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Abstract

In spite of substantial improvements in material strength and increased accuracy in analysis
and design with the aid of digital computers, gradual deterioration of structures during
prolonged usage cannot be completely ruled out. In 1987 a research made by National Materials
Advisory Board in the U.S.A. showed that 253.000 bridges made of concrete demonstrated
problems because of non durability of the concrete in less than 20 years of use [4]. Similar
conclusions came up in similar researches in Canada concerning parking lot floors. Research
showed that even in bridges made of high strength concrete (50-80 MPa), cracks with length of
1-3 m appeared on the deck in less than a month. Gardner and Scanlon demonstrated that high
construction loads applied to immature concrete slabs lead to large non-recoverable creep
deflections that have a significant impact on the long term deflections of the structure. The
collapse of the Willow Island (West Virginia) cooling tower during its construction is another
example that highlights the importance of early concrete strength monitoring, as the primary
cause of the collapse, which killed 51 workers, was insufficient strength development of the
concrete due to low temperature (midthirties Fahrenheit, 1-5 °C), a temperature at which a
much longer time is required for the concrete to gain sufficient strength [23].

All the above evidence indicates that life expectancy of a concrete structure depends not
only from concrete strength, but also from the efficiency of the curing process and the durability
of the concrete which is linked with its permeability and the presence of cracks. It is estimated
that about the one third of the annual construction budget is spent on repairs. In addition to the
financial aspect, sudden collapse of a structure causes immense loss to lives especially in large
scale constructions. Hence, the idea of equipping structures with sensors and actuators in an
attempt to impart ‘smartness’ has great potential in cost-effective predictive maintenance of
structures, particularly for high performance components not easily accessible for manual
inspections.

The scientific community across the globe is thrusting significant efforts toward the
development of new techniques for structural health monitoring (SHM) and non-destructive
evaluation (NDE), which could be equally suitable for civil-structures, heavy machinery, aircraft
and spaceships. In this endeavor, the advent of the smart materials and structures and the
related technologies have triggered a new revolution. Smart piezoelectric-ceramic lead zirconate
titanate (PZT) materials, for example, have recently emerged as high frequency impedance
transducers for SHM and NDE. In this role, the PZT patches act as collocated actuators and
sensors and employ ultrasonic vibrations (typically in 10-500 kHz range) to glean out a
characteristic admittance or resistance ‘signature’ of the structure. The signature encompasses
vital information governing the phenomenological nature of the structure, and can be analyzed
to predict the onset of structural damages. As impedance transducers, the PZT patches exhibit
excellent performance as far as damage sensitivity and cost-effectiveness are concerned.
Typically, their sensitivity is high enough to capture any structural damage at the incipient stage,



well before it acquires detectable macroscopic dimensions. This new SHM/ NDE technique is
popularly called the electro-mechanical impedance (EMI) technique in the literature.

Purpose of this master thesis is to extend the method using a smart aggregate, which is
embedded into freshly poured concrete to monitor initial curing and subsequent structural
health. The results show that the hydrating concrete has an effect on the sensing system and
that it is sensitive enough to monitor the strength development of concrete. The response of
the system to compressive testing is also investigated, and the initial results show a good
correlation with previously published reports on compressive testing of concrete.

In the first part of this master thesis, a brief introduction in subjects important in
understanding the EMI technique is attempted, such as wave propagation in solids, as well as a
description of the recent theoretical and technological developments in the field of EMI
technique.

Specifically, the first chapter of the first part of this master thesis is an introduction to the
recently emerged EMI technique (was introduced the last 15 years), general scope of this
method, comparison with other preexisting NDE and SHE techniques and finally drawbacks and
areas of further research until commercialization is achieved.

The second chapter is a brief introduction in wave propagation in solids. It contains the
stress-strain relationships and equations governing elastic solids (as the waves produced by PZTs
are low in amplitude, we are only concerned about the elastic region), wave propagation in
extended media and finally wave propagation in reflection and refraction in semi extended
media. This theory covers the basics in our area of interest which is body waves (P and S) as well
as surface waves (Rayleigh waves) and laws of reflection and refraction.

The third chapter attempts a brief presentation of the history of piezoelectricity and
piezoelectric materials as well as their applications throughout the history. The fourth, and final
chapter of the first part, is an introduction in fundamental meanings essential to understand the
EMI technique, such as electrical and mechanical impedance, resistance, reactance,
conductance, etc. It also presents the piezoelectric constitutive relations and describes the
existing PZT-Structure interaction models.

The second part of this master thesis is the description of the experimental procedure.
Specifically in the first chapter is an introduction to the experimental procedure that will later be
described in detail. The second chapter is an analytical description of all the materials and
instruments that were used to take the measurements.

The third chapter is a description of the “smart” aggregates that were later embedded in
larger structures. It includes specimen preparation as well as data measurements that were
made before they were embedded in cube and beam specimens.

The fourth chapter is the monitoring of the curing process of two cubic 150x150x150 mm
and two beam 150x150x750 mm concrete specimens, respectively, using the embedded “smart”
aggregates. Measurements are presented as well as conclusions and description of protecting
the smart aggregate from the extremely aggressive conditions within the concrete.

The fifth chapter is a presentation of the results after inducing damage and compressing
the cubic specimens and after bending the beam specimen.



Iuvoym

JKOTMOC TNG mopoucag SUTAWMATIKAG SlatplBrg, elval n Snuwoupyia €vog KALVOTOUOU
CUOTHUATOC MN-KATOOTPEMTIKAG OELOAOYNONG KOTOOKEUWY OKUPOSEUATOC, HE  Xpnon
EUPBATTIOUEVWY TILETONAEKTPLIKWY KEPAULKWY UALKWY. AUTO ETUTUYXAVETAL [LE TN XPron €Sumvwy
adpavwv (ta omoia Ba neplypadouv avaluTikA oTn CUVEXELD) Ta omtola epPamtilovral otn pala
NG KATOOKEUNG Kata tn Stadikacio Tng okupodETnong.

H epelva otov Topéa TNG QVAMTUENG CUCTNUATWY TopakoAouBnong tng uyesiag Twv
kataokeuwv (SHM-Structural Health Monitoring) kaBw¢ kot cuotnudtwy evtomopol PAABNG
KOL HN-KOTOOTPeMTIKNG afloAdynong koatackeuwv (NDE-Non Destructive Evaluation) éxel
yvwploel 8laitepn avamtuén ta teAeutaia xpovia. MoAAd epyactripla TOGO EUMOPLKA 00O Kal
akadnuaikd €xouv Slatumwoel Stddopeg uebodoloyiec otov Topéa auTO. OL SUVOLIKEC
uEBoboL, yla Tapadelypa, SLEyEipouv TV KATAOKEUT 0 XOUNAEG CUXVOTNTEG WoTe va AndBouv
OL IPWTEC LBLOOUXVOTNTEC Kol LOLOPOPDEG TNG KATAOKEUNG. Omoladnmote alayr ota SUVALKA
XQPOKTNPLOTIKA TNG KOTookeung Ba odeidetar otnv Umapén PAAPng oe auth. Baoikd
UELOVEKTNHO TNC HeBOSoU eival OTL acyoAsital e TIE TPWTEC LOLOHOPPEG TNC KATAOKEUNG Kal O
eMiMed0 KOTOOKEUNC Kal OXL Of TOTLKO HE QTOTEAECHO VO PNV EVOL OTOTEAECUATIKY) OTOV
EVTOTILOWO TOTUKAG PAABNG. Mia {nuLd avixvelowdn pe tv LEBodo autr, evdexouévwg va sivat
Nén polpaia yLa tnv KATaoKeu ).

Mta GAAN katnyopia cuotnudtwyv SHM/NDE sival ta tomikig mapakoAouOnong cuothpata
Omw¢ n xpnon umepnxwv (ultrasonic technique), akovotikég péBodol (impact echo technique),
Xpnon oKTwwv x (X-ray radiography) k.a.. OL TeXVIKEC aUTEC Sivouv KAAAG amoteAéouota OToV
EVTOTILOMO TOTIKWV BAaBwv, aAAd moapoucidlouv Siadopa PELOVEKTAUATA, OTIWE OYKWSENG Kol
OKPLPOC e€omMALOUOC, avaykn SLaKOTNG AETOUPYLOC TNG KOTOOKEUNG KAVOVTAG TIC aKOTAAANAEG
yla éva ouvexég ovotnpa SHM. ElSikotepa n xprion umepnxwv, mou Baociletal otnv dtadoon
EAAOTIKWY KUMATWY KAL TNV OVAKAQGCN HECA OTO UALKO yLa TNV QVAYVWPLON OVOLOLOYEVELWV
BAGBNC, £xel amodewybel Slaitepa amoteAeopatiky otov evtomiopd BAABNC. MapoAa autd, n
TIEPUTAOKOTNTA TWV OMOTEAECHATWY TO omoio Aapfdvovral oto medio ToUu XpoOVou Kal
xpelalovrtal enegepyacia, Ta aAKpLBA NXAVLOTO KAL TTPOYPAUUATA EMEEEQYAOIAC KABWE Kal N
aduvapio eAéyxou Tou oUVOAOU TNG KATOOKEUNG, €L0LKA O€ peydlou PeyEOOUC KOTAOKEUEC,
mapd HOVo TOTUKA Ot emAeypéva Kal pooPaocipo onueia tng, kablotouv tnv péBodo auth
aKATAAANAN yLa éva SLadpaoTikd cuoTnua eAEyXOU.

H péBodocg tng nAektpopnxavikng epmédnong (Electro-Mechanical Impedance — EMI) éxel
KAVEL onpovTika BrAuata mpoodou ta teAeutaia 15 xpovia. Ot epapuoyEg tng nebodoroyiag
autng meplopiloviav pEXpL To Mpoodato mapeABoOV oTov TOPEN TNG AEPOVAUTINYLIKAG, OUWG
moA\ol epeuvnTég Tpoomobolv va €MEKTEIVOUV TN XPNON TG KOl OE KATOOKEUEG TIOALTLKOU
pnxawvikou. H texvikn autr Baoiletal otnv mapakoAoubnon tTng LNXAVLKAC EUMESNONG LECW TNG
NAEKTPOUNXAVIKNG «uTtoypadnc» tng Slamepatdtntag (admittance) n eunédnong (impedance)
evog ruelonhektplkol Kepapkol mAakibiou (PZT), ypnowlomnolwwvtag to eubu kat avtiotpodo
Te(onAeKTPLKO datvopevo. To mAokidlo Sleyeipetal péow evog Impedance Analyzer pe
evaAlaooopevo pelpa (dtadopdg Suvauikou 1-2 Volt ylia toug Twpwvoug Slabéoipoug
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Analyzers), capwvovtag pLo Lmavta cuxvothtwy, cuvnBwg 10-500 kHz. To maAAOpevo mAakiSlo
Sleyelpel TNV KATAOKEUN KOL N QTOKPLON TNG KOTOOKEUNG UETPLETOL HECW TNG HETPOUMEVNG
NAEKTPOUNXAVIKNG Slamepatdtntag N eunédnong tou mAakidiou, Spwvtag Tautoxpova To dlo
mMAOKISl0 TOoO oav Sleyéptng 60o Kkal cav aiwoBntripog. Etol, AapBdvoupe Staypdppota
QYWYLHLOTNTAG | EUMESNONG WG TIPOC TNV CUXVOTNTA TO Omola elvol XOPAKTNPLOTIKA TNG
KOTOOKEUNG KAl AmOTEAOUV TV «umoypadn» tng. Omoladnmote aAlayr OtV KATAotoon Tng
KOTOOKEUNRG ekdnAwvetal cav aAlayr oto avtiotolo Stdypappa, Bswpwvtag tnv apxiki
KOTAOTAON o0V KAtaotaon avodopdg.

