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Abstract

The sheahorizontalwave propagation and vibration of piezoelectric coupled stres under an

open circuit electrical boundary condition are studied. Following the studies on the dynamic
response of piezoelectric coupled structures, the repair of both crack/notch and delaminated
structures using piezoelectric materials are condudted.main contribution was the proposed

the active structural repair design using piezoelectric materials for different structures.

An accurate model for the piezoelectric effenthe shear wave propagati@first proposedo

guide the application of jgzoelectric materials asensors andactuators inthe repair of
engineering structure®\ vibration analysis of a circular steel substrate surface bonded by a
piezoelectric layer with open circuit is presented. The mechanical smxaaelsolutions for the
wave propagation andbration analysis of piezoelectric couplstlucturesare established based

on theKirchhoff plate model and Maxwell equation.

Following the studies of the dynamic response of piezoelectric coupled structaleselaop
feedback ontrol repair methodologis proposedor a vibrating @laminated beam structure by
usng piezoelectric patches. The electromechanical characteristic of the piezoelectric material is
employed to induce a local shear force above the delamination area eieamalactuation
voltage, which is designed as a feedback of the deflectiarvibfating beanmand a delaminated

plate to reduce the stress singularity around the delamination Epghermore, a experimental
realization of an effective repair ofrtchedcantilever beam structusubjected taa dynamic

loading by use of piezoelectric patches is reportedmall piezoelectric patch used as a sensor



is placed on th@otch position to monitor the severity of the stress singularity arounaabeh

area by measuring the charge output on the sensor, and a patch used as an aldoated is
around the notch area to generatequiredoending momeny employing an actuation voltage

to reduce the stress singularity at the notch posifidre actuationvoltage on the actuator is
designed from a feedback circuit proceBbrough the analytical model, FEM simulation and
experimental studies, the active structural repair method using piezoelectric materials is realized

and proved to be feasible and pradtica
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1 Intro duction

1.1  Background

Damages such as a cracglotchor delamination in aerospace, mechanical, civil and offshore
structures due to fatigue, corrosion or accidesee inevitableduring service. Such damages
will grow at an alarming rate due to the stresaistconcentratiomround the damage locat®n
and caus@ossiblefailures of structurs (JonesandCallinan1981,Suikerand Fleck 2006Zou et

al 2000, Tay et al 2003,Kitamuraet al 2003, Turonet al2006. Fig. 1-1 shows typical structural
failures ona vehicle chassis and a delaminated structure dtieetexistence ofhe crack and
delamination, respectively. Thus, structurajpair has become an important and practical
researchtopic since the last severatlecades and attracted much attention in ecgdand
industry The effective repairmethodis to redue the stress/strainoncentratiorat the damaged

locationso as to control the growth of the damage and reinforce the damaged sdructure

Structural repair with bonded materials has b#enmosttraditionally usedtechnology to
increase the service life of damaged struct(Bz&kerand Jones 1988The traditional method
wasto meld or mount additional high stiffness patches onto the damaged area to improve the
mechanical functiorof a damagedstrucure. The majomproblem of the repair process is that
additional stress concentration mpgssiblybe induced at the bonding areauf et al 1996.

Different numerical simulations, such as boundary element method and finite element method
1



(FEM) (Young et al 1992, Chue et al 1994, have been conductdd investigate this issue
Moreover,therepair method using normal additional patch cannot adjust newly induced damage

due to unexpected external loadings.

In view of the limitatims ofstructural repaiwith traditionalmethods, smarnaterialshave
beenemployedin applicationsof structural enhancement and repair due to their adjustable
mechanical propertyApplications of smart materials in engineering structures have drawn
serious attentions recentlgmartmaterials are thenaterials that have one or more properties
that can be significantly changed in a controlled fashion by external stimuli, such as
stresstemperature electric or magnetidields. Piezoelectric materialis one of the mostly
common used smart materiaifferent patches made &ead zirconate titanat@ZT), which is
the most commdwy used piezoelectric materiadre shown inFig. 1-2. Piezoelectric material
refer tosubstancethathave the electremechanical coupling effeate. an electric charge will be
produced when an external load is applied ampiezoelectric material, and conversely a
mechanicalforce will be generated by applying an electric field to the piezoelectric rahter
Owningto the active electremechanical property, piezoelectric materials have been widely used

as sens@and actuat@in engineering structures.

Due to the active electrmechanical couplingffectthat can be significantly changed in a
controlled fashion the piezoelectricmaterial ha been widely used in structurabntrol and
repair. Meressi and Paddh993) investigated thebuckling control of flexible beans using
piezoelectric material The principle oftheir work is to apply a controlled wabe to
piezoelectric materials to induce a reactive moment abdélaencentre. Wang2001) presented

an analytical model toinvestigate the potential of piezoelectric materials orckbog


http://en.wikipedia.org/wiki/Stress_(physics)
http://en.wikipedia.org/wiki/Temperature
http://en.wikipedia.org/wiki/Electric_field
http://en.wikipedia.org/wiki/Magnetic_field

enhancement of column structusesjected to compressive loadinghe principle of the work,
however,wasto apply a predeterminedfollower tensile force based on an analytical model,
excited by a pair of piezoelectric patches mounted on the surfaeecaiumn structure to
counteract the external compressive foreeas toenhancehe buckling capacityf the column.
Applications of piezoelectrienaterialshave also beenconsideredn structural repairThe key
objective onrepair ofcrackednotchedand delaminatedtructuresntroducedin this workis to
reducethe stressstrain concentration at the damaged part sogbsasiblepropagatioror growth

of the crack/notch and delamination carréstrainedand the function of the damaged structures
can be reinstatedvanget al (2002)first presented a study on repafraocracked beam under a
static transverse loadg. A voltage, which was obtained fromamalyticalmodel of a simply
supported beam, was applied to a piezoelectric patch bonded on the beam to ensure the reduction
of the stress around the crack. [(#008)used the plane strain finite element method to analyze
the crack repair via a piezoelectric actuator estimated by slope continuity and facture mechanics.
Moreover, the electromechanical characteristics of piezoelectric materials were also employed
for repair of notched and crackedtructures under dynamic loadingsfeedback control repair
methodology for a vibrating notched beam structure using a piezoelectric patch was induced by
Wanget al (2004) The resonant frequency tife noted beanafter repairwas employed as the
criterion for identifying the actuation voltage applied to the piezoelectric patchddition

repair of delaminated structures has also attracted much attentiaoniposite materials,
delaminationis a major damage that requireseimée attention Studies on delaminated
composites have been broadly reviewed by Wilkétsal (1982) Wang and Quek(2004)
presentedh analyticalmodel for repair of alelaminated bearsubjected t@ static loadingvith

piezoelectric patches.



To apply piezoelectric material$or the repairof damagedstructures under both static and
dynamic loadingspiezoelectric patches usually need to be bourmtethesurface oembedded
in the host structurto induceshear force betweehe piezoelectric patch andetiost structure.
Particularly whenthe damaged structure is under dynamic loadihg, &nalysis ofwave
propagation and vibratioof structures bonded with th@ezoelectriclayer is indispensiblgor
researchers to understand takectrical and mechanicalynamic resposes of piezoelectric
coupled structure well and will provide guidance on the design thfe structual repair via
piezoelectric material$ollowing investigations othe wave propagation and vibrations analysis
of piezoelectric coupled sictures, differentrepair methods via piezoelectric materials on
delaminatecbeam and plate structuresbjected to static and dynamic loadiags proposedn
addition, a accurate criterion for the repair of a cracked beam structure, and an experimental

verification for this procesarestudied as welin this thesis

1.2  Constitutive relations of piezoelectric materials

In this section the linear piezoelectriconstitutiveequations, which are most commonly used in
engineering applications discussed in theiew, are introducedriefly. The well known man
made piezoelectric materials includgallium orthophosphateBarium titanate and Lead

zirconate titanatéPZT).

1.2.1  Various forms of piezoelectric materials

Piezoelectric materials have been known as a sim@ cost, light weight and easy-control
smart material for the structural actuation application. For its diverse applicatiali$enment

structures, piezoelectric matesadan be manufactured into various forms such as patches, thin
4



films, stack glinders andibers De FariaandDonadon(2010) proposedifferentdesigns of the
surface mounted piezmatch actuators to study the effects of the shape of the-p&zb to its
actuation behaviour. Maukherjee a@tdaudhuri(20®2) used a stack muiltayered piezoelectric
film as both the sensor and actuator to enhance the stability of column structurelSEBloéimd
experimental studies were carried ¢tmtshow the effect of axial force on sensing aatuation
mechanisms of piezoelectric materials anddemonstrate thactive control ofcolumn type
structures using these materiads.an ideaembeddednaterial for the reinforcement of different
structures, the study on piezoelectric fibleas alsdeen studiedEtcheset al (2006) presented
an «ploiting functionalpiezoelectric iber by inducing hard magnetic powderaterialsinto the
hollow glass fiber cores to provide an active ferromagnetic function. Their suitiged the
feasibility of embedding piezoelectric fibers directly into a compdaytaip, thereby allowing a

composite laminate to deform due to internal actuation.

1.2.2  Linear piezoelectric constitutive equations (LPCE)

Studies on nonlinear theory of dielectrics were proposed by Nelson (1978) and Baumhaue and
Tiersten (1973) According to Ehérs and Weisshaar (1990)onlinear piezoelectric effects
become significant only impplicationsinvolving high electric fields and cyclic fields which
result in hysteresis. In addition, the constitutive equations are greatly simplified since the
gradientof polarization and magnetization is zero within the scope of the linear piezoelectric
theoryand the body force generated by the electric field will also be ignored. Thus, only the
linear piezoelectriconstitutiveequations, which are most related te tkesearch works reviewed

in this paper, arbriefly outlinedin this section.



LPCE can be derived from the macroscopic/phenomenological theory of piezoelectricity
based on thermodynamic principles (Cheteal 1998). From energy considerations (Tiersten
1969), we can have following expresss,

dG=SdT+ DdE

dH =TdS- DdE
where G and H are the Gibbs free energy and enthalpy, respectivielgnd S stand for the

(1-1)

mechanical stress and strain vectors, eespely. E and D are the electric field and electric
displacement vectors.

Based oneq. (-1), two common formulations of the linear constitutive model can be
established to illustrate the piezoelectftect,in which the mechanical and electrical adnlies

contribute independently. The stress formulation is given as:

S, :C. e - gk
- (1-2)
=g 6 + X E
while the strain formulation can be expressed as:
e=Ss,- d.E (1-3)

D =d;s, +XE
where s; and e, are the stress and strain vectork;, is the electric field vectorD, is the

electric displacement vectoG; is the eastic stiffness matrix; is the elastic compliance
matrix;g; andd,; are the piezoelectric stress/charge and strain/charge vectors, respectively; and

X; and X, are the piezoelectric permittivitpatrices in stress and strain form, respectively.

Both stress and strain formulatiomescribethe same physical model and are easily

interchangeable. The two sets of matepmlametes are related as follows:



d,C; = ¢

€S = dlj

. 1-4
gd, =d,e, (-4
€)' =5

The relationships in eql{4) are valid provided that the compliance or stiffnesgrix is non
singular. The stress formulation is often appledénite element calculationsyhere the strain is
the natural variable. Irstudiesinvolving other physical models owhen using plane stress

assumptions in plate/laminate models, the strain formulation is preferred.

