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Abstract

Damage modelling is essential in the preliminary design of structures. Moreover, the
identification of damage using numerical methods can make maintenance more efficient
and economical. Also, applying damage detection procedures at gnstsgé can
prevent catastrophic structure failures. For this project, vibration parameters (natural
frequencies and mode shapes) are used to figend location and severity of damage in

classical thin plates.

A delaminated composite plate is introdudec comparative stugyor which natural
frequencies are obtained using an exact strip model to verify the proposed detection
method. Next, the direct problem of calculating the relative change in natural frequencies
of an isotropic simple supported @atlue to a predefined single arbitrary crack with
random direction, location, depth and lengtimainly addressed, giving a comprehensive
understanding of the relationship between the location and severity of the crack and the
free vibration natural fregncies and mode shapes. This study is highly pertinent, and a
hybrid model is proposed which couples exact strip analysis for the undamaged part and
finite element analysis for the damaged part. In the finite element part, a crack is modelled
as a rotatioal spring stiffness giving additional degrees of freedom to the stiffness matrix.
The finite element and exact strip dynamic stiffness matrices are assembled into a global
dynamic stiffness matrix, coupled using Lagrangian Multipliers to equate the
displa@ments at the boundaries of the two parts. Applying an efficient bandwidth method
for Gaussian elimination, the resulting transcendental eigenvalue problem is solved by a
simplified form of the WittrickWilliams algorithm for the first six natural frequees.

For the inverse problem, chosen natural frequencies are calculated accurately for both
undamaged and damaged cases. The changes in natural frequencies are normalised to
isolate the effect of damage location and seveandyvidually. The same normalisation
procedure is applied to measured natural frequencies. Point estimates of the damage
location are obtained for noise free measurements, while an interval estimate is given by
noisy measurements. A relevant severity range is themasti. Mode shapes are

monitored by an automatic sign method for correctly tracking the propagation of damage.
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Chapterl--- Introduction

1.1 Motivation andBackground

1.1.1 Aerospacendustry

The UK aerospace industng the third largest worldwidafter the US andrance and
possesses key strengths in core comporsectsas wingsThe industry provides 230,000

jobs, and has an annual turnover of around £24 billion, of which over 70% is exported
(Bourneet al.2013) Opportunities are increasing aramendousate Air traffic doubled
between 1992 and 20@Ghd is expected to double again by 202BBC 2007) As a

result, 27,000 new large aircraft and 40,000 new civil helicoptifirfse requiredoy 2030,

worth almost $4.165 trilliorfBourne etal. 2013) Similar growth has been experienced

and predictedn the rest of the world. With ith increasing number of aircrafthe
establishment of efficient, effective damage detection techniques becomes increasingly

important to ensure their safeayption

Many aircraft structures can biglealisedto an assembly oplates andbeans, as shown

in Figure 1-1. These are of general practical significamot only to aerospace
engineeringout also to manwther application areaacluding the automotive, marine
and civil sectorHuang and Leissa 2009; Birman 2018g@ams, frames, plates and shells

arethereforeessential elements for structural analysis and design

Figurel-1 The simplified structural layout of a Mi&7 (Marcos 2013)
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1.1.2 Plate Structures

In continuum mechanics, plate theories are mathematical descriptions of the mechanics
of flat plaes which are deduced as extensionsesfm theaes. Typically, plates can be
grouped into three typélsmail 2013) thin plates with small deflections, thin plates with
large deflections, and thick plates. Different theories are generally accepted and utilised
in engineeing problems deperag on the thickness of plateSince the late Tcentury,

widely used theories atbe Kirchhoff-Love plate theory (Classical plate the¢GPT))

and the Mindlin-Reissner plateheory (firstorder shear deformatiotiheory (FSDT))
(Carrereet al.2017) For a thin plate witlatypical thickness to width ratio less than 0.1,
plates are defined as plane structural elements wsthadl thickness compared to the
planar dimension(Timoshenko and Woinowskigrieger 1959) A comprehensive
backgoundto these theoridsas been presented by Timoshenko and Woinowsleger
(1959)in which methods can take advantage of this disparity in length scale to reduce the
threedimensional mechanics problem to a fdimensional plane problehove 1888)

This study is focused on such tiptate structuresdevelopng advanced modelig
techniquesvith high computational efficiency and accey@o model their behaviour and

in particular determine thewibrationcharacteristics, sdnat these can be used to develop

damage detection techniques

The KirchhoffLove theoryassumes thdahe mid-surface planeanbe used to represent
athreedimensional plate in the twdimensional form(Love 1888)while the following

kinematic assumptions are ma@Reddy 1999)

1. Straight lines normal to éimid-surface remain straight after deformation;
2. Straight lines normal to the m&lrface remain normab the midsurface after
deformation;

3. The thickness of the plate does not change during deformation

The Mindlin-Reissner theory of plates is an extended versioth@Kirchhoff-Love
theory for thick platg€arrera et al. 2017)t assumes the normal tbe mid-surface
remains straight while not necessarily perpendicular to thesaoridce, and a linear
displacement variation through the thickness during deformation. Mord¢beanplane

shear strains include and incorperfitst-order shear effects.
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1.1.3 Typesof Defect

Both metal and composite plates and stiffened panels are used in aerospace and other
applications (Zehnder and Viz 2005)Nowadays, engineers catesign bespoke
enhanced composite materials with stiffer and lightearacteristics than any other
structural material§vVinson and Chou 1975As well asthese advantages, however, the

use of composites introduces further possibilities for damage caused by impact and stress
concentrations introduced during manufacture and operation, whitlead to sharp
reductions in strength and stabil{tgrar 2008)

In metalic structures, pevious research has shown that the strength aftatal metals
can be increased to very high levelsrbgdifying the microstructuréRoylance 2001)
However, this causes the material to become increasingly brgdelting in the
possibility that cacks can propagate catastrophically withwarning.

In composites, duringhe manufacturing process, different types of defedteduced
include(Figure1-2): voids, foreign inclusions, fibre debonding, fibre misalignment, ply
misalignment, wavy fibres, cracks and holes in the matrix materials, fibre breshkadge
delamination. During operation, mechanismsuch asstatic overload, overheating,
lightning strike, impact and fatigue loadnlead to a variety of defex{Smith 2009)such
asdelaminationsbond failures, cracks, ingress of moisture, fracture or buckling of fibres

andfailure of the interface between the fibres amglmatrix.

Delamination, causeid compositegor example by tool drop or bird strikPipes 1970;
O6Brien 1991,isoBeoftletmost crititd foring of damage in composite
laminated structures due to its effect on the compressive s$ti@mayir et al. 1983; Gong

et al. 2016) Delamination is also known as interface cracking which happens between
the layers of lamirtgon, andits presence can lead sgynificantreductiors in thestiffness

and strength od plate.

Figure 1-3 shows three primary delaminatiomodes(Ding 2000) Mode 1 is opening
damageMode 2 is inplane shear damagad Mode 3 is out of plane shear damage.
During loadng, a sudden structural failure could potentiddy initiated by a rapidly
growing delaminationlLee and Park 2007)which couldalso generate a significant

reduction in the corresponding vation characteristics or loadhrrying ability.
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1. indentation

2. matrix cracking

3. delamination

4. crack at panel back side
5. crack at panel front side
6. layer failure

7. delamination area

Figure 1-2 Different types of defect in platgype structuregShams and Elhajja
2013)

T~ a
. S/

Figure1-3 Basic delamination form@ing 2000)

A crack is a natural phenomenon that occurs in both composite and isotropiaiylat¢e
of discontinuity caused by tensile streshe tvo examples shown iRigure1-4 (a) and

(b) could make a significant differente thevibration parametersf a platecompared

4
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with its intact behaviour(Doebling et al. 1998; Huang et al. 201Thistype offailure
occurs for many reasons, including uncertainties in loadingexnvironment defects

in the material, inadequacies itne design, and deficiencies in construction or
maintenancéRoylance 2001; Hooton 201&atiguecracks for exampleare particularly
common inaircraft (Rovik 1998)resuling from cyclic loadingduring takeoffs and
landings, cabin pressurisati@md vibration. The characterissof a fatigue crackwill
vary in different aircraft structures aridr different maerials. For example the floor of
the galley area o Boeing 777 is made from a relatively new aluminium lithium alloy
(Rovik 1998) introduced to reduamrrosion Although relatively insensitive to corrosion,

this new material was found to develop cracks when drilled.