H Baowkeég apxég Tng pebodoloyiag autrng elval (Sleg he AUTEG TWV SUVOULKWY HEBOSwWVY pe
v Sladopd NG HeyAAng suaiobnoiog oe tomikég PAAPBeG. Ta KepApKA TAQKISLA PEVOUV
MOVIUOL OTNV KOTOOKEUN XWwPig va emnpedlouv AOyw Tou TOAU MIKPOU HeyEBOUC TOUuG Ta
SUVAULKA XOPAKTNPLOTIKA TNG KATAOKEUNG. Emiong Sev xpelaletal cUvBeTn enefepyacia twv
amoTeAsopATWY, KABWE autd AapBavovtal kateuBeiov oTo MeSio TWV CUXVOTHTWV.

H mpotewvopevn otnv mapovoa epyacia pebodoloyia pe tnv gpPantion twv mAoKLSiwy
MECOW oTN Lala TNG KATAOKEUNG LECW €VOC €EUTIVOU adPAVOUC EXEL TO TTAEOVEKTNUA EVAVTL TNG
oupBatiknc EMI  tncg OSuvatdétnrag mapakoAolBnong tng mopeiag evuddtwong Tou
OKUPOSENOTOG amd TNV TPWTN wpa UETA thv okupodétnon. H cupPatik EMI amattel
OKANPUUEVN emidAvela yla TNV KOANnon tou PZT kaBwg kal TOUuAdxlotov 24 wWpeg yla tnv
oKANpuveon TG emoknc KOAaG. Etal n cupBatikr) EMI ayvoel To oAU onUavTLKO SLaotnua Twv
MPWIWV 36 WPWV TO oOmolo eival TOAU ONUOVILKO OTNV OVATTUEN TNG QVToXNG TOoUu
okupodépatog, kabwe o autd to ddotnua oxnuatiletal n pikpodour tou. Mg QUTOV Tov
TPOTO UMopel va emitayuvOel n mMopela TNG KATACKEUNG KOOWG 08 TEPIMTWAON AVATTUENG TNG
OMALTOUEVNG QVTOXAG Utopel va emitayuvOel n Sladikooio Tou EEKOAOUTTWHUATOC E ONAVTLKO
QVTLKTUTIO OTOV XPOVO KOBWE Kol 0TO KOOTOG KATAOKEUNG. MapoAa auTd MPEMEL VA TOVLOTEL OTL
auAvetal n MePUTAOKOTNTA TNG KOBWE 0 aobNnTPaAg MPETEL VAl Elval TIPOOTATEUUEVOG ATIO TLG
£XOpKEG ouVONKeg péoa oTo oKupOSepa.

Iotopikn avadpoun) kat epapuoyéc mel{onAEKTPIKDV VALKWV

H umoyio oOtL oe peplkolg KpuoTaAloug umipxe Suvatotnta Tapaywyns NAEKTPLKOU
pelUOTOC UE TNV edappoyrn UNXAVLKAG TAong sixe mpotabei and tov Charles Coulomb [36].
MeAovtikég pehéteg and toug Hauy [37] katl Becquerel [38] and to 1825 cuvnyopoloav o€
outn TNV KatevBbuvon, opwe adtapdlopitntn anodeifn Sev unnpée mopd HOVO PETA amod €L
Sekaetiec. H anodelen §60nke amno touc adehdolg Curie [39] to 1880 0TO TAVEMLOTHLLO TOU
Maplool PeAeTwvTog KpuoTAAAoug quartz. MopoatnpnBbnke OTL yld OPLOPEVEC TOUEC TOU
kpUotoMou (X cut quartz) pe tnv edoppoyn PBdapouc mavw tou epdaviotav Sadopd
Suvopkol, n évtaon Tou omoiou ntav oavdaloyn Ttou edoppolouevou PBdapoug (subU
Te(oNAEKTPLKO PaLVOUEVO).
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Ewova 1 Right-handed quartz crystal and an X cut plate [32] (D. F. Jones, S. E. Prasad, J. B. Wallace, Piezoelectric
Materials and Their Applications)

To avtiotpodo mielonAekTplkod dawvopevo eixe mpoPAedOel amo tov Lippmann [40] to 1881
HEOW TwV apxwv tng Beppoduvaplkng, mpwv emiPePolwbel melpapatik@ MAAL omd TOUG
adeAdolg Curie. Metd amd TG dnUOCLEVOEL aUTEG, mpotabnke amd tov Hankel o 6pog
TUe{ONAEKTPLOUOC TIOU TIPOKUTITEL aTtd TO €AANVLKO prpa Tielw. Etol ot dpol melonAeKTPLOUOG

KoBw¢ Kat To euBU Kkat avtiotpodo mielonAekTplkd davopevo etonxbnoav otnv BLBAloypadia.
Tension Compression

(a)

(b)

) _—5
+ o F [F +
SRR
(c)

—| o

—ry

Ewova 2 Schematic representations of the longitudinal direct (a), converse (b), and shear (c) piezoelectric effects
[34] (A.L. Kholkin, N. A. Pertsev, A. V. Goltsev, Piezoelectric and Acoustic Materials for Transducer Application)
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OL mpwtn edappoyn tou TEIONAEKTPLOHOU HATAV ML CUOKEUN HETpnonG Suvapng kot
NAEKTPIKOU ¢doptiou matevtaplopévn amnod toug adeAddoug Curie to 1887 [46]. ITIC apyEG Tou
1917 oL mpwrtol untoBaAdaoaolol alebnTipeg yla PEtpnon Padoug dnuoupynbnkav amod tov Paul
Langevin oto School of Industrial Physics and Chemistry tou Noplolov [47]. Emiong to 1919, o
Nicolson [48] amédelte tnv xprnion kpuotdAwv dalato¢ Rochelle oe nyeila, Hikpodwva,
O0KOUOTLKA TNAsdwvVoU Kal TiK ar. Metd amno npoondbeleg twv Cady [44] kal Pierce [49] otig
apXEG tNG Sekaetiog Tou 1920 PTidyTnKAV OL TPWTOL TOAROYPAdOL LE XPHoN KPUCTAAAWV.
Enionc ot kpUoTaAAoL xpnolpomolndnkav otnv dekaetio tou 1940 yla cUCTHUATA pOVTAP.

Ou Jaffe, Cook kat Jaffe [54] avémtu€av kal Snulolpynoav Ta MPWTA TOAUKPUOTAAALKA
Tie(onAeKTPLKA Kepapka (barium titanate BaTiO;) ota 1940. Me tnv dadikaoia tng moéAwaong
KoL TNV Snuiloupyla TWV KEPOUIKWY , N XPHON TWV KPUOTAAAWV TEPLOPLOTNKE Kol TEALKA
avtikataotadnkav MANPWE. Eva amnod Ta onUAVTLKOTEPA TTAEOVEKTAUATA EVOAVTL TWV KPUOTAAAWVY
glval n peyaAn mowiAia og oxAuoTa Kol HeyEOn kabBwg kot n duvatdtnta kaboplouou Tng
SlevBuvonc moAwong. Ta kepaplkd BaTiO; ypnowomnotndnkav amno to 1947 oe dwvoypadoug,
evw otn dekaetia Tou ‘50 g emtayuvoloypddoug Kal o€ cuoThpata KatevBuvong nupalAwy.

Aladdopa @A Kepapika mpotddnkav otnv dekaetia tou 1950 omwe ta lead titanate
(PbTiO3) [66, 67], lead zirconate (PbZrO;) [68, 69], lead metaniobate (PbNb,0¢) [70], kal lead
zirconate titanate [Pb(zZr,Ti)Os] [71, 72, 73]. OU epOpHOYEC TWV KEPAUIKWY OUTWV
neplappavouv avadAekTipeg, mapaywyn Kot eyypadn NXou, UIKpOPwva, OKOUOTIKA, NXELa,
POAOYLA K.QL..

Mé£6odbo¢ ¢ nAskTpounyavikic sumednong (EMI technique)

Me tov 6po eumédnon n cUVOeTN avtiotacn evwooUUe TNV Bacikr) NAEKTPLKN TTAPAUETPO
mou xapaktnpilel OAa ta nAsktpovikd KukAwpata. Opiletal w¢ o Adyog tng Sladopdg
SUVOULKOU TIPOG TNV £VTaon TOU PEULATOC KAl Elval LETPO TNG AVILOTAONG TOU TAPOUCLATEL Eval
UALKO Otav Slamepvatal amd NAEKTPLKO peUpa. ITnV Mepimtwon cuvexolG PeVUATOG TOUTIETOL
HUE TNV WHLKA avTiotoon. Itnv meplmtwon evaAAaooOUeEVOU PEUUATOC, TIPOKELTAL YlOl £vay
MIyoSIkd aplOpd pe mpoaypatikd péEpog (Rs - resistance — wpLKA avtiotaon) kol ¢povTOoTIKO
HEpoG (Xs - reactance — avadpaon). To avtiotpodo péyebog oplleTal oav aywyLLoTNTA TO 0oL
elval emiong pyadiko péyebog pe mpaypatikd pépog (Gp - Conductance — aywylplotnTa) Kat
davtaoTtiko pépoc (Bp - Susceptance — emLdekTIKOTNTA).