1.3 Literature review

In this section, theprevious studieson the surfae wave propagation and vibration of the
piezoelectric coupled structurese reviewedfirst. The accurate analytical models of dynamic
responses of the piezoelectric coupled plate with an open electrical boundary condition are found
to be esirable The review of previousrepair works of different damaged structures using

piezoelectric materialis followed.

1.3.1  Surface wave propagation in piezoelectric coupled structures

Surface wave propagation apiezoelectric plate has become a topic of practical irapog as
piezoelectric materials are used as sensors and wave actuators more aconmuooelyfor the
applications of the healtmonitoringand the dynamicepairin engineering structurg¥iktorov

1967 and 1981 and Curtis and Redwood 19T8)e of the pplications of using surface wave
propagation in piezoelectric materials and structures is to achieve time delay effect for acoustic
application. Wave propagation and vibration analysis in a pure piezoelectric plate have received

considerable attention prieusly as exhibited by the work of Mindli(l1951) Tiersten(1963c

7



and 1963d)and Bleustein(1969. Parton and Kudryavts€l988) studied the piezoelectric
surface wave in a sermfinite piezoelectric media surface covered with a layer of isotropic
conducting material. Cheng and S@h975) presented plane strain wave propagation in a two
layered piezoelectric plate by thrdamensional theory of piezoelectricity and approximation
theories.

The use of piezoelectric sensor and actuator patches has kg studied(Kim et al
1996, Crawley and Deluis 1987, Sun and Zhang 1995 and Vaead@dhh996) Wang and Quek
(2000e and 2000fresented the model of wave propagation in piezoelectric coupled beams and
plates by different kinematics assumptions. Thebeuded and surface mounted sensor and
actuator patches have been used in engineering applications such as health monitoring of
structures by MEMSDT sensorgVaradan V.K. and Varadan V.V. 2000An accurate model
for the piezoelectric effect in a couplsttucture is significant to the application of piezoelectric
materials as sensors and actuators in engineering structures.

The linear response of piezoelectric materialselatedto electricalboundary conditions
significantly (Jaffe 1971) Chang and Ogang(2002) have conductedhe opercircuit test ona
PZT. Their research concentrated on electrical charsiiteof the PZT vibratar The result
showed that open circuit condition should be prop@setng totest the surface current and the
amplitude & transient response. Accordingly, under hpgwer excitation, an opegircuit test
was proposed to elucidate complete terminal transient responses of vili@itang and Ouyang
2002) Guillon et al (2004)conductedhe research about the tensile bebaxs ofa PZT in both
short and open circuit conditions. It has been found that nonlineaii strags curves are greatly
affected by the electric field which appeardhe open circuitcondition Recently, the dynamic

property of piezoelectric sensownith preamplifiers has been studied by kEual (2007)in open



and short circuit state$heir researcldemonstrated that the stiffness of piezoelectric masasial
rather different when the electrodes are in different sta#tesan actuatoy the piezoeletric
material would havdifferent working range at different electrode statealso. This could be
easily understood while the PZT has different resonant freeesmith shorted and open circuit
states (Liu et al2007) Wang and Varadan did researchSiwavepropagation irpiezoelectric
coupledplates usingan interdigital transducefWang and Varadan 2002dh addition further
researclon wave propagatiom piezoelectriccoupledplateswith short circuitwas carried out
(Wang and Varadan 2002y ote that the wave propagation apiezoelectric layer with open

circuit should have different charaatgicscompared with the shorted piezoelectric layer.

1.3.2  Vibration of piezoelectric coupled structures

A metal substrate surface bonded or embedded byezoglectric layer has been intensely
studied during last two decades for practical designs of actuators, sensors and absorbers because
of the electromechanically coupling characteristics. Examples include the actuation analysis of
piezoelectric fiber commites(Bentet al 1995) vibration and buckling of piezoelectric coupled
laminated structurefHeyliger and Ramirez 1999 and Varelis and Saraanos 2a0d) wave
propagation inpiezoelectriccoupled cylinder structure@Vang and Liew 2003)The analyses

about the structural vibration and control were also conducted with different piezoelectric
coupled structure@apuriaet al 2003, Duaret al 2005, Liewet al 2002, Liewet al 2004 and

Zhanget al 2006)

Fundamental mechanical models for analysis of pientet coupled structures are
indispensable and have been attracted much attention. Crawley and @€8ud¥sdeveloped a

uniform strain model for a beam with surface bonded and embedded piezoelectric actuator
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patches accounting for the shear lag effedtshe adhesive layer between the piezoelectric
actuator and the host beam. A model to account for the coupling effect was later proposed based
on the Euler beam assumpti¢989) Based on Hamiltonds princi
(2003) derived a modein which the elastic layers, sefbre layers or piezoelectric layers are
included. A meshfree mode&las constructed by Liewt al. (2002) for the static analysis of
laminated composite beams and plates with integrated piezoelectric layer babedetament

free Galerkin (EFG) method

Piezoelectric materials with both closed and open circuit boundary conditions are widely
applied in engineering applications. For example,diesed circuit piezoelectric materials are
mostly used for the design of ultcasc motors and resonators, and the open circuit piezoelectric
materials are employed for the designvdiration sensorsactuatorsand absorbers. Wang and
Quek(2000e)presented a study of a free vibration of a piezoelectric sandwich beam structure, in
which the piezoelectric effect on resonance frequencies of the structure and the distribution of
the electric potential were investigated and analyzed. In addition, a quadratic electrical
distribution in thickness direction of the piezoelectric layer wap@sed by Wanegt al. (2001)
in analysis of a piezoelectric coupled circular plate with closed circuit condition. In analysis of
the open circuit piezoelectric materials, Davis and Lesig@080)studied a vibration absorber
using a piezoelectric matekiaand found the effective stiffness of the piezoelectric material
would increase when the electric surface condition changes from closed to open circuit. Corr and
Clark (2002) employed the high stiffness of the structure induced by the open circuit
piezodectric material to increase the structure damping and potential energy. Chestabier
(2008) experimentally presented a benchmark for free vibration and effective coupling of thick

piezoelectric smart structures. Liu, Pan, Heyliger and Dimg 2001, Pan and Heyliger 2002,
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Heyliger and Saravanos 1995 and Diag al 2000) studied the free vibration process of
piezoelectrically coupled plate with both open and closed circuit electric surface conditions
based on the basic study of free vibration of piplade given by Tierste(1969) Their research
showed that the coupled plate vibration response with open circuit piezoelectric layer is far
different from the one with closed circuit piezoelectric laydiost of the available research
studied the open a@uit piezoelectric coupled plates through finite element method (FEM)
simulations and experimental investigations. An accurate physical model of the piezoelectric
coupled plate with open circuit electric boundary condition, especially the electricaliglotent

distribution along the thickness direction of the piezoelectric layer, needs to be developed.

1.3.3  Structural repair using piezoelectric materials

As an efficient structural maintenance process, repair of damaged structiemstate them to

their normal function ando avoid possiblestructurefailureshas been widely studied duritige

last few decades. A key objective in a repair desigo isssenhe stress/strain concentration at

the damaged padf a structure taeinforce the damaged structur&Vith the development of

smart materials and structures, the employment of piezoelectric materials in structural repair has
been investigated with remarkable and interesting research findingssettionis to introduce

the recent developments on applicas of piezoelectric materials in repair of crackedtched

and delaminated structures.

|. Repair of cracked and notched structures

A notch is defined aa geometric discontinuity that has a definite depth and root ragtheveas

a crack is the geonmat discontinuity with its root radius approachingreathematial zero (in
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the engineering terms, P) (Wang 1996). Howevethe main reasofeading to a material
failure due tahe twotypes ofdamageis similar, i.e. the stress concentratioonly with different
severity at the crack/notch rootor the repair aim of both cracked and notched structares,
piezoelectricpatch used as an actuatorlogated around the crack/notch area to generate the
active counteracting bending moment to decrease tegssstoncentration at the crack/notch tip
Since both notches and cracks induce stress concentration leading aestssitliral failure,

repair works of crackednd notchedstructure using piezoelectric materials will be discussed
simultaneouslyin this section Details of technologies are introduced aniffecent repair
processs for the cracked and notched beams subjected to static and dynamic loadings are

provided and reviewed

() Repair ofcrackednotched beams under static loading.this sectionresearch findings on
repair of cracked beams under static compressive and transversal loadings are introduced,
respectivelyWhena compressive force reaches the critical buckling loaallfam,a bending
shape is identifie@t its buckling mode. Theigical buckling load of a cracked beasneto the

crack effectwill be decreased compared with the healtime. The zoelectric material as
employed for the repawnf a cracked beam structure under a compressive loading by Wang and
Quek (2005)In the esearchan analytical modefor the design of thactuation voltage applied

to the piezoelectric patchder repair ofthe crackedcolumnwith differentboundary conditios

was introduced. Thedecreasedbuckling capacity of the cracked colummas efficiently
compensatedue to the local bending moment inducedity actuated piezoelectgatch. This
approachoffered significant advantages over passive repair design methattsthe ability to

use a widevariety of applied voltages to repair column struesuwith cracks with various

locations, depths and intensities.
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In repair of carked structures subjectedremsverse loadingdVanget al (2002 studied
repair of a crackedimply supportedheam under an externaénsversaloadng by employinga
piezcelectric material to induca local momentfollowing the principle introduced based on eq.
(7). The EulerBernoulli beam theorwas employedn modelling An externalctuationvoltage
which wasobtained from an equation containing variables such asypked forceand the
geometric and material properties of the beam angigmoelectric materialas applied toa
piezoelectric patch bonded on the beam to decreastrédssconcentration induced by the crack.
Fig. 1-3 shows the slop profile of eradked simply supported beam before and aftez repair
usinga piezoelectric patch. It can be seen that the slop difference at the crack position due to
bending of the bearstructurecan be erased efficiently by the piezoelectric patch subjected to a
suitable actuation voltage. Furthermore, dascontinuities of thedeflectionand slope of the
beam were observed with the applied repair method and hence thecetresatration at the

crack/notch positioms removed.

It wasfurther pointed out thate actution voltage can be adjusted follow the variation
of the external loading ansbundaryconditiors. This proposed methotkalized anactive repair
for cracked structuseunderdifferentworking conditionsOn the other hand, it has to be noted
that usinghigher voltage that is larger than the required one may induce reverse effect because it
will enlarge the stress concentration near the crack tip in the opposite direction of the beam
before repairThe problem was pointed out tine studies by Liu (200@nd 2008)Therefore, a
proper model in obtainingneappropriate actuation voltage is indispensable in repair of cracked
structures.A new fracture mechanicsepair criterion was proposed ihiud papers.Crack
contact analyses and fracture mechanicsearcthck tipfield wereconsidered in the plane strain

finite element analyses.
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The above studies are based on the assumption that piezoelectric patches are bonded
perfectly on the surface of the host structures. Alaehal (2009) used boundary element
method to analyse bonding of piezoelectric patches on the host structures. The fracture
mechanics behaviour of the structures was analyzed for both perfect and imperfect interface
between the piezoelectric patches and the host beams. It was concludece thahéeisive
condition affects the repair performance significantly as any loss of the shear stress transfer at
the imperfect interface between the host structure and the patch would bring a reduction of the

actuation capability of a piezoelectric patch.

