To avoid calculation errors, the size of nearby elements should

be similar, and for each individual element, the size in any one dimension

should not be excessively larger or smaller than any other dimensions. [72].
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(b)

(c) (d)

(f)
Figure 3-8 Finite element model in Abaqus a) Top view of steel plate b)

Side view of steel plate ¢) modelling of a PZT d) modelling of damage e)
Top view of CFRP strengthened steel plate and f) Side view of CFRP

strengthened steel plate

The model is meshed using eight-node brick elements (C3D8R). Each node
has 3 degree of freedom (x-, y- and z- axis). The model consists of four parts,
i.e. the steel plate, the CFRP laminates, the adhesive layer and the PZTs. Three
seed sizes are used to generate the convergence results. A seed size of 1 mm
is used for the PZTs, the hole and the vicinity regions. A finer seed size of 0.5
mm is used for CFRP layers and the regions along the crack propagation
direction. The seed size of the rest parts is 2 mm. The seed sizes along the
thickness direction are 0.5 mm and 1 mm for CFRP laminate and steel plate
respectively. The total number of elements is 287,560 and 827,560 for bare
steel plate and CFRP-strengthened steel plate respectively, as shown in Figure

3-8, which can suffice for producing convergence results.
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3.5.2. Signal actuation and acquisition

The transducers used in this study were Lead zirconate titanate (PZT) disc
manufactured by PI®. The PZT has been modelled as a disc partitioned out of
the steel plate model with the same diameter as the one used in experiments.
Since the strain is transferred from PZT to the host structure through the bond
layer, the response of the excited signal is activated at the contact surface of
the PZT and host structure. As circular PZT could activate Lamb waves with
equal magnitude omnidirectionally, the time varying forces at a maximum
amplitude of 0.1 N were excited by applying uniform in-plane concentrated
loads on the nodes along the periphery of the actuator to simulate the Lamb
wave excitation from the circular PZT as shown in Figure 3-9. The Lamb waves
therefore propagate omnidirectionally from the actuator as shown in Figure

3-10.
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Region: Set-22 [3
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Figure 3-9 PZT model and forces
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Figure 3-10 Simulation of Lamb waves propagating from the PZT model

3.5.3. Modelling of damage
Three crack modes have been simulated to study the Lamb wave behaviour
under different damage conditions, including the loaded fatigue crack

propagation, loaded and unloaded fatigue crack initiation.

For the loaded fatigue crack propagation, it was assumed that the specimen
was under loading throughout the fatigue progress. Therefore, the fatigue crack
was simulated as an open crack. The elements along the crack propagation

direction were sequentially removed to simulate the crack growth.

Nodes of the elements were duplicated along the damage while keeping both
surfaces in contact to create a closing crack. An Abaqus built-in function “seam”
was imposed to each surface of the cracks to simulate the initiated fatigue
crack[52], as shown in Figure 3-11. A surface-to-surface contact with small
sliding and associated properties were imposed on the crack interfaces. This
enabled the “breathing” behaviour when waves transverse the crack and

therefore produced CAN.

To model the initiated fatigue crack under loading, a model was first analysed
using Static/General procedure to generate the deformed model due to the

static load. Then the deformed model was imported into a new model as a Part
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for the wave propagation study. The CAN was simulated using the same

method as described above.

Figure 3-11 "seam" cracks to enable CAN

3.6. Experimental methods

3.6.1. Specimen preparation

The specimens were prepared in Civil Laboratory, Monash University. The
bond regions of the steel plates were sandblasted to roughen the surface for
adhesive bonding. Acetone was used to remove contaminates from the
sandblasted areas. CFRP laminates were cut into designed configuration by
technicians in Civil Laboratory. Then the CFRP laminates were bonded to one
side of the steel plate by mixing Araldite 420 A/B epoxy adhesive of 10:4 w/w
ratio. The specimens were cured for 24 hours before bonding CFRP to the other
surface of the steel plate. A concrete block was placed on top of each specimen
to squeeze out the excessive adhesive and air bubbles to achieve uniform
thickness of adhesive layer, and to prevent formation of initial debonding. The
specimens were cured for at least 2 weeks at room temperature to achieve full
strength of adhesive layers. Six circular PZT sensors was then bonded to each

specimen by UHU® SUPER all-purpose adhesive according to the designed
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layout as shown in Figure 3-1 (c). A weight was placed on each PZT sensor
during curing to create a thin, stiff and uniform bond layer, as the bond layer
strongly affects the strain transfer from PZT to the host structure. Twin-core
cable was wired to the positive and negative pole of PZT by soldering iron. The

completed specimen was shown in Figure 3-12.

Figure 3-12 Steel plate and CFRP strengthened steel plate with surface-

mounted PZT sensors

3.6.2. Test set-up

The fatigue tests were performed using Instron 8802 servo hydraulic testing
machine located in Civil Laboratory, Monash University. Sinusoidal cyclic
tensile loads were applied, with a frequency of 30 Hz, and a stress ratio
(minimum load/maximum load) of 0.1 [67]. The maximum stress was set to be
150 MPa, which is about 30% of ultimate strength of the steel and 46% of the
yield strength, which resulted in a maximum load of 135 kN and a minimum
load of 13.5 kN. The beach marking technique was employed to indicate the
crack propagation by inserting a lower stress range and a shorter number of

cycles to the original fatigue cycles [67]. The maximum stress was kept
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constant but the stress ratio was increased from 0.1 to 0.55. Therefore, beach
marks were left on the cross-section of the specimen due to the changes in
stress intensity factor at the crack tip and crack propagation rate. Moreover, a
lower frequency of 10 Hz was assigned for the beach marking cycles to ensure
a smooth transformation between normal and low stress range cycles. The test

procedure was summarised in the flow chart as shown in Figure 3-13.

A sinusoidal tone burst was inputted into a Tektronix AFG3102 arbitrary
function generator. The amplitude of the signal was then amplified by 100 times
using a Ciprian electronic high-voltage power amplifier. The signal was then
applied to one PZT disc as an actuator and sent through the specimen. Signals
received by sensors were acquired by a Tektronix DPO4043B digital phosphor

oscilloscope and transformed into digital data. The data were then saved to
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external hard drive in csv file for signal processing. The procedure of data

acquisition is shown as in Figure 3-14.

A sensor network was employed by using different PZT sensors as actuator
sequentially. The overall set-up with the fatigue test machine and SHM

instruments are illustrated in Figure 3-15.