O 6pog pnxovikn epmédnon, opiletat oav o Adyog Tng SUvVapng mou aokeltal og éva onpelo
NG KATAOKEUNG TIPOC TNV TaXUTNTA amtOKPLoNG oTo onueio auto Kal ival LETPO TNG OVTLOTAONG
TNG KATOLOKEUNG 0TV Kivnon. AnAadn:

F Fyrel®t F, ;
I=c=—Tr—=-"L.el¢ (1)
u uo-el(wt ®) Ug

JTIG OUXVOTNTEC GUVTOVIOHOU N HNXOVIKH epmédnon £€xel pkpotepo péyebog. Avtiotpodo
MEyeOOC €lval N KVNTIKOTNTA TNG KOTAOKEUNC.
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NMivakag 1 Impedance terms and equations

Parameter | Quantity Symbol Formula
z Eunédnon (20vBetn avtiotaon) Ohm, Q Z=R + X, = % = 1Z]- e/
1ZI METpo TNG EUMESNONG Ohm, Q 1
|Z| = [R?+X? = m
R, Avtiotaon, mpayuatikd pépog Z Ohm, Q G
* Gi+B}
Xs Avadpaon, avtaotikd pépog Z Ohm, Q P B,
° G5+ B:
Y AywyLuotnta Siemens, S , 1 .
Y:Gp-'-]-Bp:E:lYl-e](p
Iyl METPO TNC AyWYLUOTNTAG Siemens, S 1
Gp AyWwyLLOTNTO, TIPAYUATIKO HEpOG Y Siemens, S G — R,
PRI+ X?
B, Erudektikotnta, bavtaotikd pépog Y | Siemens, S B = _ X
P RZ+x2

H nAektpounyavikn apyn ota mel{oNAEKTPIKE VAIKK

To dawvopyevo ToU TILE(ONAEKTPLOUOU
KEVIPOOUUUETPLKWY  KPUOTAAN WY,

eudaviletal

OE OPLOPEVEG KAQOELG N
oTou¢ omoioug Tta OimoAa UMOKEWTAL O  HUNXOVIKN

napapopowon. O iSlol kpuotaAlol sudavilouv kat to avtiotpodo dawopevo, dnAadn

geudavilouv pnxavikn mapapopdwon otav Bpiokovral oe nAektpikd nedio. Ta mielonAekTpikd

KEPAULKA TAaKiSLa (PZT) mailouv onpavtiké poAo otnv néBodo auth. H nAsktplk ¢poption Kat

n mapapopdwor) toug ekdppaletol Lobnuatika pe TG akolouBec oxéoelg [30]:

Dl=gl’1;E]+dlme

Skzd]kE]-{_S]Eme

omou:
D — nA&KTpIKNA LETATOTION
Sy — HUNXoviKn nopapopodwon

E;j — évtaon nAektpkou niebiou

Ty, = KNXAVIKH TAON

E — oUVOEeTN NAeKTPLKNA Slamepatotnta tou PZT yia otabepr) tdon

dim ko djj, —> TelonhekTpikeg oTabepég mapapopdwong

SE . —> oTaBepéq eAaoTikig cupBatdTnTag ylo otabepr] éviaon NAEKTPKOL mediou.

O beikteg ‘T’ kot ‘E’ ekdpdalouv OTL N mocOTNTA HETPNONKE yia otaBepég ouvOnRKeg TAoNG Kal

€vtaong nAekTplkou mediou.
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Eotw éva PZT onwg daivetal otnv €lkéva 3, KAtw and otabepo nAektplko nedio E; otn
SlevBuvon 3 kat taon T, otn SlevBuvon 1, MW oTNV MEPIMTTWAON TWV MEPAUATWY TNG Epyaciag.
To mAokiblo ouotélAetatl kot SitootéMetal otn SlevBuvon 1 otav to nAektpko medio
epapudletal otn ditevBuvon 3. Ot e€lowoelg (2) kat (3) yivovtat [30]:

D3:£'E3+d31'7‘1 (4)
T
Sy =d3q " E3 +Y=;~ (5)

11

onou @ = Y£ (1 + nj) 1o oUvBeTo péTpo eNacTikdTNTAG TOU PZT

Ewova 3 A PZT patch under electric field and mechanical stress [18] (S. Bhalla, A. Gupta, Modelling Shear Lag
Phenomenon for Adhesively Bonded Piezo-Transducers)

H e€lowon (4) eival n ékdppaon yia to euBU TielonAekTpLko davouevo, SnAadn dnuloupyia
Sladopdg Suvaplkol otoug TIOAOUC Tou yla edappoyn UNXAVIKAG TAong. Me tnv LSlotnta tou
autn, To PZT AettoUpyel oav awodntrpag. H e€iowon (5) elval n ékdppaon ywa to avtiotpodo
Te(onAeKTpKO  datvopevo, SnAadn unxavikn mapapopdwon ywa edpapuoyn Stadopdg
Suvapkol otoug moAoug tou PZT.

Movtédo aAAnAemibpaong PZT - KATAGKEVIC

Toa televtaio 15 xpovia Eywav SladopeC MPOTACELC Yyl TNV HOVIEAOMOInon Tou
cuotAatog PZT — kataokeung. H apxr £YLVE HE TO «OTATIKO» POVTEAO Twv Crawley kat De Luis
(1987) [9] To omoilo avtikataotdBbnke apyotepa amd To HOVIEAO TNG eunmédnong (impedance
approach) tou Liang, et al. (1994) [30]. To otatikd povtélo Bswpoloe tnv SUvaun Tou Sleyéptn
aveédptntn TNC ouxvotntog Pact{Opevo o apxEC otatikng. Opwg n mapadoxn autr odnyolos
O€ ONUOVTIKA 0pAApATa, ISLALTEPA OTLG CUXVOTNTEG CUVIOVLOHOU.

15



Static electric field
E-

o]

3@ )

1(x)

PZT patch

Ewkova 4 Static approach modeling of PZT-Structure interaction stress [18] (S. Bhalla, A. Gupta, Modelling Shear Lag
Phenomenon for Adhesively Bonded Piezo-Transducers)

MNna va e€aleidel n ouykekplpévn aduvapia Tou ev AOyw HOVTEAOU, TTPOTABONKE TO POVTEAD
NG eUMESNONG, OOV OE avtiBeon e TO OTOTIKO HOVTEAO TIOU N KATOOKEUN TIPOGopoLalovtoy
cav éva ehatrplo Suokapiag K, o Liang Kal oL CUVEPYATEG TOU TIPOCOUOLWOOV TNV KATOOKEUN
oav pnxavikn gpnédnon Zg , Baclopévn ot e§LOWoELG SUVOLKAG LOOPPOTILAG KoL OXL TNG
OTATIKAC. 2TNV £lkOVA 5 ¢aivetal to poviédo twv Liang, et al. H eflowon tng kivhong otnv
nepintwon autn divetat anod tov [30]:

==09%u 0%u

Fou_ ou
Y dx2 p6t2 (6)

OTIOU U N HETATOTLON O omolodnmote onueio tou PZT otnv SevBuvon 1 ylwa omoladnmote
XPOVLKN oTlyun t. H pnxavikn epnédnon Z cuvdeeTal pabnpatikd pe Tnv F kal tnv toxltnta i,
JE Tov TUTIO :

F=—-Z,-1u (7)

OTIOU TO APVNTLKO TPOONMO Oelyvel OTL pia BeTikr petatomion (A toxutnta) mpokaAel pia
OAuttikn) SUvapn oto PZT. Emiong avti yia tnv otatikn duokapdia tou Sieyéptn, dnA tou PZT,
£XOULE TNV UNXAVLKA TOu eumédnaon n omolia opiletal amo tov TUmo:

_ kwhvE
- Jjrw-tan(kl)

(8)

a

AapBavovtag ur 6P v tnv Suvaptkn duokapia Kal anodcBeon tou Sleyéptn.
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PZT patch

fs;rb':

Structural Impedance Z

Ewova 5 Liang’s impedance approach modeling of PZT-Structure interaction [18] (S. Bhalla, A. Gupta, Modelling
Shear Lag Phenomenon for Adhesively Bonded Piezo-Transducers)

XpnoLgomowwvtag tnv Kataotatikn e€lcwon PZT kot 0AOKANPWVOVTAG TNV UKVOTNTA GOPTLONG
w¢ PO TNV emidavela Tou poov PZT (x = 0 to /), o Liang Kol ol ouvepydTeg Tou KaTtéAnEav otnv
akoAoubn ékdpacn ylwa TNV OUVOETN NAEKTPOUNXOVIKN aywyluotnta (avtiotpodo NG
EUMESNONG)YLA LULOO UAKOC TOU:

Y=G+B-j=w-j WT [(233—d2

RN G I

omou w, [ kat h ot Slaotdoelg tou PZT, d3; n mielonAektpikn otaBepd mapopopdwong yla Toug
G€ovec 1-3 axes Kat w N KukAA ouxvotnta. YE = YE - (14+n-j) elval to ovvBeto péTpo
ehaotikotntag PZT (yia otaBepd nAektpkod medio) kal % =ek-(1—-6-j) n obvBetn
nAskTpIkn Slamepatdtnta (yia otabepn tdon), e Ta cUPBoAO n Kot & vo avamaplotouV ToUG
OUVTEAEOTEG UNXOAVLKAG KAl NAEKTPLIKAG amMWAELAG avTiotoa. To Z, TAPLOTAVEL TNV UNXOVLKA
geunédnon tou PZT 6nwg opiletal amnod tnv e¢lowon (8) pe to k, o kupataplduog, va oxetiletal pe

TNV TIUKVOTATA p KA TO éTpo ehaotikdtntac YE tou PZT pe thv efiowon:

k=w- |& (10)

~

ITIG TIPOYUATIKEC £DAPUOYEG OMOU To PZT KoAAdtal otnv emidAvelo TNG KOTAOKEUNAG,
€lKOVA 6, TO cUOTNUA UTOPEL va Teplypadel oav pnxavikn eunédnon os kabe mAeupd PZT. Itnv
nepintwon avth, to | cupPoAilel to pLod pNnRko¢ tou PZT kal n e€iowon (9) mpemel va
oA amAaclootet emi 2.