(@

(b)

Figurel-4 Crack representation in reality

(a) Crack in aircraft fuselage (Schwaner 2012); (b) Stop drilled and c
with a patch behind (Schwaner 2012)
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1.1.4 Effects of Damage

Structural performance is degraded by the presence of damage such as delaminations and
cracks, which are often difficult to detect visualtiepending on the level of damage
particularly in builtup structures such as wing and fuselage pdBasisobar et al. 2005;

Fang et al. 2005; Ge and Lui 2005; Caddemi and Greco 2006; Wang and Ong 2008;
Chatzi et al. 2011)

It is well known that depending on the form, severity and nature of the damage, the
dynamic behaviour acidamaged plate can be significantly different from that of the intact
plate. The presence of delaminations or cracks causes shiarige physical progrties

of the structure which introduces flexibility, and thus reduces the stiffness and strength
properties ofthe structure. This can be dangerous and result in disastrous structural
failuresparticularly for composites where BVID (barely visible impdamage) is a big
problem(Banerjee and Guo 2009; Huang et al. 2011; Labib et al. 2015; Moazzez et al.
2018) In 1983, the National Bureau of Standards (now the National Institute for Science
and Technology) and Battelle Memorial InstitfReed 1983)predicted thecost of
generafailure caused by fracture to be $119 billion per yatincreasng year oryear.

As well as the cosfailures threatemhuman life(Chang 1998)In 26" June 1997, a
Eurocopter AS 332L1 Super Pumasoperating over the Norwegian Sea. An accident
was caused by a fatigue crack in the spline, which eventually caused the power
transmission shatft to fail. The helicopter finally crashed into thé+eha 2001) Another
accident happened in 1988, when an Aloha Airlines Boeing2BB7decompressetlie

to theseparation of a 5m section of the uppericdibselaggWerfelman 2011)Despite

this, afailure resulting in &.5m gap in the fuselagé the same type of aircrastcurred

in 2011 (Berger and Wilson 2011pPelaminatiors havealso cause catastrophin the
aerospace industry, for example the American Airlines Flight 58A@h?" November
2001.In this case anncident was caused by the separation of the vertical stabiliser

following excessive rudder inp(ilational Transportation Safety Board 2001)

These failuresdraw the attention of both the public and the regulatory bodies to the
importance ofesting, monitoring, and evaluation to ensure the safety@fftstructures.

The need to address these concerns and to develop advanced damage detection methods
to locate and characterise this difficult to detect damage before it causes catastrophic

failure therefore is increasingly important.




Chapter 3--Introduction

In order todetect damage or deterioration at an early stage to ensure safety and avoid
catastrophic failure, it is necessarytalerstandheeffect of that damage has different
mechanical properties durimty propagation. Vibration characteristics are typical signals
which reflect the nature of plates, amtlich are affected by the length, position, depth
and orientation of damagén understanding of thafluence of damageon the free
vibration of plates vl enable theaiseof vibration parameters as the bagea damage
modelused taletect damage i plate which will form the basis of the work in this thesis.
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1.2 DamageDetection

The increasing interest in the capability to monitor structures and deteagedanthe
earliest stage is widespread in the civil, mechanical, and aerospace engineering areas
(Doebling et al. 1998)Related techniques have been improved and applied to deal with
the problem of damaged structures in the past. The main concern and difficulty is the
detection of damage, as repairing the structure is relatively sidplaage detection
techniques also fm the basi®f structural health monitoringn which the condition of

a machine or structures is assessed continuouslyylaict is of increasing interest in a

number of sectors.

A regular assessment of structures and machinery is usuadtgsaywhile in service,

hence a scheduled and refadle method is required. In 1868 the first Ndastructive

tesing (NDT) was recorded, the magnetic characteristics of a compass being used to find
cracks in gun barrel§TSPNDT 2014) NDT is comprehensively utilised in many
engineering areas and can detect defects

destructived requirement.

Damage detection includes the determination of damage (locationsvanitiess),which
when combinedwith the estimation of the remaining serviceabilitytloé structure is
known asStructural Health Monitoring (SHM(Rytter 1993; Wang and Ong 2008
reliable SHMsystenshould guarantee the practical assessment of the evaluated structure,
in terms of time, economiconsiderationsand accuracy. Then, maintenanan be

performed without anloss of lifeor service(Wang and Ong 2008)

In thisthesisa hybrid model is therefore proposed which coutileanalysis of thexact

strip software VICONDPT (Williams et al. 1990)or the undamaged part and finite
element analysis for the damaged péalte hybrid modeljenoted a¥FM (VICONOPT

and Finite element Methddwvas previously developed for modellinglelamination
damage(Suliman 2018)will be extended to cover cracks based on a novel crack
modelling techniqueThis will form the first stage isolving he inverselamage detection

problem detecing a single crack or delamination with and without experimental noise.
1.2.1 Non-destructive Testing

As mentioned above, Negtestructive Testing (NDT) is an essential part of damage
detection. NDT is the process of jpexting, testing, or evaluating materials, components

or assemblies for discontinuities, or differences in characteristics, without destroying the

8
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serviceability of the part or systefASNT 2011) Destructivetests vhich are generally
used to determine the yéical characteristics of materialseonly performed on a small
number of sampleASNT 2011) NDT which retainsmaterials, components or
assemblies in servicean be used tdetectdiscontinuities and differences in material

parameterandis widely usedn manufacturing, fabrication and-service inspections.
1.2.2 Different types of NDT

There are a variety of types of NDT which can be employed to identify the presence of
damage such agacks. Typically, NDT technologies are grouped into local and global
techniques. Local NDT includes experimental methods like Visual Testing (VT),
Ultrasonic Testing (UT), Acoustic Emission Testing, Magnetic Particle Testing (MT),
Electromagnetic TestindT), Thermal/Infrared Testing (IR), and Neutron Radiographic
Testing (NR)Doebling et al. 1998; ASNT 2011)

L B B BN R B BE B B B B BE BN B B B BN OB B OB B OB B N A
..O.....0.00..000.0....0..
Material (particles) at Rest
- » Direction of particle motion = -
SO0 O © & & & S0 S SO0 ® © & & & o
SO0 O & & & & 00O 0 0 SO0 ® ® & & & o0

Compressional (Longitudinal) motion

A 'Padlchmollo: s b a b A

N 4

, : "6‘.‘ "’6‘.. "'6‘ .
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Figurel-6 Two frequent sound wav€éASNT 2011)
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MT is one of the oldest NDT methods in the world. It was first recorded in H86i8,
used in anndustrial application in 1929 by Alfred Victor de Forest and Foster Baird
Doane(TSPNDT 2014)A permanent magnet or an electromagnet wezsl to generate
magnetic fields that could locate the distiouities on the surface or netie surfaceof
ferromagnetic materialthrough the application of magnetic particles which coalesce
around the craclis shown irFigure1-5 (ASNT 2011)

UTi s another traditional NDT technique. The f
found by James Prescott Joule in 1847, and th
(Sokoloy) (TSPNDT 2014)UT uses a similar ideta naval SONAR anéchosoundAn

ultra-high frequency soundiaveis introducednto the part beingnspectedand if ths

wave hits somethingwith different acoustic impedance (density and acoustiacitg),

such as a crackpme of the sound is reflected back to the sending receptor and visually
presentedASNT 2011) Sound frequencies generally applied in UT are between 1.0 and

10.0 MHz, and the two most common sound wawaedare compression (longitudinal)

waves and shear (transverse) wawesshown inFigure1-6 (ASNT 2011)
1.2.3 Global NDT

Local NDT however,needs a preliminary prediction of the damage locations before
performingthe test andannot be used onaccessible memberd a structurgRytter

1993; Teughels et al. 2@; Caddemi and Greco 2006; Wang and Ong 2008; Chatzi et al.
2011; Danai et al. 2012; Ismail 2013)ocal testing is based on suehpreliminary
estimation, and if this is not available or cannot be acquired, an inspection of the whole
structureneeds @ be performed which is time consuming and expensi@bal NDT

can overcome this limitatiowith no prior knowledge regarding locatiomeeded. For
example vibratiorbased NDT methal which arebased on numerical analysis and
experimental dataareusedin compkex structures by determining changes vibration
characteristicsuch as theatural frequencies and mode shapes of the stru@@areley

and Adams 1979; Hearn and Testa 1991; Nandwana 1997; Doebling et al. 1998; Ip and
Tse 2002; Kim et al. 2003)

Whilst plate or beanike structures arased extensively igtructures in civil, aerospace,
and mechanical engineerinthere arenly afew pieces of literatureegardingNDT for
platelike structureswhile there are many fdoeans. The most commo global NDT
methodologie$or plates are the Damage Index basedhdétDIM) and Vibratiorbased
Damage Identification (VDI). DIM comprisdélse Frequency Response Function Method

10
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(FRFs), Wavelet Analysis (WA), Artificial Neural Networks (ANNSs), Fast Fourier
Transform (FFT) Analysis, Autocorrelation Function (AF), and @eps Analysis (CA)
(Zubaydi et al. 2000; ZANG and IMREGUN 2001; Yan and Yam 2002; MAIA et al.
2003; Taghvaei et al. 2006; Trenilafa 2006a; Cusido et al. 2008; Trendafilova 2009)
etc. VDI methodolos include the Strain Energy Method (SEM), Natural Frequency
based Method (NFM), Modal Damping based Method (MDM), Mode Shape based
Method (MSM), and Modal Curvature based MethodC(¥) (Adam et al. 1978; Cawley

and Adams 1979; Pandey et al. 1991; Cornwell et al. 1999; Kawiecki 2001; Colakoglu

2003) etc. The next section will introduce the methodology and history of the most

representative global NDT techniques.