Step1: Step 4: Step 5: Step 6:

Step 2: Step 3: Step 7:
Load Load Fatigue using Load
Holding for 10 Fatigue using S “ Holding for 10

specimen to . specimen to low stress specimen to g
- mins to normal stress & p 2 mins to

mid of normal . mid of low range (Beach mid of normal :

record data range : oo 2 record data
stress range 2 stress range marking) stress range

Figure 3-13 Fatigue test procedure

Ciprian power amplifier

Tektronix AFG3102
Arbitrary function
generator

-
-
. -

Tektronix DPO4034B H
Digital phosphor
oscilloscope

Figure 3-14 Data acquisition procedure
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Figure 3-15 Test set-up

3.7. Summary

The methodology developed and implemented for the numerical and
experimental studies was presented in Chapter 3. The configuration and
material properties of the specimen were presented. The key features to design
an excitation signal were discussed in term of wave mode, waveform and
excitation frequency. A Doubechies wavelet was adopted to de-noise the
signals. Time-of-Flight (ToF) was employed as the key feature to detect the
damage. The proposed methodology based on probability diagnostic imaging
(PDI) was addressed for the purpose of better visualizing the location and
severity of the damage. The numerical modelling and experiment setup were

introduced as well.
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Chapter 4. Monitoring fatigue crack propagation using linear

Lamb waves

In this chapter, Lamb waves were applied to monitor the crack propagation via
numerical simulation and experimental validation. Firstly, the selection of
excitation frequency was discussed. Signals at a wide range of frequencies
were excited and the response amplitudes of the SO mode were obtained to
select the most suitable frequency. Then this frequency was used to excite SO
mode in the three-dimensional CFRP-strengthened steel plate model, followed

by the experimental validation.

4.1. Excitation frequency

The excitation frequency of Lamb waves has significant effects on the
detectability of defects, on the basis of which, frequencies, from 75 kHz to 175
kHz with an increment 25 kHz, were evaluated in this study to find the optimal
frequency with the strongest signal amplitude. The peak amplitude of the
signals at different frequencies were extracted and summarised in Figure 4-1.
It is clear that the strongest signal occurred at a frequency of 125 kHz for the
first wave package with the fastest propagation velocity, which is recognised as
S0 mode. It is thereby concluded that this frequency was the most appropriate
for the damage detection and would be used as the excitation frequency for FE

modelling
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Figure 4-1 Maximum amplitude of the signals against frequencies

4.2. Model analysis

The feasibility of using linear Lamb waves to monitor fatigue crack propagation
is first assessed numerically. Three-dimensional models of CFRP-strengthened
steel plate models with different crack lengths were conducted. The models are
based on the experimental setup, where CFRP-strengthened steel plates of
500 mmx90 mmx10 mm consists of one through-thickness hole and two
notches located at the centre as illustrated in Figure 4-2. Signals captured in
this model are assumed to be the benchmark state. The notches are artificially
extended to a certain length to simulate the crack propagation due to the cyclic
loadings, as illustrated in Figure 4-3. The growth rate of the crack is set to be
1mm per model up to 20 mm of crack extension, and then the growth rate is
increased to 5mm per model up to 35 mm. the signals received in these models

are assumed to correspond to different propagation status of a fatigue crack.
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Figure 4-2 Diagram of CFRP-strengthened steel plate with surface
mounted PZTs

The material properties of steel used in this model is same as those in Table
3-1. Since the CFRP is an anisotropic material, the elastic properties of CFRP
model are defined as engineering constants, which are summarised in Table

4-1.

Table 4-1 Engineering constants for CFRP

El E2 E3 Nul2 | Nul3 | Nu23 | Gl12 |G13 | G23
177.000 | 177,000 | 17,000 | 0.32 |0.32 |0.45 |4,500 | 4,500 | 2,500

The excitation frequency of 125 kHz is selected, which enables the presence
of only fundamental SO and AO Lamb wave modes in the steel plate. A 5.5 cycle
tone burst is excited by applying time varying concentrated forces on the nodes
along the periphery of the actuator and the magnitude of the force is set to be
0.1 N, which is equivalent to the maximum response of a PZT disc. The signals
captured from path S1-S5 at 125 kHz are displayed in Figure 4-4. The black
solid lines represent the signals in benchmark state, while the red and blue solid
lines represent the crack state with crack length of 2mm and 15mm
respectively. The first arrival wave package is the transmitted fundamental
symmetric SO mode, followed by the transmitted fundamental antisymmetric AO
mode. All boundary-reflected waves arrived after AO mode. The transmitted SO

mode is selected for computing the damage index in this study. It is noted that
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the SO mode in path S1-S5 is not a clear 5.5-cycle Hanning windowed tune
burst, while, a clearly defined 5.5-cycle Hanning windowed SO mode is captured
in path S2-S4, as illustrated in Figure 4-4 (b). It is because the transmitted
waves are scattered when interacting with cracks, and thereby affect the wave
propagation. The A0 mode arrives at the sensor before the SO mode passes
through the sensor completely, causing partial overlapping of the SO and AO
modes. As can be seen, the ToF increases while crack length increases,
implying that the presence of a crack in the sensing paths increases the length
of wave propagation route. Noticeable amplitude drop, as the crack length
increases, can also be observed resulting from more wave energy being
reflected by the longer crack, and thereby less energy in the transmitted waves

can be captured by the sensor.

Figure 4-3 Simulation of damage a) benchmark state b) crack state (2mm),
and c) crack state (15mm)
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Figure 4-4 Sample waveforms captured in sensing path S1-S5 and S2-S4

The damage index, ToF, of the first arrived SO mode was extracted from the
captured signals. Due to the symmetricity of the model, 5 sensing paths, S1-
S5, S1-S6, S2-S4, S2-S5, and S2-S6, were selected to monitor the crack
growth, as illustrated in Figure 4-5. In sensing paths S1-S5 and S2-S6, the
crack directly encountered with the sensing path from the benchmark state. It
was expected that the crack affected the first arrived transmitted SO mode from
the very beginning. In sensing paths S1-S6 and S2-S5, the crack encountered
with the sensing paths when the growth of crack reached 10mm. Insufficient
crack length estimation was thus expected at the small crack length (< 10 mm).
As sensing path S2-S4 was away from the crack, it was the least effective
sensing path to detect the crack growth as the crack only encountered with the

sensing path until the crack length of 22.5 mm.

The benchmark signal is defined as the captured signal in those sensing
paths, where there is no defect to scatter the Lamb waves. The velocity of Lamb
wave is calculated by averaging the velocity of the first 3 valleys of the SO mode

in the captured signals to minimise the dispersion effects on the signal.

40| Page



Monitoring of Crack Propagation in Fibre-Reinforced-Polymer (FRP) Strengthened Steel
Plates Using Guided Waves

4.2.1. Simulation results
Table 4-2 summarises the velocities of Lamb wave travelling in the steel plate
and CFRP-strengthened steel plate calculated using DISPERSE and FE model
respectively. In the steel plate, the wave velocities calculated are very similar
because the material properties of steel used in these two methods were
identical. The result of FE modelling shows that, with the application of CFRP

laminates, the wave velocity increases.

