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SUMMARY / SAMENVATTING

English version

Nowadays, fibre reinforced plastics enjoy an increase in popularityr figé spe-
cific strength and stiffness together with the high degree of design freédom
resulted in whole new variety of applications. However, due to their nature co
posites can suffer from complex damage types unknown to conventionalalsater
Common encountered examples include matrix cracking and delaminations. The
detection of these damages can be a real challenge as it generally cariaenb
tified by visual inspection. The currently available non-destructive evaluatin
thods, such as ultrasonic evaluation, are time consuming and costly. I $earc
alternatives, part of the research concentrated on damage detection idgrimgn
changes in dynamic behaviour of structures. The first part of this thess gn
overview of the existing literature on this subject. Various techniques and asetho
are discussed and compared.

The second part will underline the possibilities of damage detection based on dy
namic behaviour. A theoretical analysis will show that delamination detection
based on shifts in flexural resonance frequencies can give vewyaaeaesults.
Also it is shown that measured frequency shifts of multiple modes can be used to
locate the delaminations. The theory is experimentally validated with delaminated
composite beam shaped test specimens.

Finally, an experimental programme is conducted to investigate the use of fibre
bragg gratings for dynamic health monitoring. Fibre bragg grating have some
advantages over conventional methods for capturing the responseilmfaing
composite structure. The most notable is the fact that fibre bragg gratings can be
embedded in composite structures, which protects them from environmental influ-
ences. More advantages can be found in the possibility of multiplexing, i.exdhav
multiple sensors on one fibre, and the strong resistance against fatigueont is ¢
cluded that, despite the necessity of additional research, fibre bratygggrevill

aid in the development of an applicable online health monitoring system.
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Nederlandse versie

De populariteit van vezelversterkte kunststoffen groeit momenteel encgrhoge
specifieke sterkte en stijfheid in combinatie met de grote mate van ontwerpvrijheid
heeft geresulteerd in een heel nieuw scala van toepassingen. Behtemplexe
aard van composieten brengt ingewikkelde schadevormen met zich meé. Vee
voorkomende voorbeelden kunnen worden gevonden in delaminatiestok ma
cracking. Door middel van visuele inspectie kunnen deze schadevaooegaans

niet worden herkend. In de huidige detectie methoden, zoals ultrasdaid,ge
moet het gehele oppervliak gescand worden. Dit is een tijdrovende ekodtis
bare bezigheid. De zoektocht naar alternatieve methoden heeft zieh amdere
gericht op detectie van schade aan de hand van veranderingen midgh@edrag

van constructies. In het eerste deel van dit rapport worden dehitesde moge-
lijkheden op dit gebied vergeleken.

In het tweede deel worden de mogelijkheden van schade detectie opdrasiery
anderingen in dynamisch gedrag benadrukt. Een theoretisch modelyedndiikt

om aan te tonen dat delaminatie met grote nauwkeurigheid gedetecteemhkunn
worden op basis van gemeten eigenfrequenties. Daarnaast kahedooeten van

de verschuivingen van eigenfrequenties van verschillende triimodéslaminatie
gelokaliseerd worden. Het theoretische model is experimenteel gevalideerd

Als laatste wordt, aan de hand van een experimenteel programma, de mogelijkhe
van het gebruik van fibre bragg gratings voor dynamische schade detedte
zocht. Ten opzichte van meer conventionele sensoren hebben fibregoediggs
enkele voordelen. Het feit dat the fibres ingebed kunnen worden in@eposiet
materiaal is de meest opvallende. De sensor wordt hierdoor besclyenmingloe-

den van buitenaf. Ook de mogelijkheid van multiplexing, dat wil zeggen het plaat-
sen van meerdere sensors op een vezel, en de grote weerstanddegeaiing
kunnen worden gezien als voordelen. Ondanks het feit dat er redgprderzoek
nodig is, kan geconcludeerd worden dat fibre bragg gratings een pesitidued
zullen hebben op de ontwikkeling van een toepasbaar online schade detsctie s
teem.
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CHAPTER

ONE
INTRODUCTION

I n this chapter the reader is provided with the background information nagess
to understand the theme of this thesis. The first two sections give a geratmr
description and the lay-out of this thesis. In the third section general information
about composites and fibre bragg gratings is presented.

1.1 General introduction

An increase in quality together with the development of new production methods
have resulted in a growth of demand in composite materials. This goes especially
for aerospace applications. Airbus and Boeing, for example, both hame fma
manufacture an airplane in which a substantial part consists of fibre reafo
plastics. This is because composites combine high strength and stiffness with low
weight. The application of composites however is also a cause of concern in the
field of maintenance. The complexity of fibre reinforced plastics results in un-
conventional types of damage, like transverse cracking or delaminatioreseTh
damages can severely influence the mechanical properties of the composite mate
rials, which in the past even resulted in catastrophic failure with loss of life.

Present methods which are able to detect these damage types are labodious a
expensive. The lack of a cheap and effective damage detection syatene seen

as a hindrance in the application of composite materials. Research in alternative
non-destructive detection methods has increased enormously over the qeds.

A part of this research concentrated on the development of an onlinetidetec
system based on changes in dynamic behaviour. This idea is based actthe f
that dynamic properties, like resonance frequencies or damping vataestectly
related to the structural properties. A change in these mechanical pespeiue

to damage, results therefore in a change in dynamic behaviour. An ageasta
that some dynamic characteristics can easily and cheaply be obtainegbgses
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measurements at a single point on the structure, which implies that only & part o
the structure needs to be accessible. Furthermore it is proved in this thesis that
dynamic damage detection can give very good and reliable results.

1.2 Thesis lay-out

The first part of this thesis concentrates on the investigation of the possibitities a
advantages of health monitoring based on dynamic behaviour. A literaturysurv
is conducted in which the various possibilities on this subject are discussed a
compared. A broad overview of different techniques is given andlasions are
drawn on present and future applicability. An analytical model is presanted
which the flexural resonance frequencies of delaminated beams catebaided.

It is shown that damage detection based on shifts of resonance fréegienable

to detect smaller delaminations than a similar static analysis. It is also proved that
laminate lay-up plays an important role. As an addition two finite element models,
describing a delaminated beam, are also presented. The theoretical findéngs
experimentally validated in a testing programme.

Furthermore the possibilities of fibre bragg gratings for damage detection based on
dynamic behaviour are investigated experimentally. Fibre bragg gratingsicons
of a glass fibre with sensors for strain measurements and can be usedui@ cap
the response of vibrating structures. Fibre bragg gratings possess seanmtages

over conventional sensing systems. The first and most notable lies in thedtact th
the glass fibre can be embedded in the composite structure, which allows strain
measurements inside the host material. Also embedding the fibres can besgreferr
over gluing strain gauges or accelerometers for practical reasors.fa€hthat
strain can be measured at multiple location with only one fibre can be an advantage
as well. Various tests are conducted to investigate the applicability of these fibre
bragg gratings for health monitoring purposes.

1.3 Background information

Today, composites are widely used in all kind of fields. Generally, modern com-
posite materials combine high strength and stiffness with low density. This makes
them extremely useful in applications were weight plays an important role. First,
the reader is provided with basic background information about composittte |
second part background information about vibration based health monitorihg an
fibre bragg gratings is provided. Knowledge of this section is desired to fully un
derstand theme of this thesis. Readers with experience in these fields c#mskip
section and continue with the next chapter on page 9.
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1.3.1 Composites

By the broadest definition, a composite material is one in which two or more ma-
terials that are different are combined to form a single component. It has to be
stipulated that the constituents retain their identity; that is, they can still be physi-
cally identified and do not merge or dissolve in one another. Composites combine
the material properties of its components in order to obtain properties, urdeaila

in natural occurring materials. The constituent materials can be divided in two
categories: matrix and reinforcement. At least one fraction of both is esdjuir
Due to the enormous variety in available matrix and reinforcement materials the
potential is tremendous.

One commonly used composite in the modern world is reinforced concrete. This
building material combines concrete and steel. Concrete is a hard material with a
very high compressive strength. In contrast, steel has a very high tetrsitgth.
Combining these materials results in a composite with superior mechanical proper-
ties. However when speaking about composite materials or composites taday, fe
refer to reinforced concrete, instead one often refers to the highipesigd com-
binations of polymers and fibre materials such as graphite, carbon or glass. T
type of composite is ordinarily known &igre reinforced plastior FRP.

Fibre reinforced plastics

Fibre reinforced plastics are widely used in aerospace, automotive anderirarin
dustries. They comprise a polymer matrix reinforced with fibres. The fibres in
these composites are, in most cases, used for their high strength andstiffhiés

the matrix transfers loads, binds the fibres together and protects them érsim h
environmental influences. Given the nature of FRP’s there are virtually infinite
ways of combining matrix and fibres. Every composite material can be tailored
specifically for a certain application. Fibre reinforced materials have someé grea
advantages over ordinary natural occurring materials. These adeantaay be
summarized as:

e High specific strength and stiffness:Most fibre reinforced plastics com-
bine a high stiffness and high strength with a low weight. Compared to steel
and aluminium, fibre reinforced plastics have a much higher specific stiffness
and strength.

e High durability: Fibre reinforced plastics possess a high resistance against
corrosion. Besides FRP’s also have a fair resistance against fatiguse The
properties make fibre reinforced plastics extremely useful for applications in
harsh environments.

e Design flexibility: The anisotropic character of composites opens new pos-
sibilities for designers. Material properties can be tailored, in some extend,
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to meet certain design demands, which allows the designer to save material
amounts. Furthermore, fibre reinforced plastics can be formed into many
complex shapes during the manufacturing process.

e Cost-effective: Using fibre reinforced plastics can effectively reduce ma-
nufacturing costs. Parts that formerly consisted of several smallercsteel
ponents can, with composites, be manufactured into one larger part. Also,
compared to steel tooling bodies, the initial investment in manufacturing
equipment is relatively low.

The benefits of fibre reinforced plastics over steel are notable. Thercbsim
composites has flourished over the past decades and compaosites are moresand mor
employed over a variety of applications.

Carbon fibre reinforced plastic

Carbon fibre reinforced plastic (CFRP or CRP), is a strong, light and vergrex
sive composite material or fibre reinforced plastic. As with most composites, the
material is commonly referred to by the name of its reinforcing fibres.

Carbon fibres possess high strength
and stiffness. The plastic is most of-
ten an epoxy, but other plastics, such
as polyester, vinylester but also some
thermoplatics, are also used. All these
plastics have a low density. As stated
before the plastic binds and protects
the fibres and transfers loads between
them. The high specific strength and
stiffness causes carbon fibre reinforced
plastics to have many applications in
aerospace and automotive fields. The
production process of fibre reinforced
plastic is based on the bonding of fibres
and matrix and obtaining the purposed
product shape. Vital step in this pro-
cess is to impregnate the matrix mate-
rial in order to enclose the fibres and to
obtain the product shape. The process
in which most CFRP is made varies,
Figure 1.1: Carbon-polyetherimide layer ~ depending on the piece being created
and stacked laminate. and how many of this particular pro-
duct are going to be produced.

The used processes vary from traditional autoclave pressing to liquid simpo
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moulding. An overview of these methods can be found in [37]. Test spesimen
used in this thesis were all fabricated by hot pressing prepreg caditfionced
polyetherimide, the production scheme is given in appendix B. In this prégess
yers consisting of pre-impregnated carbon fibres in one direction are dtizacie
desired laminate lay-up, this is illustrated in figure 1.1. The pile of prepreg mate-
rial is then placed in a heated press in which the polyetherimide matrix is melted.
Pressure is applied to ensure good consolidation of the laminate. After the cooling
process, in which the pressure is preserved, a laminated plate is maredactu

FRP damage types: transverse cracking and delaminations

Due to their complex nature and the required production process, FRPsfgufier
various damage types unknown to conventional materials. One of the firsgdama
mechanisms to occur is known as transverse cracking or matrix crackirgtype

of crack grows parallel to the fibre and in the thickness direction of the laminate.
The formation of transverse cracks does rarely mean the total fractataminate,

as it does not affect the load carrying capacity of the fibres. Howé&earsverse
cracking influences the mechanical and thermal properties of the laminat&. Mo
importantly, this type of cracking forms a trigger for further damage mechemis
Figure 1.3 shows a simple illustration of a transverse crack. In figure 1.2 it can
be seen that the crack runs between the fibre interfaces. Transr@ks can be
caused by in-service loading, e.g. due to impact. Also the difference iméher
expansion coefficient between fibre and matrix can, in the production pbase,
cause of matrix cracking.

Delamination is a damage type that generally is preceded by transversigrack
The term delamination is directly related to the process of laminating. Just in
the same way as producing a laminate is about bonding different layergho ea
other, delaminating is about debonding the layers. It is therefore a ordi&h
again runs in a plane parallel to the fibres, but at the interface betweenyers.la
Chronologically, it is recognized that a delamination mostly initiates from the tip
of a transverse crack. Figure 1.3 also shows a delamination at the integface b
tween the 0 and the 90 layer. Figure 1.4 shows a micrograph of a cross-section

Figure 1.2: Micrograph of cross-sectioned 9layer in the region of a transverse crack.
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T Transverse crack
Delamination

Figure 1.3: Schematic representation of transverse crack and deltioniria a laminate.

e

B

Figure 1.4: Cross-section of a laminate with transverse cracks andrieddions.

of a laminate with both transverse cracks and delaminations. Delaminations can
seriously affect the thermo-mechanical properties of the laminate.

1.3.2 Vibration based structural health monitoring

Health monitoring consist of the continuous assessment of the condition of a struc
tural of mechanical system. Ideally, a health monitoring system is able to detect
damage at the moment it originates. A working system should then be able to
replace current expensive maintenance routines. The idea to monitor dyremic p
rameters is based on the fact that modal parameters are function of thegbhysic
properties, e.g. Youngs modulus or geometry, of the structure. Changjessim
physical properties will therefore result in detectable changes in modaheters.

The process of modal based damage detection reduces eventually to sanoé for
pattern recognition problem [10]. In practice the structure under ceretidn is
excited, either forced or by environmental forces. The response taredpand
dynamic properties, like mode shapes, resonance frequencies or darahiag, v

are determined. The obtained modal data is compared to either a healthy referenc
model or to some form of mathematical model. Deviations are used as a damage
indicator.
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1.3.3 Fibre bragg gratings

A fibre bragg grating is a segment of an optical fibre that reflects particulag-wav
lengths of light. This is achieved by altering parts of the fibre core so that their
index of refraction is slightly higher than normal. As a result, the structure will
transmit most wavelengths of light, but will reflect certain specific wavelengths.
This is illustrated in figure 1.5. The grating is created by burning a periodic vari-
ation in the index of refraction into the core of an optic glassfibre. The reflected
wavelength is related to the refractive index of the material and the gratiragper
The basis of a fibre bragg grating based sensor system lies in the variatiaa of th
grating period as a result of stretching or compressing of the optical fibr@i-Mo
toring the shifts of wavelengths can be used to determine the strain of theggratin
By embedding fibre bragg gratings in a host structure the strain inside the host
material can be determined. This embeddability is an advantage over coneéntion
strain gauges. Other advantages can be found in the possibility of multiplexing,
the strong resistance against fatigue and the fact that no electric sigeqlised.
Multiplexing uses several bragg gratings with different reflective wagghenon

one fibre. This way the strain at different locations can be obtained with oy o
fibre. By coupling the strain measurements to material properties like thermal ex-
pansion coefficient or Youngs modulus other parameters, like temperatiress, s

can be acquired. However in this thesis only the pure strain measurenmensedr

Wide spectrum Transmitted spectrum

M) )—

- Grating period

Reflected spectrum

Figure 1.5: Working principle of fibre bragg gratings.






CHAPTER

TWO

LITERATURE SURVEY: HEALTH
MONITORING BASED ON DYNAMIC
BEHAVIOUR

Acombination of failure of equipment, technological advancements and eco-
nomic considerations have resulted in an increase in research and ptiblisaon

the subject of health monitoring over the past few decades. Especiallyaseqot

of reducing costs on maintenance has been a major motive in health monitoring
research. A fully operating and reliable monitoring system could replace expen
sive routine checks. A large part of this research concentrates on ghiecagion

of health monitoring based on dynamic behaviour. This section gives ani@werv

of the available literature on this subject.

2.1 General information

The general concept of dynamic health monitoring is based on the fact that moda
parameters, like natural frequencies, modal damping or mode shapesjactaf

of physical properties like mass, stiffness or geometry. A change intstalc
integrity, induced by damage, will therefore result in a change in modafpeiess.

Of course the opposite is also true. A measured change in modal parametars mig
be preceded by a change in structural integrity and geometry. Thisdaltt be

used in practice by subjecting the structure under consideration to a modaianaly
and compare the results with some sort of healthy reference model. Evéatiaiev

in modal parameters (resonance frequency, modal damping or mode shiapes) f
the model signifies some form of damage. This means that in fact, as stated in
[10], the process of modal-based damage detection reduces to some fuatteatf
recognition problem.
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Cawley and Adams [4] noted in 1979 that the measurement of dynamic trésac
tics of a structure as a form of structural health monitoring had a promisingefutur
The dynamic characteristics (e.g. resonance frequencies or dampieg)vafla
structure can be measured at a single point on the structure and areriddap
of the chosen position, with exception of nodal points of modes of interest. This
means that dynamic testing does not require access to the whole structigreisvh
an advantage over conventional 'scanning’ types of health monitoring, likesthe
of ultrasound. Salawu [28] added that modal parameters can easily aaqlyche
obtained. A transducer monitors structural responses to artificially or envaon
tally induced excitations. In general low input excitation levels are requirext sin
the input energy is dynamically amplified.

2.1.1 Factors to consider

Besides the obvious advantages, Farrar and Doebling [10] listed sotoesfex
consider when applying modal data for health monitoring. The first, and most
important, is that standard modal data represents some form of data compressio
which effectively results in loss of data. The main reason of this loss céoube

in the fact that for a linear system the modal parameters are independent of e
citation signal characteristics (amplitude and frequency) and excitation location,
while the time histories are not. Furthermore the sampling parameters may limit
the ability to resolve the higher frequencies, which effectively also resultss

of data.

Identifying different modes contributing to the response can in practice aise p

to be difficult because of coupling between modes that are closely spaced in fr
quency. Especially at higher frequencies this problem is often enaedntas
modal density tends to be greater. Also, the introduction of systematic eroans fr
windowing data or those that arise from changing environmental condianirsg

the test, will tend to make the identified modal parameters less representative. A
practical issue to take seriously into account concerns the fact thageamgen-
erally a local phenomenon. In order to detect these local integrity chamueis
particulary interested in the local response of the structure. The fadbtz re-
sponses are generally captured by higher frequency modes cadisestidis [28].