(i) Repair of cracked and notched beams under dynamic loadiitpe electromechanical
characteristics of piezoelectric materiafmalsobe employedfor repair of cracked and notched
structures under dynamic loading as the voltage appligbdegriezoelectic actuator can be real
time adjustedo reduce thestress concentratiaat thecrack/notch tipin a vibrating structure A
study on smarpatch repair ofcrackedaircraft panels was addressby Sekine (2006)The
patching efficiency in cracked aircrafapels repaired with piezoelectric patchessexamined,
and the enhancement of patching efficiency due to the activation of piezoelectric actzestors
presentedA closeloop feedback control repair methadingpiezoelectric patch forepair ofa
notchedbeam subjected to a dynamic loading was proposed by Warad (2004) and is
introduced and reviewed her&€he piezoelectric patch was uskd both vibration sensor and
repair actuator in the clodeop feedback control process. A feedback factor wameldfas a
value to bemultiplied to thefeedback voltageeveloped on the senstr generate thactuation
voltage on the actuatorThe actuationvoltage was applied tothe piezoelectric patch bonded
around the notch area tiie beam to decrease thessstrain concentration at theotch tip

under dynamic loadg. Such a process would lead the strengthening ohtltehedbeam and
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hence increase its resonant frequency back to the frequency of its healthy counterpart. Hence the
adjustment of the resonantefuency of thenotchedbeam by employment of the piezoelectric
patch was measured to evaluate the effectiveness of the repair strategy. A cantilever beam used in
reference is employed to demonstrate the repair methoddlbgydynamic response dhe tip
displacemergtbefore and after repapredicted bythe proposed moddak shown inFig. 1-4 (a)
and ). It can be seen th#te vibration amplitude of the notched beam before repair is around
two times larger than that of the healthy dyexause of the s@hing effect by thenotch.The
dynamic response of the noexhbeamatfter repairand its difference from that of the healthy one
are shown irFig. 1-4 (c) and (d), respectivel\fhe largest difference of the vibration deflection
of the notched beam aftezpair and that of the healthy oneoisly 2.14%showing the recovery
of the stiffness of the beam structure with the use of the piezoelectric. pdticbugh the
recoveryof the stiffness or the adjustment of the resonant frequency obtibked beam cabe
viewed as A& indication of reinforcement of the structure, a compledeuction of the
stress/strain concentration at the notchcapnot be viewed or guaranteed with the model, and
further the possible reduction of the stress concentration wasnifegcze

To overcome the above problem new experimental study wasnductedoy Wu and
Wang (2011).In the researcha dynamic analytical model of a notched beam bonded with
piezoelectric patch wasst built to find the vibration deflection of the tuled beam subjected
to a dynamic loadingThe reduction of theslop discontinuity at the notch position, which
directly represented thatensity of thestress concentration at the notch tip, wWabe achieved
in finding the feedback factothat was to be multiplied to the feedback voltage from the
vibration sensofor an actuation voltagéetails of this research will be given in chapter eight.

Another study on active reduction of the crack propagation ugiegoelectricpatch was
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proposed by Platetal (2011). As shown irfrig. 1-5 (a), piezoelectric patch was applied directly

to the crack area to lower the cyclic stress intensity factor at the crack tip so that the crack
propagation can be reducddg. 1-5 (b) shows a significantstatistically assessl reduction rate

of about 20% in crack propagation whemacted piezoelectric actuator patetas mountedhear

the crack tip with respect to an applied but passive actoatersimilar specimen under similar

boundary conditions.

In addition,Ariaei et d (2010 developed a method for repair of cracked beams subjected to
a moving mass with piezoelectric materials. The adjustment of the resonant frequency of the

crackedbeamwas also used as the criterion of the repair to find the suitable actuatiorevoltag

Il. Repair of delaminated structures

Delamination is another common damage type espedralgomposite structuresStudies on
delaminated materials have been extensively reviewed by Wilketsal (1982 and the
accompanying problems of instability delaminated composites have been widely studred.
this sectionresearch findings on repanf delaminated beams and pktenainly by the first

author andhisresearch group, aparticularlyintroduced.

(i) Repair of delaminated beams.
() Repair d delaminated beams under static loadihgthis sectionresearch findings on
repair ofdelaminated beams subjected to both the compressive force and transversal force
are introducedThe application of piezoelectric materiahsrepair of delaminated bam
structuressubjected to a compressive loadiwgs investigatedby Wanget al (2005). A
comprehensive mechamicanalysiswas provided to calculate the actuation voltages on

the piezoelectric layers to erase the shear stress discontinuity at thef tijhe
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delamination From the mmerical simulationsthe derivation of the buckling load of the
delaminated beam with different boundagnditions and the actuatiomltagesapplied

to the piezoelectric patch&gere conducted This research first highlightethe practical
potential of piezoelectric materialg repair of delaminated beam structures under the
compressive force.

The repair ofa delaminated beam subjected d@dransversal static loadingith a
piezoelectricpatch was studied by Wang and QuekO(#). According to eq. 9), the
repair forceinduced bythe piezoelectric patcivasidentified to beequal to thenegative
value of thecompressive/tensiléorce generated on the delamtion layer due to the
bending of the delaminated structufdthoughthe research provides a guideline on repair
of delaminated beamshe verification of the proposedrepair methodology based on
theoretical workneed to be provided either byrEM or experimental workDuanet al
(2008)employedan FEM model tdacilitate adesign of repaiof delaminated beaswith
piezoelectric patche8ased orboththe analytical andhe FEM modal, mrametric studies
on the delaminatedeam and piezoelectric materials with various geometry and material
properties were performed numerlgalo demonstrate the effectivenesstioé proposed
repair methodologyFig. 1-6 illustratesthe FEM simulationon the stress concentration at
the delamination tip. It can be fourtiat the stress concentration can be reduced
efficiently whena suitableacduation voltage was appligd the piezoelectric patches. The
repair method for the delaminated beam structures under static load via the piezoelectric
materials proposei the references (Wargg al 2004, Duaret al2008) was provweto be

efficient and pactical from the FEM simulation.
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(b) Repair of vibrating delaminated beamBased on the repair principle of the
delaminated structureprovided by Wang and Quek2004), repair of a vibrating
delaminatd beam structurevith piezoelectricmaterias was investigatedby Wu and
Wang (2010f).In the researchpiezoelectric patches weeenployed to bdonded above
the delamination area to reduce the shear sthsssntinuityat the delamination tips of
the bending beamA closeloop feedback control repair netdology for the vibrating
delaminated beam structure by use of piezoelectric pawchgpresentedetails of this

research will be discussed in chapter six.

(i) Repair of delaminated plade Wu and Wang (2010edleveloped a apair design of a
delaminagd plate under a static ldad with piezoelectric patches byhanalyticalmodel and
FEM. Unlike the repair of delaminated beastructurs, the repair for the delaminated plate
involves an analysis on &vo dimensionalproblem. The stress concentratiorfsaobending
delaminatedplate are not uniforig distributed along the delamination edges when the plate was
under a point loading. Thus, an analytical model was first budbtainthe distributions of the
tensile and compressive foroasthe upper antbwer layers ofthe delaminationThen,a design

of discrete electrodeon the patchesvas developed, andhe voltags on the electrode were
calculatedbased on the analytical model fi@pairof the delamina¢d plateby eliminatng the
tensile and compssive forcesalongthe edges of delamation layers.Details of this research
will be given in chapter sevelit.is notedthe analytical model provided is only suitable for the
static analysis. An accurate model for repair of the delaminated plate umaanidyoading with
piezoelectric materials needs to be developed. Actuadlynamic finite element model based on
the refined higheordertheory ha already been developed for modeling the dynamic response

of delaminated smart composite plates by Clpattihyayet al (1999). This theory provided an
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accurate description of displacement field and the satisfaction of-Beessoundary conditions
at all free surfaces including delamination interfaces. The results proposed by Chattogadghyay

be a refereneto study the repair of the delaminated plate under dynamic loadinglusigM.

Repair of other damaged structures have also been studied by researchers using
piezoelectric materials. Rabinovitch (2007c) proposed an analytical modelezdefectric
control of edge deboning inbeams strengthened withcomposite materials The original
contribution of the studyasin addressing the challenge of using piezoeleettitve materials
in presenting a potential solution to tkdgedebondingfailure problem.From an analytical
model, he responsef a full-scale strengthened beam to mechanical loads and to different
schemes opiezoelectric actuation was investigated in terms of the localized stresses near the
edgeof the bonded composite stripollowing this research, Rabinovitch (2007d) also presented
the failure criteria and optimization design of the jgzoelectriccontrol of the elge debonding
failure in the reinforcement beam by composite patciesiumerical optimization study that
focused on the abiliy of different combinations of piezoelectric actuators to control the edge
debonding failurewas presented.A systematic approachvas providedto optimize the
piezoelectric control under different debonding failure criteria and in demonstrating the

feasiblity of using the piezoelectric system in the &hle civil engineering structure.

Future works on structural repair usipgezoelectricmaterials may focusn thefollowing
issues Sronger piezoelectric materialsiich as stack piezoelectpatchesneed to be employed
for repair ofthicker damaged structuse which requires largerepair force or momens. In
addition, for structures with multiple delaminations, the use of piezoelectric patches embedded in

the structure would be a more effective affficient way.
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1.4  Objectives and scope of studies

Owing to the activeelectremechanical propertyf piezoelectric materialsthe shear force
generated bya piezoelectric patch igxpectedto be used forepair of damaged structures
subjected to static andynamic loadings From literature review, it can be seen that most of
previous studies of dynamic responses of piezoelectric coupled structures with open circuit
electric boundary condition wesmnducted witfFEM simulations or experiments anduld not
provide the accurate electric distribution along the thicknesthelfpiezoelectric layer. Thus, the
studies of wave propagation and vibration of structures bonded with piezoelectric layers under
open circuit electric boundary condition using an accurate noahenodel are desired to help to
understand the dynamiesponss of piezoelectric coupled structures. The electrechanical
coupling effect and the interaction between the host structure and piezoelectric layers with open
circuit electricboundarycondtion found in the studies wilbrovidea guidanceon the design of

the structural repair. Form table-1] it is found that all previous repair methods using
piezoelectric materials were appliedainly to beam structures. The activepair for a
delaminatd plate using piezoelectric materials has not been studied. In addition, tHieve is
studies orrepairmethod developed for vibrating delaminated beam struguaead thecriterion

for repair of a cracked beam under dynamic loadings still needs to beowexh. Fromthe
discussion given abovéhe scope ofthis PhD study mainly concentrate on: (a) séstn the

wave propagation and vibration of piezoelectric coupled structubgsst(dieson structural
repair of delaminated beam and plastructures unde static and dynamic loadingia
piezoelectric materials witthe analyticalmodel and the finite element model (FEND) studes

on structural repair of cracked beam structures under dynamic loadthga new criterion,

which is defined as the slop digntinuity at the crack positionand verificatiors of the
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effectivenes®f the proposed repamethodology through an experimental process. Experimental
verification focugson the repair of the cracked beam using the piezoelectric layer maumted
the crak area.The contributions ofthis research work includéhe followings: (a) developing
accurate numerical models of piezoelectric coupled structures with open circuitédectndary
condition to analysehe piezoelectric effect on thdynamic responsesf the piezecoupled
structures so as to guide the designstictural repair using piezoelectric material®y) (
providing an active feedback control repair method and an accurate criterion fsirtlcgural
repair via piezoelectric materiafer different damages onlifferent structures (c) proving the

efficiencyandfeasibility of the activestructuralrepair via piezoelectric materials experimentally.
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Tablel- 1 Most related studies of the structural repair usinggeéectric materials

Resources Contributions Applications & Limitations
Liew et al A dynamic control method was Only FEM simulation is
(2002) proposed by using sethonitoring proposed.

sensor and selfontrolling actuators.