V=G+Bj=2 w5 (el - dd - VF) + (o) -3y - VP - ()] ()
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Elval epdavég amno tnv efiowon (11) otL omoladnmote aAldayr oTnV LNXOVIKN EUESNON TNG
KoTaokeung Ba aAAdfel tnv umoypadrn TG NAEKTPIKAG aywylpotntog tou PZT (admittance
signature). Me aA\a AoyLa, N SOWLKI OKEPALOTNTA TN KATAOKEUNG (KaBwg Pey£On Omwe avtoxn
KOL UETPO EAAOTIKOTNTOCG OGUVOEOVTAL HE TNV UNXAVIKA eumednon) pmopel va afloAoynBOet
UETPWVTAG TNV OUVOETN NAEKTPLKN AywyLLOTNTA Tou PZT. H oUvOeTn NAEKTPLKN QyWYLLOTNTA
onw¢ daivetal Kol and tnv eflowon eival Hyadkog aplOuos. To G, To MPAYHOTIKO HEPOG,
ovopAZeTal aywyluotnTa evw To B, To $aviaoTtiko UEPOC, OVOUATETAL ETMIOEKTIKOTNTA. ITLG
TEXVIKEG SHM xpnoiuomolouvtal ouvnBwe TO TMPAYUOTIKO HEPOC TNG OYWYLUOTNTOC KAl TNG
eunédnong kabwg oL aAlayég otnv umoypadn elvol epudavng amo TIC AnMAEC UETPrOEL TTOU
AapBdavoupe amod tov Analyzer. Ta davtaotikad pépn emniong aAAalouv, Ouwc ol aAAayEG sival
avenaloBbnteg Kal yla va yivel afLoAdynon tng SOULIKAC KATAOTOONG TNG KATOOKEUNG A0 QUTEC
xpewaletol mepetaipw eneepyacia. O alhayég eival avemaioBnteg Aoyw NG Eviovng
Aeltoupyiag tou PZT cav MUKVWTK OTLG CUXVOTNTEC TOU £EETALOULIE.

«E&vmtvar adpavi

H gpparmntion tTwv mielonAEKTPLKWV PECA 0T MAla TWV KOTOOKEUWV OKUPOSENATOC EYLVE
MEoWw TwV «EEumvwvy adpavwy. Mpokettal yla KUBLKA Sdokipa akung 50 mm okANPUPEVNG
TOLUEVIOMAOTAG OTO ONOola 0TO KEVIPO TOUG elvol KOANUEVO éva TILE{ONAEKTPLKO KEPAULKO
mAakiS1o PZT Sltaotdoswv 10x10x0.2 mm. Antotedouvtat and dUo Koppatia peyeboug 50x50x25
mm OToU 0To €va KOMLETaL To PZT. Emetta TomoBeteital pla AEMTH 0TPWON GLALKOVNG TTIAXOUG
niepinmou 2 xA\lootwv (tdéoo wote va kaAudtouv Ta kKoAwdla) Kal and nmavw Tomobeteital to
Seltepo Koppdtt 50x50x25 mm (ewkoveg 6, 7). H avaloyia vepou/totpévtou eival 0.4.

H KATOOKEUT AQUTH OUGCLOOTIKA TPOCOMOLATEL €va KUPBLKO SOKIMLO HE LA pWYLH OTNV UEOT.
H tomoBétnon NG otpwong OWKOVNG YIVETAL Yyl vo TIPOOTOTeUTeEl To PZT amd TG
TepPAANOVTIKEG OUVONKEG, TNV uypacio Kol TIC €vioveg Beppokpaclokeég Sladopég Omou
enMnpedlouv TIC MeTpnoelg. Emionc to SeUTEPO  KOUMATL OKANPUMEVNG TOLUEVIOMAOTAS
tomoBeteital ylo va mpootateloel To PZT amd KpoUoelg KaBwg Kal yla va mpooTatédel Ty
OTPWON OAKOVNG aTtd OKIOLO Ao TG TACELG TIOU AVOTTUGOOVTAL OTO ECWTEPLKO TOU PPECKOU
OKUPOSENOTOG.

To adpavr) autd tomoBeTouvTal o SOKIULO OKUPOSEPATOG, CUYKEKPLUEVA o SU0 KUPLKA
Sokipla Staotdoewv 15x15x15 mm kot Vo dokoug Slaotdoswv 15x15x75 mm. H avoioyia
okupodétnong eivat 1:0.62:1.36:1.35:2.75 avtictolyo yla TOLEVTO, VEPO, AUUO, YAPUTTAL Kot
oAkt (avaloyio pala mpog pala ToLUEVTIou).
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PZT Patch

fElectric Wiring (+)

X
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Adhesive

Electric Wiring (-)
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Ewova 7 Final form of "smart" aggregates

JTLG EMOUEVEC OEALSEG akOAOUBOUV EIKOVEG amto TNV Sladikacia tng okupodETnong (elkOveg
8, 9). Ta £¢unva adpavr] TomoOetONKOV 0TO KEVTPO TWV KUPBLKWV SOKIUIWY, EVW 0t KAOe S0KO
tonoBetBnkav dVo, og andotacn 110 mm skoatépwOev Tou péoou TG Sokou Kol o amdotoon

220 mm HeTagu Touc.

19



Ewkova 9 Creation of the beam specimen

20



XpnoomoloVusva vAIK& KL EMEEEPYATIX ATIOTEAECUATWV

Mna tv énuloupyia Twv Soklpiwv KaBwe Kal Twv £Eumvwyv adpavwyv Xpnolponolnenke
tolpévro TITAN CEM IV/B 32.5 N. lNa thv KOAAnon tou PZT otnv emudpavela TG oKANPUUEVNG
TOLUEVTOMAOTAG XPNoLomoLl)Bnke emoflky kOAa Sduo cucotatikwv Bison Epoxy Universal, pe
avaloyio avauéng 1:1. H k0AAa o ocuvOnkeg Swuatiou mapapeveL epyaoiun yla 1.5 wpeg evw
0 amottoVPevog Xpovog okAnpuvong elval 24 wpeg. H OAKOVN TIOU ETUAEXTNKE yla TNV
npootacio tou PZT Atav n Dow Corning 3140 RTV Coating.

Mo tnv ANdn twv petpioswy xpnotponow|nke o Quadtech 7600 Precision LCR meter. To
pnxavnua £xet Suvatotnta kataypadrng 200 Tipwv os KaBe odpwoaorn. Ma peyalutepn akpifela
OTLG LETPROELG TO Staotnua capwong 10-500 kHz xwplotnke oe tpia pépn, 10-100, 100-300 kat
300-500 kHz yia peyaAutepn akpifela, Aappavovrag teAtkd 600 TIHEG avd ocapwan.

Eneldn ta Staypappata mou AapBdavovtal and TG HETPNOELS Le Tov analyzer Sivouv povo
L0l TIOLOTLKN) T(POCEYYLON YL TNV KATAOTOON TNG KATOOKEUNG LECW TNG OTTLIKAC oUYKPLONG TOUG
ME TNV Kataotaon avadopdg, akatdAAnAn ywa éva on line cbotnua mapakoAolBnoNg tng
SOULKAG KOTAOoTAONG, TPEMEL TA AMOTEAECUATA TWV PETPAOEWY va TtoooTkomolnBouv. Ma to
OKOTIO aUTO TIPETEL va 0pLloTel €vag Seiktng BAAPNC. Me auTO TOV TPOTIO UELWVETAL CHUAVTLKA
KOlL TO HEYAAO HEyEDOC SE60UEVWV TTOU KPATAUE UETA amod KABe peTpnon.

AlddopoL OTATLOTIKOL CUVTEAECTEG £X0UV KATA Kapoug mpotabel oav deikteg BAAPNC OMwWG
n Sladopd teTtpaywvwyv (root means square deviation (RMSD)), n péon amokAlon (mean
absolute percentage deviation (MAPD)) kat n turmikn amokhwon (correlation coefficient deviation
(CCD)). O mio cuxvad xpnoLUoTToLOUEVOG BEIKTNG, KOL UTOC TTOU XPNOLUOTIOLEITAL 0TV Ttapouca
epyooia, eival o eiktng Twv ehoyiotwy tetpaywvwyv (RMSD), mou Baciletal otnv cuykplon ava
oUXVOTNTA TWV UETPHOEWV.

N (r1_p0y2

RMSD = S5

, OTtoU

Gj1—> SlanepatdtnTo/aviiotacn HETd TV {NULA ylaetny j1 ouxvotnta

GJ-0—> SlanepatotnTo/avtiotaon npv Thv {NULd (Katdotaon avadopdc) ytatnv 1 cuxvotnta

0Oco peyaAltepn eival n amdkAon petafld TNG UYLOUC KOL TNG KATAOTAONG OTnV omola
ANdOnKke n pETpNon, 000 peyaAUtepn eival n Tl tou &eiktn. H xprion tou Selktn €xel
TIEPLOPLOUOUC, KABWC TIPEMEL VL OPLOTEL £val OPLO TIUAG TO omoio va Eexwpilel Kol va amoteAsl
£éva Oplo avAUECO OTNV KOTAOTAON OMOU N KOTOOKEUN €lval oKOPO AELTOUPYLKR KOl TNV
KOTAOTAON OTou €XeL uTtootel BAGPN.
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Mstprosis kat ATIOTEASoUQT

OL HETPROELG TTOU €yLvav oTa MAaiola tng mapovoag epyaciog nrav oL €nc:

(i) e emimedo adpavoug mpv TV epPfamtion toug ota Sokipla okupodépatog ya diadopa
BATikG doptia. H BAIYN Twv dokiwv £ylve xpnollomolwvtag o PEyyevn (elkova 10)
Xwpig moooTikomoinon tou ¢optiou. To dpoptio Atav auvfavopevo (load 1<load 2<load 3 kAm)
dpovrilovtag va Mapapével 0TV EAQOTIKN TLEPLOXN.

Ewkéva 10 Manual compression of “smart” aggregates

(i) NopakololBnon tng Sladkooiag OKAAPUVONC TOU OKUPOSEWOTOC Yylot Ta TECOEPO
npoavadepBévta okipa (KUBog 1 & 2 kat Aokog 1 & 2). OL petproelg AapBavovtav Kabe 2
WPEG YL TG TPWTEG 12 WPEG PETA TNV OKUPOSETNON. TN CUVEXELA KAl HLEXPL 48 WPEG HETA
TN OKUPOSETNON OL LETPHOELS AopBAvovTay KABE 6 WPeC. 3TN ouvéxela ard tnv 2" péxpt Ko
v 7" nuépa AapBdvovtav PETPoelg kaBe 24 wpec Kat Téhog artd tnv 7" uéxpt ko thv 28"
MEpa KABe 3 nuépeg. OUOLOOTIKA N TUKVOTNTO TWV HETPAOEWV akoAouBoloe tnv
oroubaldtnTa TNG KABe Teplddou otnv PeANOVTIK aviox) tou okupodépatog. Etol To
SLACTNUO TWV TMPWTWV 7 NUEPWVY KATA TO ONMOI0 TO OKUPOdEUA QmMoKTd To 75% TNng
OUVOALKAG TOU avtoxng ot ANYn Twv UETPROEWV ATAV QPKETA ouXVH, Kol Lolaltepa Tig
TIPWTEG WPEG UETA TN OKUPOSETNGN OOV OXNUOTIETAL N LKPOSOWN TOU.