Table 4-2 Comparison of velocities of Lamb wave travelling in steel plate
and CFRP-strengthened steel plate

Specimen DISPERSE FE model
Steel plate 5170 m/s 5083 m/s
CFRP strengthened steel plate | N/A 5386 m/s

Figure 4-5 shows the actual and calculated crack lengths against the growth
of crack for different sensing paths in the sensing network. Figure 4-5 (a) shows
the crack length computed using captured signal in path S1-S5. An increment
can be seen in the calculated crack length as the crack grows, and the trend
and magnitude shows good agreement with the actual crack growth. For
sensing paths S1-S6 and S2-S5, the growth of fatigue crack is successfully
detected and the growth rate of the calculated crack length is similar to that of
the measured length. Itis also noted that the sensitivity of the captured signals
for crack detection in paths S1-S6 and S2-S5 is less than that of S1-S5,
especially at short crack lengths. Figure 4-5 (c) shows the results calculated
based on the signal captured in path S2-S4, which is the furthest path away

from the crack. The results show that sensing path S2-S4 is incapable of
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detecting the fatigue propagation, indicating that the presence of crack in the
sensing path, which causes wave scattering, strongly affect the captured
transmitted SO mode. All results calculated using signals captured in each
sensing path are weighted based on the interferences of the propagating crack
on the propagation of the transmitted signal in the sensing paths. The
confidence coefficient of the calculated crack length is weighted as 1 if the
length is calculated using the signal captured in sensing path that directly
encountered with the crack, otherwise confidence coefficient is weighted as 0.
The weighted results are then combined to generate a final result that derived
from all sensing paths as a sensor network. Figure 4-6 shows the calculated
crack lengths based on information from all sensing paths. The calculated crack
lengths show good agreement with the actual ones, in the consideration of the

cracking to be quantified is in the order of millimetre.
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Figure 4-5 Calculated crack lengths (FE) for sensing path a) S1-S5, b) S1-
S6, ¢) S2-S4, d) S2-S5, and e) S2-S6
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Figure 4-6 Calculated crack length (FE) based on all sensing path within

the sensor network

4.3. Experimental analysis

Following the simulation, lab-based experiments have been conducted to
validate the proposed methodology. The specimen preparation and experiment
set up is the same as mentioned in previous Section 3.6. The same excitation
signal as used in simulation is generated with a peak to peak output voltage of
1.2 Vp-p, which is then amplified to 120 Vp-p by the Ciprian power amplifier. The
signal is applied on one PZT acting as the actuator, and the response signals
are acquired by the rest of PZTs through the Tektronix 4034B digital signal

oscilloscope with a sampling frequency of 25 MHz after 128 samples averaged.

To facilitate the fatigue crack propagation, the specimen undergoes a high-
cycle fatigue testing on an Instron 8802 servo hydraulic testing machine, as
shown in Figure 3-15, subject to a sinusoidal tensile load varying from 13.5 to
135 kN, followed by a sinusoidal tensile load varying from 74.25 kNto 135 kN
to produce beach marks. The test runs and stops every 66,000 cycles, and
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thereby the signals are captured every 66,000 cycles while the specimen
remains clamped in the machine to maintain constant boundary condition. After
roughly 1.1 million cycles, the specimen is completely failed. Figure 4-7 shows
the beach marks left on the cross section of the failed specimen. These marks
indicate the actual crack length subject to certain cycle number of fatigue
loading. It is noted that only 7 marks are left on the cross section, indicating that
beach marking technique is not sensitive to small fatigue cracks at early stage,

around 600,000 cycles.

o(MPa)

Figure 4-7 Beach marks on failure face of the specimen

4.3.1. De-noising of raw signals
In contrast with the signals generated from numerical modelling, the signals
captured through lab-based experiments unavoidably contain a number of
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ambient noises in different frequency bands. The damage-scattered signals of
interest can be easily masked by these noises, making the feature extraction a

challenging task. The first vital step to process the signals is thus de-noising.

Figure 4-8 (a) presents the raw transmitted signal captured in sensing path
S1-S5. The black solid line denotes the benchmark signal and the red solid line
represents the signal captured after undergoing certain number of fatigue
loading with crack developed, denoted as the damage state. It was noted that
there were significant differences in these signals, which make them
incomparable even though the signals are captured in the same sensing path.
There was a clear 5.5-cycle wave in the captured signal at the same time when
the signal was activated at the actuator. This is known as cross-talk
phenomena, which refers to electromagnetic interference from one channel to
another. Since the cross-talk does not interference with the desired wave mode,
it can be removed without causing information loss. It was also noted that the
captured signals were incline and originated from non-zero amplitude (energy).
It is because the strong and low-frequency vibration from the fatigue machine
is captured by the PZTs along with the desired transmitted Lamb waves. The
captured low-frequency vibration signal was caused by the low-frequency
vibration of the fatigue machine when it was operating. As the specimen was
clamped in the fatigue machine, it vibrated at a frequency which was same as
that of the machine. The surface-mounted PZTs would therefore capture the
vibration signal throughout the whole time duration. The amplitude of these
vibration signals varied with time following a sine trend. However, comparing to
Lamb waves frequency (in kHz), the vibration was at relatively low frequency

(in Hz), with longer interval. So for a short time interval, as shown in Figure 4 8

46 |Page



Monitoring of Crack Propagation in Fibre-Reinforced-Polymer (FRP) Strengthened Steel
Plates Using Guided Waves

(a), only the very front part of the vibration signal was presented in the figure,
hence it only appeared like a linear trend. The frequency profile of typical signal
of damage state is obtained using fast fourier transform (FFT), as illustrated in
Figure 4-9, where strong low-frequency noise, frequency of interest and
noticeable high-frequency noises co-exist. To remove these undesired signals

and other forms of environmental noises, a db10 wavelet is employed.

To minimise the computational time, the de-nosing is processed using
MATLAB® built-in function db10. The raw signal is decomposed into 10
decomposition levels, as illustrated in Figure 4-10. As shown in Figure 4-11, the
signal at the frequency of interest is located at the 7t level, which corresponds
to the frequency range between 97.65 kHz to 195.31 kHz. The de-noised
benchmark and damage signals are plotted in Figure 4-8 (b), showing more
succinct wave signals. As can be seen, there are apparent amplitude drop and
ToF delay in the damage signal compared to benchmark. This is because more
energy is reflected by the growing crack and the routine for wave propagation
is increased due to the presence of damage. Same feature extraction technique

is followed to extract the ToFs as that in Section 4.2.
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Figure 4-8 Captured signal in path S1-S5 a) original signals, and b) de-
noised signals
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Figure 4-11 Raw signal vs. de-noised signal

4.3.2. Experiment results

Table 4-3 summarises the velocities of Lamb waves travelling in the steel

plates and the CFRP-strengthened steel plate calculated using different

methods. It is noted that the wave velocity obtained experimentally was much

lower than that calculated using DISPERSE and FE model, indicating that the

actual material properties, in particular the Young’s modulus, were different to

those used in the modelling. Nevertheless, the results of the FE and

experimental studies showed good agreement that, with the use of CFRP

laminate, the wave velocity increased.