For the Damage Index Method, Wavelet Analysisohlfias been derived from the branch

of applied mathematics since the 1980$he most ammontechnique usedt can be
applied in variate signals especially for a nonstationary signal. WA @sessian
Wavelets to automatically decouple the structural system, and then uses an impulse
response function to recognise the modal parameters. WAleect small cracks in
composite plates by the energy variation of structural vibration resp@fee and Yam

2002) The relatioships between Lamb Waves and damage in plaassxaminedising

the amplitude changeof wavelet coefficientgPagetet al. 2003) while a general
numerical approach for the development of wave and damage detection in cracked plates
was presented by Krawcz@t al.(2004) A spectral plate element was considered as a
tool to investigate wave propagation and showed it split into two signals when the wave
ran through the crack location, which indicated the damagediawczuk et al. 2004)

Chang and Che(004) proposed an approach based on spatial wés/débr damage
detection of a rectangular plate. The distributions of the wavelet parameterbeosked

to recognise the damage position in a rectangular plate by identifying the peak position
where the response is most sensitive to damage severitguvdgwgimilar indications of
damage were found at the clamped edges, and therefore, it was inaccurate when the crack
occurred at these edges. Rucka and WROEO6)used a two dimensional (2D) continuous
wavelet transform tanalyse a steel plate with four clamped supports. The spatial change
of the deformed response&as used taletect the location of the damage based on the
fundamental mode shape. Atrtificial Neural Networgksanother DIM technique. The
neural networks mathematical model was presented by Mcculloch an{lB#& and
developedfor structural damage detectioatér in the 1980s. ANN is an algorithmic
mathematial model which processes distributed information analogous to the

characteristics of an ani mal 6s neur al ne

11
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nervous system, which can deal with a signaving through the model and connections
between individual neurons. This system possesses intelligent information processing
functions like learning, association, memory and pattern recogneck Propagation

(BP) is an efficient training ANN method whidk based on a gradient optimisation
algorithm to repremnt the chain ruléGoodfellow et al. 2016)Stephens and VanLuchene
(1994)used several quantitative indexes with a BP network ongastiiquake structures

for damage detection, validating the ANN method comparedéa@idonal NDT method.

Tsou and She(i1994)identified the reductionf stiffness of single and multiple spring
systens usingANN according to the change of eigenvalues, using residual stress as an
input vector quantity to analyse in the ANN system. The significant advantages of ANNs
are: Largescale parallel processing adtributed information storage, adaptability and

selforganization, favourable learning, association and fault tolerance.
1.2.4 Vibration Characteristics

VDI offers significant advantageo aircraft structures, includinghcreased safety,
extension of structal life, reduced inspections, minimaison of weight andhence
operating costandthedetecton ofcracks, corrosion and fatigue damage in inaccessible
areaqTrendafilova 2009)Generally, there are two measurements used for VDI. The first
is the static deflections which reflect the magnitude of the strain energy of the structure.
The more prominerthedeflection thenore energy worknput intothe systerfCaddemi

and Morassi 2007ffaddemi and Morassi 20qQaddemi and Morassi 20qQaddemi

and Morassi 2007 sincedeflection depends on the external I§g@addemi and Morassi
2007) The seconds based on modal parametarsinly the natural frequencies, mode
shapes anthodal dampingwhichreflect the nature of th&ructure(mass, damping and
stiffness). VDI is attractive because itisorm ofglobal NDT, with no prior information
needed. Moreover, inaccessible or pramgically located structures are still detectable
under VDI.A thorough mathematical and physiocadersandingof theeffects ofdamage

on the properties and behaviourstloé structure,is howevercritical. Comprehensive
reviews of vibrationbased methodologiesVabeen performenh Doebling et al. 1998;
Wang and Chan 200#¢nhdFan and Qiao 2011

For Vibrationbased Damge Identification, the Strain Energy Method i@f the most
common NDT techniques. It is based on the change of strain energy and only mode shapes
are required from the undamaged stage and damaged stage. An advanced algorithm was

presentedo effectively locaé damage with relatively few modesda low value of
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stiffness reduction of around 108cornwell et al. 1999)The Differential Quadrature
Method (DQM) was then introduced to calculate ttrais energy bhsed orthe mode
shapes obtainagsingmodal analysis. A damage index was subsequently acquired which
could recognise the surface crack location by the peak value shown in the damage index
(Hu et al. 2006)Because of irregularities the mode shapes, some peak values occurred
at some intact sgnentgHu et al. 2006)A modal strain energy damamelex (MSEDI)
algorithm was applied for identification and localisation of delamination of a composite
stiffener of a type commonly used in aircraft componémendersloot et al. 2010An
advanced datbased damage detectigvhich hasaroused interest among researchers
more recentlyis the timedomain methodology. This method uses a measured dynamic
response related to time series analysis for damage identification in vibrating structures
(Ismail 2013) The time series includes a sequence of data points, measured typically at
successive times, and spaced at timgerivals (Ismail 2013. Trendafilova (2006b)
considered pure time series analysis for damage detection in a reinforezdteplate

based on the state space methodology and the extraction of damage sensitive parameters
from the state space representation. Latterly, two reliable mekiavdsbeerpresented

for a thin vibrating plate using significant amplitude vibrations and nonlinear time series
analysis. One method used the statistical distribution ofspatee points on the attractor

of a vibrating structure, and another method apple Poincare map of the state space
projected dynamic responfirendafilova and Manoach 2008) method was developed

for damage identification in plates based on sitee series analysis. The plate was
divided into several subegions and a spatene autoregressive moving average process
(STARMA) was used to recognise the dynamic response efeggibn(Hu et al. 2011)

NDT based on time series and sp#ioee series shows an ability identify and localie
damageusing these studies. But a unique feature of this methodology is that noise

sensitivty affects the results and can even lead to failure of the detection algorithm.
1.2.5 Natural Frequency

The presence of a crack or loosening of a connection in a structural element will change
its physical properties, e.g. gductionits stiffness which can be recognised by modal
properties. Discontinuities in the static deflections armbenshapes, as well as the
degradations of natural frequencies have been observeltelbghds et al. (2002;
Escobar et a[2005; Fang et al(2005; Ge and Lu(2005; Caddemi and Gred@006);
Caddemi and Moras$2007); Wang and Ong2008; Chatzi et al(2011); Danai et al.
(2012. Modal characteristics are widely used in VHMibration Health Monitoring)
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especially for lower natural frequencies, which are easy to detect experimentally
(Doebling et al. 1998; ¥rboven et al. 2002; Trendafilova 2008)atural frequency is
chosen as the main parameter of the damage identification method because it can be
measured from a few accessible points on the structure and is less contaminated by
experimental noise. Minial testing is required if attention is constrained to natural
frequencies rather than static deflections and mode shapes for inaccessible structural
elementgHassiotis and Jeong 1995; Salawu 1997)

Naturd frequencies are the first applied parameters in VDI because they are easily
acquired, and with high accurad@awley and Adams (19F9irst presented an NDT
based on the change of natural frequencies. A square aluminium plate was tested and
validated the method. It showed the possibility that without the measurement of the intact
plate, a damaged plate can be used as a referenuanttor the propagation of damage

for future testsSalawu (1997Yyeviewed previous studiem the relationship between
changes in the natural frequencies and dgaria the structure. Natural frequency is a
highly sensitive indicator for the integrity of the structure, and the test is inexpensive.
However, other parameters like temperature, humidity, additional mass, and boundary
conditions could cause a failuretbke damage detection. Furthermptiee magnitude of

the variation of natural frequeiesis qute small. Trendafilova (2006aj)ised an aircraft

wing scaled model to study the localisation of damage and distributed damage. The wing
was divided into five parts, antld first ten natural frequencies were chosen to analyse
the damaged structure. The change of natural frequenegesmallwhen the length of

the crack was less than half of the width of the wiorgthe distributed damage was less
than 30% in any of thendividual parts. Matching results were also found for gatk
specific locations of the isotropic platérendafilova 2006a)Trendafilova (20093hen
discussed the sensitivity of the first few natural frequertoiesrtain types of damage in
circular plates and found the limitation of the sensitivity of lower natural frequencies to
damaged plates. Methods for crack identtfma such as the Bayesian approach will be

introduced in detail in Chapter 2.2.
1.2.6 Importance and Improvement

Because of the importanoéthesafety and integrity of plate®ntainingcracks and other
types of damage, the static, dynamic, buckling and-ipaskling behaviours of cracked
plates is of primary concern in engineering.ocal NDT methods need an expected

damage location and accdssthe part of the structure to loespectedin order to be
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efficient Hence, a quantitative global NDT method based on natural frequencies is

particularly helpful wherapplied to complicatedarge,platetype structures.