In order to produce measurable responses from a high frequenitgtean more
energy is required in comparison with lower frequency excitation. Togethibr w
the loss of information these factors form the major difficulties in current modal
based health monitoring. One logical solution would be to use the time-history
data for damage detection. However, despite the difficulties that arise with de-
tection based on modal data, it is far more difficult to detect changes in material
properties directly based on measured time histories.



Chapter 2. Literature survey 11

2.1.2 Classification

Health monitoring or damage identification methods can be classified in different
ways. Two of them are commonly known and widely used. The first classification
distinguishes two approaches, nametn-modebndmodelbased techniques. In

a non-modebased technique the results are compared with the results of a mea-
surement prior to setting the structure in service. Deviances in modal paramete
indicate the presence of damage. Imadelbased technique the modal analysis is
compared with some form of mathematical model. This can either be an analytical
or finite element model. The advantage of using model based techniques is that
these could well be extended to give information about the location and sesferity
the detected damage. General model based techniques imply that the damage on
the structure can be classified as linear. This means that an initially linear-elastic
structure remains linear-elastic after damage. The response of the &roatur

still be modelled using linear equations of motion. However, when a structure be-
haves non-linear after damage, the effect is classified as non-linear da#iage
example is the opening and closing of a formed delamination, see figure 2.3. Lin-
ear equations of motion do not hold any longer and modeling the behaviour of the
structure becomes problematic. However the observation of nonlinearibehav

in a supposedly linear-elastic structure can be a strong indicator for damage

Another classification system for health monitoring is given by Rytter [27]. Rytter
defines four levels of damage identification.

e Level 1: Determination that damage is present in the structure.

e Level 2: Level 1 plus determination of the geometric location of the
damage.

e Level 3: Level 2 plus quantification of the severity of the damage.

e Level 4: Level 3 plus prediction of the remaining service life of the
structure.

In order to obtain level 3 damage detection a mathematical model is required, this
makes level 3 and 4 a model based technique. Non-model based techraques ¢
only provide health monitoring up to level 2 [27].

2.1.3 Monitoring modal parameters

There exists a wide variety of literature about modal based health monitoring. The
earliest literature studies the relation between changes in resonanoenicegguor
modal damping and structural damage. Adams and Cawley [1, 2, 3, 4, 5] were
among the first to actively research this subject. A part of the available literatur
about these methods will be summarized in the following two sections. Subse-
qguently research concentrated also on other parametersetzd40] and Farrar
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and Doebling [10] mention several options like mode shape changes, curvature
changes or thermography. The most promising techniques will be mentioned in
section 2.4.

2.2 Frequency based detection methods

Damage can influence mass, Young’s modulus or the second moment of area,
which in turn can result in a change in resonance frequencies. By monithesg
frequencies it should be possible to acquire information about structesdthh
Salawu [28] noted that shifts in resonance frequencies are probaliydsieuse-

ful for detecting damage in structures. An additional advantage, besilgsitieral

ones for dynamic measurements mentioned before, can be found in thefaesth
onance frequencies show less statistical variation from random emraresothan

other modal parameters. Also the knowledge on resonance frequenieéiie

great.

2.2.1 Literature on damage detection methods based on shifting
resonance frequencies

Adamset al. [1] found that damage could be roughly located by examining fre-
guency shifts of multiple vibration modes. This is based on the fact that the stress
distribution through a vibrating structure is non-uniform and different fache
mode. This means that every mode will be influenced differently by local clsange
in dynamic stiffness and thus damage. If the damage is located at a point with
minimum stress for some mode, the effect on the natural frequency for this mod
will be minimal. Naturally, the opposite is also true. The effect of damage on nat-
ural frequencies is maximal in case the damage is located at points with maximum
stress. Adams also added that the size of the frequency changes nedgtée to

the severity of the damage.

Cawley and Adams [5] used this to develop a method to locate and roughlifguan
damage in fibre reinforced composite structures by using shifts of natecaldn-

cies only. For determining the location and severity of the damage, which istin fac
a level 3 problem, a mathematical model is required. Cawley and Adams based
damage location on the fact that the ratie; /éw;, of the frequency changes due

to damage in two modésandj is only a function of the position of damage within

the structure. The ratiéw; /dw; for different damage locations is theoretically de-
termined. Positions where the calculated ratio equals the experimentally measured
value are then possible damage sites. The theoretical frequency stengeesult

of the damage were determined by performing a sensitivity analysis. Thg ana
sis of one mode pair gives a locus of possible damage sites. In order teeachie
a unique solution, several mode pairs have to be used. In the case of syrametry
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minimum number of solutions equal to the degree of geometric symmetry can be
found. The most likely damage site is calculated with an error function.

Cawley and Adams [3] used this method to detect different types of damage in
flicted on composite structures, which were representative of those daoedin

in aerospace. Damage types included holes, saw cuts, crushing, imgdotal
heating. The lower resonance frequencies of various structuresietmnined by
Cawley and Adams. It was shown that it was possible to detect, locate agllyo
guantify all these types of damage. The testing showed that it was possilde to d
tect damage equivalent to the removal of approximately 0.1% of the areshefla
structure.

Hassiotis and Jeong [14] noted that this method has the disadvantage ¢hat-a s
tivity analysis of all the individual elements has to be carried out. This is a time
consuming activity and calls for a large data storage capacity for comple stru
tures. Also, the possibility of damage in more than one location is excluded. In-
stead Hassiotis and Jeong [14] tried to reconstruct the element stiffnégsena
from changes in natural frequencies. A first-order perturbation of itfenealue
problem is used to yield the relation between the variation in global stiffness ma-
trix and eigenvalues. Then, the variation of the stiffness matrix is expresst
summation of changes proportional to the element stiffness matrices. Thesesult
a set of simultaneous equations that relate changes in eigenvalues to tletese of
ments stiffnesses. Using only a small number of resonance frequeneaigsiptis

and Jeong were able to successfully detect simulated damage of a catdauer
and an iron frame. Damage, in the order of 10% reduction in stiffness, was-id
fied extremely accurately when exact data was used. However, wheatthe/as
corrupted with random noise it proved very difficult to successfully detamage.

This was because the changes in eigenvalues due to damage was sometimes les
then the change due to noise. If the data was corrupted with random wiseino
was only possible to detect damage equal to a reduction of 40% of the siffnes

Transverse cracks or notch detection

The articles discussed above all describe methods for damage detectdrobas
general decrease in stiffness due to damage. These methods coulée applizd

to all types of damage. However, a wide variety of literature is dedicated to the
investigation of the relation between resonance frequencies and specifcatfype
damage, for example notches or delaminations. These damage types artooften,
research purposes, inflicted on simplified structures, like cantilevered b&dms
following three articles comprise a damage type that can be quantified as a notch
or transverse crack.

Gudmundson [11] presented a method which predicts changes in resdnenc
guencies resulting from cracks, notches or other general geomedrigeb. Chang-
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es in resonance frequencies are shown to be dependant on the saajy ef a
static solution. Patil and Maiti [24] explained that the strain energy of a beam
containing a crack reduces because the beam can deform easier tonbes
tent as the uncracked beam. The reduction is found to equal the extendrgf/e
stored in a fictitious bending spring, which represents the crack. See fidgure 2
Gudmundson couples this reduction of strain energy with changes in resonan
frequencies. The proposed technique was checked on three wiftarges. In the
first case analytical data was compared with experimental data gatherecdly-\We
land [38]. The two other cases compared the analytical results with a finite élemen
analysis. In all cases the analytical results compared well with the experimenta
sults.

|Transverse crack or notch

‘ Bending spring

Figure 2.1: Bending spring representing a transverse crack or notch.

Salawu [28] noted that through width transverse cracks could well hesepted
by bending springs. The local spring stiffness can be computed frontréie en-
ergy function and depends on crack depth and beam thickness. Tredaiaided
in segments separated by bending springs. For every segment theilBeEnter
beam equations are solved for appropriate boundary and continuity cosditxs-
tachowicz and Krawczuk [22] determined a flexibility function which describes
equivalent spring stiffness for both single and double sided cradksnd@oset al.
[7] developed a similar function, with slight differences.

Tomaseket al. [33] carried out some experiments in order to compare both [22, 7]
methods for determining equivalent spring stiffness. The measuremelets de
mined resonance frequencies using an optical experimental set-upmgttbds
showed good agreement with measured values for crack depths up tof@beo
total height of the beam. It was, however, evident that the best agipwas given

by Chondrost al. [7].

Delamination detection

Delaminations are another damage type. In fact this damage type can be seen
as the most commonly observed form of damage. Delaminations may originate
during fabrication, due to incomplete wetting or entrapped air pockets, or may
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be service induced, such as by impact or fatigue loading. The difficulties with
delaminations can be found in the fact that they arise inside the laminate. This
type of damage is therefore difficult to identify by visual inspection. Howéver
resulting degradation in strength and stiffness can be disastrous. Tleveds
variety of literature available on the subject of detecting delaminations through
dynamic analysis of structures.

Figure 2.2: Delaminated layers without (a) and with (b) coupling ef§ect

Ramkumaret al. [26] were among the first to present a simplified analysis to
estimate the free flexural vibration frequencies of a laminated beam with an inter-
laminar delamination. The through width delamination can exist at an arbitrary
axial location. The flawed beam is analyzed as four separate beams tjuabhade
together with the appropriate boundary and continuity conditions. Howeeer th
theory did not match experimental results very well. The analytical predictas w
found to underestimate the flexural stiffness.

Wanget al. [35] proposed a similar delaminated beam theory. An analytical model
was proposed based on the classical beam theory. However Warig dadhtrast

with Ramkumar, include the coupling effects between longitudinal and flexural
motion, see figure 2.2. The calculated results did now show good agreements with
the experimental results. However, Mujumdar and Suryanarayan [2a§l fthat

the theory proposed by Wargg al. could lead to mode shapes that are not phy-
sically admissible, as in figure 2.3. They extended the theory with the assumption
that the delaminated layers of the beam are constrained to have identisaknse
displacement. Results of an experimental study on vibration of beams with mid-
plane as well as off-midplane delaminations verified the validity of the analytical
model over a wide range of values of the delamination parameters. In bothsstudie
the basic assumption is that in vibration the delamination always remains either
open [35] or closed [21].

Lee attempted [20] to include the interaction between opening and closing vibra-
tion modes of the delaminated region. The opening and closing of the delamination
can be classified as non-linear motion which causes considerable difficulties. To
overcome these problems, Lee assumed that the period of motion can be split in
two states of mode shapes which are considered separately; one in whatd a d

mination opens and one in which delamination closes. He stated that, assuming



16 Delamination detection based on dynamic behaviour

Z

Figure 2.3: Example of a mode shape that is physically not admissible.

that both layers have the same velocity and deflection at the transition between the
two modes, the total peridfl can be approximated by:

1
T = §(Topen + Tclosed)
As result, from the relation between period and resonance frequenagcgdbnance
frequencies can be estimated as follows:

w = 2. Wopen * Wclosed
Wopen + Welosed

In which wepsed @ndweper, represent the resonance frequencies for a particular
mode in the case of constrained or free delaminated layers. Lee noted that the
velocity matching assumption is somewhat inappropriate for longer, i.e. 60% of
the specimens length, delaminations. This is because the first vibration mode for
delamination opening show almost pure local vibration of the thin upper layer,
while delamination opening-suppressed mode is global. The result is a substantia
difference between the two cases. For the case of large delaminations agoore r
ous approach, which can predict interaction between open and cldsedinkgion

states accurately, is necessary.

/—/A\——
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Figure 2.4: Vibration mode change during the period of motion for a clathpeam.
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Diaz Valdes and Soutis [34] measured the effect of enlarging a small deknina

in a cantilevered beam on natural frequencies. The measurements kegrintthe
frequency range from 8 to 13 kHz, because it was expected thatféesedf small
delamination are more significant at higher modes. A sharp scalpel was used to en
large an artificial introduced delamination. Every time the size of the delamination
was increased a modal analysis was conducted in order to monitor changeés in na
ural frequency and damping. In this fashion the delamination was gradualiyngr
from 0.23% to 3.84% of the total surface area. This type of artificial delamina-
tion is thought to better represent damage patterns observed in fatigue |dzating
through width delaminations with sizes covering 5% to 60% of the total surface
area. The results show clearly that all resonance frequencies sluftéo values

with increasing damage size. The absolute frequency changes are qyétaal
detectable, i.e. in the order of ten to a few hundred Hz. There is also a staalla
ation of the peak level and sharpness as damage grows, which indicatesease

in damping. More on this subject can be found in section 2.3.

Teneket al. [32] studied the effect of delaminations on the natural frequencies of
plates. A finite element method was adopted for this purpose. The methoddshowe
good comparison with experimental results for the case of cantilever laminated
plates. The results for delaminated plates indicated that even for large flesy siz
the first few resonance frequencies are not significantly affected. etAmwfor
higher frequencies an overall reduction proportional to the delamination sigze w
observed. There is a possibility that at certain excitation frequenciesnitala
tions exhibit independent dynamic plate behaviour and vibrate out of phi#ise

the rest of the structure. Tenekal. also studied the possibilities of utilizing ther-
mographic and thermoelastic non-destructive evaluation techniques. They fou
that at particular frequency regions, local flaw vibration causes dissipattimme-
chanical energy into heat, which in turn can be detected. This is furtharssied

in section 2.4.

Chrysochoidis and Saravanos [8] found an apparent linear relation dretine
number of resonance peaks in a frequency response plot and thd aizelam-
ination. Experiments show a clear increase in resonance peaks between 0 a
2kHz. This phenomenon can be partially attributed to the appearanceitbadid
opening and sliding mode shapes in the delaminated region, which vibrate either
individually or coupled with the bending modes of the beam. Also the shifting of
resonance frequencies to lower values as the delamination increasdsutestio

the increased modal density.

The methods described above all concern a linear damage effect. Toissu

all behave linearly after the inflicted damage. In reality however, it's quediiena
whether this assumption will hold. One can easily imagine that an originated crack
will open and close under varying load. Damage detection can in this caseered

to identifying non-linear behaviour.
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2.2.2 Factors to consider when using resonance frequencies for
health monitoring

In some of the techniques mentioned above the damage is modelled as either a
bending spring or delamination. Changes in resonance frequenciesleutatsd

for these damage types. A fundamental limitation of these methods is that it should
be possible to represent the actual damage with these models. This will magsalw

be the case. Salawu [28] lists other factors to consider when using shiis in r
sonance frequencies for damage detection. For successful applichtitmation

data, measurements should be taken at points where all the modes of interest a
well represented. The simplest way of achieving this is to perform a ttiesirei-

bration analysis prior to testing in order to identify the desired measurement.points

A full understanding of the effect of damage on resonance fredeens vital.
Also an idea of the sensitivity of changes in support or environmentdi, asitem-
perature or humidity, conditions is required. Changes in resonanagefieigs of
about 5% are measured as a result of changes in ambient conditions oaly- Q
titative relationships between resonance frequencies and environnaantakfare
rare. This is because many variables are involved, which makes it diffiagsign
numerical factors. The effect of pre-loading and residual stredseguiency re-
sponse was tested by Kawiecki [16]. From the various tests it can b&udeahat
changes in loading conditions or residual stresses can cause resdrgquencies
to shift. As a result of these external influences, the changes in freigseshould
be considerable in order to detect damage with confidence.

Other factors to consider are the consistency and reliability of measurirogpr
dures. Besides, Doeblingt al. [9] mention that the somewhat low sensitivity
of the lower resonance frequency shifts to damage requires verigprmeasure-
ments or large levels of damage. Currently, using frequency shifts tat diet@age
appears to be more practical in applications where such shifts can be nibaeyre
precisely in a controlled environment, such as for quality control in matwiag.

2.3 Damping based detection methods

There is little literature available on the effect of damage on damping.eZal

[40] mention that damping is more sensitive to damage than stiffness or mass. This
makes damping a potential interesting parameter to monitor for damage detection.
Chandraet al. [6] give two types of damping due to damage. The first consists
of frictional damping, which is a result of slip in the unbound regions between
fibre and matrix interface or delaminations. The other type is damping due to
dissipation of energy as a result of visco-elastic deformation in the area akmatr
cracks, broken fibres etc. In the following section a part of the availablatitey

is reviewed.
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2.3.1 Literature on damage detection methods based on changes
in damping

Guild and Adams [12] described a method in which the measurements of specific
damping capacity (SDC) are used to detect very small cracks in unidirectional
glass-fibre reinforced polyester. The specific damping capacity is defindge as
ratio of the energy absorbed by the beam during one cycle to the total streaigy
stored by the beam during that cycle. The energy stored can be calttriante

the power input to the exciting coils. The total strain energy absorbed lyeta

can be calculated from the deflection measured at a point, together with the the-
oretical mode shape. A change of SDC is based on the principle that crdtks w
cause a significant loss of energy. Guild and Adams extended a methazspdop

by Adams and Bacon [2] in which measurements of SDC of composite materials
could provide relative insight into their lay up. Previous result in the article by
Adams and Bacon indicated that the method could be used for the detection of
cracks. Guild and Adams developed an apparatus that is able to excite inemms
free-free flexural vibration, the apparatus is described in [13]. GuittAthams

[12] introduced cracks in the central region of glass fibre reinfordastisc beams
using four-point flexural loading. The growth of a crack was monitoredgusin
acoustic emission. The beams were excited and the specific damping capacity was
determined. With the proposed method Guild and Adams were able to sudigessfu
detect small cracks in glass fibre reinforced plastic beams. The meastsénan
cated a notable change in SDC after cracking was observed by acoustiosmis
These cracks were small and not visible by naked eye.

Kyriazoglouet al. [18] measured the specific damping capacity of different types
of composite beams in flexural vibration. An experimental set-up similar to the
one used by Guild and Adams [13] was used. Tests have been conthetbed

and after damage was introduced. Homogeneous damage was induceglasing
static loading in tension or as a result of cyclic loading. The results shovetd th
the specific damping capacity is more sensitive to damage than resonancefreque
cies. Transverse cracks in continuous GFRP as a result of quasi-stdtimjegere
clearly measurable. Also for damaged cross-ply GFRP specimens a cigyech

in SDC was noticed. It should be mentioned however that the change is SDC is
dependant on laminate lay-up. The cracks in the transverse layerdrayeater
effect on the SDC when they are in the outer plies of the beam. The explanation
for this behaviour is believed to arise from the constraint imposed on tlok cra
opening by the outer plies. However, a change in specific damping capadaty wa
also measured when cracking occurred in the inner plies. The chang§&xrior
woven GFRP laminates were not so consistent. When, in quasi-static loading, th
applied strain exceeded 0.6% a significant increase in SDC was observed. H
ever, no consistent change was measured after application of higherdéseain.