Table 4-3 Comparison of velocities of Lamb wave travelling in steel plate
and CFRP strengthened steel plate calculated using DISPERSE, FE

model and experiment

Specimen DISPERSE | FE model | Experiment
Steel plate 5170 m/s 5083 m/s 4763 m/s
CFRP strengthened steel plate N/A 5386 m/s 4836 m/s
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The results obtained by proposed damage detection method are shown in
Figure 4-12. The black dot line represents the measured length of fatigue crack
based on the beach marks left on the failure specimen surface. Due to the
strong stiffness of steel plates at the early stage of fatigue process, it is
impossible to create beach marks on the failure surface, and thereby crack
length cannot be measured against fatigue cycles until the crack length grows
to around 12 mm. The red dot line denotes the calculated crack length using
the proposed method. Figure 4-12 (b), (e) and (f) show the results of sensing
paths S1-S5, S2-S6, and S3-S4 respectively. The signals in these paths are
directly interact with the crack since benchmark state. Continuous increments
can be observed in these paths, indicating the growth of a crack under fatigue
loading. However, the accuracy of crack length detection varies with different
paths. The calculated length in S2-S6 shows good agreement with the
measured length, while remarkable difference between the calculated and
measured length can be observed in path S3-S4. Figure 4-12 (a), (c), (d) and
(9) present the crack length in paths when the first arrived SO mode only interact
with the crack of a length larger than 12.5mm, where clear increasing trends in
length can be observed. Similar conclusion can therefore be made that the
sensitivity of the method to detect crack varies with the signals in different
paths. Figure 4-13 shows the crack lengths calculated using signal feature
obtained in all sensing paths, indicating that fatigue crack propagation due to

cycling loading can be successfully evaluated using Lamb waves.
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Figure 4-12 Calculated crack lengths (Test 1) for sensing path a) S1-S4, b)
S1-S5, ¢) S1-S6, d) S2-S5, e) S2-S6, f) S3-S4, and G) S3-S5
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Figure 4-13 Calculated crack length (Experiment) based on all sensing

paths within the sensor network

4.4, Summary

FE models and experimental validations were conducted in this chapter to
evaluate the feasibility of using low-frequency Lamb waves for the detection of
concealed fatigue crack growth. The results showed good correlation between
the features of Lamb waves, such as ToF and the propagation of concealed
fatigue cracking. The propagation of fatigue crack was successfully detected

using the proposed methodology both numerically and experimentally.

The incapability of Lamb waves to detect the initiation of cracking was possibly
caused by the larger wavelength (around 38.4mm) at the frequency selected in
this study compared to the smaller crack lengths. It was well recognised that
half wavelength of a selected wave mode should be shorter than or equal to the
damage size to allow the wave to interact with damage. It was also noted that
changes in the length of the wave propagation route due to cracking growth
were marginal for small-scale crack lengths in current sensor configuration.

Even marginal inaccuracy of data processing and feature extraction could
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strongly affect the precision of crack length detection. Furthermore, due to the
small size and configuration of the specimens used in this study, the locations
of transducers in the sensor network were limited, leading to strong interference

from waves reflected from boundaries in the first arriving wave package.
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Chapter 5. Identification of crack initiation using nonlinear

Lamb waves

In this chapter, the proposed nonlinear Lamb wave-based method was
employed to identify the crack initiation in both steel plates and CFRP-
strengthened steel plates via numerical simulation and experimental validation.
Firstly, the excitation frequency that enabled the breathing behaviour was
selected. A 3-dimensional steel plate model was simulated to exam the
proposed method, and then CFRP laminates were bonded to both surfaces of
the steel plate to characterise the effects of CFRP laminates on Lamb waves.
Experiments were conducted on both steel plates and CFRP-strengthened
steel plates. The numerical and experimental results were presented and

discussed.

5.1. Excitation frequency

In contrast to the selection of excitation frequency for linear method, which is
focusing on obtaining the maximum amplitude for the captured mode, there
exist certain excitation frequencies for a certain specimen at which the
fundamental modes are accompanied by a cumulative second harmonics,
simultaneously satisfying synchronism and non-zero power flux. Commonly
used mode pairs that satisfy both the conditions include (S1, S2), (S2, S4),
(S2/A2, S4) and so on. The mode pair used in this study is (S1, S2) because
they are the fastest modes at their corresponding frequencies, and thereby they
can be easily identified even with the presence of other modes. As illustrated in
Figure 3-2, the mode pair (S1, S2), of which S1 at the frequency of 377 kHz
and S2 at the frequency of 754 kHz satisfy both the conditions and meet the

same phase (5850 m/s) and group (4700 m/s) velocities. Therefore, it is
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expected that when S1 mode at 377 kHz is excited in the specimen, the
corresponding second harmonic, S2 mode is generated at the twice the

excitation frequency.

5.2.  Numerical modelling analysis

Two sets of simulations were carried out, (1) 3-D Lamb wave propagation in
a pristine plate and (2) 3-D Lamb wave propagation in a damaged plate, to
access the feasibility of employing nonlinear Lamb waves to identify the crack
initiation. A 3-dimensional steel plate was first simulated schematically
according to Figure 3-1 (a), to study the nonlinear Lamb wave characteristics
when propagating in single-layered plate. The modelling of material
nonlinearities was achieved by introducing material constants including density,
Young’s modulus, Poisson’s ratio and third-order elastic (TOE) constants in the
modelling. To simulate the fatigue crack, a 0.5 mm long, through-thickness
seam crack was introduced to the end of the notch. A contact pair interaction
and associated properties were imposed to the crack interfaces to simulate
CAN. A 15.5-cycle Hanning windowed sinusoidal tone burst at 377 kHz was
excited by imposing uniform in-plane radial concentrated forces on the nodes
along the periphery of the actuator. The excitation frequency of 377 kHz
enabled the generation of S1 mode as fundamental wave mode, and thereby
induced S2 mode at frequency of 754 kHz, as shown in Figure 3-2. Moreover,
the time increment of the calculation was controlled to maintain the simulation
stability. Double precision was employed in simulation to ensure calculation

accuracy.
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5.2.1. Feature extraction and damage identification

To expound the feature extraction method, a typical benchmark signal
(undamaged) and a current signal (with 0.5 mm seam) in the time domain
acquired in the steel plate model via path S2-S4 are presented in Figure 5-1
(a). As can be seen, these two signals were almost identical in the time domain,
indicating that there are no apparent waves scattered by the small-size crack,
and thereby unable to identify the location of crack using any ToF. However, it
was expected that when S1 mode is excited at 377 kHz in the specimen, S2
mode at twice the frequency could be generated once the wave encounters
fatigue crack. To illustrate the existence of second harmonics, these signals
were processed through fast Fourier transform to obtain the frequency profile,
as shown in Figure 5-1 (b). The energy profiles of these two signals were almost
identical at the excitation frequency, indicating there is no apparent energy loss
due to damage-scattering. However, a weak but significant energy was
observed in the current signal at twice the excitation frequency. This energy

came from the damage-induced S2 mode.