In this thesis, @omputationally efficiendlamage modehkble to determinehanges in
natural frequenes which coupksthe exact strip method with an advanced FE model
using Lagrangian multiplist is proposedThe hybrid damage model (VFNg able to
simulatethe effect ofpart througkthe-length crack (PTLC) and part througthe-depth

cracks (PTDC) which start and finish at any location dwade anyorientation, song with

other damaged plate modelShe models areirst used to determine theatural
frequencies and related mode shgpés to and following the introductioof damage at

a defined set of positions. The resulting data with regard to normalised natural frequency
changes can then lag@plied to solvehe inverse problenbased on the measurement of
thesenatural frequency changes. The VFM model can simulate & ataany location

with arbitrary depth, length and orientation. The Wittidiliams algorithm and
bandwidth method are used to acquire an outstanding computational efficiency and
accuracy. An automatic mode shape sign method is introduced to groupddamapes

and natural frequencies correctly.
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1.3 Thesis Aims and Objectives

Many researchers have studied damage detection in structures based on vibration
parameters from analytical, numerical and experimental aspects. For damage
identification in platdike structures, the literature reveals that a useful approach is to
study tle relative changes in natural frequencies when an arbitrary crack with random
location, direction, depth and length occurs in the plate. This requires a comprehensive
understanding of the relationship between the location and severity of the crack s@th the
natural frequencies and mode shapes. Consequently, this research aims to narrow this
research gap and present a computationally efficient method to achieve this by using a
hybrid modelwhich couples an exact strip method of the undamaged regions with a
rectangular FE model of the longitudinal strips containing the daneagn (Luo et al.

2019)

In this thesisacomposite plate is used as a comparative stfithe relationship between

related change natural frequgrenddelamination locationand this case is onghosen

at the preliminaryresearchstage to understand the use of the VFM moBel themain

direct problem and related inverse problem, an isotropic square simply supported plate is
easy to simulate and can bempared with previous studies for validation purpd$e

isotropic square platis thenchosenas theresearch objedb analyseAfter validation,

this study could be extended the futureto discuss the influence of aspect ratio or
boundary conditioson the natural frequencies afcracked plater to modelmultiple

cracks Displacementsand rotations at the boundaries are coupled using Lagrangian
Multipliers, and natural frequencies are found using the WitWilkhams algorithm.

Mode shapes are obtained by an automatic sign method as an assistant factor to analyse
the degradation in itness. The results obtained from the hybrid model will be used to
provide data as a datum for the solution of the inverse problem of damage detection in
the second stage of this project. This study then addresses the damage detection procedure
with/without a noise factor in platike structure. Therefore, the main objectives in this

thesis are as follows.

1. Review the literature concerning damage modelling and relevant solutions of
inverse problem.

2. Study the features of the exact strip method with theespanding software
VICONOPT, extract the equations and matrices to be prepared for the upcoming

hybrid model.
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3.

Investigate data processing methods to improve the computational efficiency and
avoid potential mistakes when recording results.

Propose a FE moteontaining a crack with arbitrary location, length, orientation
and depth based on an isotropic square simply supported thin plate. The FE model
will then be coupled with an ESM model to generate the hybrid model.

Verify the proposed FE model through @ngarison with previous studies and
ABAQUS models. The predefined damage cases chosen for study include all
throughthe-length delaminations, all throughe-length cracks, partial through
thellength cracks and arbitrary direction cracks.

Using the obtaied results, carry out a preliminary study of the inverse problem of
damage detection with/without an introduced noise factor.

Identify if any improvements or possible extended studies could be made in the

damage modelling or inverse problem.
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1.4 ThesisOvervew

This thesis will be presented in eight chapters, including the introduction chapter. The
first three chapters cover the motivation, background and literature review. The remaining

chapters show innovative work.

Chapter 2eviews thditeraturerelating tothedirect and inverse probleni3elamination

in acomposite plate will be firstly studied as a comparative anaysidrieflydiscussed

in the literaturereview;, Cracks in anisotropic platewill be mainly discussed andhe
direct problem is a sintated mathematical damage model which has been studied by
various researchers in the past decades. The refi¢he crackedstructurewill begin

with a damage model for bedike structures anthen proceed to plaiée structures.

The inverse problem thenintroduced, and various methods to solve the inverse problem

areshown.

Chapter 3 presesithe history and development of the software VICONOPT. The crucial
part of VICONOPT is the exact strip method (ESM) and a comparison between the exact
strip mehod, finite element method, and finite strip method will be tabled to show the
differences. For the ESM, an accurate and fast methodology, the Witiviikiams
algorithm (WW), is described to solve the eigenvalue prob{gvittrick and Williams

1971) Then, Lagrange Multipliers are described and will be applied in a coupled model,

which will constrain the deflections at the boundary.

Chapter 4 is about data aypsis and processing. Sevenmalethods are devised for
obtaining accurate and fast compudatl results for natural frequencies of piatpe
structures. In the study, only the first six natural frequencies will be adopted for solving
the inverse problenit has beeshownby Yang et al(1985)andLabib et al. (2015)hat

this number ofatural frequencies sufficientfor damagedentification A modifiedW-

W algorithm is applied for the specific case which ignores thefexetconditionDuring
processing of the WV algorithm, Gauss elimination is needed to transform the global
stiffness matrix into an upper triangular matrix to obtain the sign coumhassive
iterative calculation exists in Gauss elimination because the global stiffness matrix can
have a large order (always exceeding 1000*1000 elements in this work), but most of the
elements are zerand make no contribution to theomputation Hencea bandwidth
method is introduced in this part to reduce the computations. A visible improvement in
computational efficiency occurs after the advanced bandwidth method is applied.

last stage of the direct problem, tbemputednatural frequencies arasg@layedin an
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ascending sort order related toith@ode shape. Sometimes the natural frequency does
not match with the corresponding model. The reason is that with the propagation of a
crack in the plate, the natural characteristics of the struater&fected especially the

mode shape;hangingthe sequence of results. In some cases, it is hard for the researcher
to group the mode shapes visually. An automatic mode shape sign methaefisré¢he

introduced to categorise the vibration parameters auicaiig.

Chapter 5 shows several methéalssolving the direct problenusingdifferent software.
Firstly, pure ESM is used to simulate a single all thretigHlengthdamagen a prismatic

plate. Two types of damage (delamination and crack) models aceissiésl in
VICONOPT, and different damage simulation ideas are presented here in order to find
the best way to establish an appropriate damagedtpfaanodelusingESM. Without
solving a finite element or boundary value problem, ESM can obtain a fastenae
accurate calculation. An advanced pure FE model is introduced for modelling a
rectangular plate contaimg cracks of arbitrary length, depth, location and orientation. A
rotational spring modadllows the discontinuity in rotatioand the WW algoithm are
applied to the FE model which is programmed in MATLAB. No omission of results is
guaranteed while other root calculation algorithms may miss some natural frequencies.
Such generality and comprehensiveniesterms of the form of the crackre mody

absent from the literature, where results are commonly restricted to cracks located at the
centre or edge of the plate, running parallel to the edges of the plate, over the full length
or width, or through the full thickneg¢Stahl and Keer 1972; Liew et al. 1994; Huang and
Leissa 2009 and Bose and Mohanty 20I3jerefore, an alternative FE model using the
commercial software ABAQUS is prepared for comparisboracked isotropic plase
Finally, a hylid model (VFM) is presented, where ESM is used for theragkedparts

of the structure, and coupled with FEM for ttrackedregions with a suitable constraint
matrix using Lagrangian multipliers to allow continuity of deflection (vertical
displacementrad bending rotation) on boundaries. VFM is a general technique that can
solve either prismatic or negorismatic structures with computational efficiency and

accurate results (natural frequency and mode shape).

Chapter 6 presents comparative studies foardglationsin a composite all simply
suppored (SSSS) square plate firstly. Themacks occurring in a square SSS&ropic
plate with different damage conditions are shovidumercal resultsare presenteébr
each casd-or the delamination castudiesthe differencebetween the various ways to

establish all througithelength delaminatiosin a composite plate modabtained from
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chapter 5are presentedand the relationship between the change in natural frequency
(CNF) and the width dhedelaminationisintroduced. Then, a crack occurring in a square
isotropic SSSS plate is studied. Several specific Gasesodelled using a pure FE model

and compared with those published in the literature. Once validated, the theoretical
cracked FE modés used to couple with the ESM model for further comparison. Besides,

the ABAQUS model will be used as a reference for each case in the verification study.