As for the cyclic loading, the specific damping capacity clearly increases with an
increasing number of cycles. It is concluded by Kyriazogtbal. that damping
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properties are sensitive to the presence of cracks. By monitoring the splecifis
ing capacity damage can successfully be detected.

Leeet al. [19] measured damping coefficients with use of an impulse technique
developed by Suat al. [31]. Specimens are cantilevered and excited by a hammer
blow. A non-contact motion transducer monitored the displacement of the free
end. Signals acquired by the motion transducer and hammer were fed into a FFT
analyzer which displayed a frequency response function. Damping wa®dle
from this function. Leeet al. utilized the technique to measure the influence of
different types of damage on damping. The following conclusions wengrdra
from the measurements:

e For notches, the experimental results show that the changes in damping for
different modes depend on the location of notches. That is, the change in
damping may be significant in one mode and may not be in another mode.
A similar phenomenon was encountered earlier in section 2.2 where it is
explained that the ratio of frequency change for two modes could also be
used to predict damage location. The same technique could be employed
with damping changes for two modes.

e Rather disappointing results were obtained wheneites. tried to measure
damping changes as a result of matrix cracking. Cracks were introduced
in specimens by means of a three point bending test. Even for the speci-
men which was bend with a force equal to 90% of the maximum bending
force, before failure, no significant increase in damping was obsenesl. L
et al. believed that the changes in damping due to matrix cracking may be
overwhelmed by the changes due material imperfections. In addition it was
noticed that the damping measurement was strongly dependent on clamping
conditions.

e For artificial induced delaminations the increase in damping is proportional
with the size of the delaminated area. Generally speaking it seemed that the
damping measurements of the second and the third modes show significant
changes while the first mode has the lowest sensitivity.

¢ In order to analyze the effect of material imperfections, specimens with in-
clusions were studied. The measurements show little change in damping.
This is probably due to the fact that the inserts are well bonded with the
laminate, so that there is no real friction between insert and laminate.

Overall Leeet al. concluded that the impulse technique is quite capable of detect-
ing both severity and location of the notches. Also for delamination the technique
is quite promising. For matrix cracks and material imperfections however, the
changes of damping are insignificant. Leteal. suggested that in order to detect
microdamage the wave length of the impulse should be in the same order or less
than that of microdamage.
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Kawiecki [16] used piezotranducers to record a frequency trafgfetion of spe-
cimens. The modal damping magnitudes were determined using the halfpower
point approach. Damage was simulated with viscoelastic patches. All measure
ments show that changes in damping are clearly visible and detectable. Kiawieck
concludes that the results are an important complement to monitoring methods
based on detection of changes in stiffness.

Although sulfficient literature is available on crack or delamination prediction and
propagation, the theoretical work on damping behaviour in delaminated compo-
site structures is almost non existent [6]. Saravanos and Hopkins [@€loped a
laminate theory which predicts resonance frequencies and modal dampiag. An
Iytical results of modal damping in graphite epoxy composite beams with a central
delamination are compared with experimental measurements. The analytical re-
sults show reasonable comparison for modal damping for small and medium, i.e.
smaller than 30% of the specimens length, delaminations. However, the effects o
delaminations on the dynamic characteristics (resonance frequenciespindx

are very dependent on laminate configuration.

Diaz Valdes and Soutis [34] measured the effect of enlarging a small del@gonina

on the modal damping of a cantilevered composite beam. The measurements were
conducted in the frequency range of 8 to 13kHz, because it was texpénat the
effects of small delamination are more significant at higher modes. It was shown
that damping increases with increasing delamination length.

Chrysochoidis and Saravanos [8] also carried out some experimenteintorin-
vestigate the effect of delaminations on modal damping. It is found that damping
seems to increase with the size of delamination. However the relation seems less
apparent than the relation between resonance frequencies and delansimgion
Also the effect becomes more notable at higher modes. Chrysochoidis aad Sar
vanos concluded that, for the time being, modal damping may not be effectively
used for delamination detection.

The fact that damping is more sensitive to damage [40] makes it an interesting
parameter for health monitoring. However there is not much literature available
on the subject, which calls for an increase in research. The effecnadige on
material damping have to be investigated maore thoroughly, in order to sudbessfu
use changes in damping for damage detection. Also there are some factors to
consider. Most of the ones mentioned in section 2.2.2 apply as well for the case
of damping. For the external effects for example, Kyriazoglou mentioned that
air damping has been found to significantly affect damping measurements [18].
Kawiecki [16] also investigated the effect of pre-loading and residtrass on
damping and found that these factors also influence measured modal damping.
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2.4 Other methods worth mentioning

Considerable effort has been spent in obtaining a relation betweeraresfre-
quencies or damping values and the presence and location of damage. effowev
a part of the research investigated alternative techniques. The teebnigurth
mentioning are discussed in this section.

Yuen [39] investigated the influence of damage on the mode shapes of a @ntilev
beam. A finite element programme was used and damage was modelled by a re-
duction in elasticity. Yuen expected that the mode shapes representing eaeh of th
degrees of freedom would be affected differently by the presendarofge. Also

it was expected that the changes in the mode shapes would reflect the looation a
extend of the damage. The damage zone should behave like a spring albowing
greater degree of motion for points beyond the damage zone. The mode shapes

a cantilever beam with varying damage location were calculated. Results indicate
that there is a systematic change in the first mode shape with respect to the dam-
age location. However for higher modes this does not apply. The mode shfapes
higher modes are too complex and further investigation is needed in order to use
these modes for damage location.

Pandeyet al. [23] extended this research and introduced a new parameter called
curvature mode shap&€urvature mode shapes are related to the flexural rigidity of

a beam. Curvature is defined by = M /(ET), in whichv” is the curvature)/ is

the bending moment anBl! is the flexural rigidity. In case of damage the flexural
rigidity 1 will reduce in that region, as a result the curvature will increase there.
As curvature is a function of’I one could easily relate the change in curvature
to the severity of damage. Finite element experiments were carried out on both a
cantilevered and a simply supported beam. Differences between carvatate
shapes of damaged beams and intact ones were analyzed. The |#fgestak

could be found at damage regions. The differences in curvaturelateely small
outside the damage region, which makes it easy to identify damage. This is an
advantage over the method proposed by Yuen [39], in which it provéidudifto
identify the exact damage location. Also the method of Pandey is not restricted
to the first vibration mode. The fact that curvature is proportional to the bending
strain, makes it an interesting parameter. Curvature mode shapes can be easily
obtained by measuring strains instead of displacement or acceleration.

Sampaicet al. [29] extended the theory given by Pandey [23] and developed the
frequency response function curvature method. This method uses tlauraron

all frequencies in the measurement range and not just the modal fréggieit
order to obtain the curvature for each frequency, responsesatatifflocations of

the damaged structure are needed. The curvature is given by

a(w)ir1) —20(w);ij + a(w)i—1
h2 ’

o (w)ij =
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whereq; ; is the receptance measured at locatidar a force input at locatior

andh is the step size. Positions where the difference between intact and damaged
FRF curvature maximizes, can be identified as probable damage locations. Two
tests show that the FRF curvature method performed well in detecting and locating
damage. Its main advantage is its simplicity the fact that no modal analysis needs
to be performed for the identification of mode shapes or resonance fregsienc

In an article by Kim [17], damage identification is based on reconstructed fre-
quency response functions (FRF). The possibility of using the residual iERF,

the difference between intact and damaged FRFs, as a damage indicatostis inve
gated. Also changes of the area under the FRF-curve are used as dadiceafer.

Kim concluded that use of changes in area under the FRF-curves danased as

a decisive damage detection parameter. However in combination with changes in
resonance frequencies and damping it can prove reliable information optée d

tion of damage.

Hu et al. [15] used mode shapes, obtained from a modal analysis, from both exper-
imental and finite element analysis of laminated plates. The mode shapes were
then used to calculate strain energy using a technique known as the rdiéiere
quadrature method. The local strain energies of both intact and dambged p
were used to identify surface crack location. Experimental results shtveed
surface crack location in various composite laminates can successfully btedete

A different technique was proposed by Pye and Adams [25]. Infiatliermo-
graphy was used to give an indication of variation in the surface temperattire of
structure under test. As the structure is subjected to cyclic stressesesigteof
resonance, temperature variations are caused by local increase indissijgation
which then again is a result of damage. Testing showed that this can beetiveff
technique for location damage. Temperature differences in the orderr&f @.ére
measured. However for CFRP materials this technique might cause difficulties
because of the high thermal conductivity of carbon.

2.5 Summary and concluding remarks

Several techniques and methods for damage detection based on dynamiolreha

have been discussed. Most of them consisted of monitoring shifts in resonan
frequencies or changes in modal damping. An overview of the advantages a
disadvantages is given in this section.

In section 2.2 health monitoring based on frequency shifts are discussedrtiFhe
cles discussed can be summarized:

e Resonance frequencies show less statistical variation compared to othér moda
parameter, this is large advantage over other methods [28].



24

Delamination detection based on dynamic behaviour

e Resonance frequencies can be used as a damage indicator. As afresult

changes in stiffness or second moment of area, resonance freqTaie

to shift[1, 3, 5, 14]. Since stress distribution is non-uniform during vibration
every mode will be affected differently by damage location. As a result shifts
of multiple modes can be used for locating damage [3, 5].

The influence of several damage types on resonance frequencisshsivié

been modelled in the past. The models concerned transverse cracks and
notches [7, 11, 22, 33] or delaminations [8, 20, 21, 26, 32, 34, 35¢sdh
methods could be used as a basis for level 3 damage detection [27]. From
these models it is shown that laminate configuration has a large influence
on resonance frequency shifts. A fundamental limitation, however, oéthes
methods is that it should be possible to represent the actual damage with
these models. This will not always be the case.

Exogenic effect can influence measurements, resonance frequeftsex-
ceeding 5% have been recorded as a result of environmental chamiges

[28, 16]. Also the low sensitivity of resonance frequency changestiaio
damage can cause difficulties [9]. Successful damage detection, based on
resonance frequency shifts only, calls for either very precise measuts

or severe damage.

Section 2.3 discussed health monitoring based on changes in modal damping:

e Experiments showed that damping is more sensitive to damage than reso-

nance frequencies [40]. Measurements showed that changes in daamping
highly related to laminate lay-up [30]. Despite the sensitivity, the relation
between damage and changes in damping seems not very apparent [8].

Damping seems to increase with damage [12, 18]. However for matrix crack-
ing or material imperfections, changes in modal damping are rather small
[19].

¢ Also for damping it applies that exogenic effect has an influence on measure

ments. It has been reported that air damping can be found to significantly
affect damping measurements [18]. Also pre-loading and residual saass
influence the measured modal damping values [16].

There are other methods available for dynamic measurement based dasteage d
tion, these are discussed in section 2.4. Changes in mode shapes [39]abui@urv
mode shapes [23, 29] were shown to be promising parameters for dantage de
tion. Especially, results obtained with help of the curvature mode shapes were
encouraging. A disadvantage of these methods is that several meastpaings

are required to qualify the different mode or curvature mode shapes.
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Authors Year Ref. Frequency Damping Model Predefined Remarks
based based based damage
REVIEW ARTICLES

Farrar, Doebling, Prime and Shevitz 1997 [10] vyes yes na na
Salawu 1997 [28] vyes no na na
Zou, Tong and Steven 2000 [40] vyes yes na na

THEORETICAL MODELS FOR DAMAGE DETECTION
Cawley and Adams 1978 [5] yes no yes no
Wang, Liu and Gibby 1982 [35] vyes no yes yes models delaminations
Gudmundson 1982 [11] vyes no yes yes
Yuen 1985 [39] no no yes no uses mode shape changes
Mujumdar and Suryanarayan 1988 [21] yes no yes yes models delaminations
Pandey, Biswas and Samman 1991 [23] no no yes no uses curvatugeslodibeams
Hassiotis and Jeong 1993 [14] vyes no yes no
Tenek, Henneke and Gunzburger 1993 [32] vyes no yes yes
Saravanos and Hopkins 1996 [30] no yes no no
Chondros, Dimarogonas and Yao 1998 [7] vyes no yes yes models notches
Sampaio, Maia and Silva 1999 [29] no no yes no uses curvature changesnos$ b
Lee 2000 [20] vyes no yes yes models delaminations

EXPERIMENTS ON DAMAGE DETECTION

Cawley and Adams 1978 [3] yes no yes no
Cawley and Adams 1981 [1] no yes no no
Lee, Sun and Liu 1987 [19] no yes no no
Tomasel, Larrondo and Laura 1999 [33] vyes no yes yes notch detection
Diaz Valdes and Soutis 1999 [34] vyes yes no yes delamination detection
Kawiecki 2001 [16] vyes yes no no
Kyriazoglou, Page and Guild 2004 [18] no yes no no

Table 2.1: A selection of literature on damage detection based on dimbahaviour.






CHAPTER

THREE

DETERMINING THE RESONANCE
FREQUENCIES OF A DELAMINATED
BEAM

I n the following chapter the model presented by Mujumdar and Suryanaraya
[21] is outlined. This model determines the resonance frequencies aira ben-
taining one 'through width’ delamination. To provide some insight into the me-
chanics of the model a solution to the static problem is added. In the secctiwhse
the model is modified to make it applicable for composite materials. Finally two
finite element models are presented.

3.1 Flexural vibration of delaminated beams

Delamination is a common detected type of damage in composite components and
can have a great influence on mechanical properties. As stated in ree@ctions
delaminations may originate during fabrication or from in-service loading. The
notion that delaminations not only affect strength but also cause a reduction in
bending stiffness the basis of the model described by Mujumdar and Suayanar
[21]. The model is an extension of the theory proposed by Ramkeirelr [26]

and provides an analytical solution to the eigenvalue problem and determines th
resonance frequencies of delaminated beams in flexural vibration.

3.1.1 Basic assumptions and modelling

The model presented by Mujumdar and Suryanarayan [21] describesnavita
an arbitrarily located through-width delamination. Figure 3.1 shows a delaminated
beam subdivided in three separate sections, namely two integral sectiooseand

27
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delaminated section. The delaminated region is then again subdivided in com-
ponent segments above and below the delamination plane. The four segments a
each treated as Bernoulli-Euler beams. The solution for the whole beamiisauzbta

in terms of the solutions of all the separate sections by satisfying the appropriate
boundary and continuity conditions. For the sake of simplicity, Mujumdar and
Suryanarayan assumed the beam to be homogeneous and isotropic. Also only
single delamination is considered, though the analysis can be easily extended to
multiple delaminations. It is further assumed that there exists no gap between the
delaminated layers.

\
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Figure 3.1: Geometry, co-ordinate system and modelling of a beam witslandaination.

The basic theory is based on variations in the distribution of shear stress. In a
beam that is in nonuniform bending both normal and shear stress is pdedeln

a beam without delamination the shear stress is distributed as shown in figare 3.2
However, in case a delamination is present, the layers are free to slide ahéd#ne s
stress on the delaminated surface therefore equals zero per definitiersh&ar
stress distribution for this case is shown in figureb3.Phis discontinuity in shear
stress results in a decrease of bending stiffness which then again vgk tae
flexural resonance frequencies to shift to lower values.
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N
a.
< T N
-

Figure 3.2: Distribution of shear stressin ~ Figure 3.3: Different continuity condi-
(a) an intact beam section and (b) a delam- tions at junction between delaminated and
inated beam section. integral section.

The difference between this model and the one proposed by Ramlatimiaf26]

lies in the axial continuity conditions at the junctions between integral and de-
laminated section. Ramkumar, as opposed to Mujumdar and Suryanarayan [21],
neglected the coupling effects between axial and flexural deformation. Thestis
illustrated in figure 3.3. Mujumdar and Suryanarayan demand that the free ends
of the delaminated segments stay in the same plane. In order to realize this the
normal forceN is introduced, as in figure 33 Figure 3.2 shows the situation

as proposed by Ramkumat al. The absence of normal ford€ results in a dis-
continuity at the end plane. The delaminated section acts entirely equivalent to a
beam with a step reduction in flexural rigidity corresponding to a reducexhdec
moment of area equal {d> + I3). It was already shown by Ramkumetral. [26]

that the flexural rigidity of a delaminated beam is considerable underestiméted th
way. The compatibility condition used by Mujumdar and Suryanarayan introduces
an axial load system of equal and opposite forces. These normakfoompress

one segment and stretch the other such that their ends lie in the same plane. Th
load system results in an internal bending moment, which contributes to the total
bending stiffness of the beam.

3.1.2 Static solution

In order to gain insight in the theory proposed by Mujumdar and Suryaaaray

a solution to the static problem is presented first. The results are compared with
results obtained by the model proposed by Ramkuzhat. [26]. As stated above,
Mujumdar and Suryanarayan included the coupling effects between longitudina
and flexural motion. For this static analysis, the delaminated section is clamped
at one end, as is shown in figure 3.4, and a fdrgend bending moment/, are
applied to the free end. Figure 3.5 show the forces that act on eaclatepaam
segment. The normal forcg$, and N3 stretch one beam segment and compress
the other such that their free ends lie in the same plane.
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Figure 3.4: Geometry, co-ordinate system and modelling of a delamihlagam section.

Equilibrium of force in both z-
and z-direction and bending moment

; . . h
give the following equations: Dz, No, Mo -
del. surf.
No+ N3 =0 A 0
3
Dy + D3 = Fy D3,N3,M3 Fy, Mo

1
M2+M3—Ng§h: My (3.1
_ _ _ Figure 3.5: Free body diagram of
The bending moment is taken with re- end plane.
spect to the junction between delami-
nation surface and endplane.