Varelisand The effects of the adhesive properties| No accurate numerical model,
Saravanos the variation of the stress concentratio| passive repair.
(2003and at the crack tip were highlighted.

2004)

Alaimoetal | Acitive repair on a cracked structure vi The method is Applied to a

(2009) piezoelectric path was analyzed by the cracked structure. No accurate
boundary element method analyticalmodel to explain the

repair process.

Wangand An accuratexnalyticalmodel for the This study isonthe repair of a

Quek (2004) | repair of a delaminated beam was delaminated beam under static
developed. loading.

Duanet al FEM was employed to prove the This study isonthe repair of a

(2008) efficiency of the repair of a delaminate delaminated beam undegnst
beam using piezoelectric patches. loading.

Duanet al A analyticalmodel was built to analysis Resonant frequency of the

(2005) the repair for a notched beam under | repaired beam was used as

dynamic loading via a piezoelectric criterion of the repair, which is
patch. still needed to & improved.
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Fig. 1- 1 Structure &ilure on (a) a vehicle chassisd (b) a delaminated structure.
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Fig. 1- 2 Smart materials: PZT patches
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Fig. 1- 3 Slop of a cracked beam before and after repair (adoptedFign (b) in Wanget al

2002)
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Fig. 1- 4 Dynamic response of the tip displacement predibiethe proposed model for (a) the

healthy beam, (b) theotchedoeambefore repair(c) the notchedoeamafter repairand (d) the

difference between theotchedbeam after repaand the healthy beanfAdopted fromFig. 4 in
Wanget al2004)
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Fig. 1- 5 (a) cracked specimen mounted with piezoelectric actuator (adopted from figure 6 and
Fig. 7, Platzet al2011), (b)Summarized mea®d(d ) and mean deviation ( 1) curves of
crack length propagation versus load cytlefre and after repair (adopted fréing. 14, Platz
et al2011).

Fatigue crack

= —

(@) (b) (©)

Fig. 1- 6 Von-Mises stress distribution around the crack tip at different applied voltagls on
piezoelectric patches (a) 0 V, (b) 300 V and (c) 48qAtopted fromFig. 5 in Duanet al2008)
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2 Study on wave propagation Iin a

piezoelectric coupled structure

Shear forces generated between the piezoelectric patch and thestnosturewhen deformation

takes place on the piezoelectric coupled structure or an extra voltage is applied to the
piezoelectric material. This could be used as an active repair foraeléonagedtructureunder

both static and dynamic loading. Thus, &curate model for the pmaectric effecduring the

shear wave propagatios significant to the application of piezoelectric materialserssors and
actuators in engineering structur&mulation of siear horizontal (SH) wave propagation in an
infinite metal plate surface boed by a piezoelectric layer with open electrical cirasit
presentedThe objective is to studyhe mode shapes awulispersion characteristicd the shear
horizontal wave propagated ammetal core bonded by a layer of piezoelectric material for the
potential of health monitoringand repairof structures. The dispersive characteristics and mode
shapes of the deflection, electric potential and electric displacement of the piezoelectric layer are
theoretically derived. The results from numerical simulamow that the phase velocity okth
piezoelectric coupled plate tends to the bulk shear wave velocity of the substrate at high
wavenumbes. It is also found thathinnerpiezoelectric layer in the steBET coupled plates will
increasethe phase velocitand frequencyf the structureespeciallyat smaller wave numbers

whereas the effedty the thickness of the PZT layer plays less role in the-Ba&d coupled plate.
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This will help to design piezactuator for the structural repair with different hostenats.The

mode shapeof electric potential and deflection of the piezoelectric layer with steel substrates
change froma shape with few zero nodes @ shape with more zero nodes at higher
wavenumbes and with thicker piezoelectric layer. For the coupfgate with gold substrates at
higher wavenumbers, the electric potential is found to jump from null at the interface of the
piezoelectric layer and the substrate to a constant at the surface of the piezoelectric layer along
the thickness directiormhe dectric potentialand deflection are found to be closer to be linearly
distributed along the thickness direction of the piezoelectric layer when thinner piezoelectric
layer is mounted on the host structure. Results from the numsinealationcould be usd asa

guidanceor the design of thetructuralrepair using piezoelectric materials.

2.1  Numerical modeling for a piezoelectric coupled

plate

2.1.1  Analytical model of a piezoelectric coupled plate

Consider a metal plate covered by a layer of piezoelectric ialaasrillustrated in Fig2-1. The

propagation of SH wave in the host metal is governed by:

2,0

ciPuj = rik 8 2-1)
t

2
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wherecj, = 2G =(1le) is the shear modulus;j the mass density/ the Poisson ratiof: the
u

Youngo6s modul us uojthe detheetionhobtise thostnmediuim unntikg-direction,

2 2
andb? the Laplace operator gin byD? = “—2 +“—2. The shear stress can be written as:
MX;
Y
S4:=Cly— (2-2)
T

The poling direction of the piezoelectric layer is in the flexxwatlirection, thus the coupling

equation for the piezoelectric layer is written(sgtorov 1981)

2
MU,

Lt 2

c,D’u, +eDf =r (2-3a)

e:P%u, - X, ;P*f =0 (2-3b)

where 044:(011- 022)/2 is the elastic modulusg the piezoelectric coefficientX,, the
dielectric constant, and the mass density of the piezoelectric layef,the deflecton of the
piezoelectric layer in thes direction, andf the electric potential. The shear stress in the
piezoelectric layer is expressed by,

_ o by, W
S,3=Cp—t+e,— (2-4)
23 44 HXZ 5 |JX2

Since thepiezoelectric layer is surface bonded on the metal substrate, the electric potential
on the interface of the layer and substrate is null. Meanwdiileethe piezoelectric layer abuts

the vaccumi.e. the surface of the piezoelectric layer is totallylased andinsulated it is
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appropriate tanodelthe electric displacememafpproximately to be zerat the surface. Thus, the

boundary condition at the surface of the piezoelectric layer could be expressed as

D, =0,5,3,=0.(x, =-h,). (2-5)

The boundary conditions of the interface betwdenpiezoelectric layer anthe host plate

andthe surface of host plate could be expressed as

Uy = Uj,S 3= Sjsf =0.(x, =0) (2-6)

$33=0.(x, =H) (2-7)

The solution of wave propagation ¥-direction for the metal core can be solved follogvthe

calculation process ifWang and Varadan 20Q2)

. imt-2)
uj =(Assinax, + A,cosax,)e  °© (2-8)
» W W s, . . :
wherea® =— - —, Vi =cj,/ ri. Substituting Eq.2-3b) into ¢-3a) gives
Vi C
Heu
c,Diu,=r m; (2-9)

e’
whereC,, =c,, + —

is the piepelectrically stiffened elastic constant. The solution of BeR)(
11

for the piezoelectric layer can be obtained as

inde- %8
Ug = (Cle' 2% +C2e02X2)e ¢ ©F whenvi<c<v (2-10a)
infe- 28
. [0}
U, = (D1 cosc,X, + D, sin czxz)e ¢ T whenc>vi>v or Cc>V>Vj (2-10Db)
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where ¢, = — [[1- 2598 andv? =% The electric displacement along direction is
cV-+ r
expressed as:
f - C1X: C1X
D=¢g;— M - Xyu— H =-Xu W - Xllcl(Ble 72 - Be™ 2) (2-11)
2 2 2

a
ings- 218

wherey = (Ble' e 4 Bze%)e ¢ °*and ¢, =w/c(Parton and Kudryavtser 1988Jhe electric

potential and shear stress components can be solved by substituting-Egjsatfd 2-8) into

Egs. @-2~2-4),
= inds- 28
f= g(Ble “% +B e%) )?—S(Cle' e +C2e02X2)8e ¢ c (2-12)
e 11 u
infe- %8
si, =ci.a(A cosax, - A sinax,)e ¢ (2-13)
k- 43

P =[( ¢, u(Ce e - Cee )+ (- ¢))e(Be o - B )]e ¢ °F  (2-14)

whenvij<c<v,

_ g ink- 8
{B.e " +B ec1x2) i(Dl cosc,X, +D,sinc,x, e ¢ °°  (2-15)

f =
X11 u

oD@

a Xlo

S 53 :[( 02)644(Dlsin c, X, - D, cosczxz) ( )els(Ble “% . B,e™*? )]e ¢ ©- (2 16)
whenc>Vvi>Vv or c>v>vj.
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2.1.2 Dispersion relati ons of a piezoelectric coupled plate

Substituting the solutions for the metal core and the piezoelectric laggs.ir@-8), (2-10) and
(2-12)(2-16) into the boundary conditions igs. @-5)-(2-7) will result in an eigeivalue
problem from which the dpersive characteristics for this piezoelectric coupled plate may be

deduced.

For the case whemj<c<v, the condition of notirivial solutions forA, B, andC,

(i=1,2) can be studied via an eigealue problem, whose solution can be directly provided

following the similar process ifWWang and Varadan 2002)

a €sC. (1 ezth) +1 1- elzscl(l- ezth) 8
_ 2o - 2ch, -

] (?43 (eczhl_l_e czhl)sm aH _|_3@(11C ¢ (1+e ) el . XiCuCollte € hl8(:OS¢51H 0. (2-17)
2C,,C, 2 2 §

%
¢

For the case of >vj>Vv or c>v>yvj, we can havehe following equation for the condition of

nontrivial solutions ofA, B, andC, (i =1,2):
cipa : a4 eic(l- e o
—M%_cosc,h sinaH +cosaH 2 elf L Zc)hl cosc,h, +sin czhlg (2-18)
CiuC> ¢ X11CuC, (1+ e ) -

2.1.3 Mode shapes in a piezoelectric layer

The mode shapesf the deflection, electric potential, and electric displacement in thickness
direction of piezoelectric layer may be obtained from characteristic equatemn @17) or -

18) as follows, whervi<c<v, egs. (7) and (13) imply
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A = A, tanaH (2-19)

ThusC, andC, can all be expressed in term &f, and the mode shapes of the host plate and

piezoelectric layer can be derivadterm ofegs. -8), (2-10a), @-11) and 2-12) as follows,

T = A (tanaH sinax, + cosax, ) (2-20)
o + ~ o - ~

U, =Ag ""szgel\htanaH + M 18+ Aze‘2Xde &tanaH G My 8 (2-21)
¢ 2 2 = ¢ 2 2 =

€s Gs

f=- Xl ) e Ve +e*he |+ 15 2-22
Az xll 1+ 62c1hl ( ) Xll 3 ( )

C - CyX 200y A 01X
=- e - eTren 2-23
A2X111+e201h1 ( ) ( )

where the ovebar indicates the spatial components of the variables.
Whenc>vj>v or ¢ >V>Vj, mode shape of the host plate remain the sahethat ineq. (2-
20), and the mode shapes of the piezoelectric layer are obtaif@tbass in the similar ways,

Azecosc X, +sin ¢ ng M, +tanaH g (2-24)
é ¢ CasC2

€s €s -

f=- g W 4 g2ahgi® |4 15 2-25
A2 X11‘1+ ezclhl i( ) Xll 3 ( )

€5C;
X 1+ e?ah

- _ A2 (e— X _ echh2 eclxz) (2_26)

It is noted thathe electric potential and electric displacemengs. -25) and 2-26) have the

same expressions widgs. @-22) and 2-23).
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Numerical simulations were performed to illustrate the results of the dispersive

characteristics and the mode shapes obtained above and presented in the following section.