In order to extract the useful feature, digital signal filter (DSF) was employed
to process these signals. The DSF was designed using MATLAB build-in
function fdatool as shown in Figure 5-2. A Hanning windowed finite impulse
response (FIR) bandpass filter was designed to extract transmitted wave within
the frequency range of interest while excluding others. Since the upper and
lower threshold of the excitation frequency range was + 50 kHz from the central
frequency, same thresholds were employed to define the frequency band for
the DSF, and therefore minimizing the information loss due to the filtering. The

thresholds of fundamental frequency were 327 kHz to 427 kHz and the
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thresholds for double frequency were 704 kHz to 804 kHz. Furthermore, the

specify order of the filter was 100 to produce a more accurate results.
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Figure 5-1 (a) Typical benchmark and damage state signals in the time
domain (captured via S2-S4) and (b) FFT of the benchmark and current

state signal
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Figure 5-2 Filter design in MATLAB

The wave components at the fundamental and double frequency bands were

extracted and plotted as a function of time as shown in Figure 5-3 (a) and (b)

respectively. The first hump denoted the first arrived transmitted S1 mode,
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followed by the A1 mode. The arrival time of S1 mode was at t1 in Figure 5-3
(a) The amplitude profiles of the benchmark and damage state signals at the
fundamental frequency were almost identical, which further confirmed that that
there were no apparent waves scattered by the small-size crack, and therefore
unable to identify the location or severity of the crack. As for the wave
components at double frequency, it was noted that second harmonics already
exist in the benchmark signal. These nonlinearities come from the material
nonlinearities of the intact specimen as well as any mathematical nonlinearity
from FE program, which were however with marginal amplitudes. The
amplitude profile of the damage state signal diverged from the benchmark and
increased from t2. This increased amplitude profile came from the CAN
introduced in the damage state. It was hence the S2 mode generated when the
transmitted S1 mode interacted with the fatigue damage and the t2 denoted the

arrival time of the damage induced S2 mode.
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Figure 5-3 (a) the amplitude profiles at the fundamental frequency, where
S1 mode is the first arrival mode at time t1 and (b) the amplitude profiles
at the double frequency, where damage-induced nonlinearity arrives at t2

With known positions of sensors and ToF of S1 mode, t1, the group velocity of
S1 mode could be calculated. The group velocity of damage-induced S2 mode

was expected to the same as that of S1 mode as discuss in Section 3.2.
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However, it was observed that the damage-induced S2 mode arrives shortly
after the S1 mode, which was due to the longer sensing path caused by the
fatigue crack. The length of sensing path that S2 mode travels could therefore
be calculated and the relative position of the crack relating to the sensor
position could be determined. An elliptical locus could be plotted to denote
possible damage locations in term of possibility, as shown in Figure 5-4.
Repeating the above procedure for all sensing paths in the sensor network and
fusing all the generated elliptical loci, an ultimate image could be produce to

highlight the damage location with the highest possibility.
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Figure 5-4 an image showing the probability of damage detected via S2-
S4 sensing path

As shown in Figure 5-5 (a), the thin black block denoted the approximate
location of the fatigue crack which was located at the vicinity of the actual crack
tip. A finer diagnostic image, as shown in Figure 5-5 (b), could be generated by
multiplying all possible images. The possibility of damage presents at certain
location was calculated by multiplying the possibilities detected in each sensing
path at that location. The location was only highlighted in the image if the
damage was detected by all the sensing paths simultaneously, and excluded
all other images even if the location could be detected in certain paths. Hence,
it was concluded that the fatigue crack could be successfully highlighted using

the proposed nonlinear method numerically.
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Figure 5-5 Diagnostic image after fusion (a) addition result and (b)
product result

5.2.2. Wave-damage interaction when specimen subjected to a
constant tensile loading

Since civil infrastructures were subjected to constant dead load (e.g. self-
weight) and various live loads, a model containing fatigue cracks and subjected
to a constant tensile loading was conducted to simulate the loaded scenario.
However, it is difficult to simulate a dynamic loading (Lamb waves) while the
model is continuously subject to a constant static loading in the same model.
To investigate the loaded scenario, two models were conducted sequentially.
The first model was processed through Abaqus Static/General to generate the
deformed model, in which the fatigue crack was at open scenario due to the
tensile loading. The geometry, material properties and mesh density were same
as those in Section 3.1. Pressure at magnitude of 41.25 N/mm? was uniformly
distributed on both ends of the specimen to simulate the tensile loading applied
on the specimen in experiments as shown in Figure 5-6. The model was then

processed through Static/General procedure and the deformed model was
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obtained, as shown in Figure 5-7, where the fatigue crack was at open scenario
and the width of the gap was assumed to be the same as that in experiments

under the same tensile loading.

Mame:  Load-2

Type:  Pressure

Step: Step-1 (Static, General)
Region: Surf-right [

Distribution: | Uniform E| fix)

Magnitude: | -41.25

Amplitude: | (Ramp) E| r\f

Figure 5-6 Simulation of tensile loading applied on specimen

Figure 5-7 Deformed model in which the fatigue crack is in open scenario
under tensile loading

As illustrated in Figure 5-8, the deformed configuration at the end of the step
of the first model was then imported into Abaqus, and was used as the
configuration of the second model, where dynamic/explicit procedure was
applied to simulate Lamb wave propagation. By this way, the model was
“‘ideally” subjected to a constant tensile loading, whose effect was shown in the
form of deformation. Same modelling procedure as in Section 5.2 was
employed to simulate the interaction between Lamb waves and the open crack.