In case the deflection is assumed to be small the slope and displacement in
direction at the free end for the separate beams follow from the bending moment
equation and are given by

M;L  D;L*
/L — 0L = 1 1

M;L? = D;L?

ull) = 5pn + 3Er (3.2)

with i = 2, 3. The displacement in axial direction is calculated by:
N;L
J(L) = =1 .
wi(l) = 51 (33)

The Young's modulus is represented Bythe second moment of area hyand the
cross sectional area by;. Continuity ofz-displacement and slope of both beam
segments at the free end is demanded. Also the free end of both beantd shou
remain in the same plane. This results, with figure 3.5, in the following continuity
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conditions:
uz(L) = u3(L)
1
w3 = wo + 0= wa + §h902(L) (34)

Substituting equations 3.1, 3.2 and 3.3 in the continuity conditions 3.4 the follow-
ing system of equations is found:

L L L2 L2 hL L L2
My(—— + —)+D Z)— N — My— + F,
2(E12 + EIg) + 2(21@12 + EIg) 29FI, %1 T %D,
L2 L2 L3 L3 hIL? 12 L3
M ~ _Y+D el = My—— +F
2(2E12 + 2E13) + 2(3EI2 + 3E13) 2AFI, V9FI, + U3FI,
hL dy L? L L
M. D No(——e b =) = 0
2551, T PEL T 2(EAQ + EAg)

From this set of equations the three unknown paramétgrsD, and N, can be
derived and the transversal displacement and slope=atL can be determined

by substituting these in equations 3.2. For a fictive beam the results are obtained
and listed in table 3.1. The table also shows the results for a beam without a
delamination and in case the delamination is treated as a step in second moment
of area, as proposed by Ramkumar [26]. The delamination is located atiarfrac

he /h of the beams thickness.

It can be seen from table 3.1 that, in both models, the effect of the delamina-
tion increases as it is positioned closer to the neutral line. The solution of both
displacement and slope approach the intact case when alpha apgraacher

one. The differences between the results obtained with Ramkeina&rand Mu-
jumdar and Suryanarayan are significant. In the model used by Mujumdar and
Suryanarayan the loss of flexural rigidity is compensated by the additiondiigen
moment caused by the stretching and compressing of the layers.

No delamination =~ Ramkumar Mujumdar

et al. Suryanarayan

hao/h Fy My |w(l)  o(L) u(l) (L) u(l) (L)
0.2 1 0 5 75 1.0 1.4 615 75
02 O 1] .75 15 14 2.9 .75 15
04 1 0 5 75 1.8 27 .821 75
04 O 1] .75 15 2.7 5.4 .75 15
0.5 1 0 5 75 2.0 3.0 .875 75
05 O 1] .75 15 3.0 6.0 .75 15

Table 3.1: Comparison of static solutions
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In case the beam is in pure bending

the deflection and slope equal the in- 1
tact case. This makes sense, since no
shear stress is developed in the beam
and therefore no sliding of the layers
occurs. On the other hand when a
shear force is applied the layers will
slide and the effect of a delamination 00 05 1
is noticed. The normalized shape of a Dimensionless distance z/L
delaminated beam subjected to a shear

force at the fee end is given in figure Figure 3.6: Shape of a beam subjected to
3.6. It can be seen that only the deflec- a shear force.

tion at the free end is influenced, the

slope equals the intact case.

Del.
= = = |ntact

0.5

Normalized
displacement

It seems, from figure 3.6, that the delamination has a huge effect on theitotal d
placement of the beam. However normally only a fraction of the beam will be
delaminated and the influence on the total displacement will be minimal. This is
illustrated in figure 3.7 where the normalized shape of a delaminated beam under
a shear force is plotted. The dimensionless length of the delamination is varied.
Even for delaminations with a length up to 40% of the beam span the increase in
displacement is negligible.

0.5¢

Normalized
displacement

0 W L L 1
0 0.2 0.4 0.6 0.8 1
Dimensionless distance z/L

Figure 3.7: Shape of beams with varying midplane delamination lengths.

3.1.3 Dynamic solution: Bernoulli-Euler beam equations

The model proposed by Mujumdar and Suryanarayan uses Bernoulli-Eder b
equations for every beam section. In this paragraph the equations of motion for
such a beam section are derived. Figure 3l8ws a beam under uniform loading,
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figure 3.9 displays the free-body diagram corresponding to a beam element of
lengthdz. The transverse displacement at pairgtnd timet is denoted byz(z, ¢)

and the force per unit length jg =, ). The parameters involved are mass per unit
lengthm(z) and the flexural rigidity£' (=), wherel(z) is the second moment of
area about thg-axis andFE(z) is Young’s modulus of elasticity. It is assumed that
the rotation of the beam is negligible compared to the vertical displacement. For
this to be true the ratio between length and height should be relatively ladgaen
beam should not become too 'wrinkled’, with other words only the lower motles
vibration should be considered.

p(z,t)

V (z,t)+ 22D

< 7777777 d7 B >
OM (z,t)
Oz

M(z,t)+

Figure 3.8: Beam in flexure under uni- Figure 3.9: Free body diagram of a
form loading. beam element.

First, from figure 3.9, the force equation of motioruirdirection is derived:

Mdz] —V(z,t) + p(z,t)dz = m(z)dzM

[V(Z,t) + o2 6t2

(3.5)

Since the rotation induced inertia torque is ignored the following equation holds
for the moment about the center of the left edge:

[M(z,t) + Mdz] — M(z,t)+ [V(z,t)+
%?/(z t) 1 (3.6)
o ldz + p(z, t)dz;dz =0

Canceling appropriate terms and discarding terms involving second or Ipigier
ers indz, equation 3.6 reduces to:

—%j’t) =V(zt) 3.7)

Figures are taken from: L. MeirovitclElements of Vibration analysi$986.
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EI1(2)0%x(2,t)

(3.8)

Substituting equation 3.7 into 3.5 and using the bending moment equation 3.8 the
following differential equation for the flexural vibration of a beam is found:

EI1(2)0*x(2,t) 0%z (z,t)

B e +p(z,t) = m(z)T (3.9)
Separation of variables(z, t) = u(z) f(¢) and lettingp(z, t) = 0, give:
El(z) 1 d'u(z) 9
Com(z) u(z) dzt v
1L &f(t) _
O —w? (3.10)

Rearranging the first of equation 3.10 the eigenvalue problem formulationagduc
to the following differential equation (3.11), with solution (3.12):

d*u(z) B me(z)u(Z) _ d*u(z)
dz* EI(2) dz*

u(z) = Asin(Bz) + B cos(fz) + C'sinh(8z) + D cosh(fz) (3.12)

— Btu(z) =0 (3.11)

The solution depends on the constants of integratioB, C' and D, these can be
found by applying the four boundary conditions. For finding a solution toitiene
value problem, the value of the constants is not needed. The boundatificos

can be written as a set of simultaneous linear homogeneous algebraic equmations
the unknown constants. A non-trivial solution is only found when the detenmin

of the coefficient matrix vanishes. All the components of the matrix are functions
of the unknown fundamental frequeng@ywhich can thus be solved.

3.1.4 Dynamic Solution: Governing equations

In section 3.1.1 it was explained that Mujumdar and Suryanarayan [21] modelled a
delaminated beam as four separate Bernoulli-Euler beams. Since the ibesgral
regions, with lengtha andc in figure 3.1, have the same loading as the beam
segment explained above, the equation and solution derived there will de use
However, the equation will be written in a dimensionless form,

dor (=,
dgli;f’) —BY;(z;) =0, i=1,4 (3.13)
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Figure 3.10: Free body diagrams of the layers above and below a delammati

in which:
. w?mL*
~ EI

(3.14)

The dimensionless axial coordinate and transverse displacement aredda$

z; = z;/L andu; = wu;/d. A full list of the used notation can be found in section
3.5. Since it is assumed that the delaminated layers remain in contact a pressure
p(z,t), exists between the two layers, see figure 3.10 and 3.11. The equations of
motion for both segments can be written as:

E1,0%15(20,t) 0?29(22,1) B mo0%wo(20,t)

_ -0
923 823 oz P
EI30%3(z3,1) %x3(z3,t)  mgd’as(z3,t)
= NS ST =0 (19)

Figure 3.11: Free body diagram of a delaminated beam element.

As stated before the delaminated layers remain in contact with each other, this
means that the displacement in thalirection of segment 2 equals the displace-
ment of segment 3, arx(z,t) = us(z,t). Furthermore it follows from the origins
shown in figure 3.1 that, equalszs. Replacing:s andzs by us andzs respectively
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in the last of equation 3.15 and adding this to the first of equation 3.15, the gov-
erning differential equation describing the dynamic behaviour of de delésdina
section is obtained:

E(Ig + 12)64.1’2(22, t) (mQ + m3)82:c2(z2, t)
1 - 2 =0
025 ot

After separation of variables and writing the solution in a dimensionless form one
obtains:

44, (
% — ﬁ§ﬂ2<§2) =0 (316)

in which:
w?(mg + mg) L}

E(Iy + I3)

By = (3.17)

Introducing the dimensionless variables = hy/h andhs = hs/h, with hy and
hs the thickness of the upper and lower delaminated beam segments redpective
andh the total thickness, equation 3.17 can be rewritten using equation 3.14:

w?(mg + ms)L* B B4
=3 -3
E(Iy +13) Py + By

B3 = (3.18)

Recapitulating, a general differential equation is found for two integral section
and one combined delaminated section,

d'u;(Zi
Z;;) - Blm(z) =0,  i=1,24 (3.19)
in which:
2. 14
4 a4 W mL
Bl =6t = "5
w?(mg + mg)L* B4
pr=matms)l B (3.20)
E(Iy + I3) Ry +

The general solution, which describes the displacement for each séctien
1,2, 4) is found to be:

u;(Z;) = A;sin 5;Z; + Bj cos 3;Z; + C; sinh 5,Z; + D; cosh 3;Z; (3.21)
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3.1.5 Dynamic solution: Boundary and continuity conditions

The solution presented in the last section contains 12 unknown coefficierss, the
are determined by the boundary and continuity conditions. The beam, f@dsen
in figure 3.1, has two boundari¢s; = 0) and(z4 = 0); for every boundary two
conditions are obtained. In table 3.2 several ways of supporting a beslstad
along with the resulting boundary conditions.

Support Boundary conditions

Clamped u;(0) =0 u,(0) =0
Simply supported u;(0) =0 u/(0)=0
Free u/(0)=0 w!"(0) =0

Table 3.2: Boundary conditions

A total of four boundary conditions is found; another eight conditiomsrezeded

to solve the twelve unknown constants in equation 3.21. These follow from the
conditions of continuity at the two junctior{s; = @) and(z4 = —¢). Continuity

of displacement and slope:

2
(@) = wh(-5/2) W (~2) = wh(5/2) (3.:22)

The remaining four conditions follow from the continuity in shear force and be
ding moment at the two junctions. Continuity of shear force between the integral
and delaminated section gives= V5+ V3, withi = 1, 4. In terms of displacement
this results in

dBu; 3
ELSS = (EL + EI;) =22
dz; 2z

writing this in a dimensionless form one obtains:

dgﬂi -3 3 dgﬂg
= (h ho)——,
dz (ha + h3) dz3

i=1,4 (3.23)

The equilibrium of bending moments about the midplane of section 1 or 4 can be
found to beM; = M, + M3 + N(h/2), with againi = 1,4. This also can be
written in terms of displacements:

du; 2
ELSS = (BEL + EI) =% + N(h/2)
dz; dz5
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In dimensionless form:

dZ_Z' — — d2_
_Qé = (B + h:gz,)Turf +NL*/2EL, i=14 (3.24)
dzi dZQ

The forceN on the left of equation 3.24 depends on the stretching and compressing
of the segments 2 and 3. This was also shown in the static solution. Roise
given in a dimensionless form by:

EI

_ B duy (a) n dug(—7)
12

N
dzy dzy

Ghahs /b)[— ] (3.25)

A derivation of this term can be found in [21]. The resulting equation fotinaity
of bending moment is obtained, with= 1, 4:

d*u; —9o o d%*uy — — = duj(a) duy(-0)
= (hy + h3y)—— — (3hah3/b)|— 3.26
2 (hy + h3) = (3hahs3/b)] & + = ] ( )

A total of 12 boundary and continuity conditions are formulated. These condi-
tions can be written as a matrix vector equation in twelve unknown constants. The
system possesses a non-trivial solution when the determinant of the mataits eq
zero. All components in the matrix are functions of the unknown fundamental
frequencys, which can thus be solved.

3.1.6 Dynamic solution: Analytical results

Analytical results for a cantilevered beam, obtained with the model desctilozd a
are shown in figures 3.12 to 3.15. The figures show the influence of the delami-
nation parameters like delamination lengtand both axialz. and thickness-wise

> a =5 2 a=.5
c

S 19 & 19

>
& z
3 g
T 18 I 1.85
z :
T 17 g 18
S —h/h=1 E
€ 16 ——N/h=3 € 175
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| —+—h/h=5 e

(ol . L L '
1% 02 04 06 08 1 0 01 02 03 04 05

Delamination length b/L Del. location h/h

Figure 3.12: Influence of delamination lengthand thickness-wise locatiol, on first
vibration frequency.
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Figure 3.13: Effect of axial positiorz, of a delamination on the first vibration frequency.
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Figure 3.14: Effect of axial positiona, of a delamination on the second vibration fre-
quency.
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Figure 3.15: Effect of axial positiorz.. of a delamination on the third vibration frequency.

hs location on the fundamental frequenci@®f the delaminated beam. The fun-
damental frequency can be substituted in equation 3.14 to determine thenesona
frequencies of the delaminated beam.

Figure 3.12 shows that both the delamination length and thickness-wise location
have a big influence on the first fundamental frequency. In these casdsldm-
ination is located at half the total length of the beam. For an intact beam the first
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fundamental frequency equdls375. It can be seen that the solution converges to
this value in casé, approaches zero and the delamination shifts to the surface of
the beam. Furthermore it is observed that the effect is maximal for a delamination
near the midplanéhs = .5). This was also observed in the static analysis. How-
ever it has to be mentioned that only for relatively large delaminatibns.3) the
effect on the first mode is noticeable. This can also be seen in figure 3.18 wher
the influence of the axial location on the first fundamental frequency is shibwn

is shown that the delamination has the greatest influence when it is positiomed nea
the clamped end. However, a delamination with a length-ef.3 only causes a re-
duction of the first resonance frequenewf 2.6 %, which is probably not enough

to detect it with confidence. Figure 3.14 shows that the second fundamestal f
quency is influenced more by the delamination. The second fundamentalfoyque
for an intact beam equals 4.694. The greatest effect again is odsehen the de-
lamination is positioned close to the clamped end. The peakaear.55 attracts

the attention and indicates that the effect of a delamination is negligible in case it
is located at .55 times the beams length. In figure 3.15, which shows the affect o
the third fundamental frequency, similar peaks are observed; in thishoass/er
these are located at approximately= .32 anda. = .73. The third fundamental
frequency for an intact beam equals 7.855.

As mentioned in the static solution the effect of the delamination is a combination
of two effects: one is the reduction in flexural stiffness over the beams #sskn

the other is the stretching and compressing of the delaminated beam segments. Th
first effect results in a reduction of flexural rigidity, while the second efferds

to compensate this. It was pointed out in section 3.1.2 that the weakeningagffect

a delamination is only noticed in case a shear force is applied. This means that the
effect of a delamination can be neglected if the delamination is located in regions
where the shear force approaches zero. The shear force camptessed as a
function of the third derivative of the displacement:

O3u(z)

V =FI
023

The displacemeni(z) of an intact cantilever beam at locatieris given by:
u(z) = Ay[(sinBL — sinhBL)(sinfz — sinh(3z) +
cosfBL + cosh3L)(cosfz — coshf(z)] (3.27)

In figure 3.16 the displacemeatz) and third derivativé>u(z) /92> for the second
mode of vibration of an intact beam is plotted. Figure 3.17 plots the result for the
third vibration mode. Both the displacement and third derivative are normalized to
the maximum value. As can be seen from both figuéegz)3/923 equals zero
where the influence of the delamination vanishes. Also the delamination has the
biggest influence wher@u(z)3 /023 maximizes, which is in fact near the clamped
end.
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Figure 3.16: Mode shape and third Figure 3.17: Mode shape and third
derivative for second vibration mode. derivative for third vibration mode.

This influence on spanwise location also shows up in the vibration mode shapes.
Figure 3.18 shows the mode shapes for the second vibration mode of an intact and
delaminated beam. It can be seen that the effect of the delamination is minimal
in case it is located at, = .55. Fora. = .3 a clear difference between the
delaminated and intact case is observed. Figure 3.19 shows similar restits for
third vibration mode. The mode shapes of an intact or delaminated beam do not
differ much in case the delamination is located near regions of minimum shear
stress. If its located near regions of high shear stress a clear diféeieabserved.

Overall it can be concluded from figure 3.12 to 3.15 that the influence of a de
lamination increases with mode number. The third vibration mode is clearly more
affected than the first. It is also observed that the influence increasesertiea
delamination shifts to the midplarig, = .5) and vanishes at the surfage; = 0).

Also the spanwise location has a great influence. An arbitrary located delamina
tion affects each mode differently depending on the location. This is caused by
the nonuniform distribution of shear stress. This effect was used byegamd
Adams [3] to locate delaminations.

a = .3,b/L=.3 aC:.55, b/L=.3
e 1 e 1
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Figure 3.18: Mode shapes for second mode of vibration for delaminatedraadt beam.
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Figure 3.19: Mode shapes for third mode of vibration for delaminated amadt beam.

3.2 Application of the model for composite beams

The model by Mujumdar and Suryanarayan [21] can easily be applied to composite
beams. Unlike isotropic materials, the Young’s modulus of composites varies along
the thickness. This is caused by changes in fibre orientation over the thsclvies
jumdar and Suryanarayan simplified their model for application with homogeneous
materials. This simplification however, can easily be undone. To do so the ratio
(Elx+ ElI3)/EI in the continuity equations for shear force, bending moment and
normal force cannot be rewritten in terms of dimensionless beam thickaegs,
equations 3.23, 3.24 and 3.25. This is because this ratio is now also a function of
laminate lay-up, and not only of the thickness anymore. Also the moment caused
by the stretching and compressing of the layers depends now on lay-ine fiol-
lowing section it is shown how this laminate lay-up influences both the static and
dynamic behaviour of a delaminated composite beam.

3.2.1 Determination of flexural rigidity

The flexural rigidity of the segments can be determined by calculating the internal
bending moment and combining this with the bending moment equation. Before
calculating the flexural rigidity, the location of the neutral surface has to be-dete
mined. This is done by subjecting the beam to a normal féteehich causes the
beam to compress, as shown in figure 3.20. In case the force is appliechatthe
tral surface the separate layers will all deform equally wjthTo determine this
location the sum of moments is taken about the bottom-left point of the laminate.
The force generated by each layer can be derived from the straie Gfrthnate:

oy F
€ =

T B EA
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Figure 3.20: Determination of neu- Figure 3.21: Composite beam under
tral surface. bending moment.