(iii) NpokAnon Tnuiag otov KOBo 1 XpnOWOTMOLWVTAG KPOUOTIKO Tpumavlk. OL UETPROELS
Aappavovtay 24 wpeg HeTd TNV POkAnon BAABNG kaBwg Adyw Twv LoXxupwv S0VACEWVY Kal
™G avgnong tng BepUOKPACLAG TOU OKUPOSEUATOG OL AUETEG UETPHOELS TV OVOELOTILOTEG.

(iv) KukAwkn BAuttikn $option tou KUBou 2 otnv unxavr BAWPNG. OL petproelg Aaupavovray
HETA TNV amoddption tou Sokipiou. O pubuog ¢optiong Atav 0.5 kN/sec katl n mpwtn
doption Arav oto 1/3 Tou ekTlpwpevou doptiov katdppeuonc. Emerta to Sokipto
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amodopTiotnke Kal €yve Aqn TG mpwtng LeEtpnong. Enetta to dokipo doptiotnke peéxpl

TO endpevo emBUUNTO eminmebo, amodoptioTNKe Kal £MeLTO £YLlVe N €MOUEVN Hétpnon. H

Sladlkaola auty emavaAndBnke PEXPL TO OMACWO TOU SOKLWiou. XTov TivoKa Tou

oakohouBel mapatiBevtal OAsg oL poptioelc.

Cycle No Load (kN) Stress (MPa)
Cycle 1 161.9 7.2
Cycle 2 181.4 8.1
Cycle 3 190.4 8.5
Cycle 4 202.1 9.0
Cycle 5 208.8 9.3
Cycle 6 220.0 9.8
Cycle 7 233.1 104
Cycle 8 256.4 114
Cycle 9 281.0 12.5
Cycle 10 301.9 134
Cycle 11 319.9 14.2
Cycle 12 337.7 15.0
Cycle 13 366.4 16.3
Cycle 14 406.3 18.1
Cycle 15 451.0 20.1
Cycle 16 (Failure) 430.4 19.1

MNivakag 2 — Load cycles (Compression)

(v) KukAwkn kapdn 3 onueiwv tg dokou 2. H Aoyikr €lval TAVOUOLOTUTIN E AUTH TNG KUKALKNAG

BAlYPNnc tou KVBoU Tou meplypadnke oto (iii). AkoAouBel o mivakag popticewv KABWG Kot

€LKOVEC (€lkOveg 10, 11) amo tnv didtaén tooo tng dokiurg BAIPNG oo kal tng KAuPng.

Cycle No Load (kN)
Cycle 1 6.49
Cycle 2 10.07
Cycle 3 12.57
Cycle 4 14.87
Cycle 5 18.47

Mivakag 3 — Load cycles (Bending)
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Ewkoveg 10, 11 Experimental setup

(vi) 2 pa mpoomdaBela va peyalwosl n epPEAela Twv aleBnTApwy, N S0KOC 2 EMLOKEUACTNKE

XPNOLLOTIOLWVTAC LOXUPH Tolpevtokovia avaloyiag vepoU mpog towévio (w/c) 0.4 kat
£YLVOV LETPNOELG XPNOLUOTIOLWVTAC pLa XapnAol KOoToug Slatagn mou amoteAsital and pa
yevwvntpla ocuyxvotntwy, éva Pndlako moApoypddo kol pla wuik avtiotacn. H Siatoén
auth xpnotpomolnnke kabwc ol Stabéatpol Impedance Analyzers pnopouv va Steyeipouv
T0 PZT pe evalhaooopevo pebpa £wg 2 Volt. Me autdv Tov TpOTIO h KATAOKEUT SleyeipeTal
pe kOpata yopnAol TAATOUC Ta omoia amooPrjvovtal TMOAU yprRyopa ot €va £viova
ETEPOYEVEG UALKO e TIOAU uPnAn amocBeon onwg to okupodepa. Me tnv dataén autr dev
£XOUUE eploplopd ota Volt kal propoupe va Steyeipou e 1o PZT pe evaANAOCGOUEVO pEUUQL
w¢ kat 10 Volt xwplic tnv xprion evioxutn. Ot HeTpNOELS Eyvay Yo SLadOpPETIKES EMLPAVELEG
enadng avapeoca ota Suo TuRpata tng dokolu 2, kabwg ¢Osipape otadlakd TNV
omokatdotoon Tou eixe yivel mponyoupévwe pe KaA£uL kalt odupl. H emdoyn tng
ETILOKEVAOUEVNC SOKOU €ylve AOyw EAAsLPING XpOVOU yLa Thv Snuloupyia KawvolpLlou uylolg
Sokiuiou. OL pEeETPNOELS QUTEG Eedelyouv KAMWG QMO TO QVIIKELUEVO TNG TOpoUoag
gpyooiag, mapoAa aUTA AmOTEAOUV UL TIPWTN TIPOCEYYLON TNC CUYKEKPLUEVNG SLaTagnc Kot
peBoboloyiog kot gival evOELKTIKEG TNG evaloBNnolag Tou L0oSUVAUOU KUKAWUATOC OTnV
avixveuon BAGBnG.

MNa tnv Sléyepon tou PZT, xpnotponolndnke pio kapta National Instruments USB-6251 high-
speed M series multifunction data acquisition (DAQ) cav yevvAtpla cuxvotnTwy. To onua
Sléyepong NTav nuitovoeldeg pe Vi,=7 Volt kat n cdpwon €ywve og ouxvotnteg 10-100 kHz.
Enionc xpnowomowbnke €vag Yndlakog malpoypadog SVo Agilent 2000X ywa thv
kataypadn tng Stadopdg Suvapkol Vi (t) kot tTng mtwong tdong Vou(t) petd amo plo
YVWOTH WHLKA avtiotaon avadopdg Ref. To pevpa I(t) cuvapthoeL Tou XpOVOU TIOU TIEPVAEL
omd to PZT Ba mepvdel Kat amo thv avtiotaon avodopdg. ETol n évtoon Tou peUUATOC TTOU
pé€el oto KUKAwHa pmopel va umoloylotel wg: 1(t)=Vou:(t)/Ref. Emopévwe n nAekTplki
Slamepartotnta tou PZT pmopel va urtoAoyLoTel pe xprion tou tumou [5]:

— I(_t) _ Vout(£)-(1/Ref)
e = V() Vin(®—Voue(®
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NI USB-6251

Impedance
Analyzer

Ewova 12 Experimental arrangement [5] (C. Providakis, K. Stefanaki, M. Voutetaki, J. Tsompanakis, M. Stavroulaki
and J.Agadakos , An Integrated Approach for Structural Health Monitoring of Concrete Structures Based on
Electromechanical Admittance and Guided Waves)

Me petaocxnuatiopd Fourier petatpémoupe thv mapamovw sficwon amo to medio tou
Xpovou oto medio Twv [5]:

Y (iw) = 4

T V(iw)
Apa n ocuvBeTn nAektpikr Stamepatdtnta Tou PZT Ba elval:

_ FFT(Vour(-C1/Re) _ v ..
- FFT(Vin(t)_Vout(t)) =G +] B

omnou, FFT{} cuppoAileL Tov petaoynUatopo Fourier. Mg autr) TNV MPOCEYYLON UMOPOULE Vo
COPWOOUUE Kal OAOKANPEG TEPLOXEC CUXVOTATWVY. lNa TNV emiteuén tng odpwong oTEAVETOL
éva nuutovoeldég onua diadpopwv ocuyxvotntwv (digitally synthesized linear chirp signal)
XPNOLUOTIOLWVTAG TO Tpoypappa Labview Signal Express. H mpayuatiky Siéyepon tou PZT,
Vin KaBwg Kot n amokplon tou, Vo, Katoaypddovtoal cuyxpovwg ota SUo Kavdadla tou
naApoypadou.

To anoteAéopota mou mMpoékuav amo TG PETPOELS NTav Ta EAC (evlelkTikA TapatiBevral

KATTOLO. AVTUTPOCWIEVUTIKA, AVOAUTLKA Ttapoucioon ot emopeva Kebpahalo):

e Oowv adopd TNV cuumieon Twv adpovwyv TPV TNV TOMOOETNON TOUC OF KATOOKEUEG
OoKUPOSENOTOG, tapatnpnOnke pe TNV avénon tou ¢optiov pla peiwon tng £viacng Twv
peak kal pia ehadpld petatdnion toug npog ta defld. To yeyovog autd odelletal otnv
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Rs (Ohm)

38
33
28
23
18

13

cuUTtieon TNG EVKAUMTNG OTPWONG CLALKOVNG TIOU £XEL OOV ATTOTEAECUA VA £pXovTol To Suo

KOMUATLO ToU adpavolq TILO KOVTIA, EMLTPETIOVIAG KUMATA HKPOTEPOU UAKOUG KUUATOC va

MepAoouv oto O6eUTePO KOPUATL Tou adpavoug. Oco 1o doptio Aoutdv aufdvetal n

KOTaoKEUN Telvel va oupmepldepBsei oav eviaiog kUBog 50x50x50 mm, svw mapatnpsitol

KOl o otaBepn avodog TNG TG Tou RMSD. EvSelktika mapatiBevtal ta anoteAéopata
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Awdypappa 2 - RMSD chart for various compressive loads of S.A. 4

26



Rs (Ohm)

Gp (Siemens)

Oowv adopd ta amoteAéopata TG mapakoAouBnong tng Stadlkaciog okAnpuvong Twv

Soklpiwv, mapatnpnbnke OtL pe thv mApodo tou xpovou ta peaks, kot Slaitepa otnv

ouXVOTNTA CUVTOVIOHOU Tou PZT, mopouciooav LETATOmnon mpog ta Se€Ld evw TouTtoXpova

napatnpnbnke avénon tng TN toug. H Sefld petatomion otov dafova TwV CUXVOTATWY

odeidetal otnv amoktnon duokapiag tou okupodepatog, evw N avénon Tng TIUAS Twv

petpnoswyv odpeiletal otnv peiwon tng anodcBeong kal tnv KaAltepn 514600 TwV KUUATWV

péoa otn pala tou okAnpupévou okupodépatog. Oowv adopd tnv TR tou RMSD
niopatnPiBnke cuvexic Avodoc péxpL Kot Thv 7" pépa HETA Th oKupodétnon Kal UETA
otaBepomnoinon NG TIUAC Tou. EvAelkTika apatiBevral ta amoteAéopata Tou KUBou 2:
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Awaypappa 3 — (a) Resistance plot 50-150 kHz for the first 48 Hours (b) Resistance plot 180-300 kHz for
the first 28 Days (c) Conductance plot 50-150 kHz for the first 48 Hours (d) Conductance plot 180-300 kHz
for the first 28 Days
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Awdypoppa 4 - RMSD chart for curing process of Cube 2 (Reference value-3 hours)