The signal feature was extracted using the same method as in Section 5.2.1,
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and was compared to that of the signal obtained from the model which was only

subject to nonlinear Lamb waves, named the unloaded signal.
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Figure 5-8 lllustration of importing deformed configuration into Abaqus

The amplitude profiles of loaded signal and unloaded signal obtained via
sensing path S2-S4 at fundamental frequency and double frequency were
illustrated in Figure 5-9. As can be seen, the loaded signal was almost identical
to the unloaded signal at fundamental frequency even through the loaded signal
was extracted from the model with open cracks. As for the signals at double
frequency, large difference between the amplitude profiles of loaded and
unloaded signals could be clearly observed, indicating the absence of CAN in
the loaded scenario. Figure 5-10 shows the amplitude profiles of loaded signal
and benchmark signal obtained via sensing path S2-S4 at fundamental
frequency and double frequency, where the signals at double frequency were
almost identical. The marginal difference between the two signals was believed
to be caused by the material properties and geometry changes. Therefore, it

was concluded that no damage-induced nonlinearity can be generated if the
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specimen was subjected to a constant tensile loading which could open the

fatigue crack and therefore diminished the effect of CAN.
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Figure 5-10 Amplitude profile of loaded signal and benchmark signal at
(a) fundamental frequency and (b) double frequency

5.2.3. Wave-damage interaction in CFRP-strengthened steel plates
A CFRP-strengthened steel plate model was simulated to study the effects of
bonding CFRP laminates to steel plate on the propagation of nonlinear Lamb
waves, and to assess the feasibility of using nonlinear Lamb waves to identify
the initiation of concealed fatigue crack in the CFRP-strengthened steel plate.
To minimise the possible effects on the wave propagation from the

computational differences such as model geometry change and difference
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mesh, as illustrated in Figure 5-11 and Figure 5-12, CFRP laminates were
modelled and tied to both sides of the steel models simulated in Section 5.2.
The geometry and material properties of CFRP laminates were same as those
in Section 4.2. A 15.5-cycle Hanning windowed sinusoidal tone burst at 377
kHz was excited by imposing uniform in-plane radial concentrated forces on the
nodes along the periphery of the actuator. The time increment of the calculation
was controlled to maintain the simulation stability. Double precision was
employed in simulation to ensure calculation accuracy. By this way, the
variables in this model could be controlled, and if there was any change in the

wave propagation, it could only be caused by the bonded CRFP laminates.

CFRP laminates

Steel plate

Figure 5-11 CFRP strengthened steel plate model
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Figure 5-12 CFRP-steel constraint in Abaqus

5.2.3.1. Comparison of signals captured in steel plate and CFRP

strengthened steel plates

To illustrate the effects of applying CFRP on steel plates in term of wave
propagation, typical benchmark signals captured in the steel plates and the
CFRP-strengthened steel plates via sensing path S2-S4 were compared as
shown in Figure 5-13. The black solid line represented the benchmark signal
captured in the steel plat, while the red solid line denoted the benchmark signal
captured in the CFRP-strengthened steel plate. As can be seen, there was a
significant amplitude drop in the signal when CFRP laminates were
implemented on the steel plate, indicating strong signal attenuation when wave
propagated in CFRP laminates. It was also noted that the arrival time of signal
captured in model with CFRP is earlier than that in the steel plate, while the
arrival time of the peak of the signals were almost identical, indicating that Lamb
waves experienced stronger dispersion in CFRP plate but the wave group

velocity almost remained constant.
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Figure 5-13 Typical benchmark signals captured in steel plate and CFRP
strengthened steel plate via sensing path S2-S4 (a) waveform in time-
domain and (b) amplitude profile in time-domain.

The captured signals were processed through the digital signal filter designed
in Section 5.2.1. The wave components at double frequency were generated
and then compared with those captured in the steel plate. As illustrated in
Figure 5-14 (a), the amplitude profile of the wave components at double
frequency, by contrast, dropped significantly in the CFRP-strengthened steel
plate. An amplitude drop in the first arrived damage-induced S2 mode could be
observed in Figure 5-14 (b). It was also noted that the arrival time of damage-
induced S2 mode in the CFRP-strengthened plate was almost identical to that
in the steel plate. It was concluded that when the Lamb wave propagates in the
multiple-layered model, the wave components which travel in the steel layer
interacted with the fatigue crack, and thereby the damage-induced S2 mode
was generated, which propagated in the steel layer to the sensor. Since the
damage-induced S2 mode only propagated in steel plate even with the
existence of CFRP laminates, the ToF of transmitted signals in both steel plates

and CFRP-strengthened steel plate were identical.

Based on these observations, it is concluded that CFRP laminate enhances
attenuation and dispersion characteristics of both linear and nonlinear Lamb
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waves, and therefore it is believed that the amplitude of Lamb waves get

weaker as longer or thicker CFRP laminates applied.
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Figure 5-14 (a) Benchmark and damage signals in steel and CFRP
strengthened steel plate via sensing path S2-S4, and (b) zoom-in of Figure
5-14 (a)

5.3. Experimental analysis

Lab-based experiments have been conducted to validate the proposed
nonlinear methodology. Two sets of specimens, steel plates and CFRP-
strengthened steel plates, were tested using Instron 8802 servo hydraulic
testing machine to create fatigue cracks, and then inspected by nonlinear Lamb
wave-based SHM method. All specimens were prepared following the
procedure in Section 3.6.1. 10 PZT sensors were surface-mounted on the steel
plates, as shown in Figure 5-15, which formed 50 transmitted sensing paths.
These PZTs were placed 15 cm centre-to-centre (5 cm edge-to-edge). For

CRFP strengthened steel plates, 6 PZTs were bonded to the surface of the

plates at 25 cm centre-to-centre spacing, forming 18 sensing paths.

The excitation signal was a 15.5-cycle Hanning windowed tune burst with a
peak-to-peak output voltage of 6 Vp-p, which was then amplified to 600 Vp-p by

the Ciprian power amplifier. Large amplitude of voltage ensured the responses
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of the excited signal being large enough to trigger the breathing behaviour upon
interacting with fatigue cracks. An excitation frequency of 377 kHz was used
and four modes, A0, SO, Al and S1, co-existed in the received signal at this
frequency, and damage-induced S2 mode was expected to exist at double
frequency. The excited signal was applied on one PZT acting as the actuator,
and the responses signals were acquired by the rest of PZTs through the
Tektronix 4034B digital signal oscilloscope with a sampling frequency of 25

MHz after 128 samples averaged.

PZT sensors CPCO3 crack propagation gauge

500
280
s1 b CPCO3 O S6
S2 6= 2 Os7
" s3 O 0S8
3 S4 O 089
S5 O 0$10

(b)

Figure 5-15 (a) Steel plate specimen with 10 surface-mounted PZT
sensors and (b) configuration of steel plate

5.3.1. Measurements of fatigue crack size
The fatigue tests were carried out at Monash University Civil Lab. All
specimens were subjected to a sinusoidal tensile load varying from 13.5 and
135 kN with a frequency of 20 Hz. In order to monitor and to control the size of
the fatigue cracks, CPCO03 crack propagation gauges manufactured by Micro-
Measurements® were adopted in this study. The detailed dimensions of the
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gauge are shown in Figure 5-16 (a) and crack propagation direction is shown
in Figure 5-16 (b). The gauge is 0.043 mm thick and consists of 20 resistor
strands connected in parallel at a centre-to-centre spacing of 2.03 mm. When
mounted to the specimen surface, the resister strands fracture with crack
propagation, thereby the crack length can be monitored every 2.03 mm
increment and the corresponding cycles of fatigue testing can be recorded. M-
Bond 610 adhesive was used to bond the gauge to the specimen surface
according to the manufacturer’s instruction and the attached crack propagation

gauge is shown in Figure 5-17.