2.2 Numerical simulations and d iscussions

The bulk shear wave velocities of steel, aluminium and gold as substrates ai#d d0dace

bonded on the substrates are calculated \q§tee|:3216m/s, vi|a|:3066m/s ,

vi|gold =1202n/s andv| =2352m/ s from the magrial properties provided in TabZl.

PZT4

The dispersin curves for the sted?ZT-4, aluminiumPZT-4 and goldPZT-4 piezoelectric

coupled plates are plotted Figs 2-2 to 2-4. The nondimensional phase velocity is taken as

€ =c/vi and the pn-dimensional wave number as=xh /20 . The ratio of the thickness of

h,

the PZTF4 layer to that of the host metal is taken as 0.1,ni.:aﬁ =0.1. The dispersion curves

for the first five modes of wave propagation for thkk three cases indicate that the wave phase
velocity approaches the busihear wave velocity of the host metal at high wavenusnb&his
conclusion is consistent with the fact that when the wavelength is much smaller compared to the
thickness of the plate, thelaviour of wave propagatiin the piezoelectric plate will be similar

to that in an infinite metal media. Figs2 to 2-5 and2-2 to 2-6 plot the dispersion curves the
steetPZT and golePZT plates at different ratios of the thickness of the pienbet layer. It is

noted fromFig. 2-5 that the phase velocity decreases very slightly with increase of the thickness
of the piezoelectric layer as the stiffness of PZT is smaller than that of steel. Nevertheless, the

thickness of the piezoelectric laybkas less effect on the dispersion characteristics of the plate
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with gold as core material, seen frdfig. 2-6. The asymptotic velocities at high wavenunsber

for all thickness remaito bethe bulk shear wave velocity of the metal core.

The first mode shpes of thaleflection electric potential and electric displacement in the
piezoelectric layer for ste®ZT-4 coupled plate with thickness ratio of 0.3 are presentéaygn
2-7 and2-8 at the nordimensional wavenumber of 0.3 and 2.3, respectivelngalbe thickness
direction. It can be seen that all the boundary conditions related to the electric potential and
electric displacemerdre satisfieccompletely. Atthe higher nordimensional wave number of
2.3, more zero nodes in the distribution of #lectric potential and deflection are observed,
consistent witithe finding byWang and Quek30].The thickness of the piezoelectric layer also
affects the distribution of the above variables, seen ffiaga. 2-9 and2-10 in which the fifth
mode shapes arplotted for nordimensional wave number of 2.3 with thickness ratios of 0.3
and 0.1. More zero nodes are observed for the thicker piezoelectric layerigso@i7 to 2-10,
it can also be found that the mode shapethefleflection and electric pot&al are consistent
especially near the PZT surfaoghich is a characteistic of piezoelectric material with open
circuit. The result is obviouly different from thefinding by Wangand Varadan2002) of a
piezoelectric plate wittshort circuit conditionIn the study of the close circuit conditiomet
mode shapes dhe deflection and electric potential all kespnilar closeto the interface of
piezoelectric layer and the host metal favide region of wave numbeibefore breaking away
to approach to ahape with large gradient near the surface of electric l&yeaddition our
current research shows that t8&l wave propagation presents higher wave velocity in open
circuit piezoelectric coupled plaéhan in the short circuit plate, when the sam&evaumber is
considered. That means the frequency of wave propagation in open circuit piezoelectric coupled

plate is higher than the one with short circuit condiasrwell
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For the goldPZT-4 coupled plateFigs. 2-11 and2-12 show the first mode shapatn=0.3
and nondimensional wavenumber of 0.5 and ,2r@spectively. Different from the results in
steetPZT-4 coupled plate, the zero nodes of the distribution of the electric potential and
deflection do not increase with higher wave numsbBesidesthe results show that evet the
high nondimensional wave number of 21Dg electric potential is found to jump from null at the
interface of the piezoelectric layer and gold to a constant at the surface of the piezoelectric layer

along the thickness idiction.

It is concluded from the simulations that close to surface of the piezoelectric layer of the
gold-PZT coupled plate, the electric potential reaches an almost maximal constant and such a
characteristic is indispensable for a possible displacenssrsios design based on the coupled
plate structure as the electrical potential can be used as an output and viewed as a representative

index of the displacement variation on the surface of an engineering plate.

2.3 Conclusions

This chaptepresents the rese&ron SH wave propagation in a piezoelectric coupled pldte

open circuit The dispersion characteristics of t@upledstructure and the mode shape of the
deflection, electric potential and electric displacement of the piezoelectric layer are ingdstiga
by numerical simulations. The results show that the asymptotic solution of wave propagation in
the plate with steel, aluminium, and gold as core plates is the bulk shear wave velocity of the
substrate. The effect of the ratio of thickness of the plezti& layer is studied as well. It shows

that thicker piezoelectric layer in the st&AT coupled plates will reduce the phase velocity of
the structure, whereas the effect by the thickness of the PZT layer plays less role in-#h2&Tgold

coupled plate.
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In the study of the mode shapes of the piezoelectric EysteelPZT coupled platest is
found that the zero nodes of the mode shapes of the electric potential and deflection along the
thickness of the piezoelectric increase at higher wavenunarer with thicker piezoelectric
layer. Otherwise the mode shapes of deflection and electric potential are accasipatially
near the PZT surfac€&orthe goldPZT 4 coupled plate even at higher wavenurslibe electric
potential is found to jump from nlult the interface of the piezoelectric layer and gold to a

constant at the surface of the piezoelectric layer along the thickness direction.
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Table 2- 1 Material properties and geometric size of the piezoelectric coupled plate

Host Host
Structure Structure Piezoelectric layer
(Steel) (Aluminum)
Youngos mo E=20610  E=7¢®10° CE=c,=13210°
N/m
(/) C5=0,=712 10’
Ci,=C,,=11510°
C5=C,,=73 10
Cy=Cyy =26 10°
E,=78.6 10°
Poisson ratio v=03 u=03 -
Mass densitykg/n) 7.810° 2.810° 7.310°
e, (C/nr) -4.1
€3 (C/n) 14.1
es (C/n) 10.5
X1 (F/m) 7.124 10°
Xas (F/m) 5.848 10°
ro (Mm) 600
H (2*h) (mm) 10
h; (mm) 2
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3 Free vibration analysis of a

piezoelectric coupled plate

Because of the activelectremechanical property, piezoelectric materials are uswedgd as
sensors and actuatofer the dynamic repair of damaged structur€he analysis of both
electrical and mechanical dynamic responses of piezoelectric coupled structures is significant for
the design of structural repair via piezoelectric materflgibration analysis of a otular steel
substrate surface bonded by a piezoelectric layer with opeuit is presentedo study the
piezoelectit effect on the dynamic response of the host structurgolution for the electrical
potential along the thickness direction of the paectric layer satisfying the open circuit
electric boundary condition is developed for the first time. The mechanical model and solutions
for the vibration analysis of the piezoelectric coupled circular plate are then established based on
the developedlectrical potential, Kirchhoff plate model, and Maxwell equation. The first four
mode shapes and the corresponding resonant frequencies of the plate with two standard boundary
conditions are presented in numerical simulations and compared with thosaeabalgxtric
coupled plate with the closedircuit condition. The simulations show that the resonant
frequencies of the opetircuit piezoelectric coupled plate are higher than those of the closed
circuit piezoelectric coupled platén additiona) the eletric potential is approximately to be

linear distributed along the thickness direction of giezoelectriclayer at the firstvibration
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mode of the piezoelectric coupled plate, while Harear electric potential distributions are

found athighermodes.

3.1 Mechanical models for a piezoelectrically coupled

circular plate with open circuit condition

In the following vibration analysis of the cylinder platbetcylindrical coordinate system is

adopted. Axis z indicates the thickness direction.

3.1.1 Kinematics and constitutive relations
In this section, basic kinematics and constitutive equations of the piezoelectric layer and the host

plate are simply provided for derivations of the free vibration of the coupled plate in later

sections. The structure ofpgezoeletric coupledcircular plate with radius, is shown inFig. 3-

1. The thickness of piezoelectric layer and the half thickness of the host plate are derfpted as

andH . In application of Kirchhoffthin plate theory, the displacemeiand strais of the plate

are provided:

u, = u,(r.g,t) aw(r, gt) (3-1)

u, =u.(r,g,t)=- Wz (3-2)
r

u, =u,(r,g,t) =- z& (3-2)
rug
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e Hw (3-4)

err =-Z
b r®
u 2w
&= e+ = g B Iy (3-5)
g r r’pg?  rr
2
=T W Uy W W (3-6)
2°rug  proor rrug  rug

whereu,, u,, and u, are the displacements in the transverskrection, radial «direction and

tangentialg -direction of the plate, regctively.

The stress components in the host plate are thus expressed as

_ E ___E Mw, HW +
st=———(e, +ug)=- +U = 37
arE uz( y tU ) 1 uz[w (r 0 rur)] (3-7)
1 _ E _  E , Pw uw L
== (e +ug)=- + Lald 3-8
Soq= 1 2 gt R = W o? g IrlJIr) (3-8)
_ Ez  pw L
lig =~ ( - ) (3-9)

L+u rprpg  riug

The piezoelectric matml is assumed to bepolarized in the zdirection. The stress

components in piezoelectric layer can be written as

_ClEl F? "C_:lEz q§’ _%1E: (3'10)
—C €, +Clleqq g, E, (3-11
= W
(7, =(C Ch) & =2 qi)(rfr ) (312
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where the sperscripts 1 and 2 represent the variables in the host structure and the piezoelectric

material, respectively,C5 , C5 and g, are transformed reduced material constants of

piezoelectric medium for plane stress problem, and are given C_Bﬁ/:Cl'i-(—

(cE) Cie,
- g, =e,- 22 [56.Ei s t he Yo sofgedrs matedaiCf and

CBI‘E'& C33

C), are the elastic modulus of piezeelric material in the radial and tangential directions

measured at constant electric field; a@dis the piezoelectric constant of the piezoelectric layer.

3.1.2  Electric potential distribution in the piezoelectric layer

Each piezoelectritayer has electrodes mounted on both surfaces to facilitate the application of
voltage to actuate the structure. When an external voltage is applied, the electric potential
distribution on the surface of the electrode remains constant. When electrothes teto
surfaces of the piezoelectric layer are shortly connected, the electric potential is zero throughout

the surfaces.