AkplBwg avtiotpodn Atav n tdon katd tv emPBoAn Inudg. MNopoatnpndnke SnAadn
peTatomnion Twy peaks mpog ta aplotepd, Seiyvovrag anwAela SuokapPiag TG KATAOKEUNG.
Ot Twég Tou RMSD auéavovtav otabepd 600 umrpxe avénon tou peyEBoug Tng {NULAG.
EvSelktika mapatiBevral ta anoteAéopata tng OAiYPng tou kKUPou 2:
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Awdypoppa 5 - RMSD chart — Compression of Cube 2
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e HInuwa and tnv kapyn tng Sokou éywve og amdotacn 110 mm and toug alodntrpeg, oto

péoo &nAadn tng dokov, Kal Sev ATOV OVIXVEUGLUN amo Tt PZT KATA TG LETPHOELG UE TOV

Analyzer. Na tov AOyo auTo €yLvav oL LETPHOELS HE TO LOOSUVOUO KUKAWLLA, Yo va au€nBetl
n euBéAela tou PZT. NapatiBevral Ta akoAouBa anoteAéopota:
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vunepaouata-lipotdosis yia BeATIwoELS

Ta TAEOVEKTAMOTA KoL TO MELOVEKTAMATA TNG TEXVIKAG EMI évavtl twv oupBatikwv

pneBodwv NDE éxouv ndn oulntnBel ota mponyolpeva keddAala, KaBwG Kol o GAAEG

EPEUVNTIKEG gpyaoieg. Zuvoilovtag, Ta Pacikd MAsovekTApaTa eival Ta €€NG: i) dev amatteital

oykwdng g€omAlopodg, evw ta PZT umopouv va Mapapeivouv pOVIHA MAVW OTNV KATOOKEUN

KoBwg elvat oAU pkpd (10x10x0.2 mm) Ko dev emnpedlouv T SUVAULKA XOPAKTNPLOTIKA TNG
KOTOOKEUNG, ii) €xeL HeydAn gvaloBbnoia otnv aviyveuon tormikng BAABNG oe oUYKPLON UE TIG
TEXVIKEG TIOU XPNOLUOTOLOUVE TIG LELOMOPdEG TNG KOTAOKEUNG, iii) TwV AmMOTEAEOUATWY TIOU
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AapBavovtal oto medio cuxvoTNTWV XWPLE va xpelalovral mepaltépw enefepyaoia, iv) mapEyet
™ duvartotnta evog on line SHM cuotripatog.

Ta Baclkd pelovekTApata tng peBodou eival i) n peydAn svawobnoia twv PZT oTlg
neplBarlovTikég ocuvBnkeg (vypaocia kal Bepuokpaacia), i) n evalwcBnoia Twv PZT og KPoUOELG
Kol ¢optioelg, kat iii) n pkpn euBéArela Twv PZT (mapolo mou PonBael otov mpoodloplopd tng
B£on¢ tng {nuiag) mou kaBlota avaykaia Tn xprion tou peydlou aplBuou PZTs, aufavovtag to
KOOTOG TNG KATOLOKEUNC.

‘Ocov adopd TNV TeXVIKN He Ta PZT suPantiopéva péoa otn palo TG KATAOKEUNG HECW
TWV £EUMTVWV adpavwy, TTou TPOTElvVeTAL OTNV MOpoUCa Epyacio, o cUYKPLON UE TN CUMPBATIKA
teXVIK EMI, umdpxouv opLopEVA TIAEOVEKTAMATO KoL HELOVEKTAMATA, KABwG Ta onuela mou
xpeldlovral mepatépw e€€taon. Ta Paowkd mAeovektiuota eivalt: i) n  duvardtnta
mapakoAoUBnong tNg evUSATWONG TOU OKUPOSEUATOC OO TNV TPWTN WPA HETA TN
okupodétnan, ii) mpootacia tou PZT amod tig mepBAANOVTIKEC CUVONKEG Kol amd oUYKPOUOELG
Kol iii) KaAUTEPN el0aywyr TWV KUUATWY OTNV KATAOKEUT, KABWE €XOUpE KUUOTA XWPOU ToU
Stadidovral og OAN TN LAlA TNC KOTOOKEUNC KOl OXL LOVO ETILHAVELAKA.

Ta BAOLKA MELOVEKTAUATA TNG TEXVIKAC aUTNG €ival: i) n aduvapia emdlopbwong os
nepintwon BAAPBNG oto PZT (kakr koAwdiwon, KAm.), i) n vPnAn mBavétnTta oxloipatog tng
KOAWSIWoNC 0To OKUPOSENA E OTMOTEAECUA KAKAG TIOLOTNTAG UETPNOEWV KAl iii) n gumAokn
TIEPLOCOTEPWY UALKWV KAVEL TNV KOTOOKEUN TILO TIEPUMAOKN, HE OIMOTEAEOMA HEYOAUTEPN
SucokoAia Snuloupylag evog LkavomolnTikoU HOVTEAOU TTPOCOUOoLWoNG.

YTapxeL akopa moAUc SpOUOG TToU TIPEMEL va SLoVUBEL TipLVY oo TNV EUTTOPEUUATOTIOMN 0N
QUTAG TNG TTOAAQ UTTOCYOUEVNG TEXVIKNG. MeyAAog aplOUOG EPELVNTIKWY EPYACLWY UMOPEL va
Bpebel otnv BBAloypadia pe okomod va apPAuvBolv ol aduvapieg tng texvikng EMI. Atadopeg
epyoaoieg €xouv dNUOCLEUDEL e TIPOTACELG YLOL EMAVAXPNOLLOTIOLOULEVOUC aloBNnTApEG, 1 yla
v edapuoyr €vog on-line cuotuatog SHM xpnolpomowwvtag kapteg AD5933, yua va
ovadEPOUPE HEPIKEC. JUYKEKPLUEVA, Ocov adopd tnv Texvikn EMI  Xpnolpomowwvrog
eupantiopéva  PZTs, ta Ofpata oulltnong TmOoU TPOKUTITOUV amo TA TELPAUATIKA
QIMOTEAEOHATA TIOU TIPAYLOTOTIOLRONKAVY yla TNV mapouoa gpyaocia ival ta €€NG: i) n eméktaon
™G meploxng epPéAetag tou PZT. KataBdAlovtal mpoondbeleg os auth TNV KateLBUvVON e TV
edappoyr Tou KUKAwUATOG Tou meplypadetal oto kepaialo 9.3.3. H Suvatotnta Siéyepong pe
uPnAOTEPN TAON, KAl WG €K TOUTOU MEYQAUTEPN EVEPYELA OTNV KATOOKEUH, OKOUN KAl Xwpig
EVIOXUTH HoG emutpémel vo SleupuvBel n aweBntnpla meployn. i) To péyebog tou €€umvou
adpavouc. To HéyeBoc Ttou €fumvou adpavoug Tmpémel va MPewBel oto péyeBog evog
XOVTPOKOKKoU adpavouc. H tomoBétnon evdg kUBou 50x50x50 mm, yia mopddetypa, og KOUBo
£vO¢ mAatoiou amd omAlopévo okupodepa, Ba Snuioupyoloe tepdotia tpoBAfuata (av oxt
kaBlotwvtag aduvatn) tnv Sladikacio Tng okupodétnong Adyw tng €AAewpng xwpou. iii) H
ovaykn vo avtikataotoBel n otpwaon olAkovng, mou Xpnotpelel wg adltappoxonoinon tou PZT,
pe éva Tiio SUOKAUMTO UALKO, KoOwg AOyw TNG LEYAANG TapapuopdwolloTnTAC TG anoppodd
UEPOG TNC eVEPYELAG TOU PZT AELTOUPYWVTAC OOV AMOCBECTAPOC
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1 Introduction

The research of structural health monitoring and damage detection has recently become an
area of interest for a large number of academic and commercial laboratories and over the past
two decades, several SHM and NDE techniques have been reported in the literature, based on
either the global or the local interrogation of structures. The global dynamic techniques involve
subjecting the structure under consideration to low frequency excitations so as to obtain the
first few natural frequencies and extract the corresponding mode shapes. These are then
processed to obtain information pertaining to the location and severity of the damages.
However, the main drawback of the global dynamic techniques is that they rely on relatively
small number of first few structural modes, which, being global in character, are not sensitive
enough to be affected by localized damages. The global parameters (on which these techniques
heavily rely) are not appreciably affected by the localized damages. It could be possible that a
damage large enough to be detected might already be detrimental to the health of the
structure. Another limitation of these techniques is that owing to low frequency, typically less
than 100Hz, the measurement data is prone to contamination by ambient noise, which too
happens to be in the low frequency range. Another category of the SHM/ NDE techniques are
the local techniques, which, as opposed to the global techniques, rely on the localized
interrogation of the structures. Some techniques in this category are the ultrasonic wave
propagation technique, acoustic emission, magnetic field analysis, electrical methods, penetrant
dye testing, impact echo testing and X-ray radiography, to name a few. However, they share
several drawbacks, which hinder their autonomous application for SHM, especially on large civil-
structures. The ultrasonic techniques, for example, are based on elastic wave propagation and
reflection within the host structure’s material to identify field inhomogeneities due to local
damages and flaws. Their potential in identifying damage as well as for non-destructive strength
characterization of concrete has been well demonstrated. However, they need large transducers
for excitation and generation of measurement data, in time domain, that requires complex
processing. In addition, they involve expensive operational hardware and render the structure
unavailable throughout the length of the test.

The electro-mechanical impedance (EMI) technique has made significant forays in the
domains Structural Health Monitoring (SHM) and Non-destructive Evaluation (NDE) during the
last 15 years. The applications of this technology were mostly for aerospace use until several
years ago. However, many researchers have been trying to apply this technology to civil
engineering structures. The technique is essentially based on monitoring the structural
mechanical impedance via the electromechanical admittance or impedance signature of a lead
zirconate titanate piezoelectric-ceramic (PZT) patch, by utilizing its direct and converse
piezoelectric properties. The patch is subjected to an alternating voltage excitation from an
impedance analyzer/LCR meter, sweeping through a particular frequency range, typically 10—
500 kHz. At a given frequency, the patch actuates the structure and the structural response is in
turn sensed and measured in terms of the electromechanical admittance or resistance of the
patch. In this manner, frequency plots, termed conductance and susceptance (or resistance and
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reactance) signatures, are generated across the specified frequency range. Any change in the
condition of the structure manifests itself as an alteration in these signatures, which is utilized
for SHM and NDE, considering the signatures of the healthy state structure as the baseline.