In which o; represent the stress in the laminate #&dhe Youngs modulus of the
laminate.E' A; can be determined as follows:

N

EA[ = bz Ek(xk,1 — .%'k) (328)

k=1
With E; representing the Youngs modulus of a layer apdhe distance of the
layer edge to the delaminated surface. The summation of the moment exerted by
each layer should equal the moment causefl Ioyultiplied by the distancé; from
the delaminated surface.
N N N r
F§; = ; dyopbt = ; de; Exbt = ; dkE—AlEkbt

In whichdy = zx—1 + (1/2) (2 — zx—1) represents the distance from delaminated
surface to the midplane of the layer. This results in:

N
X dpEgbt
51_;_1: o (3.29)

To calculate the flexural rigidity figure 3.21 is considered. A laminated beam is
subjected to a bending momeht which results in a radius of curvature @f The
normal stress at a distangdrom the neutral line in a beam in flexure is calculated
from the normal strain .

O'Z(l’) Ekp
in which p is the radius of curvature of the laminate aAd the local Young'’s

modulus. The resulting bending moment can be determined by:

2
M:/ o.(x)bxdx
—2t
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With x;, andzy_, the distances from the neutral surface the following is obtained:

* _ba? b
M = By dv = — Y Ep(z}_; — a}) (3.30)
k=1

= S p 3p

The bending moment equation can be used to express the bending moment as a
function of the elasticity modulus of the laminai:

Elu"' =M — ElI,=Mp (3.31)

Combining the last two equations gives the flexural rigidity of the laminate as a
whole:

N
—b
Bl = — kZ_l By(a_y — a}) (3.32)

This relation can be used to determine
the bending stiffness of each beam seg- 16
ment. The distances; and x;_1
then relate to the neutral line of eve-
ry separate beam segment. As an
example the ratiqEl, + El3)/EL

of a [903/0/904], laminate, with ma-
terial properties as in table 3.3, is plot- 0
ted against delamination location. For 0 2
comparison the ratio for an isotropic
beam is also plotted. From figure 3.22
it is seen that laminate lay-up plays an
important role.

Isotropic
material

— o [90,/0/90]

(EL+EI)/EI
o
[6)]

REEE
4 6 8
Layer N’

Figure 3.22: Influence of delamination lo-
cation on flexural rigidity.

The ratio(EI, + EI3)/EI shows a great jump in case the delamination is located
after the fourth layer. This is caused by the fact that the stiff fourth lager be-
longs to the upper laminate. The effective distance from the neutral lineusedd
which results in a reduction of the total flexural rigidity.

carbon-PEl| Ej FEqo G via V93 P
(GPa) (GPa) (GPa) (kg/m?)
120 8.1 3.5 0.32 0.45 1580

Table 3.3: Mechanical properties of carbon-polyetherimide layer.

3.2.2 Static solution

The flexural rigidity of the delaminated segments derived above can bttsteubs
in the static solution presented in section 3.1.2. Besides this, also the location
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where forceN; is applied has changed. Fordg causes either a shortening or an
elongation of the delaminated layers. In order to prevent nonuniform gtresin
force should be applied at the neutral surface. This distance wasadtstdated in
the paragraph above.

Figure 3.23 shows the free body diagram of the endplane. Equilibriunrcd fo
both z- and z-direction and bending moment about the junction between delami-
nation and end plane give now:

N2+N3:O
Vo+V3=0
M2+M3+N2(52+53)=0

Neutral surf.

—_—

Del surf.
M3,V3,N3

o . . d
A similar change is observed in the ’

continuity conditions:
Neutral surf.

¢2(L) = ¢3(L)
uz(L) = ug(L)
w3(L) = wa(L) + (62 4 63)wa(L) Figure 3.23: Free body diagram of

end plane.

As was observed in section 3.1.2, also in case of composites only the displacemen
as result of a shear force is affected. Figure 3.24 shows the displacatrtbe

free end in case a shear force is applied as function of delamination locatien. Th
graph shows a considerable increase of deflection after the delaminationtéslloca
under the fourth layer. The stiff fourth layer becomes part of the uppgment, as

a result its distance to the neutral surface is reduced which decreasisxtiral
rigidity of the delaminated segment.

In figure 3.25 the effect of delamination location on the displacement is shown for

[903/0/904]5 [90/0/90/0/90/0/993
c 3 e
T O o) 2.5 [}
N 520 S E
© S 2 © O
g = £ ®
5 & 15 s F1°
S S o
T Ul"wTTI
0123456738 012345678
Delamination after layer \ Delamination after layer N

Figure 3.24: Effect of delamination loca- Figure 3.25: Effect of delamination loca-
tion on displacement. tion on displacement.
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af90/0/90/0/90/0/909]s laminate. Every time a stiff zero degree layer is shifted

to the upper segment a jump in displacement is observed. From the figures 3.22,
3.24 and 3.25 it can be concluded that in case of laminates the decreaserial flex
rigidity is heavily influenced by the delamination location and laminate lay-up.

3.2.3 Dynamic solution

As stated above the flexural rigidity of the delaminated section depends on laminate
lay-up. The general solution for the delaminated segment was found to be:

u9 (§z> = Agsin B9Z9 + By cos (Bzo + Co sinh B2Z9 + Do cosh (32Z9 (333)

In this equation3, cannot be rewritten in the dimensionless transversal delamina-
tion locationhy, anymore. Fop; the following relation is found:

wQ(mg + mg)L4 - ﬂ4E11

4 == =
Bz = EI, + EI; EI, + El;

Furthermore the continuity conditions for shear force, bending moment and nor-
mal force, equations 3.23, 3.24 and 3.25, have to be rewritten. Thesetdsnn
simplified to the dimensionless transversal delamination location anymore. The
continuity equations for shear force and bending moment become:

377 377
8ul_<EIQ+E13>aU2 i:1,4 (334)

oz ElL oz3 "
0?u; <E12 + E1'3> 0%us  PL2(53 + 63)

022~ \_ EIL 072 dEI,

i=1,4  (3.35)

The forceP can be determined from the extend of stretching of the delaminated
layers, as shown in static analysis. From [21] it follows tRagquals:

8(52+53)[ 1 1 }—1 [_0U1(6)+8a4(—6)

P = —
bl EA, + FA;s 071 0Z4

(3.36)

In which EA; is determined above and given in equation 3.28. The twelve condi-
tions are again written as a matrix vector equation. The fundamental freqency
is found by the requirement for the determinant of the matrix to equal zero.

For a[903/0/904]s laminate the influence of delamination location on the first and
second fundamental frequency is respectively shown in figure 3.28.27d The
delamination length equals 20% of the total beam length. The delamination has
almost no effect if it's located anywhere between the first or fourth ldyewever

in case it's located after layer number four a considerable influence in noticed
These results correspond well with the static solution presented above dlke
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Figure 3.26: Effect of delamination loca-
tion on first resonance frequency.
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Figure 3.28: Effect of delamination loca-
tion on first resonance frequency.
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Figure 3.27: Effect of delamination loca-
tion on second resonance frequency.
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Figure 3.29: Effect of delamination loca-
tion on second resonance frequency.

a sudden decrease in flexural rigidity was observed in case the delamination
located after the fourth layer. In figure 3.28 and 3.29 the effects of deléonna
length for different transversal and longitudinal locations on the first acdred

fundamental frequency is shown. Again the effect of delamination location on

flexural rigidity is underlined. The parametérindicates after which layer the

delamination is located.
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3.3 Finite element analysis

Two finite element models, representing a delaminated beam, are described in this
section. Finite element models provide an easy way of investigating the effect of

delaminations in more complex structures. In this section two models are proposed.
In the first model the delaminated beam is modelled with two node beam elements.
As in the analytical model this model consists of four separate beam segments.
The second model uses contact elements in combination with four node 2D brick

elements. The contact elements in this last model could be used in the future for
modelling more complex delaminated structures.

3.3.1 Beam elements with node coupling

This model is based on 2D two node beam elements. As stated above founsegme
can be distinguished in this model, this is illustrated in figure 3.30. The transversal
displacement of axially corresponding nodes in the delaminated layersugied:

Ugn = Upn (337)

This effectively means that the delaminated layers stay in contact during-the v
bration of the beam. However because the axial displacement and rotatioot are
coupled the layers are free to slide with respect to each other. At the jurtetion
tween integral and delaminated segments all degrees of freedom ated:okipr

the transversal displacement and rotation of the nodes at the junction theirfigllow
holds:

i = ¢j = Pk

U; = Uj = Uk

For the axial displacement of nodgg, & in figure 3.30 one obtains:

w; = wj — qf)jég

Wy = Wy + ¢]53

a™ an+1

—

bn—l pn bn+1
éo—o—oj}

V / T .
] §

Figure 3.30: Representation of a delaminated beam with 2-node beam eteme
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In which §; represents the distance of the neutral plane of segirterthe neutral
plane of the first or last beam segment. The beam is modelled in ANSYS using
BEAM3 elements to represent the separate segments. The elements te area
the neutral axis of the beam segments.

3.3.2 Contact elements in combination with brick elements

A two dimensional finite element model was created in ANSYS. The beam was
modelled using PLANE42 elements. This brick element is mainly used for 2D
modelling of solid structures. The element is defined by four nodes, all having
two degrees of freedom: translations in nodahndy. A plane strain situation
was assumed. The delaminated surface was created using contact elefoents
this purpose two elements were needed, namely a contact element CONdAd. 71

a target element TARGE169. It was assumed that the delaminated layeis stay
contact and only slide, without friction, in relation to each other. Figure 3.31 shows
the finite element representation of a delaminated section of the beam.

I,PLANE42 element

/ /
[ L {
L {
\ AN
A \
\ AN
\ \
)1 |
/ /
/ Contact elements /

Figure 3.31: Representation of a section of a delaminated beam with cogliements and
2D-brick plane elements.

A common problem encountered using four node plane elements in bending an
lysis, is that the flexural rigidity can be overestimated. This effect is minimized by
taking more elements over the beam thickness. A study showed that the ektend o
this overestimation, compared with results obtained by using eight node 2D brick
elements, is found to be less than .3% for resonance frequencies 08z 2

3.3.3 Results

A modal analysis of both models was carried out to extract the resonagecefre

cies of the first five modes of vibrations for an isotropic cantilevered beam. The
material properties used are listed in table 3.3. The beams length and width were
respectively 400mm and 20mm, the thickness was 2.0mm. In table 3.4 the reso-
nance frequencies obtained by the analytical analysis are compared wigs titts
obtained by these finite element analysis. It can be seen that the resulthh&om
finite element models correspond well with the analytical case. Both the coupling
of nodes and the use of contact elements are very suitable for refingssiting
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delaminations. In more complex structures, however, it might be hard to repre-
sent a delamination by coupling nodes. Contact elements provide, as cagnbe se
in table 3.4, an excellent alternative. Also contact elements can be usedoto intr
duce friction between the layers or allow the delamination to open and close during
vibration.

DELAMINATION PARAMETERS

G. = .4,b=.6,hy = .25 G.=.5,b=.2,hy=.5
Mode | Analytical BEAM3 PLANE42| Analytical BEAM3 PLANE42
1 16.52 16.52 16.51 17.56 17.56 17.56

94.25 94.25 94.06 110.46 110.46 110.40
241.53 241.53 241.07| 27941 279.39 278.92
484.34 484.33 483.89 | 596.70 596.63 595.68
801.05 801.12 800.93| 821.93 821.79 821.17

a b wnN

Table 3.4: Comparison between analytical and FEM results.

3.4 Summary and concluding remarks

The influence of a delamination on the resonance frequencies of a caniéarar

was studied in this chapter. For this purpose an analytical model, introdyced b
Mujumdar and Suryanarayan [21], was investigated and modified for use with co
posite structures. Furthermore two finite element models were presented which
both could be used to investigate the dynamic behaviour of delaminated stgictur
The results of the two finite element models compared extremely well with the
analytical analysis.

Regarding the effects of a single 'through width’ delamination on an isotropic,
homogeneous beam the follwing general conclusions can be drawn:

e A static analysis, subjecting a delaminated beam to a shear force, showed
that the influence of a delamination on bending shape or displacement of
free end can be neglected. Only for large delaminations, over 40% of the
beams length, a detectable change in displacement is observed.

e The axial, in contrast with transversal, location of the delamination has no
influence on static bending behaviour. Transversally, however, theteff
a delamination maximizes in case it is located on the neutral plane of the
beams thickness.

e The influence of a delamination on resonance frequencies is significant and
increases with mode number. In all cases resonance frequencies shift to
lower values as result of a delamination.
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e As in the static case, resonance frequencies are influenced most in case the
delamination is located at half the thickness.

e Each mode is affected differently by the axial location of the delamina-
tion. This fact results from the fact that the shear force is distributed non-

uniformly accross the beams length an can be used to locate the delamina-
tion.

An investigation of the influence of a delamination on the resonance frequencies
of composite beams showed that, laminate lay-up plays an important role.

From this theoretical analysis it can be concluded that shifts in resonaatzesh-

cies can very well be used as a damage indicator. Monitoring resonaugzesir-

cies provides a more accurate way for detecting delaminations than a static analy-
Sis.
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3.5 Nomenclature
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constants in mode shape expression

length of first integral segment

delamination length

fundamental frequency

length of third integral segment

dimensionless delamination parameterd,, b/L, ¢/L
dimensionless spanwise delamination location
thickness of beam

thickness of segmerit

dimensionless thicknegs/ L, dimensionless transversal delami-
nation location; /h

flexural rigidity of segment

subscript representing each segment

beam length

bending moment in each segment

mass per unit length

normal force in each segment

contact pressure between each segment

time

transversal displacement

dimensionless transversal displacementl
shear force in each segment

axial displacement

dimensionless axial displacement/d
dimensionless axial co-ordinate/ L

radian frequency of vibration




CHAPTER

FOUR
EXPERIMENTAL VALIDATION

I n the following section the validation programme will be described. Both static
and dynamic tests have been conducted. Two goals will be pursued irrdhis p
gramme. The first consists of validating the analytical and finite element models
provided in chapter 3. The second goal is to investigate the potential of fiaggbr
gratings for dynamic health monitoring based on dynamic behaviour.

4.1 Programme outline

The validation programme consists of three stages, of which a detailed outline is
given below. The programme is aimed at validating the statements found in the
theoretical analysis. A modal analysis is performed on cantilevered begpedch
specimens with varying delamination parameters. The experimental set-up is dis-
cussed in section 4.2. Delaminated specimens are easily manufactured tiggnser

a thin sheet of kapton foil between two pre-impregnated carbon-polymile

plies prior to the consolidation of the laminate. The foil prevents the two plies
to melt together and thus a delamination is formed. The size and position of the
delamination is highly controllable which is an advantage over other artificially
induced damage types.

Stage A: Validation of the experimental set-up and sensor evaluation

In order to validate the conclusions drawn in the theoretical analysis a reiése

ing approach should be adopted. The main goal of this stage thereforehedk

the testing approach in terms of reproducibility and to study the influence ohexter
parameters like clampforce and tension in the spring, supporting the shdieer. T
set-up is shown in figure 4.1. Various literature state that it is difficult to achieve
exact cantilever vibration in practice. It is checked to what extend this maglgec
problems during this experimental programme. The secondary goal isltatva
different types of sensors to capture the response of the beam spsciimehis

53
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stage an accelerometer, strain gauge and a microphone are evaluatieenfromre
results obtained from the models derived in section 3.1 are validated. To achieve
these goals, nine beam-shaped specimens are fabricated. Threedtaeisnens

are labeled as intact and contain no delamination. The other six are divided in
two groups, of which three specimens have a delamination at 50% of the beam
thickness and the remaining three have a delamination at 25% of the thickness.

Stage B: Application of fibre bragg gratings for health monitoring

Despite the encountered difficulties, stage A proved that strain measureroeluts

be used to determine the dynamic properties of a structure. This stage wal inve
tigate the application of fibre bragg gratings for strain measurements in composite
structures. These measurements are used to derive the dynamic psopitiie
specimens. The main problem concerning strain measurements lied in thefact th
for higher vibration modes the strains became too small to measure. The laminate
lay-up for the different specimens will be tailored in order to maximize the strain
for higher modes. Static tests will be conducted to investigate the resolution and
accuracy of the fibre bragg gratings. The data acquisition system is testetkin o

to evaluate the sampling rate.

Stage C: Validation of theoretical results

In this stage the analytical and finite element models will be validated. The reso-
nance frequencies of beam specimens containing varying delaminationgiara

are obtained. Stage A demonstrated that the experimental set-up, as dkestribe
section 4.2, did not satisfy the requirements. Test specimens are therefite

by hammer-impact. The delaminations have a length of 30% of the beam span at
most. Also the effect of a growing delamination is closely monitored. For this pur-
pose a specimen containing a small delamination is used. Between several modal
analyses the delamination is extended by using a sharp razorblade.

4.2 Experimental set-up

In figure 4.1 the experimental set-up is outlined. Beam shaped specimearanare
tilevered and excited using a shaker. In order to reduce the influencwiobme-
mental vibrations the shaker is hung from a spring connected to the fixed.world
The force excited by the shaker on the specimen is recorded with a fanseltrcer.

The response of the beam is measured using accelerometers, stras gaddi-

bre bragg gratings. Also the sound radiated from the vibrating beam iglextby
microphone. The signals are amplified before these are fed in to a data analyse
see appendix A. With help of a computer the gathered time responses argeanaly
and transformed by means of a fast fourier transformation (FFT). In appén

the used hardware is also listed.
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Figure 4.1: Experimental set-up (shaker) for modal analysis.

4.3 Stage A: Validation of the experimental set-up
and sensor evaluation

The main goal of stage A was to validate the test approach and the experimental
set-up in terms of reproducibility and robustness. Also the use of acosdéeos,
strain gauges and a microphone were evaluated for capturing the sespafrthe
beam. At last the effects of delaminations on the frequency responserotlveere
obtained and compared to the theoretical analysis. The following testing scheme
was adopted to pursue these goals.

1. Validation of the testing approach

e Effect of clamping conditions The effect of clamping conditions on
the frequency response plot was studied. The conditions were system-

atically varied.