In the research of Wanegt al (2001) they proposed a quadratic variation of the electric
potential in the transverse direction dbse circuit piezoelectric layer. The assumption was
verified by finite element analysis in their paper. Thus, potential distribution function in

thickness direction of close circuit piezoelectric layer can be written as

: 50
(=8 = oLl . (3-13)
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where z is measured from the npthne of the host plate in the globatlizection, h; is the

thickness of the piezoelectric layer, ah@t, ¢) is the electric potential on the rasdirface of

the piezoelectric layer.

Since the piezoelectriayer is surface bonded on the metal substrate, the electric potential on
the interface of the layer and substrate is null. However, for the-@pmnt condition, the
electric potential on the surface opposite to the interface is not zero. Thus thdiquadiation
of the electric potential is not applicable for-simorted connected piezoelectric layer. The

potential function in thickness direction of opeincuit piezoelectric layer is assumed as

h12 59

az 60, B+X, (3-14)
e

€ 8z-h
f=d -
é c h/2

T

where X is a linear function of zX = AQ+B. A and B are the parameters which should
satisfy the opeitircuit electric boundary condition. For the oparcuit piezoelectric plate, the
electic displacement at the surface can be approximated to be zer@:EL).ghould satisfy the

following boundary condition,

f |z=h: O

3-15
Dz |z:h+h1: 0 ( )

where f is the electric ptential, andD, is the corresponding electric displacement along z

direction. The components of electric field E and electric displacement D as well as the satisfied

electric boundary condition will be discussed as follow.

Submitting H. (3-14) into the functions of the components of the electric fielédnd

electric displacemem®, E gnd D can be written as
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€ 37. h- 59 11/
=W o g g /28 X (3-16)
o g ¢ hi2 Tpw o w
€ 87-h- 592
o=- W o g g NI2B Y X (3-17)
Mg ¢ ¢ h/2 prag rug
EZ:_u_ 8(z- h2hl/2)Qj X (3.18)
bz h, Hz
o _ € &7 h- /20Zg
Dr = XllEr =- Xll@-' § 11 (3'19)
g ¢ hi2 —H oo
e 3 50
D, =X.E, =- X d- g - N/28 el g X (3-20)
g ¢ h/2 Zprug rug
_ B — 8(z-h-h/2 _
DZ :X33Ez+e31(err +eqq):X33 ( hl hl )Q XSBMIj; +edl(err +eqq) (3_21)

where X, and X,, are reduced dielectric constant of the piezoelectric layer for plane stress

ess

33

problem, which are given by, = X,,, X3 =Xy + —=, E,, E,, andE, are the electric field

intensity in ther, g and z directions, respectivelfd, , D, and D, are the corresponding electric

displacementsX,, and X,, are the dielectric constants of the piezoelectric laleis Lapace

2
4Bk B

rm rgi

operator and is given bl =

Submitting Egs. 14) and 8-21) into electric boundary condition EgB-15), the unknown

constants A an& in Eq. 3-14) can be solved out. Then, E&.14) is transformed to
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Az- h)

0 (r.q.0- 2 (h+h)(z- HDw , (3:22)
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~
1
(D Q (0]
1
O Qo
B
|- COOIN

o
UG (r,q.t) +
“ H

-

Eq. 3-22) is the electric distribution function along the thickness direction of -opeuit

piezoelectric layer.

Submitting Eq. 8-22) into Egs. 3-16)-(3-21), the components of the electric fidldand electric

displacemenD are rewritten as

o dz-h-h /2004 4z-h) 4y |, & pDw
E=-"=.4- M AL = (h - )= (323
oW g ? h/2 gﬁw h, ur+><33(+hl)(z )ur (3:23)

oW € 8z-h-h/20%.4) 4z-h) &, UDw

E =- " =-d- e e h h— 3-24
"o géﬁhﬂ %rw h, ruc7+><33(+h1)(z Vg 2

E = %:W@ i %/ +%(h+hl)[)w (3-25)

. o e az- h- h /29 2w - Az-h) 4y _1X11 HDw
D, =X,E =-X,é-&d—— - Xy +=2=(h+ - h 3-26
é ? > ggdy—w dy—w (h+h)(z- h) r (3-26)

e31 11
(h+h)(z- h) 3-27
*H hg m g Xg W ( )

DZ = X33Ez + é.?,1(err + eqt)

v 8z-h-h/2) .. o 4. §X ~
=X NG - X + S (D 6, )
33

(3-28)
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3.2  Analysis of piezoelectric coupled circular plate

Submitting electrical fiel&, given by Eq. 8-25) into Egs. §-10~3-12), the stress components of

piezoelectric layecan be solved as

s =Cfe, +Cle, - 5, CZ " N/2 g 4, & pinypw  (329)

hl2 n X33
_ 8z-h-h/2) . 4. & ]
=Cle, +Cleyy B TR0 -y + (e (330)
t2 =(C5- Che, =-2Cf - CE) (- HY (3-31)
rug  rug

Thus, the moments of coupled plate could be expressed as

h+h,

~

:'1 zs,dz= I’LZS dz+2n zs dz

_ Wew Co oy W, w4 ]
_'[(D1+Dz)F"'(nDl"'é_lEDz)(m"'W)"'ghleﬂ/] (3 32)
+ Ay~ 1Y - S ) how

33

_ _A_ 1 PUA
qu_nn quzpz_nnzschz-"zm qupz
CE 2 2 4 .
=-[(mD, + 22 Dz)Hr +<D+D><”” Lo tohe)]  (333)

11

(et ey - S i h1)[<h+hl>2- *Jow

33

n] zt dz= nztrqdz+2n zt ,dZ
(3-34)

Coayp, KW W

=-[(t- MD, +(1-
T CE T rug riug
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where2his the thickness of the host platehsgis the thickness of piezoelectric layer; the

3
piezoelectric layer is measured fr@w hto z = h+hy and D, = _2Eh

3(1- n?)’

D,=Zn@N e )T,

The resultant shear forces are herein written as:

_wvlrrl_'_u'vqul_i_Mrrl_ Mqa_ M 4, _ I-‘y
= =_[(D, +D,) X (Dw) + Zhe, V-
q, r g - (D, z)w_( ) 3hle$1w]

%, W &l(h+h) D 33)
I e e (NI e
g =My Mag , Mg Ly iy B gy 4 dpg W)
wootmg ot ug R A
= 2 v W & (h+h) > poq HDW
PR - SR ey

Substituting Eqs.335) and 8-36) into governing equation of Kirchhoff plate model,

h h+h 2
W, 8 m My, oo m gy 0 ga)
-h tZIJ h t IJ'

We can get the governing equation for oj@xuit piezoelectric couple plate,

pw
2

(D, +D, +D,)D B+ (Sh&, + D)/ +2rh+rm)E =0 (3:38)

8u(h+h)I(h+h)? - h’]

whereD, =-4g,,(2h+h), D, = S
33

, r, and r, are material densities of

the host plate and piezoelectric layer, respectively.

Submitting Egs.3-26~3-28) into Maxwell equation,
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(D)  w(D,) .

h
N z=0. X39)
L T “d
Then an electric filed differential equation can be found,
8% e hDw=0 (3-40)

A Xy 2(2h 2(2h+h)

B, =S(h+h)'- hsl%- A(h+h)? - 22 A e g

h
where |
- ZL Muhlxn +4hX,,
é h
B, =[(h+ h1) h?] Caln hl)x“ &n(h+ hl)Xllhl

2X 33 X 33

/ is solved by Eqs.3(38) and 8-40),

2
j = e31h1 ) Cihl D - Cﬁhl U \2/\/ (3.41)
8X33 8X33 8X33 s
+ + +
whereC, =B, - Blm, C,=- QM.
4. 4, _
M€+ D, he, +D,

Applying Lapace operator to Eg-41), we get

= 2 2 2 ~
o =& p . S pp Sl pgtwe (3-42)

8X3s 8X3s 8Xs3 (o ’ -

Submitting Eq. 8-42) into Eq. 8-38), we get the deflection differential equation,
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PDD® B WD (%V)D %% 0 (3-43)

where B, =2(r,h+ 7)., B =(Ghe, +D,) 2% P, =D, +D, +D, +(>hg, +D,) Sl :
3 8X ., 3 8X
4 C.h
P, =(< +D,)=+.
) = (518 + D)

For wave propagation in the circumferential plate, the defleatigng,t) can be written as,
W(r,g,t) = g(r)e® ¥ (3-44)
Where\E(r) is the amplitude of the-direction displacement as a function of radial distance only;

wis the natural frequency of the coupled plate; pislthe wave number ig-direction. Eg. @8-

43) interms of W{r) can be rewritten as,

P,DDDw- P,DDw- w”RDw+ w”Pw=0, (3-45)
= . - d> d p
where the operatdD is given byD > = =
dr® rdr r

Using the principle of superposition, the solution to B34%) canbe written as the sum of

terms governed by three different types of Bessel equation as follows:

W= W+ W, + W, (3-46)
(D-x)& e (3-47)
(D %)k & (3-48)
(D %)% e (3-49)
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X (1=1,2,3) are roots of the following cubic characteristic equation,

PX- BX WPx #R O (3-50)
Use the following transformation,
P,
=x —= 351
y P (3-51)

the Eq. 8-50) @an be written in a reduced form as follow

v +by ¢ & (3-52)
2 3
whereb = -P—ZZ PlWZ,c: 2P23 Pl%'/z'/z M
32 P 27PF 3R P

The discriminate of the cubic equation in E&5@) is

=) €

REW QIRR- RFASRRRRW Bw O
27P 108 2%
It is can be proven Htd< 0 can al ways be satisfied. Thus,

(Wanget al2001) the characteristic equation shown in E&50) has three distinct real roots as

follows
X, =2Scosl +2 (3:-54)
3 3R

X, = ZSCOL-{- 2p & (3-55)

3 3P

_ Jtap B
X, =2Sco 3 +3$ (3-56)

3

1 c
whereS=—./F 8PRW*, y =arccos(——— .
3R, 2 173 y ( 5 [ ov %)3 .

58



In view of the norsingularity of i at the center of the plate, the solution of E334%) can be

written as
\Hr) = AZl(alr) + Azzz (azr) + A323(asr) (3'57)

A is the unknown parameter.
wherea, =/|x |, a,=4|% |, @ =4/%, and

Z (a;r) :ié‘](air),xi <0

il@r),x S ol =423 (3-58)

where J (A is the first type Bessel function and(A is the modifed first type Bessel function.

Dz and D B} can be written as

DE: Aizl(alr)slalz + Azzz (azr)szazz + A3Z3(6-13I’)S3a32 (3'59)
DDiz= AZ,(a,1)a; + AZ,(a,r)a; + AZ(a,r)as (3-60)
wheres, s, and s; are the signs of the, x, and x;.

The resonance frequencies and mode shapes for the coupled plate structure can be solved as

an eigen value problem based certain boundary condition.(r, ¢¢) can be expressed as

following when wave propagation is studied,

J(r, g)=Efper® (3-61)
where/Hr) is the spatial variationf the electric potential in the radial direction. Submitting Egs.