Crack propagation

T.LT direction

) T b =

(Y33

—

L uos |

Figure 5-16 a) configuration of CPCO03 crack propagation gauge b) CPC03
crack propagation gauge and crack propagation direction.

Figure 5-17 Crack propagation gauge bonded to the specimen surface

For the CFRP-strengthened steel plates, due to the presence of CFRP

laminates, it was impossible to access the cracked zone, making the
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measurement of the crack size a challenging task. In order to generate a fatigue
crack and to minimise the created crack size, the specimen was tested and
paused every 10,000 cycles increments, and then the signal captured in
sensing path, which is directly encountered with the crack, was monitored and
compared to the benchmark signal until these signals begin to diverse. In this

way, a small-scale fatigue crack could be created.

5.3.2. Experimental results

5.3.2.1. Steel plate

The steel plate was subjected to cyclic loading and the test was paused every
10,000 cycles to check the generation of fatigue crack. After about 120,000
cycles, a 2 mm long crack appeared on the surface of both crack propagation

gauge bonded on the specimen, as shown in Figure 5-18.

Crack tip on gauge

L 3

-

Figure 5-18 Crack on crack propagation gauge

Figure 5-19 (a) shows the benchmark signal and damaged signal in the time
domain acquired in the steel plate via sensing path S1-S6, which was the
furthest sensing path from the fatigue crack. As can be seen, the first arrived
S1 modes in both signals were almost identical. The first several cycles of A1
mode in both signals were also identical, but the waveforms started to

differentiate after that. Figure 5-19 (b) presents the benchmark signal and
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damaged signal in the frequency domain. It was noted that at double the
excitation frequency, energy profile of cracked signal was stronger than that in
benchmark signal, which indicated the generation of damage-induced S2 mode
due to the wave-crack interaction. However, a strong 2"@ harmonic already
existed in the benchmark signal. These nonlinearities may come from the
material and geometric nonlinearities of the intact specimen, as well as inherent

nonlinearity from the system.

In order to obtain the information of the 2" harmonic in the time domain, the
signals were processed using the digital signal filter designed in previous
section. The 2" harmonics of benchmark and cracked signal are presented in
Figure 5-20. As can be seen, there were strong nonlinearities existing in the
benchmark signal, even before the transmitted signals arrived sensor S6. This
inherent nonlinearity generated from electric instruments strongly and
negatively influenced the experimental results, which made it difficult to
distinguish between the damage-induced nonlinearity and the inherent
nonlinearly from the system. Due to the limitations and availability of electric
instruments used in this study, these nonlinearities unavoidably existed in the
captured signals, which complicated the determination of the arrival time of the
damage-induced S2 mode, and thereby made the accurate detection of crack

location a challenging task.
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Figure 5-19 Benchmark and crack signal captured in path S1-S6 in (a)
time-domain and (b) frequency domain
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Figure 5-20 Benchmark and cracked signal at double frequency in time
domain

Figure 5-21 shows the amplitude profiles of benchmark and cracked signal at
double frequency captured via other sensing paths. It was noted that strong
nonlinearities exited in all benchmark signals and their waveforms and
strengths vary with sensing paths. Even though the damage-induced
nonlinearity could be clearly observed in all figures, the determination of ToF of
the damage-induced S2 mode remained a challenging task due to the presence
of strong nonlinearities in benchmark signals. It was also noted that,

nonlinearity of signal is getting weaker while the sensing path is further away
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from the crack. As can be seen in Figure 5-22, the nonlinearity of signal
captured in S1-S6 was much weaker than that captured in S3-S8, which
indicated strong and fast attenuation of damage-induced nonlinearity when

travelling in steel plate.
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Figure 5-21 Energy profiles of benchmark and cracked signals at double
frequency captured via sensing path (a) S1-S6, (b) S2-S7, (c) S3-S8, (d)
S4-S9, and (e) S5-S10.

74 | Page



Monitoring of Crack Propagation in Fibre-Reinforced-Polymer (FRP) Strengthened Steel
Plates Using Guided Waves

012

—— 5156
a0 | ——s2-87
—— 5358

2

=

@
L

*———>0
0061 | @ -®
® ®
® ®

Amplitude (V)

0.04

0.02 4 \/ ]

T T T T
0.0 5.0E-5 1.0E-4 1.5E-4 2.0E-4 25E-4

Time (s)

Figure 5-22 energy profile of crack signals at double frequency captured

in sensing path S1-S6, S2-S7, and S3-S8
5.3.2.2. CFRP-strengthened steel plate

The experiment was carried out using the same loading range as that of steel
plates. After about 280,000 cycles, the signal in sensing path S2-S5 began to
deviate from the benchmark signal. Figure 5-23 (a) presents the benchmark
signal and the signal captured after 280,000 cycles. There was a small but
noticeable difference between these signals, which indicated that a small-scale

fatigue crack is generated.

Figure 5-23 (b) shows the energy profiles of benchmark and cracked signal
captured via S2-S5 at double frequency. It was noted that the amplitude of
nonlinearity of the crack signal is larger than that of benchmark signal. This
increment part came from the damage-induced nonlinearity, indicating the

generation of fatigue crack.

It was also noted that the amplitudes of both linear and nonlinear signals
captured in CFRP strengthened steel plate were much smaller than those

captured in steel plate, even though the excitation signal were same, which
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mainly contributed to the fact that the signals experience strong attenuation

when travelling in CFRP laminate.
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Figure 5-23 (a) captured benchmark and cracked signal in time domain
via S2-S5 and (b) energy profile of benchmark and cracked signal at
double frequency

5.4. Summary

In this chapter, numerical simulation and experimental study were conducted
in order to detect fatigue initiation (small-scale fatigue crack) using the
proposed nonlinear methodology. First, a steel plate was used as proof of
concept to validate the feasibility of the proposed methodology. Second, a
multi-layered CFRP-strengthened steel plate was used to understand the
effects of CFRP on nonlinear Lamb waves. Simulation results showed that the
proposed methodology could successfully detect the small-scale (0.5 mm)
fatigue crack and the energy of both transmitted waves and damage-induced
nonlinearity decreased when CFRP laminates were employed. Strong non-
damage related nonlinearities were observed in experiments, which made the
determination of crack location and severity a challenging task. However, the
presence of fatigue damage could be successfully indicated, and the energy of

damage-induced nonlinearity was found to be weaker when the signal is
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captured in the sensing path further away from the crack. Experimental results
also confirmed that both linear and nonlinear Lamb waves experienced strong

attenuation when travelling in CFRP-strengthened steel plates.
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Chapter 6. Conclusions and recommendations

6.1. Conclusion

This thesis presented numerical and experimental studies of Lamb wave-
based SHM for fatigue crack detection in CFRP-strengthened steel plates. One
of the main objectives of this research is to evaluate the linear Lamb wave-
based SHM method for monitoring fatigue crack propagation in CFRP
strengthened steel plates. Another main objective is to evaluate the nonlinear
Lamb wave-based method for fatigue crack initiation detection. The effects of
CFRP on the characteristics of Lamb waves were presented. The results and
conclusions were determined from numerical and experimental studies and

presented below.