Chapter presentshe methodologyor solving the inverse problem. A single all through
thelengthdelamination in a simply support€8SSSkquare composite plate is analysed

to examinea onedimensional damage detection proceduretheda simply supported
square isotropic platéSsSSS)with a single cracks studied for further a&ation. The
relationship between the crack location/severity and the changes in the variation
parameterss discussed first. Preliminary daiathen prepared to analyse the effect of
severity and location. Based on the obtained relationship, damage detection for a single
damage with noiséree and contaminated measurersemtl be discussed for different
damage scenarios according to the model f@apter5. The onedimensional damage
detection problem willorm a preliminary study for the twdimensional problem arttie
multiple damage detection problem, relevant theories and procedures will be briefly

discussed in the future work of Chapter 8.

Chapter 8 is the concluding chapter, whagscribeghe outcomes of this research in
terms of modelling, coding, analysing anaqg®ssing. This study shows the feasibility
and potential fotheapplication ofa platelike structure damage modelling and detection
technique If applied in the aircraft industrthis could save lives anceduce costs and
emissions Some suggestions arichprovements for future work are presented and

inspired by several conference presentations related to this thesis.
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1.5Publication List

Two journal papers have been prepared, the first is based on the proposed efficient hybrid
method formodelling acrack with arbitrary length, orientation, depth and location
described in Chapted, 5 and 6 othethesis.

1. Luo, Y., Kennedy, D., & Featherston, C., 2019. An efficient hybrid method of flat
damaged plates modelling with cracks in arbitrary orientation, length, depth and

location. In preparation. For submissiondomposite Structures

The second ibased orthe damage etection procedurér two-dimensional probles
(transverse direction and longitudinal directisayh aplatetype structuresThe elated
damage location and severity recovery prolslane analysed preliminidy based on the

onedimensional problem inl@apter 7 and further discussion in Chapter 8.

2. Luo, Y., Kennedy, D., Huang, Z., & Featherston, C., 2019. -Divoensional
crack localisation and severity recovery in plgfee structures using frequency

based methodn prepaation. For submission tiourndof Sound and Vibration.

Moreover, five conference papers have been presented hdnelarisenfrom Chaptes
4,5 and 6.

1. Luo, Y., Kennedy, D., & Featherston, C., 2019. Natural frequency Degradations
in Cracked Plates. Corvara in Badia, 12th InternatiSgenposium on Vibrations
of Continuous Systems.

2. Luo, Y., Kennedy, D., Featherston, C & Labib, A., 2018. Modelling and vibration
based detection of cracks in plate structures. Barcelona, 13th International
Conference on Computational Structures Technology.

3. Luo, Y., Kennedy, D & Featherston, C., 2018. An Efficient Hybrid Method for
Determining the Vibration Response of Flat Plates. Cambridge, International
Conference on Modern Practice in Stress and Vibration Analysis.

4. Kennedy, D., Featherston, C., SulimBr& Luo, Y., 2017. Exact Strip Modelling
and Vibration Based Identification of Damage in Plate Assemblies. Snowdonia,
11th International Symposium on Vibrations of Continuous Systems.

5. Luo, Y., Kennedy, D., Featherston, C. A. & Cheng, X., 2016. Modellingy an
Detection of Delamination in Composite Laminated Structures Based on the
Dynamic Characteristics. Seoul, 12th World Congress on Computational

Mechanics.
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Chapter2--- Literature Review

2.1 Introduction

Structural failures can be caused by many factors, such as unexpeating or
environmental conditions leading to defects in materials or damage to the structure,
insufficiency in design, and inadequacies in construction or maintenance. Damaged
structures can have significantly reduced structural properties leadingdersfailure

with potentially catastrophic consequences including in the worst, dase®f life. This

is particularly true for thin walled structures, where potential instability is a significant
factor. For this reasgbeing able to detect damage in terms of I@atihn and assessment

of severity at the very early stages of propagation can enhance the performance and safety
of these structures.

A range of techniques available for the detection of damage. One swdhriique
involves the study of the effect of this
studying changes in either natural frequencies or mode shapes it is possible to infer the
location andseverity of damage by comparison with the behaviouaroindamaged
structure. This is achieved in two stages, the direct problem and the inverse problem. In
the direct problem the effect of damage of a range of severities in different locations is
determined. Using this information, the inverse problem iwesoto locate and

characterise the damage based on changalration behaviour.

In this work, we study the effects of both delaminations and cracks on the natural
frequencies of a series of flat platbforeover,in this thesisdelaminations are regded

as gaps existg at the interface between different layersamanisotropic platewhile
cracks are simulated as virtual linesanisotropic plate The delamination is studied as

a comparative research for which a brief literature review is indudehis chapter, to

be followed by a more detailed review on crack cagesovel cracked plate model
coupling versatility, accuracgnd efficiency is developed and used to predict the effect

dama

of damage on the pl at esd equenciescanithefbeesqduenci es.

to solve the inverse problem, enabling a quantitative relation between the crack length,
crack depth, crack orientation and crack location with the vibration characteristics to be

derived.
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2.2 Modelling the Effects oDamage

2.2.1 Delamination

Delamination, caused for example by tool drop or bird strike, is one of the most important
forms of damage in composite laminated structures due to its effect on residual
compressive strength and the difficulties in detection due tatkeof visibility from the
surface of the structure (BVID). A range of techniques have been used to determine the

effect of such damage on the performance of composite structures.

Cappello and Tumino (200@)scussed the effect of delamination location, severity and
stacking sequence of layers on the buckling and-ipadtling behaviour of plates by
ANSYS. Enhanced assumed strain (EAS) was used to investigéteckiang behaviour

of composites, with the lationship bewveen the location and dimensions of damage and
vibration paramater for througkthe-width delamination studie{Lee and Park 2007)
Karihaloo and Stang (2008)eveloped guidelines for assessing the threat posed by
interlaminar matrix delaminationmaking a significant simplification to assess the
analysis procedure for determining the-preskling and posbuckling behaviour of a
composite plate. In terms of delamination growth, there are variety of techniques
available to explore this effect including thetual crack closure techniquéiu et al.
2011) and layerwise theoryNikrad et al. 2016) The buckling and podiuckling
behaviour of plates containing multiple delaminatioas studied using firgtrder shear
deformation theory byazdani et al. (2016)

Most of the pevious research has used finite element analysis to model delaminations in
plates. Use of the FE method allows a wider range of loading and boundary conditions
for complicated damage cases to be explored. However, this often comes at a high
computationatost particularly when repeated analysis is needed for example for iterative
sdutions of nonlinear problems and optimum design. In the preliminary design stage,
when engineers need to consider many alternative configurations and loading cases, a fast
andreliable analysis is required. The software VICONOPT employs a quicker alternative
delamination modelling method for investigating the change of buckling and vibration
behaviour of plates based on the exact strip method, examining the effects of damage in
terms of an equivalent prismatic model. For exampinghani et al. (201resated

a smearing method (SM) to enable an embedded delamination to be modelled as an
equivalent througithe-length delamination at the same location as showmguare2-1

for the critical buckling behaviour. His paper emphasises the simpliaitydeélling and
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competitive computational times of the exact strip method versu®&fghani et al.
(2014)also explored the effect of a single rectangular delamination on thé iglathding
behaviour of a composite plate. To achieve a solution for thigorismatic problem, the

strip containing the delaminating was exchanged for three strips with the same length and
at the same location, with two strips representing the top atahibparts of delamination,

and the third one representing the undamaged part. This conbgusatibled the SM to

be used to determine the global buckling behaviour of the delaminated composite plate,
however due to the way in which the delamination waslelled, local behawur was

limited in some circumstances.