This new emerging technique is in principle similar to the global dynamic techniques but its
sensitivity is of the order of the local ultrasonic techniques. By employing low-cost transducers,
which can be permanently bonded to the structure and can be interrogated without removal of
any finishes or rendering the structure unusable. No complex data processing or any expensive
hardware is warranted. The data is directly generated in the frequency domain as opposed to
time domain in the ultrasonic techniques.

The use of an embedded “smart” aggregate is very important as it allows us to monitor the
hydration process of concrete. A sensor that monitors the hydration process would provide
information on instantaneous condition of the concrete and when critical actions can be taken,
for example, framework removal, which has the possibility of reducing construction times and
reducing the overall costs of a project. The main disadvantage of conventional EMI method is
that the patches must be attached after the concrete has hardened and moulds removed. This
neglects an extremely important time in the strength development of the concrete — the first 36
hours. It is in this time that the microstructure of the concrete is formed. This has obvious
benefits as the effects of the bonding issues are reduced, although it does increase the
complexity of the sensor as increased packaging is required.
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2 Wave propagation in solids

Physical manifestations of waves are numerous. The transmission of the transverse shape
of a wire, the distribution of density in a fluid, a perturbation of air in a pipe, a high-intensity
shock in a solid and current in a conductor are only some examples of disturbance propagation.
The most easily visualized illustration of wave motion, and probably the oldest observed, is
provided by the propagation of disturbances on the surface of water. Through such
observations, evidence had existed for many years that force could be communicated from one
body to another without the transport of matter.

The phrase “propagating disturbance” is interpreted to mean a process or an influence (as
some form of energy) which moves through a medium with a finite velocity, but without causing
bulk transfer of the medium as a whole. The motion can be linear or nonlinear, steady or
unsteady. The last condition for example occurs in the case of transient disturbances or when
boundaries of a region move and interact with the wave.

In this chapter we concern ourselves with the wave propagation phenomena in deformable
elastic solids which obey Hooke’s law so that the response is linear and internal friction
negligible. The scope of this chapter is merely an introduction to a field that has been studied
extensively in specific fields of physics and engineering. In this brief introduction, only certain
kinds of waves are selected to be investigated, the ones that serve the purposes of this master
thesis.

2.1 Stress-Strain relationships and equations governing elastic solids

The notion of stress can be introduced by considering the distribution of surface forces
over a tetrahedron of infinitesimal volume imbedded in equilibrium in the interior of a
continuous solid body. The specifications of nine stress components S; are sufficient to
characterize completely the state of stress at any point in the medium. The components S; (i not
summed) are the normal stress components; the others are the shearing components. In
general, these numbers are different at different points and constitute a stress field. The stress
can be proved to be a second rank tensor. Moreover, it is symmetric so that among its
components the relation S;=S; holds, providing there exists no distribution of body torques
within the body. This property of symmetry allows complete specification of stress at a point in
a body with at most six independent numbers.

The notion of strain can be introduced by considering the relative displacement of two
points in a deformable body. If du; is the relative displacement between any two points &x; apart
in a deformed body, and assuming the small strain approximation holds, we can write this
relative displacement in rectilinear Cartesian coordinates from Taylor's series as [1]:

— aui l — . ]
Sui = a—xj (Sx] = Eij (SXJ + wij 5x] (2.1)
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Where

_1 ou;

+ 2 22
gij - 2 6xj 6xi) ( ' )

and are defined as components of strain, and

1

ou; Ouj
wi =5 G 6_x]i) (2.3)

6xj

and are defined as the components of body rotation. The strain components ¢&;; (i=j, | not
summed) are tensions and/or compressions; the components ¢;; (i#j) are shearing strains. Strain
has an arbitrary definition, but displacement is a consequence of the nature of the body and the
boundary conditions imposed upon it and cannot be arbitrarily specified. Strain can be shown to
be a symmetrical second rank tensor. The rotation tensor can also be shown to be of second
rank, but it is found to be antisymmetrical, i.e. , Wi = —Wj;.

The stress and strain fields are interrelated by means of some mathematical model. For
small deformations, application of a generalization of Hooke’s law of elasticity allows a
connection between stress and strain that is satisfactory for the description of both the
guasistatic and dynamic mechanical behavior of a great number of materials of physical interest,
and yet is generally amenable to mathematical analysis. In three dimensions, this law can be
written as

Sij = Cijki " €k1» (2.4)

where the numbers C;j;; form a fourth rank tensor and are called the elastic stiffness constants
of the material. From symmetry and thermodynamical considerations, the number of stiffness
constants is reduced to 21 in the most general anisotropic situation.

For the most part, we consider bodies as isotropic (with properties identical in all
directions) and homogeneous (with properties identical at all points). The condition of isotropy
reduces the number of independent elastic constants to two, A and , called Lame’s constants.
The quantity pu is also called the shear modulus or modulus of rigidity and in engineering
literature is usually designated by the symbol G. Hooke’s law then becomes

SU:AA(SU‘}‘ZIJ&'U, (2.5)
where 5l-j is the Kronecker delta, defined as

P _{Oifiqtj
UTifi=j’

and where A is the dilatation defined, 4 = ¢;; .
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Engineering texts often treat the subject of Hooke’s law from a less sophisticated approach
(e.g. text by Timoshenko and Goodier). It is helpful to consider briefly this approach so as to
examine the simplified physical aspects of Hooke’s law and to gain some understanding of the
significance and interrelation of the various elastic constants for isotropic media. Written in its
simplest one-dimensional form, applicable for example to a thin rod, Hooke’s law is F=g(6x),
where F is the applied uniaxial force, x is the resulting displacement, and g is the proportionality
constant. By dividing F by the original area A to obtain the nominal engineering stress, and by
writing the displacement as the relative displacement 6x/x,, we can express Hooke’s law in the
form

F/A=E"(6x/xy)

Or

S11=E &4, (2.6)

where E is the modulus of elasticity (Young’s modulus). The modulus equals the slope of the line
in a plot of uniaxial stress versus strain in the elastic regime.

Accompanying this elongation in the 11-direction, there will be contractions in the 22- and 33-
directions, given by

2 = €33 = —V &1 =~V (S11/E), (2.7)

where v is Poisson’s ratio, constant within the elastic range. Thus, if a volume element is

subjected to a triaxial state of normal stress, the total strain in the 11-direction becomes to first
order

1
€11 =" [S11 =V (S22 + S33)],

with two other similar equations for €5, and £33 . The elastic stress-strain relation under a two
dimensional pure shear condition takes the form

1
E1o =—8:,,
12 = " 9012
with two other similar equations for €;3 and €,3. Inverting the last two equations we have

‘E E
i +—- 811 , (2.8)

S = (1+v)(1-2v) 1+v

with two other similar equations for S,, and S35, and
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S12 = W €12, (2.9)
with two other similar equations for S;3 and S,5. By defining

v'E

1 _E
T (1+v)-(1-2v) and it = 2 ()

1+v

and inverting them, we obtain

__3+2u and v = A
T A+u T2+

The equations of motion appropriate to continuous media in which all strains can be considered

small are
0%u; _ 0S5y
02 = ox, (2.10)

where p is the mass density, u; are the displacements and §;; are the stress components. These
relations hold irrespective of the stress-strain behavior of the medium, although the behavior
must be consistent with certain physical and mathematical idealizations, mostly associated with
the condition of small strain.

The field equations of motion in terms of the three displacement quantities u; for an
isotropic, homogeneous, perfectly elastic solid under conditions of small displacements and
negligible body forces are

JO%ui N
at2 =@+ axt+” 9x,0x; (2.11)

Although the above relations are couched in terms of a rectilinear Cartesian coordinate
system, other systems can be used. The system selected depends primarily upon the governing
physical geometry of a given problem.

In solutions of elastic stress wave problems, using the above equation, we are led in the
process to an expression in the form of the wave equation, a linear, homogeneous, second-
order, partial differential relation with constant coefficients. The wave equation can be written

0%y _ 2. 0%y
ot? 0x,0x;

where =y(x; ,t) is the dependent variable and is a measure of some property of the
disturbance such as displacement or velocity, and c is a physical constant which can be
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interpreted as the propagation velocity of the wave. Boundary conditions must be applied in
addition to the differential equation in order to define properly and sufficiently a given problem.
There are two general alternate methods of solution to the wave equation boundary value
problem: (1) the method of separation of variables in which the equation is separated into a set
of ordinary differential equations, and (2) the method of transformation in which the equation is
transformed to a new set of independent variables (natural coordinates) so as to simplify
analysis. The method of separation lends itself to a standing wave or normal mode solution of
the wave equation that is appropriate to problems in elastic vibration in systems of finite
physical dimensions; the method of transformation (or method of characteristics) lends itself to
a traveling wave or progressive wave solution of that equation which is appropriate to problems
in elastic wave propagation. Both solutions are interrelated, although we are more concerned
with the latter.
The general traveling wave solution of the wave equation in one space dimension is [1]:

Y =f(x; —ct) +g(x; +ct) (2.12)

where f and g are arbitrary functions of the arguments and are obtained from the boundary
conditions of the problem. The solution represents two waves, one moving in the direction of
the positive x; axis with a constant velocity ¢, and one traveling in the direction of the negative
X, axis with the same velocity c.

The use of a single simple harmonic progressive wave train of infinite duration is of considerable
mathematical utility. This periodic motion can be expressed as [1]:

Y = Uexpli(kx, — pt)] (2.13)

where U is a real coefficient related to the amplitude of the wave, i is the imaginary unit, k is the
wave number (defined as 2m/A, in which A is the wavelength), and p is the circular frequency
(defined as 2nf, in which f is the frequency).

2.2 Wave propagation in extended (isotropic and anisotropic) media

The propagation of small disturbances in anisotropic media can be examined by direct
substitution of an expression representing a simple harmonic wave into the field equations of
motion. Although this is essentially the technique employed in treating wave propagation in
isotropic media, two simplifications are introduced in order to emphasize the mechanics
involved: A specialized representation of a plane wave front is used in conjunction with a step by
step development of the governing equations. This method provides the equations of small
motion

%y e 2%,

ik g2 p P (2.14)
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where the independent variable ¥’ is defined as (I;x; — ct) (l; being the direction cosines of the
wave front normal), and the coefficients are given by

1
Aik =5+

=3 (Cijmrlilm + Cijinlily) (2.15)

By rewriting the above expressions, a system of linear homogeneous simultaneous
equations can be formed. Such a system can be solved nontrivially only if the determinant of the
coefficients vanishes. Hence, the condition is

| i — S (pc®)| =0 (2.16)

This condition is called the secular determinant. The three roots of it are positive and real and
represent the three wave velocities that can be possibly transmitted in a completely anisotropic
medium under the restriction of infinitesimal strains.