The principle of the Lamb wave-based methodology for fatigue crack
propagation monitoring was described. The dispersion characteristics of Lamb
waves were discussed and dispersion curves were generated using
DISPERSE®. Phase velocities were used to determine the cut-off frequency
before higher order modes were generated and the group velocities were used
to identify the wave modes in the captured signals. Experiment study has been
conducted on a pristine CFRP-strengthened steel plate to determine the
optimal excitation frequency with the strongest signal amplitude. 3-dimensional
numerical simulations and experimental validation were conducted to evaluate
the feasibility of using linear Lamb waves to detect the concealed fatigue crack
growth in CFRP-strengthened steel plates. The results showed good
correlation between the features of Lamb waves, ToF in particular in this study,

and the length of fatigue crack in both numerical and experimental studies,
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which indicated that the proposed method could successfully monitor the
concealed fatigue crack propagation. The results also indicated that the relative
location of the crack to the sensing paths strongly affected the ability of Lamb
waves for the detection of crack growth, i.e. the further the sensing path away
from the crack, the less capable the Lamb waves to detect the crack. It was
also found that the proposed linear method was incapable to detect the crack
initiation or small-scale cracks, and the possible causes were discussed. To
overcome these deficiencies, a nonlinear Lamb wave method was proposed to

detect the initiation of fatigue crack.

In order to generate significant and cumulative 2" harmonics, the excitation
frequency must be selected deliberately. The mode pair must satisfy the
condition of synchronism and non-zero power flux simultaneously. This has
been achieved by S1 mode at frequency of 377 kHz, which induced S2 mode
at frequency of 754 kHz upon encountered with fatigue damage. This mode
pair propagated at same phase and group velocities. First, 3-dimensional
simulation of wave propagation in steel plates was conducted to assess the
proposed method. The results showed that the initiation of fatigue crack could
be successfully indicated and the location of the crack could be determined.
CFRP laminates were then bonded to both surfaces of the steel plate to assess
the effects of the presence of CFRP on Lamb wave characteristics. The signals
generated in the steel plate with and without CFRP laminates were compared
and it was found that Lamb waves experienced strong attenuation and
dispersion when travelling in CFRP laminates. Lab-based experiments were
then conducted to evaluate the efficiency of nonlinear Lamb waves in detection

of fatigue crack initiation in steel plates. Results showed that the initiation of
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fatigue crack in the steel plate could be successfully indicated. However, strong
inherent nonlinearity from instruments was observed in both benchmark and
damaged signals in experiments, making the detection of crack location a
challenging task. It was also found that the wave nonlinearity captured in
sensing path which directly encountered with the crack was stronger than that
captured in sensing path which was away from the crack. The CFRP-
strengthened steel plates were subsequently tested. The initiation of fatigue
crack could be successfully indicated by evaluating the nonlinearities of the
signals. However, results showed that the nonlinearities generated in CFRP-
strengthened steel plates were much weaker than those in steel plates,
indicating that damage-induced nonlinear Lamb waves experienced much
stronger attenuation and dispersion in CFRP-strengthened steel plates even

though the excitation signal was the same as that used in steel plates.

This study analytically models the propagation characteristics of both linear
and nonlinear Lamb waves and the interaction of Lamb waves and defects.
Methodologies are developed based on the numerical results, allowing the
implementation of Lamb wave-based SHM techniqgue in a lab-based
experimental study. The main contributions of this dissertation to the research

community are given below.

e Reliable models for linear and nonlinear Lamb wave excitation and
collection by circular PZTs in single-layered isotropic structures and
multiple-layered structures were developed and were extensively
validated with numerical results. The models were simulated using
Abaqus/Explicit. The multimodal nature and attenuation of Lamb waves

were successfully simulated using the proposed models.
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6.2.

The effects of implementing CFRP laminates to the propagation
characteristics of both linear and nonlinear Lamb waves were addressed
numerically and experimentally. It was found that Lamb waves
experienced strong signal attenuation when wave propagating in CFRP
laminates. It was also noted that Lamb waves experienced stronger
dispersion in CFRP plates but the wave group velocity almost remained

constant.

Recommendation for future work

This research project presents numerical and experimental studies of the

interaction of fatigue crack with both linear and nonlinear Lamb waves, and

proposes methodologies to monitor the fatigue crack propagation and initiation

in CFRP-strengthened steel plates. However, much work still remains before

employing Lamb wave-based SHM in practice. The work presented in this

dissertation notes several directions for future investigations to extend the

proposed methodology. The suggestions are listed below.

1) Quantitative evaluation of concealed crack initiation should be the focus

of future study for CFRP-strengthened steel structures. In complex
structures or civil infrastructures, fatigue crack can initiate at multiple
locations simultaneously. Qualitative evaluation focusing on initiation,
location and severity of one crack cannot meet the need of structural
health monitoring of civil infrastructures in real-life as it may miss other
defects that existed in the structure. Study of quantitative evaluation of

concealed crack initiation can overcome this deficiency.

2) The proposed method should be extended to different types of defects,

e.g. corrosion, surface crack and delamination. In this study, Lamb
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wave-based SHM technique was only used to detect through-thickness

fatigue crack. However, CFRP strengthened steel structures also suffers

from corrosion, surface crack, delamination and debonding. It is

essential to assess the feasibility of using proposed method to detect

these types of defects to maintain the integrity of the structures.

3) The proposed method should be extended to more complex structures.

In this study, the geometry of the specimen is very simple. However, in

real-life, the structures are always complex. It is well-known that Lamb

waves are sensitive to geometry and material changes. Hence, it is

important to assess the effects of the complexity of the host structure on

the propagation of Lamb waves and the ability to detect defects.

4) The attenuation and dispersion nature of damage-induced nonlinearity

should be studied. In this study, it was noted that damage-induced

nonlinearity strongly attenuated when propagating in CFRP laminates.

Hence, it is important to study the attenuation nature of damage-induced

nonlinearity. It can help future researchers to better design their sensor

network and to select the excitation wave modes.
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