To avoid these limitations whilst continuing to benefit from the efficiency and accuracy
of the exact strip metho&uliman (2018fombined the use dlfie exact strip method to
simulate the intact part of a damaged plate with an appropriate FE method based on the
FE theory ofPrzemieniecki (198500 simulate delaminated pgi$uliman 2018) This

hybrid model was used to study the effects of damage in both isotropic and composite
structures allowing complex structures to be handled by coupling the ability BigtEg

2-2).

is replaced
by

]

B hi Ei, uE2, pGiz, viz
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b
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Figure2-1 Embedded rectangular delamination model in VICON@Pamghani
et al.2014)
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Z

Figure2-2 Hybrid delamination plate model reproduced fr6oliman (2018)

This thesis will refer to the work &uliman,using one stacking sequenceaddminated

plate as an example fapreliminary study othe hybrid model (VFM)while thechange

of natural frequency is sensitive to different layup of laminated struahdenore detail

of the influenceby different stackg seqiencas are shown irfSuliman 2018)Therefore,

this thesiextends the damage types handled to incorporate the effects of cracks. (a more
applicable and updated calculation method will thensbewn in Chapter 4 of

methodology part and Chapter 5 of hybrid cracked plate modelling part).
2.2.2 Cracks

Previous work has modet cracks in two different ways: as a reduction in stiffness along

the crack path; or by a series of sprifggng et al. 1991; Cerri and Vestroni 2000;
Vestroni andCapecchi 2000; Friswell 2007In the first case, the reduction in stiffness

can be represented by a decrease in either-srese t i on a l area or You!
material (Labib et al. 2014) Alternatively, spring models simulate the behaviour
surrounding a crack by introducingc@mpliancecorresponding to the crack depth.
Different relationships have been found experimentally using a strain energgyden
function based on the fracture mechanics metfvdos et al. 1990; Ostachowicz and
Krawczuk 1991; Dimarogonas 1996; Chondros et al. 1998; Caddemi and Calio 2009)
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Relevant reviewed literature about cracked simulation nsaddélbe introduced in th
following sections by bea#tike structures and plaiéke structures, respectively. The
crack model used in this thesis adopts the second approach, with rotational springs added
to give additional freedoms to finite elements in the area of damageeseapthe cracks

and cracks are supposed to be always opéis is in an analogous manner to that
previously applied to beam structu€addemi and Calio 2008; Labib et al. 2Q1ahd

the cracked problem could be then presented as a lineandhe cracked elements, the
construction of a nodal stiffness matrix which incorporatéBessdue to the crack and

the ways in whgh the rotational spring is formulated are an essential part of the present
study. The modified VWV algorithm is finally used to calculate the natural frequencies
and mode shapes of the cracked plate structure.

2.2.3 Beam Structures

Beamilike structures are the fundamental element of many complex structures, and the
mechanical theory of other types of structure can often be deduced or is analogous to
beamtype structures. The presence of cracks will damage the continuity and reliability

of thephysical and geometrical properties of the beam and has been widely studied in the

literature.

Changes in natural frequencies have been formulated to simulate single cracks in simply
supported and cantilever beamsliigng et al. (1992Morassi (1993flemonstrated that,

for any boundary conditions, changes in natural frequencies are functions of the square
of the mode shape curvature of an intact beam coupligd crack severity. A
comprehensive review of the methods used to solve vibration problems in damaged
structures, which particularly illustrates the differences between the behaviours of a notch
and a crack is given bpimarogonas 1996)

2.2.3.1Stiffness Reduction

Christides and Barr (1984pplied the RayleigiRitz method to solve the boundary value
problem for the naturatéquencies of damaged Bernoutliler beams with open cracks.

In this work the stiffness reduction simulates the presence of a crack according to an
exponential variation law which is not limited to a local influer8tfeen and Pierre (1990)
extended this theory by presenting a Galerkin soluf@padopoulos and Dimarogonas
(1987)described a full matrix in terms of an arbitrary loading for cracked beam calculated
frequencies using a fracture mechanics mettaidha et al. (2002presented an
alternative approach based on measured vibration data in which stiffness reduction was
governed by the local effect through a triangular variation
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2.2.3.2SpringModels

Okamura et al. (1969ntroduced couphg terms to the flexibility parameters used to
evaluate the effects of cracks in beam based on measured vibratioGdettdes and

Barr (1984 )presented a or@imensional cracked beam theory using experimental results
for simply supported beams with singddge or doubledge open crack§&ounaris and
Dimarogonas (198&)onsidered rotational, shear, axial and torsional spramgioupked

them together for their crack mod€hondros et al. (1998&)sed displacement fields to
simulatethe additional flexibility at a crack location based on a fracture mechanics
method, and simulated the crack by a continuous flexibility, which is a summary and
extension of the proposed cracked beam theoi@hiystides and Barr (1984Banerjee

and Guo (20093implified the spring crack model, with only rotational, shear and axial
springs being considered. A further simplified model used to express the effect d¢f a crac
on flexural stiffness only involved an equivalent rotational spring connecting two
adjacent parts of the beafGounaris and Dimarogonas 8% Rizos et al. 1990;
Ostachowicz and Krawczuk 1991; Caddemi and Calio 2008; Freund and Herrmann 2010)
This crack model displayed slope singularity at the esession where the cracks existed

using fracture mechanics theory.
2.2.3.3Multiple Cracks Problenwith Advanced Approaches

For alculation of the natural frequencies of beams containing singularities, many
previous studies have developed complex solutions relying on the integration of the
governing equations between the singularities and the locafiotheo continuity
conditions where cracks occur. With increasing numbers of cracks, these solutions
become more difficult incurring significant computational cost. Substantial effort has
therefore been put into developing methods which provide accurates restn high
computational efficiency and can therefore be incorporated into standard engineering
practice. Diec 6s del ta distribution functions f
solution of problems involving multiple crackShifrin and Ruotolo 1999)avari et al.

(2000) applied the distribution theory of Schwarz to a beam bending problem, with an
auxiliary beam method proposed to solve the governing differential equations of an
equivalent boundaryalue problem n the space of classical functions. A further
simplified solution is proposed using transfer matrix mettigtigem and Lien 2001; Lin

et al. 2002andCaddemi and Calio (2009)t i | i sed Heavi si de and
to solve beam vibration problem with multiple open cracks, with reducedmiyna

stiffness matrices used for cracked frames.
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2.2.4 PlateStructures

2.2.4.1Numerical Analysis

The vibration responses of rectangular plates with cracks or singularities under different
loading and boundary conditions has been the subject of significant investigatl

many methods have been presented to solve this problem. As for the plate, the length,
position, depth and orientation of a crack will impact on vibrational characteristics and
material propertieslrwin (1962) found cracks in plate elements could lead to local
changes in plate stiffness, with the first investigation of the vibration behaviour of a
cracked pl at e iunction bpproach igubed to Gotaim the hivreogdneous
Fredholm integral equation presentedlyyn and Kumbasar (196.7J his was the first
studyof its kind to satisf mixed boundary conditions along a virtual line simulating a
crack and used changes in natural frequencies to analyse theowilwhthin simply
supported rectangular plates in relation to different crack lengths and associated moment
distributions along intact partd.eissa (1969)presented a review of about 500
publications and 1500 papers written before 1966 regguttie free vibration of plates.

Few publications exist dealing with the cracked rectangular plates explored in this thesis,
with most of these considering cracks parallel to the plate edges based on extensive

literature and existing methods for solving foroblem of an intact plate.

Some pevious research has been restricted to cracks running only along the axis of
symmetry Solecki (1980used a finite Fourier transformation coupled with a generalised
GreenGauss theory to analyse the vibration characteristics of an isotropic simply
supported rectangular plate withternal rigid supportsGood agreement with other
studies was seen for cies parallel to onedge of the plate as well as diagonal cracks.
Hirano and Okazaki (198Qjseda Fourier expansion and the weighted residual methods
to form the mixed boundary conditions along the fictitious line of a crack. Subsequently,
Solecki (1983)studied the vibration response of a simply supported rectangular plate
within an arbitrarily located parallel crack using a finite Fourier transformation of

discontinuous functions by representing the singularity at the crack tips.
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Despite some success, insufficlgnaccurde results were obtained when the crack
extendedd the edges (the length dfet crack is equal to the width of the plate). A finite
Fourier transform to the differential equation was applied in these stiitlireno and
Okazaki 1980; Solecki 1980; Solecki 1983nd a system of integral equations
represented the unknown singularity around the crack. The unknoamtitgs were
expanded into a Fourier series, but this method was limited to the localisation of the crack
or the boundary conditions of the plate.