¢ Influence of spring force The effect of the tension in the spring was
investigated. The spring force was varied by means of changing the de-
flection of the spring in rest. Three cases were examined, the deflection
was varied between 0, 7 andrhfn

e Reproducibility The reproducibility was studied by performing sepa-
rate tests with constant conditions at distinct times. The specimen was
removed after each test. The resulting variations gave an indication of
the reproducibility of the testing method.

All these tests were performed using an intact specimen. The shakeidexcite
the beams with a chirp signal from 0 to 2kHz. The response of the beam was
captured with an accelerometer attached to the free end of the specimen.

2. Evaluation of used sensorsThe response of the beam specimens was ob-
tained by means of different sensors. In this stage measurements were ob
tained using an accelerometer, strain gauges and a microphone. The data
obtained by the different sensors was compared and conclusions raene d
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on their applicability for dynamic health monitoring. The information gath-
ered by the strain gauges was used to gain insight in the application of fibre
bragg gratings in later research. The tests were performed using the same
specimen as used above.

3. Evaluation of the effect of delaminations Two series of three specimens
contained a through width delamination at 50% and 25% of the thickness.
The effect of these delaminations on the resonance frequencies was inve
tigated. The theoretical study indicates a shift of resonance freqsetucie
lower values. The obtained resonance frequencies were comparea1o the
retical values.

7 N
§ Clamped end 1
. § b. | ¢
Cut-out
& 7 & —
Figure 4.2: Specimen cut-outs. Figure 4.3: Clamping construction.

4.3.1 Specimen preparation

A unidirectional plate was fabricated from 12 layers of prepreg C-PEs.fabri-
cation process is documented in appendix B. The resulting plate had a tlicknes
of approximately 1.6imand a fibre mass fraction of 40% [36]. The material pro-
perties are listed in table 4.1. By using A thick kapton foil two delaminations

at different thickness-wise locations were created. The delaminationsaiedin

figure 4.2 bya andc, were located on respectively 25% and 50% of the thickness
and measured 60% of the beams total length. The region indicateddytained

no delamination. The large delaminations were thought to have a great influence
on the beams dynamic behaviour and the effect will be easy to note. Téaessh

carbon-PEI E; (GPCL) Es (GPCL) G12 (GPCL) V12 123 P (kg/m3)
120 8.1 3.5 0.32 0.45 1580

Table 4.1: Mechanical properties of carbon-polyetherimide layer.
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with a length of 336hmand a width of 2éhm were cut from every section. The
axial direction of the beam shaped cut-outs corresponded with the fibrticlire

of the laminated plate. Table 4.2 and appendix C list the specimen dimensions and
delamination parameters. An explanation of the delamination parameters can also
be found in appendix C.

Specimen Specimen size Del. parameters
ID L(mm) w(mm) h(@mm) a b  hy
U1.00.000 320 20.1 1.67 na. na. na.
U1.06.025 320 20.1 1.66 5 6 .25
U1.06.050 320 19.9 1.67 5 6 5

Table 4.2: Specimen dimensions and configuration stage A.

4.3.2 Evaluation of the experimental results

Validation of the experimental set-up

The experimental set-up was validated on two distinct points: the reproducibility
of the experiments and the influence of extern parameters like clamping conditions
or spring tension.

The influence of the clamp, see figure 4.3, was studied by performing seestral
under varying clamping conditions. In figure 4.4 four obtained frequeesyanse
functions are plotted. The conditions are listed in the table 4.3. The results rep-
resent worst case scenarios. Tests with other variations in clamping coardition
showed less or no deviation at all in frequency response plots compared to th
fixed case.

Condition Description

Fixed Fully bolted

Condition 1  Six layers of scotch tape added between the two clamp parts
Condition 2  Left side (bolt 1 and 4)of the clamp bolted

Condition 3 Back side (bolt 1 and2pf the clamp bolted

7 See figure 4.3

Table 4.3: Clamping conditions.

The results indicate that only in the case of condition 4 the frequency nsspo
plot shows a large deviation compared to the fixed clamp. A significant shift in
resonance frequencies is observed. However, since the clamp yasotted at

the back side, this case hardly represents cantilever vibration. For theniegna
conditions the resonance frequencies do not vary significantly. Bast oesults
obtained it may be concluded that a small variation in clamping conditions has a
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Figure 4.4: Frequency response plots of intact specimen U1.00.000uaithing clamping
conditions.
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Figure 4.5: Frequency response plots of intact specimen U1.00.000w&itying spring
tension.

negligible influence on the obtained frequency response functions. The ckmp
therefore safely be used in this experimental programme and does rbange
refinement.

The influence of the tension in the spring on the obtained result was alsadiinves
gated. Similar conditions concerning excitation and response capturing segte u
as for the tests above. The tension was varied by changing the spriegtidef|
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Figure 4.6: Frequency response plots of specimen U1.00.000 at sinufadittons, but at
distinct times.

in rest between 0, 7 and &Bn Figure 4.5 shows the frequency response plots for
three different cases. As can be seen from the figure this has no irdloante
obtained frequency response plots.

The reproducibility of the experimental set-up was tested by performing thsts
under constant conditions at distinct times. An intact specimen was used. The
beam was after each test removed from the clamp. Figure 4.6 shows thregedeas
frequency response plots for an intact specimen, at different timescaAde
seen the different curves compare very well. The highest standaratidavover

the three tests was found to be .35% for the last peak. The averagedrstand
deviation over all peaks equalled 0.2%. Similar results were obtained for the othe
beam specimens. Itis therefore concluded that the experimental settupeghod
satisfies the demands in terms of reproducibility. In literature the small statistical
variation of resonance frequencies was already mentioned [28]. Thestaralard
deviation allows the detection of very small shifts of resonance frequentthas

the detection of small delaminations.

Recapitulating, the following conclusions are drawn:

e The influence of external parameters can be neglected. However, tiygeda
end should be used with care. Small deviations in clamping conditions have
no influence on the obtained results, while erroneous usage can influence th
results heavily.

e The experiments are easy to reproduce and the obtained results sHbw neg
gible differences.
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e The experimental set-up and method suffices the conditions in terms of re-
producibility and influence of external parameters and can thereforsduk u
in this programme.

Evaluation of different sensors

The second part of stage A evaluated different sensors for cagtinérbeams re-
sponse. Besides the accelerometers used in the first part of this stagesphese

of the beam was also captured by strain gauges and a microphone. aine str
gauges were fixed near the clamped end of the beam in order to captureuaiiflex
vibration modes. Radiated sound from the vibrating beam was captured by a mi-
crophone. The obtained time signals were fed into a data analyser arfontnaed

by means of FFT.

Figures 4.7 and 4.8 show respectively the frequency transfer plots etitaynan
accelerometer and strain gauges. The upper graph in both figures thteopahe-
rence of the measurement. The coherence is a guide to the quality of thfertrans
function measurement. The coherence measures in what extend the pahgr o
response of the beam is caused by the driving power of the excitatoa ¢@od
measurement the coherence equals 1 over the whole frequency spedisican

be seen from figure 4.7 the quality of the measurement obtained by the acceler
eter is very good. For the measurements obtained by the strain gaugess Afigur
however the coherence is poor. Only at resonance frequenciesttbeeace tends

to equal 1. The beam vibrates heavily in its resonance frequency, afjcivin

Frequency Response Plot
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Figure 4.7: Frequency response plots of specimen U1.00.000 obtainad bgcelerome-
ter attached to the free end of the beam specimen.
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Frequency Response Plot
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Figure 4.8: Frequency response plots of specimen U1.00.000 obtainetrdiyn gauges
glued near the clamped end of the beam specimen.

strain sensor to distinguish the induced strain from the noise level. Outside thes
resonance frequencies the strain becomes very small, resulting in aigoairte
noise ratio. For the higher modes with frequencies over 2kHz, the strairegaug
were unable to provide any signal at all. Itis also noted that the resetfisatien-

cies obtained by the accelerometer are slightly lower than the ones obtaines by th
strain gauges. This can be explained by the fact that the acceleromésemads

to the system.

Also the use of a microphone for capturing the response of vibrating stesgctu
was investigated. Figure 4.9 shows the frequency response plot, upHa,ldfkan
intact specimen. In the upper graph the signal was captured by theracceter.

The lower graph gives the frequency response plot as obtained byi¢chgphone.

The frequency response function obtained by the microphone shows e@ks p
and also a more erratic profile. The additional peaks can be caused bgtthwata

a microphone is also able to capture torsional vibration modes, while the accelero
meter is located in the middle of the beams width to prevent this. Furthermore the
surrounding noise can be the reason for the erratic profile shown indipé.gifo
prevent the influence of surrounding noise, measurements with a microfkmvn ¢
be considered. Nevertheless the general profile of the two measureroemiare
reasonably.

Recapitulating, the following conclusions are drawn:

e Accelerometers provide good results for obtaining the response of the ca
tilevered specimens. The measurements show good coherence arahpeson
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Figure 4.9: Frequency response plots of intact specimen U1.00.000nelotdy an ac-
celerometer and by capturing the radiated pressure wavkswmicrophone.

peaks are easy to identify.

e The strain gauges showed bad coherence outside the resonanmnies.
This can be explained by the poor signal to noise ratio. The occurring strain
becomes too small to distinguish it from the noise level. This problem plays
a bigger role for higher vibration modes, as the strain will become smaller.
Tailoring the specimens in terms of laminate lay-up might proof useful in an
attempt to increase the measured strains.

¢ Obtaining the frequency response function by means of a microphone looks
quite good. At higher frequencies the obtained coherence was still. good
The influence of surrounding noise however can limit the applicability of a
microphone for capturing responses.

The effect of a single 'through width’ delamination

Three types of specimens were cut-out from the fabricated unidirectpats.

Two types contained a delamination; one type at 50% of the thickness and one
type at 25% of the thickness. The response of these specimens wasedeasu

Figure 4.10 shows the frequency response plots of the three specimeran |
clearly be seen that the resonance frequencies of the delaminated veamsch

lower than for the intact beam. This qualitatively corresponds well with litegatu
[21, 8, 20, 26, 32, 34, 35]. It can be observed that the reductiorsonance fre-
guencies is the greatest for the specimen with a delamination at 50% of the thick-
ness. This was also determined using the model by Mujumdar and Suryanarayan
[21], described in chapter 3. The closer the delamination plane lies to theheutr
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Figure 4.10: Frequency response plots of three specimens with varyilzgnileation pa-
rameters.

line the larger the reduction in resonance frequencies. This is explained gcth
that the flexural rigidity of the delaminated regi6R I, + EI3) decreases as the
plane moves to this neutral line.

In table 4.4 the obtained resonance frequencies are compared with thetittaor
values calculated with the beam element model. This model is used as reference
since it provides an easy way of adding the mass for the accelerometediffigh
rences between theory and validation for the intact specimen stand out. These
differences question the reliability of the used experimental set-up. I tode
investigate this theory, the shaker was removed from the set-up and ttimepse

were excited by a hammer impact, as can be seenin figure 4.11. The accéderome
again was used to record the response of the excited beam. The hammer-impa
was applied at the same location the shaker was fixed to make sure all modes of
interest were excited. The obtained results, listed in table 4.5, show fortdet in

U1.00.000 U1.06.025 U1.06.050

Mode Theory Val. Theory Val. Theory Val.

15t 18.7 18.1 18.6 175 175 16.3
2nd  121.3  150.6 116.6 1755 108.3 1244
34 339.8 3436 2628 273.8 216.3 2438
4th 671.1 634.4 530.1 488.1 4404 413.1
5th1118.1 1073.1 909.0 8625 744.1 653.8

Table 4.4: Comparison between theoretical and validated (shakesheaxe frequencies
[Hz].
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Figure 4.11: Experimental set-up (hammer-impact) for modal analysis.

beam far better comparison with the theoretical values. From this is concluated th
the hammer-impact is a reliable way of obtaining the resonance frequekaes.

the delaminated specimens the results show reasonable comparison with theory.
The differences observed can be explained by the fact that the detamgihad a
length of 60% of the beams length. The analytical model required the delaminated
segments to stay in contact and slide among each other. With delaminations this
size it is practically impossible to satisfy this requirement. Also if there exists
contact between the layers there probably occurs some friction, whichlsan
influence the results.

U1.00.000 U1.06.025 U1.06.050
Mode Theory % Val. Theory % Val. Theory % Val.
1%t 18.7 5 18.8 18.6 63 175 175 36 16.9
ond 1213 0 121.3 1166 10.3 130 108.3 9.3 1194
3¢ 339.8 8 3426 2628 1.1 260.0 216.3 2.6 210.8
2
7

4th 6717 673.1 532.8 5 530.1 4404 44 4219
5th 0 1118.1 1110.0 909.0 13 910.2 7441 55 705.6

Table 4.5: Comparison between theoretical and validated (hammeadthpesonance fre-
quencies [Hz].

4.3.3 Conclusions

In this first testing stage the experimental set-up was validated in terms of repro-
ducibility and robustness. Furthermore different sensors for capturagponse

of vibrating test specimens have been evaluated. At last the obtainednesdre-
guencies of specimens, with varying delamination parameters, have beerredmpa
with the theoretical analysis in section 3.1. From this the following conclusions can
be drawn:

¢ In terms of reproducibility and robustness the experimental set-up dbes sa
isfy the requirements for scientific research. However, the shaker has a
significant influence on the found resonance frequencies, especiatlyefo
lower modes. For experiments in which the results are to be compared with a
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theoretical analysis this set-up can therefore not be used. The nesdine-
guencies can in this case be obtained by an impact analysis. The specimen is
excited by a hammer-impact and the response is captured by an accelerome-
ter. Results obtained this way show better comparison with theory.

e Capturing the response by an accelerometer gives the best results;ahe me
surements showed good coherence and the resonance frequancéesity
identified. It is harder to measure the beams response with strain gauges.
This is caused by a poor signal to noise ratio. Only for low vibration modes
the strain is large enough to distinguish it from the noise level. Capturing the
response of a vibrating beam by means of recording the radiated noiss see
a reasonable alternative. It might be difficult, however, to identify torgiona
or flexural vibration modes. Also the surrounding noise has a large influence
on the obtained frequency response function.

e The results obtained by the hammer-impact for the intact beam specimens
correspond well with theory. For the delaminated specimens differences
were found. However these discrepancies were small and are pyrahalsed
by the size of the delaminations. Theory requires that the delaminated seg-
ments stay in contact and slide amongst each other. However, since the de-
laminations measured 60% of the beams length, it can be argued whether
this requirement can be satisfied. The experimental programme needs to be
extended to validate the theoretical models.

4.4 Stage B: Application of fibre bragg gratings for
health monitoring

The goal of this stage was to investigate the possibility of using the fibre bragg
gratings for dynamic health monitoring. Fibre bragg gratings can be embedded
in composite structures and are able to measure strain at different posikizns,
makes them a potential interesting monitoring technique. Also the fact that fibre
bragg gratings show good resistance against corrosion and fatiguedsamtage

over conventional strain gauges. Various tests were conducted and Goatiu-

sions were drawn on future applicability of fibre bragg gratings for dynaesdth
monitoring.

4.4.1 Goals and proposed testing scheme

The accuracy of the strain measurements with fibre bragg gratings wastedalua
with a static test. Beam specimens containing the sensing fibres were cantilevere
and a force was applied at the free end. The strain near the clamped vegon
measured by an embedded fibre bragg grating and compared with theory.alhe go
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of these tests was to determine the general accuracy of the gratings. Both dis
placement and applied force were measured at the free end. The validitg of
obtained data was checked by the calculated flexural rigidity. The laminatglay-

of the beam specimens was tailored to ensure that the fibres stayed on their de-
sired location during production. In order to investigate the applicability of fibre
bragg gratings for dynamic health monitoring dynamic experiments were also con-
ducted. These tests also determined the suitability of the data acquisition system
for dynamic signal processing. The following testing programme was adopted

1. Static testing

e Force-displacementBeam shaped specimens were cantilevered. A
force cell pushed the free end of the specimen down. The applied force
and displacement at the free end were captured. The results were ana-
lysed and the flexural rigidity of the beam specimens was obtained.

e Strain measurementsThe strain near the clamped end was measured
with the fibre bragg gratings. The results were compared with the theo-
retical case. Conclusions were drawn on the accuracy of the strain
measurements.

2. Dynamic testing For the dynamic experiments the set-up provided in stage
A was used. The resonance frequencies of the beam were obtained with
help of the accelerometer. The shaker was then used to excite the beam in
a number of these resonance frequencies. The strain near the clamped end
was obtained by the fibre bragg gratings. The quality of the response was
visually investigated. The data was captured by a data acquisition system
with a sampling rate of 50kHz. The system only allowed a record time of one
second. The time signal for various driving frequencies were tramsfo by
means of a fast fourier transform. These tests gave insight in the maximum
frequency up to which the data acquisition system is still able to capture the
beams response.

4.4.2 Experimental set-up for static testing

In figure 4.12 the experimental set-up is outlined. A force cell is used to push
the cantilevered specimen down. The displacement of the free end isleeday
means of a laser distance measurement device. Both the force and disptace

at the free end are recorded. The data acquisition scheme is showneindapp

A. The maximum delamination length in the test specimens in this experimental
stage equals 30% of the beams length. As was shown in section 3.1 the influence
of such small delaminations on stiffness can be neglected. No real diffeian
bending stiffness between a delaminated and intact beam is thus expetied. T
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Figure 4.12: Experimental set-up for static tests.

flexural rigidity of the specimens can be determined as follows:

_FIL3

FlI =—
u 3

In which F'/u represents the beam stiffness and is obtained from the experimen-
tal set-up and. represents the beams length. The theoretical flexural rigidity of
laminated beams is derived in section 3.2.1.

4.4.3 Specimen preparation

A total of six beam specimens, of which five contained a sensing fibre, seere

from a laminated CFRP plate. In order to maximize the measured strain, the fibre
bragg gratings were positioned far from the neutral bending surfacmake sure

the fibre gratings stayed on their desired distance from the neutral sdaog

the manufacturing process, the fibres were placed between tia@gérs. This

is illustrated in figure 4.13. The carbon fibres in the $yers will prevent the
layers to move in the melted matrix material during production. Space was created
in the O to minimize deformation of the sensing fibres. However, as can be seen
from the figure the fibre diameter (approx. 185) is larger than the thickness

of the individual layers (approx. 1@n). During production the sensing fibre is
therefore compressed.