(3-61) and 8-44) into Eq. 8-41), /Hr) can be rewritten as,

~ 1.2
JHr) = Sl 5. Sl ppge 2 S g (3-62)
8Xs3 8Xs; 8Xs;
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The solution of/r) can be olined by substituting Eqs3-67), (3-59) and 8-60) into Eq. 8-

61), and is solved as,

140C,h, C hay al s 0
8@ R g @nA
}a\EZCzhl . Clhla; é31h12‘3252 0 )
’ 8? X X ’ X3 82' (@0 (563)
;%\EZC h Cl)tulav3 eglhla 82 @A,
¢ Xss 33 X 2

Egs. 3-57) and 8-63) are the solution in radial direction for oparcuit piezoelectric coupled
circular plate based oKirchhoff plate model. They can be transformed to the whole cylinder

coordination by Eqs.3(44) and 8-61).

3.3 Displacement and electric fields solution for
open-circuit  piezoelectric coupled circular plate in

different boundary conditions

Based on givendundary condition, the mode shape of the structure can be found fronBEgs. (
57) and 8-63). Two boundary conditions, clamped and simply supported, are discussed as

follow.

3.3.1  Clamped circular plate

For clamped circular plate, the boundary condition is espdsss,
W=0,%=0,E=0. 3-64)
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It is our willing to solve A (i=1, 2, 3) in Eq. 8-57) and Eq.3%-63). To make Eq.3-64) solvable,

the characteristic equation is given by

m, m, Mg,
m, M, My =0, 3-§5)
My, My, My

where

my, =2Z,(a,r,)

my, =Z,(a,r,)
M, = Z5(asl,)

my, =a,Z, (a,r,)
my, =a,Z, (a,r,)
bs =32, (as1,)

1 .
My = o= (- cihat +&,hialzs +uPC,hJa,z, (ayr,)
33
m, = Cha +a,ifals, +WC .2, (a.5)
33
1 _ .
Mo = g b Chal ratals WO B @)

From Eqg. 8-65), structure resonant frequencies of different modes can be solved. Based on

certain frequency, the mode shapéflexural variablei and electric potentigE are

\E Agernl3 22 ~ zsmlz Z (a r)+ rnll 23~ rT]13rnZlZ (a r)+Z (a r)U (3 67)
eranle m,;m,, m,m,, - m;,m,,
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SMamy, - Mmy, AFCh  Chay' | &hals @ 4
= 8zl(a1r) u
emlzmzl my,My, ¢ Xz Xz Xy =+ u
u
JE= A3e+ M, My - MM, AFC . C ha; e31 1455, 0 &, (@) + Z,(a, r)u (3-68)
e MMy, - MMy, c X33 X33 X33 - 3
e aW’C,h Cha; &h’alsd u
% U Sal Se )
é ¢ 33 3 T a

From Fig. 3-2 illustrates the first four vibration mode shapes of clamped -openit

piezoelectic coupled plate.

3.3.2  Simply supported circulate plate

For simply supported circulate plate, boundary condition is given by

=0, NE, =0,/E=0. 3-69)

The characteristic equation is expressed as
Ny Ny Ny =0. 3-70)

where
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Ny, =Z,(a,f,)
N, =2Z,(a,r)
N, = Z3(asr)
Ny =My +Mp, + My,
Ny =My + My, + My,
Ny =M + My, + My,

1 B .
Ny = ——(- Chat +e hlals +n’C,h ).z, (a;r,)

8X.,,
1 ~ .
ns;, = 8% (' Clhlag +e31hl2a2282 + W2C2h1)azzz (@,r,)
33
1 ~ |
Ny =——(- Chat +&,ntals, +w’C,h a,Z, (a.1,)
8X 3 . (3-71)

M, is given by (i=1, 2, 3)

¢ 400 @
€ 1 o 2= 4.2 52134202 5 K2 u
Milzépzz C11 _ 18 slafr2+},clhe31a‘r +Ef31h13i Sl . }7831th2C2 gzi(air)
g ® D1+D2 0 6X33(D1+D2) 6X33(D1+D2) 6X33(D1+D2)3
e ¢ * u
S uD1+CgD28
u 0,
+§- D, +D, (:).Z:Iil’zi(ail') (3-72)
& 0
(;, -
v < Galbeh)' 1L Chal- Weals +wCh) )
’ (D, +D,) -
g,(h+h)((h+h)*- h*)sa’
Mi3 - e31( hl)(( hl) )Slal rZZi (alr)
X33(D1+D2)
The deflection and el ectrical potenti al rel at
= A e g gy D Ml g a4z (2 (373)
€MioNyy - NNy, NyoMNy = MyyNy, u
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en13n22 n23n12 a\EC hl Clhlal éjl 2alzsl 6 g
e V3 8zl(alr) u
en12n21 nlln22 g X33 X33 X33 - l‘,l

U

n.N..- NN, ’a
/E A3€+ 111123 = Thally C hl C1h1a2 252 BZz(a 1) +2Z,(a, r)u (3-74)

g n12n21 n11n22 (; X33 X33 33 - 3
é al’C h Cha; &hla’s @ u
CEX, X, | X, 8 :
€ C ‘a3 33 I U

Fig. 3-4 shows the first four deflections mode shapes of the simply supported couple plate.

34 Numerical simulations and discussions

In the following simulations, steel and PZT4 are employed as the hostuse and piezoelectric
layer, respectively. The material properties and geometris gizgezoelectrically coupled plate

are provided inable2-1. The layout of the piezoelectrically coupled plate is shown in3-ig.

Table 3-1 lists the first fourresonance frequencies of both closed and open circuit
piezoelectric coupled structures with clamped boundary conditlen the thickness ratio (hl
/2h) is 1/1Q We can find that the resonant frequencies of the open and closed circuit
piezoelectric coupleghblates are increased by 6.73% and 3.77% respectively compared to the
frequencies of the substrate steel. Sdigferent increases in resonant frequencies of the two
plates indicates that the effective stiffness of the open circuit piezoelectric colgiedparger
than that of the closed circuit one, which coincides with the experimental results bgr@orr
Clark (2002)and Chevallieet al (2008) In order to investigate the physical interpretation of the
different increases, Tabl&?2 lists the fundmental resonant frequencies of the open and closed

circuit piezoelectric coupled plates witiost plat thickness of 20 mm amdrious piezoelectric
layers ath, /2h=1/10, 1/8, and 1/5 respectiveljhe second column is calculated by remgvin
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the piezoelectric effect, or setting the piezoelectric coefficients to be null, to represent the only
stiffening effect of the piezoelectric layer. Therefore, the percentages of the increase in the
resonant frequency on columns 4 and 6 establish thegléxtric effect clearly. From the table it

is expectedly seen th#te piezeeffect is obvious when the host plate is coupled with thicker
piezoelectric layer for both closed and open circuit conditions. In addttienpiezeeffect of

closed circuit piezoelectric layer is found to be almost negligible, whereas gméeat of open

circuit one plays a major role in increasing the freqyeot the coupled plateSuch a
phenomenon is attributed to the different electric potential distributions along tksc#finection

of the open and closed circuit of the piezoelectric layers. F8yshows the electric potential
distributions in thickness direction of open and closed circuit piezoelectric layers. The electric
potential of the closed circuit piezoelectrlayer reaches maxima at the npthne of
piezoelectric layer, then begins to decrease and returns to zero on the surface of piezoelectric
layer. On the other hand, for the open circuit electric surface condition, the electric potential
keeps growing to mama towards the surface of piezoelectric layére distributions show that

when a piezoelectric layer is shortly connected, the electric potential on both surfaces of the
piezoelectric layer vanish, and henttee electric sergy is released by the closetcuit
electrode status, which woutdduce theiezoeffectof the piezoelectric layer on the stiffness of

the coupled plate. On the other hand, the electric potential of an open circuit piezoelectric layer
cannot be released during any vibration of teeipled plate, and is continually converted to
mechanical energy because of the pieffect. Such a process enlarges the increase of effective
stiffness of the coupled structuiiéherefore, higher piezeffect could be observed from the open

circuit piezaelectric layer.
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The first four resonance frequencies of the piezoelectric coupled plate with simply supported
boundary condition are shown in tal3e. The thickness ratio of piezoelectirc layer to the host
beam is 1/10, which is the same as the thickregss used irtable3-1. Although the frequencies
are found to be much lower than those of the plate with clamped boundary condition, higher
increases in resonance frequencies of the open circuit piezoelectric layer than those of the closed
circuit piezodéectric plate is again observed. Such a result coincides with that of the clamped
coupled plate. Tabl8-4 lists the fundamental frequencies of the simply supported open and
closed circuit piezoelectric coupled plates with various thickness piezoelegteiswhen the
thickness of the host beam is 20 nfdmilar observations on the differences of the pieffect

between open and closed circuit piezoelectric layers are also obtained

3.5 Conclusions

A mechanical model for the analysis of an open circuitqakxtric coupled circular plate is
developed. The solution fdhe electric potential along thickness directiontbé piezoelectric
layer is provided for the first time to strictly satisfy the open circuit electric boundary condition.
Based on the devged electric potential solution and the Kirchhoff plate model and Maxwell

equation, the free vibration solution for the piezoelectric coupled plate is presented.

The numerical simulations show that the resonance frequeactestiffnessof the open
circuit piezoelectric coupled plate are higher than those of the closed circuit counteegarise
the piezoelectric effect of the open circuit piezoelectric layer is larger compared with the closed
circuit one A linear electric potential distribution alorige thickness of the piezoelectric layer is
found for the first vibration mode of the piezoelectric coupled structure, whilelinear

distributions can be sedor higher modesThe piezeeffects of the open and closed circuit
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piezoelectric layers are geularly investigated and found that the effect from the open circuit
piezoelectric layer is much larger than that from the closed circuit one, which is almost
negligible. Such a difference is owing to the different electric energy processes of the two

piezoelectric layers during vibrations.
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Table 3 1 First four resonance frequencies of piezoelectric coupled platesalidimped
boundary condition

Mode | Substrate Piezoelectric Coupled Plate
No. plate Closed circuit | Increments (%) Open circuit Increments (%)
(Wanget al closed circuit open circuit
2001)
1 869.691 902.479 3.77 928.23 6.73
5 1809.87 1878.17 3.77 1931.76 6.73
3 2969.34 3081.08 3.76 3169.00 6.724
4 3385.71 3513.43 3.77 3613.69 6.73

(* Thickness ratio (fi2h)is 1/10)



Table 3 2 Effect of the circuit condition on the fundamental resonance frequencies of the
piezoelectric coupled plate with clamped boundary condition at different thickness ratios

Thickness | Without With piezoelectric effect
ratio piezoelectric
(hw/2h) effect Closed circuit | Increment | Open circuit Increment
(%) (%)
1/10 902.40 902.479 0.0087 928.23 2.86
1/8 914.483 914.617 0.0147 946.45 3.50

(* Thickness of hosplate is 20mm)

Table 3- 3 First four resonance frequencies of piezoelectric coupled plate s wittiply
supported boundary condition

Mode | Pure Piezoelectric Coupled
No. Structure
Closed circuit| Incrementg%) Open circuit Increments (%)
(Wanget al closed circuit open circuit
2001)
1 42033 435.6 3.63 448.067 6.74
> 118375 1227.5 3.7 1262.53 6.66
3 2181.51 2262.4 3.7 2327.03 6.67
4 2531.36 265.2 3. 2700.2 6.67
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Table 3 4 Effect of the circuit condition on the fundamental resonance frequencies of the
piezoelectric coupled plate with simply supported boundary condition at different thickness
ratios

Thickness | Without With electric contribution

ratio electric

(hw/2h) contribution Closed circuit | Increment | Open circuit Increment

(Wanget al (%) (%)
2001)
1/10 435.54 435.63 0.0206 448.067 2.88

1/8 441.30 441.42 0.027 456.91 3.54
1/5 462.04 462.34 0.065 486.73 534

(* Thickness of host plate is 20mm)
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Fig. 3 2 First four mode shapes of the displacement of the open circuit piezoelectric coupled
plate witha clamped boundary condition.
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4 Study on repair of a vibrating

delaminated beam

Following the studies of the dynammechanicaland electrical responses of the piezoelectric
coupled structures, the repaof vibrating engineering structures using surface bonded
piezoelectric materials can be conductédis chapterprovides a closéoop feedback control
repair methodology for a vibting delaminated beam structure by use of piezoelectric patches.
The electromechanical characteristic of the piezoelectric material is employed to induce a local
shear force above the delamination area via an external voltage, which is designed asch feedb
of the deflection of the vibrating beam, taloee the stress singularity around the delamination
tips. Moreover, finite element method (FEM) is employed to verify the effectiveness of the
proposed design and repair methodology for delaminated beaths vemious sizes and

alignments of delaminations.