Qian et al. (199)lestablished a finite element model to investigate the vibration response
of a cracked plate. In this model the stiffness matrix of the plate is obtained by the addition
of the strain energy of the crack which is related to the stress intensity Tae@tiffness

matrix isthen used to explore the behaviour of a finite plate with a through crack under
bending, twisting and shearing. Good agreement and a higher level of efficiency are found
compared with the model fro®olecki (1983)since mesh subdivision next to the crack

tip is unnecessarnKrawczuk (1993)presented a closed form solution formulating the
stiffness matrix required to simulate a static through crack in a rectangular plate. Changes
in natural frequencies were formulatesl @ function of the length and location of the
crack, the boundary conditions, and the mode shape. A similar method was used to solve
for an internal static crack based on transverse forced vibration, and a relationship
between increasing vibration amptiies and the parameterstbe crack was proposed
(Krawczuk and Ostachowicz 1994)n investigation of the effect of the plastic zone
around a crack on the flexibility of the structure compared with pure elastic behaviour,
demonstrated a rathemall influence in contrast to elastic and elgdtstic crack models
(Krawczuk et al. 2001 )Fujimoto et al. (2003)sed a hybrid of the finite element method

and the body fice method to discuss the vibration response of a centrally cracked plate
under uniaxial tensiorsaito et al. (2009)sed a finiteelement model to analyse the linear

and nonlinear vibration response of a cantilever plate within a transverseBaabkne

et al. (2009)proposed an extended finite element method to describe the vibration
response of a cracked plate under different boundary conditions. Considering both shear
deformation and rotational inertia based on Mindlin plate theory, their results showed that
the extendd finite element method was an efficient method for dynamic analysis of plates

containing singularities.
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2.2.4.2Analytical Analysis

Solutions for cracked plates have been developed using a range of different analytical
methodsKeer and Sve (197@yresented dual series equation solution methwdzglore

the stress singularity at the crack tips. Despite producing accurate results, the technique
incurred significant computation cost compared Wighn and Kumbasar (196 While

the limitation that crack could only run along the axis of symmg&tighl and Keer (1972)

firstly used homogeneous Fredholm integral equations of the second kind to obtain the
natural frequencies of a plate with different crack locations.

Lee (1992)used the RayleigRitz method with a simple sukection technique to find

the natural frequency of annular plates with internal cracks. This method could be applied
for different boundary conditions but was restricted to the first natural frequesepnd

Lim (1992)subsequently used the RaghRitz principle with a domain decomposition
technique to obtain natural frequencies based on the simplified Reissner thewrgt

al. (1994)applied the domain decomposition method with the RayiBigh method to

find the upper baod of natural frequencies for cracked plates. The solutions obtained
however lacked an important parameter of the RaylRigh method because the
displacement and slope continuities did not match at points along the interconnecting
boundaries or the viral springs assembled along the crack segment were not stiff enough.
As a result, the singularity of theagk tip stress was not properly generakdthdem and
Rezaee (2000presented modified comparison functions based on the RayRetigh
method to analyse the behaviour of cracked plates under external loading with different
bounday conditions. Whilst the effect of the crack on the vibration response was
expected to change depending on the depth and location of the crack, unacceptable levels
of error were present in the results due to nonlinearity being ignGresh and Banic
(2000)applied incomplete modal information to detect damage in a cantileverlgate.

et al. (2003)then extended the equations of roatifor a thin uniform plate with line
cracklike local damage. The locations and severities of damage parameters could be
functionalised by a damage distribution, and a small damaged region could be expressed
as the effective orthotropic elastic stiffnegkich wasderived interms of the damage
severity (orientation and size). This study skdthatline cracklike damage may change

the material behaviour which could be applied to detecbtiemtationof this type of

damage.
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A solution based on the Gakin method was used in analysing bddm structures by

Shen and Pierre (1920Vu andShih (2005)extended this to use Von Karman plate
theory to analyse the dynamic instability and nonlinear response of simply supported
cracked plates subject to a periodiepiane load. The incremental harmonic balance
method was then used to solve tihecked model and found that both stability behaviour

and vibration response were affected by crack location, aspect ratio, amplitude of
vibration and loading conditionXiao et al. (2008used the Galerkin method and the
harmonic balance method to solve nonlinear vibration equations based on Reissner plate
theory and the Hamilton variational principlisrar et al. (2009ppplied Gal er ki n
solution to reformulate the governing equation for a cracked plate into time dependent
modal coordinat es [Bargeeld54Hmangeeal. (B0dPropssedne t h a
new sets of admissible functions to represent the stress singularity along the crack tip and
the discontinuities of transverse displacement and bending rotations. The admissible

functions were developed from Rayleifitz method based on Mindlin plate thgo
2.2.4.3Experimental Analysis

Literature relating to the study of cracked plate behaviour is mainly based on centrally
located cracks or edge cracks located parallel or perpendicular to one side of the plate.
Only a few studies have dealt with the effects rbiteary cracks at different angles of
inclination to the side of the plateMaruyama and Ichinomiy41989) carried out
experimental reaiime measurement of the vibration of a series of plates based on time
averaged holographic interferometry. The influence of the length, location, and
orientation of all throughhe-thickness crack on the naturaldreencies and mode shapes

of a series of panels was investigatéil and Law (2004a; 2004 2004c) presented a

new effective stiffness model based on the theory proposebeby(1992)for an
anisotropic thick cracked plateluang and Leissa (2008%ed a set of corner functions

to simulate thetsess singularities and extract the natural frequencies of the plate using
the RayleighRitz method. This method was extended to thick rectangular plates with
arbitrary cracks based on Mindlin theqiyuang et al. 2011)A relationship was found
between the crack orientation and the change in natural frequencies with different
boundary conditions having different effects on the vibration respomseeVer, this is

one of only a few research studies which describe the effect of change of crack angle on
vibration response, most of which studied thretighdepth cracks with no results on

part througkthe-depth crackgHuang and Leissa 2009; Ismail and Cartmell 20&2se

and Mohanty (2013incorporated stress theory and strain gradient theory to study the
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effect of microstructure on vibration response by a modified LSM, but the clmange
natural frequencies obtainddom this study is significantly differenfrom that of
previous literatur¢Stahl and Keer 1972; Liew et al. 1994)

2.2.4.4Line Spring Model

The Line Spring Model (LSM) mentioned earlier is a commonly used approximate
analytical solution first proposed Wyice and Levy (1972)Continuous line springs
represent partial througthe-thickness cracks with compliance coefficients matching the
edgecracked strip in plane strain. LSM reduces the complexity of the cracked structure
problem and is especially valid for classical thin plagssymingki r chhof f 6s
bending theory)Suitable compliance coefficientse determinedinder different loadtg
conditions and different crack locations and used to reduce thedimeasional crack
problem to a similar twalimensional problem. Stress intensity factors are determined by
the force and moments around the cracked segmenharsblution is formulkad as an

Airy stress function. Although providing a good approximation of the effect of a part
throughthe-thickness crack, this technique incurs significant computational cost, and
newer methods based on the LSM have been developed to overcome thenpidiie

and Erdogan (1981jeformulated the LSM based on Reissner plate bending theory
including transverse shear effects. The expression for the stress intensity factor of the
plane strain problem of a cracked strip was updated with a valak ctepth to plate
thickness ratio of up to 0.&ing (1983)then proposed a simplified LSM where the crack

is represented by a virtual ligament spring ecegd at the centre of the crack. Reasonable
predictions of fracture characteristics likenflegral and crack opening displacemare
included in the paperyang (1988)demonstrated an effective approximate solution
applying the LSM to a complicated thrdamensional crack problem in plates and shells
with an acceptable level of accuradyliyazaki (1989)described a transient analysis of
the dynamic stress intensity factor through the coupling of finite element method with a
static LSM.

Compared withull three-dimensional cracked plate models, the LSM is versatile and c

be applied in conjunction with various boundary conditions and loading cases (mixed
mode, elastiplastic fracture problems, crack contact problems and arbitrary residual
stress loding casesjCordesand Joseph 1994)os@h and Erdogan (199jpinted out

that LSM could be applied to find the stress intensity factors along the cracked segment
of different forced vibration systems under mixed mode conditleres. (2008) and Israr

et al. (2009presented a model for a horizontal grough centrally located crack based
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on the Duffing equation. The relabship between the nominal tensile and bending
stresses at the crack location and far sides of the plate was obfmiskeidet al. (2014)
derived new crack terms to analyse the frequencies of an internally cracked plate by LSM,
andGupta et al. (2015)eveloped an analytical model for vibration analysis of isotropic

and functionally graded cracked plates based on a modified coussl téteory.

A simplified LSM has also been proposed in whichithpact of a crack on the flexural
stiffness of a structure is simulated by an equivalent rotational spring. This idea was first
used in the beaslike structures mentioned aboy&ounaris and Dimarogonas 1988;
Rizos et al. 1990; Ostachowicz and Krawczuk 1991; Caddemi and ZD&I&) Freund

and Herrmann 2010; Labib et al. 201An analogous simplified form of this LSM will

be studied in this thesis for the direct problem. There are few sources in the literature
describing solutions to thHeee vibration problem for plates drshells containing cracks
based on the LSM, especially for arbitrary cracks of random length, depth, location and
inclination angle. Hence, an efficient and accurate consideration of the modelling of free

vibration of cracked plates is useful and willgresented in Chapter 5.
2.2.5 Further Remarks

Whendamage occurs in the structure, it will cause a significant effect on the performance
of the structual properties and mechanics. Hence, damage detection needs to be applied
and studied for locating and assagsits severity. Different types of damage with
different locatios andseverity will have different influences on both buckling and
vibration behaviours. The work in this thesis aims to study the effect of damage based on
the natural frequency of the stture for both delaminatland cracked structures.