The gratings were placed in the sev-
enth layer from the symmetry plane in
a[90/0/90/05/90/0/90]; plate. De- %" | ————
laminations were created on the Sym-0° |$essgesesesssess s
metry plane of the laminate. The layyge
up ascertained that the segments above\_k
and below the delamination are sym- saeat

metric, which prevents failure due to Figure 4.13: Cross-section of the top side
thermal residual stress induced curva- of the laminate, showing the placement of
ture. The theoretical flexural rigidity ~the fibre bragg grating between two 90

of the beams equals 1.13@m?. layers.

Sensing fibre
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One intact and five delaminated specimens were fabricated. Table 4.6 lists the
various beam specimens. The delaminations were specifically located to validate
the statement that each mode is affected differently by delamination location. From
the analytical analysis in section 3.1 it followed that the effect of the delamination
on the second resonance frequency is minimal for specimens with a delaminatio
at .52 of the length. For the other specimens, with a delamination at .32 times the
length, the effect is minimal on the third resonance frequency. The lasirspn,
U2.grow, will be used in stage C to monitor the effects of a growing delamination.
The middle of delamination is located at a dimensionless distapdeom the
clamped end and has a dimensionless length. 6The parameters, gives the
dimensionless thickness-wise location. Again this is summarized in appendix C.

Specimen Specimen size Del. parameters
ID L(mm) w(mm) h(@mm) @ b  he

U2.000.00 455 20.1 2.31 na. na. na.
U2.052.02 455 20.1 2.32 52 2 5
U2.052.03 455 19.9 2.32 52 3 5
U2.032.02 455 20.0 2.32 32 2 5
U2.032.03 455 20.0 2.32 32 3 5
U2.grow 435 19.9 2.31 32 05 5

Table 4.6: Specimen dimensions and configuration stage B.

4.4.4 Evaluation of the experimental results

Validation of the static test set-up

To validate the experimental static set-up, described in section 4.4.2, segtsal te
were conducted on @), carbon-polyetherimide test beam specimen of which
the material properties are known. After several distinct tests a standaia d
tion of approximately .7% was obtained. Also the determined Youngs modulus
corresponded well with the theoretical value. From this is concluded thaixthe
perimental set-up shows reproducible and reliable results.

Evaluation of strain measurements

Static measurements on three of the five specimens were conducted to investigate
the general accuracy and resolution of the gratings for strain measurenfents
50kHz data acquisition system was used to investigate the resolution of the grat-
ings. It was found that the signal was considerably corrupted with noi$e
measured strain in the specimens showed, in the worst case, a standatibnle

of 3.7ue. The specimen with the best signal to noise ratio showed a standard devi-
ation of1.3e. Normally a standard deviation @fOpe is measured in similar fibre
bragg gratings. These, however, are not embedded in a laminate. Poss##e ca

of this high level of noise are discussed in section 4.4.5.
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Table 4.7 lists the obtained results from the static tests. The obtained flexidal rig
ity, measured with force and laser displacement devices, correspdinaithehe-
oretical value ofl.15Nm?2. The strain was measured using a 1Hz data acquisition
system. It can be seen, in table 4.7 that the measured strain deviates anlot fro
the theoretical case. A maximum difference of 27% is observed. Theadtiffe
between validated and theoretical strain can have various causes, \igtain
discussed in section 4.4.5.

Specimen  STDEV Measured Measured Analytical Difference
ID noise (ue) rigidity (N'm?) strain (ue)  strain (ue) (%)
U2.000.00 3.7 1.133 168.0 201.7 17
U2.052.02 2.3 1.161 163.1 224.1 27
U2.052.03 1.6 1.152 194.5 257.5 24

Table 4.7: Results from static experiments.

Evaluation of dynamic results

The dynamic analysis was performed in order to investigate the suitability of the
50kHz data acquisition system for fast digital signal processing andtbeity of

the gratings to pick-up the different resonance frequencies. Since thhaauisi-

tion system was still in its development phase no software was available torperfo
a modal analysis, also the recording time was limited to one second. Theredore th
quality of the obtained time signal was investigated visually. First the resonance
frequencies of the specimens were determined with an accelerometer.thiEhen
beam specimens were excited in their resonance frequencies and thdréime-s
signal was acquired. The obtained data was transformed by meanssbof@uiider
transform.

Table 4.8 shows the obtained results. It can be seen that the fibre bediyggis
able to resolve the right frequencies. The upper graphs in figures 44126qgjive
the obtained fourier transform of the intact specimen vibrating in its resenanc

Specimen Driving Obtained FBG
ID frequency (Hz) frequency (Hz)
U2.000.00 11 11
- 368 369
- 910 910
U2.052.02 96 96
- 355 355
- 771 771
U2.032.02 87 87
- 591 591

Table 4.8: Results from dynamic experiments.
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frequencies. In the lower graph the wavelength of the reflected light is plotted
against the elapsed time. As stated in the introduction the shift in wavelength is
coupled to the strain of the grating.From figure 4.16 can be seen that for higher
vibration modes the strain becomes very small.
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Figure 4.14: FFT and time signal for a  Figure 4.15: FFT and time signal for a
driving frequency of 196Hz. driving frequency of 534Hz.

The driving frequency of 910Hz can
still be found in the fourier plot, but
it is a very weak signal. Also this
FFT plot shows peaks at lower fre- ‘

quencies. The peaks are located at 50 ok L P amm——
to 550Hz with intervals of 100Hz. The Frequency 2]
same peaks are also observed in fig-
ure 4.15. However because of the fact
that the strain, caused by the shaker vi-

bration, is a lot higher for this vibra- e
tion mode the lower frequency peaks

are small compared to the driving fre- Figure 4.16: FFT and time signal
quency peak. for a driving frequency of 910Hz.

FFT

Wavelength [nm]

A detailed examination showed that in all signals these lower frequenciesepere
resented. The origin of frequencies can be found in the AC/DC poweiecsion.
After some an investigation the problem was solved.

The limiting factor in this testing phase was found to be the poor signal to noise
ratio. The strain can not be distinguished from the background noise lelied. T
plays a bigger role for higher vibration modes as the occurring strain becomes
smaller. In stage A, where the response of the beam specimen was dapiilre
strain gauges this problem was also observed. Earlier research initdigilgy

of the data acquisition system had shown that the system was able to capture th
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signal reliably up to a driving frequency of 5kHz. However, furthesearch in this
field is desired.

4.4.5 Discussion

The possible use of fibre bragg gratings for dynamic health monitoring has been
investigated in this experimental programme. The largest problem enced tigsy

in the poor signal to noise ratio. A standard deviation of:8 Was measured. This

can be caused by several factors. Generally a standard deviatiofpefis ob-
served, however as stated these fibres are not embedded in a laminateodtee p

tion process of the laminate in which the fibres were embedded can have a severe
influence on the signal strength. It is known that high temperatures caa taus
grating marks to fade out, which results in an attenuation of signal strengtle Sinc
matrix material polyetherimide is consolidated during production at a temperature
of 300°C' this might have had a bad influence on signal strength. An experiment,
conducted during another research project, in which the signal stresgtimoni-

tored during the consolidation of the matrix material confirms this theory.

Coating

Cladding

GMmKP
Core

Figure 4.17: Dimensions of fibre bragg Figure 4.18: Micrograph of embedded
grating. fibre bragg grating (25x).

Also the applied pressure 6fbar during the production process can have had a
negative influence on signal strength. As stated before the sensingdileres-
bedded between two 9tayers. Figure 4.17 indicates that the outer diameter of the
fibre equalsl95um. With a carbon-PEI layer thickness of approximatéehpsm

this effectively means that the grating is compressed between two layers.-Micro
graphs of an cross-section of an embedded fibre, shown in figure 4. I8nctms.

The cross-section shows that the fibre has an elliptic form, while originally tree fibr
should show a circular cross-section. The drawn white ellipses show #itiopo

of the coating and cladding. It can be seen that they are not perfecitgcuit.
Figure 4.19 shows this in detail. Similar results were obtained for other specimens,
i.e. figure 4.20. Itis not known if this has a negative influence on accunagignal
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strength. The dark areas in the micrographs are caused by watergséepingh

the voids in the laminate. Figure 4.20 shows that the ceramic coating of the fibre
bragg grating is broken. Because the broken pieces are embedded byttixe ma
material it can be concluded that this occurred during the production miidise
laminate. It is unknown if such damage has a negative effect on sigealgstr

and accuracy. Extended research in the influence of the productioesgron the
quality of the fibres is therefore required.

Figure 4.19: Micrograph of embedded Figure 4.20: Micrograph of embedded
fibre bragg grating (200x). fibre bragg grating (200x).

The difference between theoretical and experimental measured stragrsisdbnd
problem encountered. The difference mounts up to 27%. The theordtigal s
near the clamped end followed from:

36-t

L2

In which ¢§ is the displacement at the free end of the bednis the length of
the beam and the distance of the grating to the neutral plane. This equation
assumes that the strain develops linearly over the thickness. For an idepirgda
condition, indicated in figure 4.2] this might be the case. However, practically
such a clamping condition is impossible. Figure 4.2lves the used clamping
condition. A finite element analysis in ANSYS evaluated the influence of the used
clamping conditions. The results for both clamps are given in figurec4adl
4.21d. A clear difference in strain distribution is observed for the two cases. The
analysis further showed that the used clamp can result in a differerbe sfrain
near the gratings of at most 10%.

(4.1)

€ =

Another uncertainty in the strain measurements is caused by the fact thaathe e
axial location of the gratings is not known. During the placement of the sensing
fibres an error of approximately frdncan be introduced. This is caused by the
fact that it is impossible to identify the gratings by naked eye. Additionally the
grating has a length offBmover which the strain is measured.

However, because the mentioned causes cannot explain the largendiéfdre-
tween measured and theoretical strain, of at most 27%, additional testperere
formed. In order to investigate if embedding a fibre bragg grating has a negativ
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Figure 4.21: Finite element analysis of clamping condition.

influence on accuracy a tensile-strength test was conducted. For thisspuwo
specimens were fabricated. One unidirectional 16-ply carbon-PEI badmaw
fibre bragg grating embedded on the symmetry plane. The other specimen was
similar to the ones used in this stage and hago#0,/90/0,/0/90/0/90]5 lay-up.

In this specimen the fibre bragg grating was embedded in the seventh layer from
the symmetry plane. Besides measuring the strain with the embedded fibre, this
was also done with a fibre bragg grating glued to the surface of the test specime
Additionally, the strain was measured by an external strain meter. The tebtslfo
specimens showed that no differences at all were found in the diffstrain mea-
surements. These tests show, as opposed to the previous tests, thatitheastr

very well be measured with an embedded fibre bragg grating. However, dlivesstr
that occurred during the bending test were significantly lower than the s$frain
arose during the tensile stress. Further research in order to explainfédremites
between theoretical and measured strain is required.

4.4.6 Conclusions and recommendations

Both static and dynamic experiments were conducted to investigate the possibilities
of using fibre bragg gratings for dynamic health monitoring. The obtained results
indicate a good perspective for future applicability of the fibre bragg gratifige
sampling rate of the data acquisition system is probably high enough to resolve
frequencies up to 5kHz, however more research in this field is desiredoiQne
problems encountered was the lack of a software package to extractiayed
autospectrum of multiple measurements. However, the system is still in its devel-
opment phase and sufficient improvement in this field can be expected. @hstlar
problem at this moment is the low signal resolution and accuracy. Due to the low
strain for higher vibration modes and high noise level it was impossible to resolve
these higher resonance frequencies. The poor signal quality is kiodvencaused

by the production process of the test specimens in which the fibres were @éetbed

It is recommended to concentrate future research in the following fields:

e To verify the accuracy of the fibre bragg gratings a four point bendirtg tes
on a test specimen should be performed. The strain is then constant bhetwee
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the two loading points. Also the problems described in the previous section
with the clamping conditions are avoided this way.

e The effect of different processing conditions on general resolutidreacu-
racy should be investigated thoroughly. It is known that high temperatures
can cause the gratings to fade out. It has to be examined in what extend the
applied temperature and pressure influences the accuracy and resolution.

e As an extension to the previous point it might be valuable to monitor the
wavelength signal during the production process. The attenuation of sig-
nal strength can give insight in the influences of different productiorsstep
While monitoring the changes in wavelengths can give interesting informa-
tion about the development of residual stresses inside the laminate when
cooling down.

e In order to test the potential a fibre bragg grating can be glued to the surface
of a beam specimen. Signal attenuation due to the production process are
avoided this way. The high accuracy allows an thorough investigation of the
data acquisition system.

e Furthermore software should be developed for the data acquisition system to
enable easy extraction of the resonance frequencies of test specimens.

4.5 Stage C: Validation of theoretical analysis

The goal of this stage was to validate the theoretical model provided in section 3.1.
The specimens used in stage B were subjected to a modal analysis. It waseobs

in stage A that the experimental set-up with the shaker did not produceasecu
results. The resonance frequencies of the specimens were thatefermined by
measuring the response of the beam excited by a hammer-impact, as gigeman fi
4.11.

4.5.1 Testing scheme

The test specimens fabricated in stage B were all excited by a hammer-impact.
The response was captured with an accelerometer. The found resdnequen-

cies were then compared to the ones calculated with the finite beam element model
described in section 3.3.1. The finite element model was chosen as a refleeence
cause this provided an easy way of adding mass for the acceleromegdleXiral
rigidity of the beam segments was determined as given in section 3.2.1. Further-
more the effect of a growing delamination was studied. A specimen containing
a small delamination was manufactured and its resonance frequencieseiare d
mined. Then a razorblade was used to enlarge the delamination in a controlled



Chapter 4. Experimental validation 75

way prior to subsequent measurements. This way the effect of a delaminatio
closely be monitored.

4.5.2 Evaluation and discussion

Pre-delaminated specimens

Several hammer impact measurements were conducted and averagedtalhas]
used to obtain an autospectrum of the response. Figures 4.22 and 4&3tkho
response of respectively the intact and U2.052.02 specimen to the hamnaat-imp
The resonance frequencies can easily be identified by the peaks in the Alots
quick glance shows that the peaks in figure 4.22 appear to be steepewridére
peaks in figure 4.23 are caused by an increase in damping, probablysagdtafe
friction between the two delaminated segments. This subject, however, is-not co
vered in this thesis. In table 4.9 the obtained resonance frequenciesnapared

to the ones calculated with the beam element model, provided in section 3.3.1. It
can be seen that for the intact beam specimen the theory correspoydsiiavith

the validated resonance frequencies. An averaged difference ofexiB¥. How-

ever if the first resonance frequency, due to the high influence of the samgtiié)g

is excluded, an averaged difference of 0.8% is found. A similar resuétyeraged
difference of 0.4%, was observed in stage A, table 4.4. It can agaioriaduded

that the results obtained by the hammer-impact are reliable. From table 4.9 it fol-
lows that the first and second resonance frequency for the intaétrspeis lower

than for the delaminated beams. The smaller theoretical resonance ftepuame
caused by a differences in beam geometry. The intact specimen, U090

a thickness of 2.3timcompared to 2.32mfor the delaminated specimens. This
causes a reduction in flexural rigidity of 1.3%. This difference can beecHogthe

fact that the intact specimen, U2.000.00 was sawn from the edge of the tathina
plate.

Further it can be seen that for the delaminated specimens the theoretidtd resu
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Figure 4.22: Autospectrum of intact spec- Figure 4.23: Autospectrum of delami-
imen U2.000.00 excited by a hammer- nated specimen U2.052.02 excited by a
impact. hammer-impact.
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show more deviation to the obtained values than for the intact specimen. An av-
eraged deviation of 3.1% is found. The maximum difference of 10.2% is found
for the fourth resonance frequency of specimen U2.052.03. Theatiffes can be
caused by several factors:

e The delaminated segments are modelled to stay in contact during vibration.
This however is a requirement that is practically very difficult to satisfy. This
also depends on the vibration mode considered.

e When contact occurs the theory demands that the delaminated segments are
able to slide freely in relation to each other. However practically there will
exist friction between the two segments. This friction can hinder the seg-
ments to slide, which then will result in an increase of flexural rigidity. The
inserted kapton foil can have an additional negative effect on this fictio
The foil thickness causes the contact pressure to increase with regativ
fluence on friction forces. Also the friction coefficient of the foil can have a
negative influence.

¢ In conjunction with previous point; the actual delamination, i.e. the region
where the segments are able to slide, is probably smaller than the size of the
inserted kapton foil. The kapton foil pushes the layers outwards, wkich r
sults in a large contact pressure near the junction. This prevents thetiayers
slide freely near the junction and this effectively means that the delamination
is probably shorter than intended.

It can be seen, despite the differences, from table 4.9 that the thebastitaali-
dated results show a similar tendency.

In figure 4.24 it is again underlined to what extend delamination location influ-
ences frequency shifts of different modes. This figure plots the autiapE#dwo
delaminated specimens. The delaminations were created on different locations.
The first specimen, U2.052.03, has a delamination on .52 of the beam length. The
lower graph in figure 4.24 indicates that for the second vibration mode the third
derivative, and thus the shear force, is zero in this location. This meartbéhde-
lamination has only a small influence on the second vibration mode. This also goes
for the fourth vibration mode, as can be seen from figure 4.24. The delamination in
the other specimen, U2.032.03, will have a small influence on the third resmnan
frequency. The delamination is located on a point of minimum shear force for
this vibration mode. The upper graph of figure 4.24 shows the obtained actospe
tra of the two specimens. The graph shows that the second and fowttanes
frequency has shifted more for the U2.032.03 specimen than for the U23052.0
specimen. The opposite is true for the third resonance frequency. dihésponds
qualitatively very well with the theoretical analysis.
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Figure 4.24: Influence of delamination location on resonance frequehifisgor different
vibration modes.

Growing delamination

The effects of a delamination on the resonance frequencies is also intextiya
enlarging a small delamination in between several modal analyses. This fgreven
unwanted frequencies shifts as a result of variations in specimen dimemgions
material properties. The delamination was enlarged with a sharp razorflade.
effects of a delamination on the resonance frequencies can be monitorelg close
this way.

Figure 4.25 visualizes this effect. Several measured frequency resplois are
plotted in this graph. As can be seen from the figure the effects of a graleing
lamination are most noticed for the higher vibration modes; the sixth and seventh
resonance peak clearly shift to the lower values. For the lower vibratioresnod
the effect is less significant. The sudden shift for the third and fifth rexente-
quency for a delamination length of l#n stands out. In table 4.9 the results
are compared to the theoretical analysis. For a small, up rmng2lelamination
length the obtained theoretical results compare very well to the validated nesona
frequencies. However as the delamination is enlarged the results showiesa-c
rison. Possible explanations were already listed above. One additionah reas
be found in the fact that the delaminated surface was very rough. Thisiged
by the fact that the delamination was forced to grow with the razorblade. &his ¢
increase the occurring friction. Previous experiments were only condocted
smooth predefined delamination surface.
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Figure 4.25: Effects of a growing delamination.