4.1 Model of repair of a delaminated beam via

piezoelectric patches

A delaminate beam structure is shownmy. 4-1. While deflection takes place along the beam

structure, axial elongation and compressioritentwo layers will be induced due to the bending
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of the beam. It is assumed that the tensile force pland compressive force p2 are induced on the
top and bottom layers of the delaminate beam. The values of p1 and p2 are givendgnd/
Quek (2004)

_ EbHb
2a

P, =P (WL I| X=x, - Wg '| X=Xz) (4'1)

° ~ 1
al 1 0
whereb=gg+——8 ,
R (H-nY
t is the thickness of upper layer of the delaminate bédaim,s t he youngds modul
beam structurd) andH are the width and height of the beamspectively. a is the length of the

delaminate areaw, is the flexural deflectionof the beam element at the left side of the
delaminate area, whilev, is the flexural deflection of the beam element at the rigte of the

delaminate area.

At the tip of the delaminate area, tensile and compressive forces are induced at the upper
and lower parts of the tip due to the bending of the beam, as showg. 1. The induced
tensile and compressive forces will lead e tdiscontinuity of the shear force at the tip of the
delaminate area, which will definitely result in shear force singularity and therefore lead to the
sliding mode of fracture at the tip of the delaminate area. Therefore, to eliminate the singularity
at the tip of the delaminate area and this forms the basis of the proposed repair methodology.
Piezoelectric patches will be applied to induce shear force at the interface between the
piezoelectric layer and the host delaminated beam by applying a suitdtalgeveo that the
sliding fracture mode at the tip of the delaminate area can be controlled and hence the beam can

be repaired accordingly.
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4.1.1  Design of repair of vibrating delaminated beam

For the need of active repair and feedback control method, theefgezec parches are used as
sensor and actuator at the same time. The charge generated by the piezoelectric layer when the

beam is deflected is given lhge and Moor{1990)

Q=- ”b( hl)W' dx (4-2)
whereH is the height of the repaired beam, h1l is the thickness of piezoelectricdayeta are

the width and length of the beam structure covered by piezoelectric layer, respeesivslyhe
piezoelectric constant and is transverse displacement. The output voltage of piezoelectric

patch,V,, is given byLin and Hsu(1999)

v, =Q - &bH*h) Fwdx (4-3)

° C 2C,
whereC, is the electric capacitance of piezoelectric patch.

When the piezoetdric layer is used as a collocated sensor and actuator, the voltage applied

back to the piezoelectric layarg, can be written as

_ v = n&bH+h) &
V, =gV, =- plT QW dx (4-4)

whereg is the feedback control gain factor and p is medi as repair coefficiento(= g*b/C,).

The axial stress along the piezoelectric layer induced by the applied controlled voltage is

presented by Suet al(1999)

Vo o p&a(H+h) g
$=-p2 pw' dx. 4
F o = 6)
The bending monme caused by the piezoelectric layer on the host beam can be written as,
H+h
M, = bf‘,ﬁl y(- E,yw'+s, )dy. 4-§)
2

For the piezoelectric patches bonded on the delaminate beam structure sHewrdid, the

gained voltagand stress in the piezoelectric layers are given as follow,
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_ (t+h) = __ o &u(H-t+h) e
ng—-p%mw dx V,, —-p¥mw dx, 4-7)

a

2 2
=- p—ei"l(th) ﬁw"dx S =" p'—e‘"l(H “t+h) r”jV\f'dx, 4-8)

S Xpu—
’ 2h, 2h,

wheret is the thickness of upper layer. Depending on éd.)(the repair coefficient of lower

(t+h)

layer p' is set to bep (H - hl) to generate same value of upper and lower repair forces. The

interfaces between the host plate and piezoelectric patches are grounded. As gained voltages are
applied on the upper and lower surfaces of the composed plate structure, inverted repair forces
will be generated by upper and lower piezoelectric layers.

The bending moments caused by upper and lower piezoelectric patch can be expressed as

P H-thy
M pu = bﬁﬁ y(- Epywl+5xpu)dy M pl = bﬁH—terrh y(_ Epywl_ Sxpl )dy 4_9)
2 2

4.1.2 Response of the repaired vibrating delaminated beam

To reveal the effect of the delamination on the sliding fracture mode of the beam structure, a
mechanics analysis will be conducted here. Thardelatel part will be studied via Eulér
Bernoulli beam theory by considering two layers of beam elements connected at the two ends. It
is assumed that tiny gap exists between upper and lower layers when delamination takes place in
the beam structure so ththe two layers can be analyzed as two separated beam elements.

For the analysis of structure dynamic properties, the delaminated beam structure coupled
with piezoelectric patches is separated into 4 sections which are illustrafegl 431

The bendig moment of the first section is given by,

Hys
dw, o _ ZEb(E) d’w,
dx? 3 d¢

H
M, = 2@? - Ey’b 4410)
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The subscript of the deflection stands for the section number.

Based on EuleBernoulli beam theory, the governing equationtfog first section can be
expressed as,
d’M,

2

+ rbHW?w, =0 (4-11)

where r is the density of the host beam amds the vibration angular velocity of the structure.

Similar with the first section, the bending moment and the governing equation for the forth

section is given by,

Hys
ZEKE) d 2W4

M, =25 - Ey?hd W gy = - 412)
« = 2(f dx? Y 3 dé
2
M. 4 roHwAw, =0, 4-13)
dx;

Coupled wih piezoelectric layer, the bending moment of the second section can be expressed as

o d2w. hy d2w
M, = {3, - EY’b—=2dy+ {2 by(- E,y—=>+5 ,,)dy, 4-14)
T2 dx, 2 dx;

whereE, i s the effective young?oss, psthestress gordtedt he pi
by the piezeeffect when extra voltage is applied on the piezoelectric layer, which is given by Eq.
(4-8).

With the assumption¢ % the bending moment of the third secteam be written as,

H-t+h 2 CH-t-h

~ 5 d“w, ~ d*w.
My = Flin - Ey’b dx§3 dy+ f.&n bY(- Epyd—)g- S )0y ¢-15)
2 1

Based on Eq.41), the required value of the repair forces generated by piezoelectric layers on
upper and lower delaminate layers is the same. Thus, the voltages at the upper and lower

piezoelectric layers should be applied with the same magnitude tbutifférent alignments of

78



the poling direction of the piezoelectric patch so that the inverted forces with same value can be
induced (showby Fig. 4-1).
The governing equations of the second and third sections are given by,

d’M,
dx

+(rbt+ r bh)ww, =0, (4-16)

d>M,

2

+[rb(H - t) + r bh]w’w, =0, 4{17)

where r, is the density of the piezoelectric layers.

To characterize the dynamic system given by E4<l1( 4-13, 4-16 and4-17), the free

vibration solution of the delaminate beam is first obtained, which can be written as
w;, =C, cosk x, +C,sink x, +C,costk, x, +C,sinhk x, 0¢x ¢l (4-18)
w, =C, cosK, X, +C,sink,x, +C, costk,x, +C;sinhk,x, 0¢x,¢a (4-19)
W, =C, cosk X, +C, sink,x, +C costk,x, +C ,sinhk,x,  0¢x, ¢a (4-20)

w, =C,;co X, +C,,sink x, +Ccoslk x, +Csinhkx, 0¢x,¢L-a-1 (4-21)

wherek;' =12’—f,
EH
(rts b
E[(ng) _(H/é- f) ]+Ep[(t+3hl) _t3]
ki = P [r/(l2-|3- t)thIil]’;V; g and C,~C,, are unknown consis.
E[(H 3't) +("'3) ]+Ep[( ] h)” (H3) ]

Depending on the boundary conditions of cantilever beam and the continue conditions at the
two ends of the delaminated layers, the boundary conditions of the four sections of the

delaminate beam structure are listed below:
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leo,z—v)ézo at x =0, 4-2@)

d d d dM;, dM, dM
W=, =, =S = Ty o, M, SR = T2 T gty s x=x =0 (4-23)
dy dx, dx dx dx, dx
M M M
W4:W2:W3,dw“:dWZ:d\l\é,M4:M2+M3,d oM  d fatx, =0x,=x,=a (4-24)
dx, dx, dx dx, dx, dx
2 3
IV 209 W g gty =L-I-a. 4-25)
dx; dx;

Submitting EQs. 4-18~4-21) into Egs. 4-10, 4-12, 4-14 and4-15) and the boundary
conditions, 16 linear equations can be obtained. The solutions for costalg with given

feedback control repair coefficieptare able to be solved based on the agen value problem of the

linear system of equations.

4.1.3  Finite element model for verification of repair design

The finite element analysis softwareNAYS 10.0 is usd to verify the effectiveness of the
proposed design and repair methodology. The study of the free vibration process of the

delaminated beam is proposed using the transient analysis module provided by Ansys 10.0.

The finite element model is shown in Fig2 (a). Normal plane element plane 42 and
coupled field element plane 223 are used to mesh the host beam structure and the piezoelectric
patches. Different colors showed in the Hp2 stand for different elements and material
properties used for the & and piezoelectric patches. All displacement degrees of freedom of
the fixed end of the host beam are restrained. The host beam structure is assumed to be made of

metal material, therefore, the voltage of the interfaces between piezoelectric layerssand h
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beam is set to be zero as the host beam structure is grounded. The piezoelectric patches are poled
along the y direction so that, when transverse displacement of the bending beam structure takes

place, there will be voltage output on the surfacesepthazoelectric layers.

Meshing of the delamination tip area is shown in B (b). Finer meshing density is
applied to the tip area. The determination of the repair coefficient of the feedback control voltage
applied to the piezoelectric patches vii# determined from the finite element simulations by
removal of the stress singularity at the tips of the delamination. The determined repair coefficient
from FEM will then be compared with the optimal repair coefficient from the numerical model

to verify its effectiveness.

Transient analysis module oNSYS1