In practical engineering scenarios, structures are subject to a range of loading conditions
including asymmetric ouf-plane loading, resulting in a combination ofalane tension

and outof-plane shedeading to the cracking failures of plate structyfstyondy et al.

1995; Harris et al. 1998)n this thesisout-of-plane effects present the main concern, and
out-of-plane degree of freedoms are used in developing a cracked plate model.

Dynamic stiffness analysis (the exact strip dynamic stiffness method) provides an
efficient, accurate alternative to the finkdement method utilising a transcendental

stiffness matrix based on exact solutions to the governing differential equations. The
exact strip method (ESM) will be elaborated in detail in chapter 3 accompanied by a

discussion of the ESM based software VIGORI. The exact strip method needs the
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parameters of the plates and loading conditions to be invariant along the longitudinal
direction, in terms of describing the vibration modes by sinusoidal terms in the
longitudinal directior{Anderson. et al. 983).

Delaminated plate(with all throughthe-length delamination) will be shown firasing

ESM modelling and then a egedinverse problem will be solved aspreparatiorfor
cracked plate Because the assumption of longitudinal invariance is not valid for arbitrary
cracks, the efficiency and accuracy of the LSM model and ESM also need to be
considered. In this thesis, a simplified LSM based on an equivalent rotational spring
model has beencorporated with a singularity integral formulation of an isotrgpitply
supported plate bagdeon the classal thin plate theory. It has been addedatdinite
elemenimodelof thecracked segment and coupled vatiexact stripmodelof theintact
segment by Lagrangian multipliers at boundaries to solve arbitrary crack poblem
hybrid cracked model is shownhiigure4-1, while results aréabulated and validatdxy
previous published results atite commercial FE software ABAQUS with related mode
shapes. It is then used to determine tiagural frequencie®f a simply supported
rectangular plate witl crack ofarbitrary location, length, depth and inclinatiorglen

Such generality is largely absent from the literature, where results are commonly
restricted to cracks located at the centre or at an edge of the plate, running parallel to the
edges of the plate, over the full length or width, or through the fuknieisgStahl and

Keer 1972; Liew et al. 1994; Bose and Mohanty 2013; Labib et al. 28b5dvanced

and efficient cracked plate model will be the essential part of the study and one

dimensonal cracked plate detection will be shown in Chapter 7.
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2.3Inverse Problem

As discussed in chapter 1.2, there are a wide range of techniques which can be used to
detect damage in plates including DIM, VDI, FRFs, WA, M\ FFT, AF and CA. In

this section, rathods relating to the use of changes in vibration characteristics especially
natural frequencies to detect damage in beams and plates based on models such as those
reviewed in section 2.1 will be examined. Establishing a cracked beam/plate model and
obtaning natural frequencies from it, the inverse problem is then applied tostotadi

crack and estimate its severity based on changes in natural frequencies or mode shapes.
2.3.1 Beamlike Structures

2.3.1.1Spring Model

Cracks in beam structures have been successfdbelled as a set of rotational, axial

and shear springRizos et al. (1990proposed a crack identification technique for-one
dimensional structures based on measuring the amplitude ofimibedttwo different
positionswith one of its natural frequencies. A rotational spring was used to simulate the
crack and the NewteRaphson method was applied to solve the iterative boundary value
problem based on measured vibration modes to obtain¢hédn and magnitude of the
crack. The technique was validated experimentally on a cantilever beam with a harmonic
exciter. The method is restricted to small cracks, where the crack depth to beam thickness
ratio is smaller than 0.1. It also suffers frotaek of sensitivity compared with ultrasonic

or radiography methods and cannot recognise symmetrically localised cracks in a simply
supported beankiang et al. (1991)leveloped this method based on two or three natural
frequencies without the need for a mode shape, enabling a noniterative procedure to be
used to locate the crack based on EBlemoulli beam theory. They went @hiang et

al. 1992)to determine the frequency sensitivity using bending theory and presented the
relationship between the firstder change in the eigdrequencies and the crack
parameters (location and severityjorassi (1993konside ed t he si mpl i ci
model, and proposed a general perturbation approach instead of the symbolic

manipulators used.

Nikolakopoulos et al. (1997sed 3D contour plots to illustrate the relationship between
changes in natural frequencies and the presence of a €eawck.and Vestroni (2000)
presented two different damage identification techniques based on frequency
measurement utding SaintVenant's principle and optimality criteria. The first method
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used the charadistic equation error (the change in natural frequencies between the
undamaged and intact status of beam); the second method was based on the comparison
between the analytical and experimental frequency values. An experimental validation
was then performedn cracked reinforced concrete beaf@grri and Vestroni 2003)
Caddemi and Morassi (200pyovided an exact closédrm expression to solve the
inverse problem taletermine the location and magnitude of the crack. The crack was
formulated as a function of deflection measurements for different boundary conditions
and could be extended to multiple cracks. The effects of errors caused by the presence of
noise during masurement was discussdéareco and Pau (2012dopted th dynamic
stiffness matrix with the rotational spring crack model. They used the least sum of squares
of the differences between the theoretical and virtual experimental changes in natural
frequencies as the optimality criteria. TheWValgorithm(Wittrick and Williams 1971)

was used to calculate the theoretical natural frequencies in a cracked frame, while the
effect of noise was considered by Monte Carlo simulatibmsterio and Sepe (2016)
developed this theory and modified the optimality criteria in rhdy and multstorey

plane frames in vibraticbased crack detection. The noise effect was simulated by
calculating the average mean error and standard deviation in crack pararneteian|

and severity)Sharma et al. (201%)escribed a method of crack identification for a single
crack with different boundary conditions. An unconventional frequérased damage
detection method was applied to mugiam beam structures based on the chamge i
natural frequencies. Several studies have discussed the difference between vibration
based identification based on spring models and finite element models, with some authors
combining the twgVestroni and Capecchi 2000; Chinchalkar 20@&L¥mall number of
studies have used rotational spring models for multiple crack detection in beams, however,
the total number of cracks need to be known a pfi@® 2009; Maghsoodi et al. 2013)
Caddemi and Calio (201p¢yoposed explicit expressions to identify an arbitrary numbe

of cracks and.abib et al. (2015used natural frequency degradations to detect cracks in

beamlike structures.
2.3.1.2Finite HementMethod

Many crack identificabn methods use the finite element method, disinetithe
structure into a set of elements represented by stiffness and mass matrices and modelling
cracks as reductions in stiffness at the cragktethentYang et al. (1985¢xperimented

with a cracked cantilever beam validating his analytical results by using the first six

natural frequencieam andLee (1992kxaminedvibration response based on this type
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of model. Static deflection analyses were performed for both intact and damaged cases
and a strain energy equilibrium was proposed to determine the severity of the crack. The
first ten natural quencies and mode shapes were obtained from experi(Rezds et

al. 1990)for various sizes and locations of crack, and then these natural frequencies were
calculated to identify crack severity. Good agreement was shown with gatipbfor
extension to multiple crackslassiotis and Jeong (199&pplied a number of quadratic
optimality criteria to detect single and multiple damages in bBdanstructuresLee and

Chung (2000)presented a crack detiet technique using the lowest four natural
frequencies which were first calculated based on finite element analysis. They then
appl i ed raAkomerimydethod with the obtained frequencies to calculate the
approximate crack location. By applying ttesult of the crack position range, they were
able to adopt an appropriate FEM model and the crack size was determined by FEM.
Finally, t he actual crack | ocation was

determined crack size and the aforementiaredral frequencies.
2.3.1.30ther Detection Methods

Besides the aforementioned methods, several different damage detection methods have
also been used to solve the inverse prol®atawu 1997; Doebling et al. 1998; Carden

and Fannin@004; Friswell 2007)For example: changes in curvat{(fPandey et al. 1991)

the finite element model updating meth@@ughels et al. 2002nd wavelet analysis of

mode shape differencéSolis et al2013) Stubbs et al. (1993)resented a method based

on examining the curvature of the measured mode shapes to find the decrease in modal
strain energy between two structuddgrees of freedomRatcliffe (2000) utilised
frequency response functions for dage detection covering a wide range of frequencies

with numerous measurement points needed.

Several advanced numerical techniques have also been applied to solve the inverse
problem. Examples include genetic algorith(Rsiswell et al. 1998)neural networks

(Fang et al. 20®) and the bees algorithifiKang et al. 2009)For more complicated
structures like frames, generally, each frame member is regarded as one finite element or
two elements to avoid the symmetry eff@dassiotis and Jeong 1995; Escobar et al. 2005;

Ge and Lui 2005)Morassi and Rovere (1990jiscretised the frame members into

numerous elements to detect a single crack in astimeey frame.
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