4.5.3 Conclusions and recommendations

From the results obtained in this experimental stage it can be concluded that the
developed model gives a good indication of the effects of a delamination in vi-
brating beams. The theoretical and validated resonance frequenciea shroiar
trend. An average difference of 3.1% between theoretical and melass@nance
frequencies of delaminated beams was found. This value was foundefqréh
defined delaminations. Less comparison, 3.7%, is found when the delamination
was forced to grow. This is probably caused by the newly created roeigimi-
nation surface. Because it is unknown in practice how much the measuped res
nance frequencies deviate from the theoretical model it is hard to use thel mod
for damage localization. For instance, a difference of 3% on the measeredds
resonance frequency gives significant other results than the sanrenliiéeon the

third vibration mode. Also a more accurate model is desired to be able to predict
the shifts in resonance frequencies better. The new model needs impravame
the following fields:

e Implement the effect of an opening delamination. As stated above the re-
guirement that the delamination stays closed during vibration is hard to sat-
isfy practically. The finite element model using contact elements can be
extended for this purpose. This will, however, make the analysis far more
time consuming since the vibration becomes non-linear.



Vibration U3.000.00 U3.052.02 S3.052.03 U3.032.02 S3.032.03
Mode | Theory Validation Theory Validation Theory Validation Theory Validation Theory Validation
15t 12.0 11 12.1 12 12.0 12 11.7 12 114 12
ond 77.2 76 77.9 80 77.5 83 73.4 74 65.9 65
3rd 216.4 221 191.7 199 158.6 170 220.2 220 208.8 208
4th 428.3 432 424.8 440 374.6 417 360.2 371 313.1 339
5th 713.3 716 568.6 580 532.7 546 627.3 609 555.4 536
6t 1071.4 1068 957.0 993 793.8 813 963.3 979 806.5 775
7th 1502.1 né. 1248.3 1233 1175.6 1204 1247.9 1239 1183.4 1119
Vibration Del size: 3Inm Del size: 42nm Del size: 65nm Del size: 89nm Del size: 142nm
Mode | Theory Validation Theory Validation Theory Validation Theory Validation Theory Validation
1%t 13.03 13 13.0 13 12.9 13 12.7 13 12.5 13
ond 82.5 82 82.5 82 80.7 81 78.6 81 77.9 84
3rd 235.3 236 234.8 237 226.5 237 187.3 223 164.4 208
4th 458.2 462 446.2 449 389.9 401 369.7 373 355.5 383
5th 758.7 764 747.1 748 733.7 751 591.1 746 551.1 557
6t 1160.1 1160 1142 1159 939.4 1021 882.6 878 832.9 821
7th 1545.9 1570 1445.7 1516 1392.9 1368 1209.8 1261 1169.4 1159

¢ Unable to identify from autospectrum

Table 4.9: Comparison of theoretical and validated resonance frezgjegiof specimens with varying delamination parametersvatida growing

delamination

6.
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¢ Implement the friction between the two delaminated segments. This also can
best be achieved using the contact elements.

In order to validate the analytical and finite element models proposed in chapter
3 other beam specimens should be produced. The uncertainties regeodiact
pressure and surface roughness should be avoided. To minimize s spec-
imens of for instance aluminium should be considered. Delaminations can then be
created by gluing two aluminium beams. The glue will probably influence the mea-
sured damping coefficient but its influence on resonance frequenciesotiHiply

be small.



CHAPTER

FIVE
DISCUSSION AND APPLICATION

Wth the presented theoretical models the resonance frequencies of aidelam
nated beam can be determined. In this section it is discussed in what extend th
model can be used to detect and locate originating delaminations.

5.1 Discussion

A general problem concerning dynamic 'health monitoring’ consists of theisen
tivity of dynamic parameters to environmental changes. In the literatureitrv
was already stated that these properties are highly influenced by chiariges
perature or humidity. Kawiecki [16] reported that the resonance &egjes of a
steel bridge showed variations up to 5% as a result of temperature charges o
This dependency relinquishes the us@aof-modebased techniques outside tem-
perature and humidity controlled environments. A model or extensive dat&as
required to distinguish damage or environmentally induced changes. In this ligh
the application of such systems in for instance airplanes or wind turbine blades
still has a long way to go. However in the field of quality control such problems
play no role as a stable environment can easily be created. Dynamic 'heaith mo
itoring’ could therefore be a strong short-term alternative to conventiamality
check procedures.

An analytical and two finite element models were presented to determine the res-
onance frequencies of delaminated beam shaped specimens. The nuveel pr
that with the simple measurement of resonance frequencies, delaminatidms can
detected and located. An advantage of resonance frequenciestioeedgnamic
parameters can be found in the fact that resonance frequenciesreigmificant
statistical variation. It was experimentally shown that the standard deviation be-
tween three measurements at distinct times was found to be less than 0.2%. This
allows to detect changes of 1%, which makes resonance frequenaeg aceu-

rate parameter to model. For the proposed model however an averageendiffe

81
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between theory and validated resonance frequencies of 3.1% was folwad to

be added that this figure applies to the pre-delaminated specimens with a kglative
smooth delaminated surface. For the specimen with the enlarged delamination
an averaged difference of 3.7% was obtained. For the detection of dahesgpe
figures play no role. For the localization however this difference might poovie-
lematic. As indicated in the theoretical model the location is determined by the
combination of frequency shifts for various vibration modes. Only for the higher
modes a frequency drop of more than 5% is expected. By taking more vibration
modes into account the determined results will naturally become more reliable. In
order to be able to use the lower vibration modes a more accurate model is required.

This thesis also investigated the possible application of fibre bragg gratings for
health monitoring. The advantages over conventional methods to capture vibra-
tions are obvious. The most notable can be found in the fact that fibre bragg g
ings can easily be embedded in composite structures. This allows strain measure-
ments inside the host material. Also embedding sensing fibres can be preferred
over gluing strain gauges or accelerometers for practical reasod#tickally, the

matrix material will protect the sensors which allows application in harsh environ
ments. Other advantages can be found in the ability of multiplexing, i.e. having
multiple sensors on one fibre, and the high resistance against fatigue. In an ex
perimental programme the fibre bragg gratings were evaluated. The mainrproble
encountered was found to be the low signal to noise ratio. Together with the low
strains for higher vibration modes, this made it impossible to identify the higher,
over 1kHz, resonance frequencies. The data acquisition system isetf fam-

pling rate of 50kHz, which is certainly fast enough to resolve such frecjas.

The poor signal to noise ratio is probably caused by the process comditidhe

host material in which the fibres are embedded. The high temperature is known
to have a negative influence on signal strength. Extensive researdh fretti is
required.

Despite the low signal to noise ratio, fibre bragg gratings will certainly have-a pos
itive influence on the development of dynamic based health monitoring systems.
The ability of embedding sensing fibres inside a composite together with the possi-
bility of multiplexing gives a potentially strong measurement system. A network of
gratings could be used to survey local strain development over a lagyeBasides
determining resonance frequencies, a network of sensors will therthigvpossi-

bility to define mode shapes or determine cross-spectra between diffeainggr

New algorithms can be developed to make use of all this information simultane-
ously. Also the development of small lamb waves through the host material can
be monitored for damage detection. The development of fibre bragg gratings thus
provides new opportunities for dynamic health monitoring.
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5.2 Application

The model proposed in section 3 determines the resonance frequencéaroi-d
nated beams. Naturally, the opposite is desired for dynamic health monitoring, i.e.
determining the delamination parameters from multiple measured resonance fre-
guencies. In order to achieve this, the presented analytical solution cawtigen

to determine these three parameteis §, ho, see appendix C). A total of three
frequency shifts are required to resolve these unknowns. Howeeayse this is a
non-linear function, every small error introduced in the measured fregusrifts

can result in large deviations. In an attempt to get around this problem, the model
is used to construct a database with delamination parameters and their accompany
ing relative resonance frequency shifts. The fact that multiple shifts lee iato
account means that errors in the measured resonance frequencibaweilless
influence on the found delamination parameters. The number of vibration modes
included, determines the accuracy of the prediction. Also a larger datakitise
smaller increments in delamination parameters, allows a more accurate localiza-
tion. The general idea is to compare relative resonance frequency it f
arbitrary specimen to the values in the database. The differences foresie
between the measured shifts and the database values are squareshnBggthe
squared differences for all modes some form of error function is obtaiibe
delamination parameters for which this sum is minimal can be seen as actual pa-
rameters.

This concept was tested with a database containing a total of 924 delamination
cases. The first six resonance frequencies were consideredreffuemcy shifts

for several arbitrary delamination parameters were then calculated andreshtpa

the database. In case the exact input resonance frequenciessedréhe database
proved to be large enough to locate the damage in approximately 98% of g cas
However, if an error, e.g. caused by temperature changes, of 5% ttaduced

on one of the input frequencies it proved to be very difficult to resolveldiam-
ination parameters. This corresponds very well with the statements made. earlier
The model is, for now, not accurate enough to use it to locate a delaminatian. Als
any error in the frequency measurements can have a serious influetioe ol
tained results. The short-term applicability of dynamic measurements for health
monitoring should therefore be limited to controlled environments.






CHAPTER

SIX

CONCLUSIONS AND
RECOMMENDATIONS

This thesis investigated the possibilities of on line health monitoring based on dy-
namic behaviour. A literature survey described the research done ifi¢hds Var-

ious techniques based on resonance frequencies, damping valudgsonwmdal
parameters were discussed. It was chosen to investigate how the mesome-
guencies of beam specimens are influenced by a delamination. An aratitdel

was investigated and extended to determine the resonance frequencigsiaia
inated composite beam. In addition two finite element models were constructe
One of these is based on contact elements, which makes it applicable fier futu
more complex analysis. The model was validated with carbon-PEI tesheges
with varying delamination parameters. The model could be used to locate -delam
ination based on shifts in the resonance frequencies. A neural netwoldk foou
instance be used for this purpose. Further this thesis investigated the ubeeof fi
bragg gratings for dynamic health monitoring; experiments concernedracgu
resolution and data acquisition.

6.1 Conclusions

With respect to the various parts of this thesis, the following conclusiondean
drawn:

General dynamic health monitoring

e Health monitoring based on variations in dynamic behavior is a potentially
interesting technique. Damage can influence the material or geometrical
properties of a structure. As a result the dynamic behaviour changes. D
tected changes in modal parameters, like resonance frequencies, damping
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values or mode shapes, are then probably caused by damage. Monitor-
ing these parameters might prove interesting as an alternative for laborious
'scanning’ non destructive damage detection methods.

Damage detection algorithms can be divided in two groups, namebel
andnon-modemethods. As stated in the literature survegdelbased tech-
niques allow localization and quantification of occurring damage. The dis-
advantage ofmodelbased health monitoring can be found in the fact that it
should be able to represent the actual damage with these models. This will
not always be the casBlon-modebased algorithms are harder to formulate.

Shifts in resonance frequencies can very well be used as damage indicato
Damage can be detected at the moment it occurs. Also the potential damage
location can be extracted by monitoring shifts of resonance frequencies of
multiple modes. Resonance frequencies can easily and cheaply be obtained
and do not require access to the whole structure under consideratian. Als
resonance frequencies show relatively little statistical variation.

Damping is another potential interesting dynamic parameter to monitor. Damp-
ing seems to be more sensitive to damage, however no apparent relation ex-
ists.

Delamination detection

e The decrease in flexural rigidity as a result of a delamination is compensated

by an internal bending moment. This moment is caused by the stretching
and compressing of the delaminated segments. In case a delaminated beam
is subjected to a pure bending moment this internal moment will fully com-
pensate the loss in flexural rigidity. Only in case a shear force is presént a

the layers are free to slide, the effect of the delamination can be noticed.

The decrease in flexural rigidity due to a delamination can be detected with
more confidence and accuracy by monitoring shifts of resonance frequency
than by a static analysis. Especially frequencies belonging to higher vibra-
tion modes are affected considerably.

The shifts in frequencies are higher in case the delamination is located closer
to the neutral plane. Also the length of the delamination has a positive effect
on frequency shift.

By measuring the shifts of resonance frequencies of different modesitie
location of the delamination can be determined. This is caused by the non-
uniform shear stress distribution in a vibrating beam. If, for a particular
vibration mode, the delamination is located in a region with low shear stress,
the effect on resonance frequency for that mode will be minimal. This is
caused by the fact that sliding of the delaminated segments will only occur
in case a shear force is present.
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Fibre bragg gratings

e Fibre bragg gratings can have a positive influence on the development of an
applicable online health monitoring system. The ability to measure strain
on multiple locations inside the host material offers a huge potential. A
network of gratings provides a whole new range of opportunities for damag
detection.

e The differences in accuracy and resolution between embedded and free fi-
bre bragg gratings are a cause for concern. The poor signal to ratige r
prevented accurate measurements for higher modes. Research sheuld co
centrate on the influence of production parameters on signal strength and
noise ratio.

e The tested 50kHz data acquisition system provides the ability to resolve res-
onance frequencies up to 5kHz confidentially. However the low signal to
noise ratio prevented extensive research in this field.

6.2 Recommendations

Online health monitoring has a great potential and will in the future replace expen-
sive routine check-ups. Fibre bragg gratings can play an important rolaidTo

its development, the research on this subject should concentrate on therfglio
fields:

e The current finite element model with the contact elements should be ex-
tended in order to allow the delamination to open and close during vibration.
Also a friction coefficient between the layers should be added. With this
new model delaminations can be detected with more accuracy. However,
the opening and closing of the delamination results in non-linear vibration.
This, however, will seriously complicate the analysis as the solution has to
be obtained in the time domain.

e New algorithms should be developed which use the full potential of fibre
bragg gratings. A network of gratings will be used to map the strain field
in a host structure during vibration. The additional information can be used
to extract mode shapes and cross-spectra between different gratingsv A
algorithm should be able to use all this information for health monitoring.

¢ Inorder to use the gratings for health monitoring the problems regarding loss
of accuracy and poor resolution should be solved. The influence ofiprod
tion parameters, like consolidation temperature and pressure, on embedded
fibre bragg gratings has to be investigated. Embedding a sensing fibre should
have no influence on its resolution or accuracy.
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e Data acquisition system software has to be developed. New softwarkel shou
be able to extract autospectra or even frequency response funations f
measured data. The system should be able to average a series of measure
ments.
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A

DATA ACQUISITION AND USED
HARDWARE EQUIPMENT
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Figure A.1: Data acquisition scheme for the dynamic set-up.
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Figure A.2: Data acquisition scheme for the static set-up.
3.
=
2 —
A
FBG
T —
— e o |2
@0 @0

Figure A.3: Data acquisition scheme for the fibre bragg gratings.
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N° Hardware Description
DYNAMIC SET-UP FIG. 4.1
1 Shaker B&K 4802
2 Force transducer B&K 8203
3 Accelerometer B&K 4517C-001
4 Strain gauges TML 350, length 6nm
5 Fibre Bragg grating FOS&S
6 Microphone B&K 4192L
7 Spring
DYNAMIC DATA ACQUISITION FIG. A.1
1 Bridge amplifier Fylde DC 500kHz
2 Charge condition amplifier B&K Nexus
3 Charge condition amplifier B&K Nexus
4 Power amplifier B&K 2706
5 Digital sensor processor Siglab 20-42
6 PC
STATIC SET-UP FIG. 4.12
1 Force cell HBM 50N
2 Laser distance meter Micro-epsilon non-contact
STATIC DATA ACQUISITION FIG. C.1
1 Bridge amplifier HBM AC amplifier
2 Data acquisition NI USB-6008 Data Acg. Syst.
3 PC
FBG DATA ACQUISITION FIG. A.3
1 Slow data acquisition SpectralEye 600
2 Fast data acquisition 50kHz Slope DAQ
3 PC

Table A.1: Used measurement hardware.






APPENDIX

B
SPECIMEN FABRICATION SCHEME

1. The needed amount of plies are cut out of a roll of pre-impregnatbdca
polyetherimide. Before the material can be used, they are put in a vacuum
oven at 80C for about 24 hours. The vacuum and high temperature makes
sure that any moisture evaporates.

2. The plies are stacked, in the preferred lay-up, inside a mould. A sheet o
polyamide is placed between mould and stacked pile to prevent the polyether-
imide to stick to the mould. In case fibre bragg gratings are embedded, space
is created by cutting a small strip out of the ply. The sensing fibre is fixed
by sticking it to a ply with a polyamide adhesive tape. Delaminations are
created by placing polyamide kapton foil at desired places. The foieptev
two plies to melt together and thus a delamination is formed. Meanwhile a
press is heated to a temperature of 16

3. The mould is closed and placed inside the press. A pressurbanfi?
applied for five minutes. The high temperature allows the polyetherimide
matrix to melt. The relatively low pressure prevents that sensing fibre is
crushed.

4. After the five minutes a pressure dfaé is applied. During an additional five
minutes the temperature of 3XB is maintained. Hereafter the temperature
is gradually, in one hour, decreased td’@0 The melted matrix material
solidifies and binds the carbon fibres and fibre bragg gratings together.

5. The result is a laminated carbon-polyetherimide plate. Test specimens are
sawn out of the plate and used in the experimental validation programme.

In case sensing fibres were embedded a consolidation temperaturg®af 8@s used. High
temperatures can have a negative influence on signal strength.
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APPENDIX

C

SPECIMEN DIMENSIONS AND
DELAMINATION PARAMETERS
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Figure C.1: Specimen and delamination parameters.

Specimen Specimen size Del. parameters FBG
ID L(mm) w(mm) h@mm) a b ho
U1.00.000 320 20.1 1.67 na. na. na. no
U1.06.025 320 20.1 1.66 5 6 25 no
U1.06.050 320 19.9 1.67 5 6 5 no
U2.000.00 455 20.1 2.31 na. na. na. yes
U2.052.02 455 20.1 2.32 b52 2 5 yes
U2.052.03 455 19.9 2.32 52 3 5  yes
U2.032.02 455 20.0 2.32 32 2 5 yes
U2.032.03 455 20.0 2.32 32 3 5 yes
uU2.grow 435 19.9 2.31 32 .05 5 no

Table C.1: Specimen dimensions and configuration.
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