When treating isotropic elastic materials, two methods are appropriate to the investigation
of the propagation of plane waves. First, the determinantal equation directly reduces to

1Ll (A + 1) = Sy (u — pc?)| =0 (2.17)

Evaluation of the determinant leads to the solutions

A+2
¢ = / +p“ (2.18)

Cs = ; (2.19)

showing that, in the interior of an elastic isotropic solid, a planar wave (or nonplanar wave
for that matter) may be transmitted with only two velocities (assuming that the limitation of
infinitesimal strains is imposed).

The second method essentially performs various manipulations with the equations of
motion and examines the consequences of allowing first the dilatation and then the rotation to
become zero. This latter approach enables conclusions to be obtained concerning the physical
nature of (2.18) and (2.19). Thus, solution (2.18) represents a disturbance traveling with no
rotation. It is known as a longitudinal wave (hence the subscript l); other names are irrotational,
dilatational, and P waves. Equation (2.19) represents a wave propagating with no dilatation. It is
known as a shear wave (hence the subscript s); other names are equivoluminal, transverse,
distortional, and SV or SH waves (the latter depending upon whether the displacements are in a
vertical or horizontal plane, respectively). An important feature of these disturbances is that
plane shear waves involve distortion without dilatation, but that plane longitudinal waves
involve both phenomena.
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It is proved that the direction cosines m, for the particle motions are related to the Ay
constants in expressions (2.14) by

Ajpgmy = m;pc? (2.20)

By applying Eqgs. (2.20) to isotropic bodies, we find that ¢, corresponds to a wave in which the
particle motion is in the direction of propagation (hence the term “longitudinal wave”), and c,
corresponds to a wave for which the direction of particle motion is perpendicular to the
direction of propagation (hence the term “shear wave”). Moreover, these conditions are the
only ones possible in the plane wave situation.

Under some conditions of elastic wave propagation in solids, e.g. pulse transmission,
adequate analysis is not possible using the concept of a simple harmonic progressive wave of
infinite extent. Then a standard method of solution applies the principles of Fourier series
analysis over a limited range of some space or time variable that is representative of the wave.
Although this approach is only approximate, often in many practical situations one can
adequately reproduce isolated pulses using a series analysis by taking longer and longer ranges
of representation. Exact mathematical description of a completely aperiodic pulse can be
developed by extending the principles of Fourier series analysis and using Fourier transform
theory and integral theorem solutions.

2.3 Wave propagation in reflection and refraction semi-extended
media

To examine the propagation of elastic disturbances in a semi-infinite homogeneous
isotropic solid with a plane boundary (a semi-extended medium), it is necessary to stipulate the
direction of propagation of the disturbances. Waves can either propagate parallel and near to
the boundary or at some arbitrary angle to it. Under the first condition, the disturbances are
called surface waves. Under the second, the phenomenon of wave reflection occurs.

There are several kinds of elastic surface waves that can be transmitted in semi-extended
solids. One of the most important types is plane Rayleigh waves.

The general mathematical procedure for studying Rayleigh waves is to determine the
solution of the equations of small motion using the expression for a progressive continuous
simple harmonic plane wave and the boundary condition of a stress-free interface. A two-
dimensional coordinate system is used in formulating the problem. The technique allows us to
obtain the propagation condition, which, in turn, enables us to find the velocity of the Rayleigh
surface waves by the relationship

v: o cf
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providing the shear wave velocity ¢, and Poisson’s ratio v are known. The displacements, u; and
us, follow from the above and are written

o -1
u, = —ak [exp(—flx3) — 2&&, (Zk2 — Z—SZ) exp(—fsx3)] sin(kx; — vt) (2.21)

oo —1
uz; = —ag [exp(—flx3) — 2k? (Zk2 — :—52) exp(—fsx3)] cos(kx, — vt) (2.22)

where §; = (k% — 1]2/012)1/2 and & = (k% — v%/c2)'/2. Equations (2.21) and (2.22) define
completely the solution because of the two dimensional formulation, i.e., u, = 0 everywhere.

When a plane wave propagates at some arbitrary angle to the bounding surface, wave
reflection occurs. The simplest reflection occurs when the wave strikes the free surface
normally. If the incident wave is longitudinal with a given sense, then the reflected wave is
normal and must also be longitudinal but with its sense and direction opposite to the incident
wave. A transverse disturbance that impinges normally upon a free surface is found to produce
a reflection that is also a transverse wave normal to the surface.

When an elastic wave strikes a plane free surface obliquely reflection is more complicated
because, in general, the energy of the incident wave is partitioned into two reflected waves
instead of only one. A longitudinal plane wave that is obliquely incident upon a plane free
surface results in a reflected longitudinal and a reflected shear wave. The conditions of
reflection direction are

Ay = g (2.23)
sinay; _a _ A+2u (2.24)
sinasg ¢ U )

where a is the propagation direction angle of the particular wave in question, and the subscripts
LI, LR and SR refer to the incident longitudinal, reflected longitudinal and reflected shear waves,
respectively. The relations among the amplitudes of the waves are

Apr _ 2cos(app) sin?(asg) sin(2agg)—cos?(2asg) sin(arr)

Ay;  2cos(ay)) sin2(asg) sin(Zasg)+cos2(2asg) sin(azy) (2.25)
and
Asr _ 2sin(2ay;) cos(2asg) sin(agg) (2.26)

Ay 2cos(ayr)) sin2(asg) sin(2asg)+cos2(2agg) sin(azy)

With regard to the planes of vibration of the various waves, the following theorem can be
proved: If a longitudinal wave that is incident on a free surface produces no displacement
parallel to the coordinate axis x, (see Fig. 1), then the reflected waves, one longitudinal and one
transverse, also do not produce displacement parallel to x, and the problem is two-dimensional.
The direction of displacement of the free surface is found to be in a very simple relation with the
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propagation direction of the reflected shear wave, namely
ae = _ZaSR

when a, is the angle of emergence and is taken with respect to the normal as before.

ALR
(Longitudinal )

Free
surface ~|

A, (Longitudinal)

LI
Figure 2.1 Reflection of a longitudinal wave obliquely incident upon a plane free surface [1] (R.). Wasley, Stress
Wave Propagation in Solids, An Introduction)

A shear wave that is obliquely incident upon a plane free surface can be described
mathematically in a similar fashion. For the more important situation in which the vibration
direction of the incident shear wave is in the x;,x3 plane, it is found that

Bui = Bir (2.27)
sin BLI _ ﬂ

sinBsp s (2.28)
and

Bsg _ _ cos’(2Bsi) sin(BLr)—2sin?(Bsy) sin(2Bsy) cos(BLr) (2.29)
Bsy cos2(2Bs) sin(BLr)+2 sin?(Bsp) sin(2Bsy) cos(BLr)
and

Bir _ _ 2 sin(Bsp) sin(Bsp) cos(Bsy) (2.30)
Bsy cos?(2PBsy) sin(BLr)+2 sin?(Bsy) sin(2Bsy) cos(BLr)

44



The notation is comparable to that given earlier.

Using similar techniques, extension can be made of the above concepts and results to
reflection and refraction at a plane slip-free interface between two different elastic isotropic
media. Under these conditions, a disturbance incident obliquely upon this interface will
generate, in general, four waves; two of these waves (one longitudinal and one shear) are
refracted into the second medium, and two (again one longitudinal and one shear) are reflected
from the boundary.

A special case of significant practical interest is the situation in which an initial longitudinal
wave is incident normally upon the boundary. We find for this condition that only normal
longitudinal waves result and that

ALR _ P2C12—Pi1n (2.31)
ALr p2Ciztpicna )

And

ALRf — ZPZCIZ (2 32)
ALl P2C12+p1C1 )

where Ak refers to the amplitude of the refracted wave, subscript 1 refers to the medium in
which the incident disturbance propagates, and subscript 2 refers to the other medium; pc is
known as the acoustic impedance. When treating interfaces that are not plane, the
phenomenon of scattering results and rather involved mathematical techniques are required for
analysis.

2.4 Wave propagation in concrete

As mentioned in the introduction, the EMI technique utilizes the direct and converse
piezoelectric effect of a PZT patch bonded to a host structure to introduce stress waves in the
structure and sense the response of the structure. Concrete is a heterogonous material
consisting of cement, water, air and various sized aggregates. The stress waves excited by the
actuator are very complex due to reflection, attenuation and transmitting when they
propagated inside concrete structures. The mix of concrete, profile and size of concrete
structures, micro-cracks in concrete, wave form, amplitude and frequencies of excitation signal
will all affect the velocity and attenuation of output signal which will be received by the sensors.

The stress waves generated by PZT actuators carry the information of the host structure,
and thus can be used to identify the existence and nature of the damage. The wave propagation
of stress waves in concrete structures can be viewed as one dimensional longitudinal wave
propagation. The wave equation can be written as [24]:

= (2.33)
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where ¢ equals E/p, u is the displacement of an element, E is the Young’s modulus and p is the
density of the material. The average power p of the harmonic response over a period can be
expressed as

p=E-A*-w?/2-c, =,JE-p A% w?/2 (2.34)

where A is the harmonic amplitude and w is the circular, or angular, frequency. Equation (2.34)
can be rewritten as

1/4

1= () ()

As shown in equation (2.35), the harmonic amplitude is affected by the Young’s modulus, E, of
the medium. During the early-age development of concrete material, the Young’s modulus, E,
increases as the concrete gains strength during the hydration process. Consequently, the
harmonic amplitude will decrease with the increase of the Young’s modulus, E. Moreover, the
Young’s modulus, E, is the major affecting factor in determining concrete strength. Therefore,
the harmonic amplitude is correlated with the concrete strength through the Young’s modulus.
By observing the amplitude change of harmonic stress wave, the strength development of
concrete specimens can be monitored and evaluated. In addition, according to the study
conducted by Hu and Yang, the material damping reduces (concrete was initially ‘soft’) during
the curing age. As moisture content drops, concrete damping tends to fall down. To take the
damping coefficient into account, Song et al. proposed replacing E by E (1+n) in Equation (2.35),
where n is the damping coefficient. Due to the material and structural damping, waves
generated by the PZT actuator attenuate while propagating through the concrete specimens.

The above are valid for both EMI technique (with changes in the wave travelling through
the structure manifesting with changes in the impedance signatures) as well as in SHM
techniques using wavelet packet analysis (with changes manifesting with time delay and energy
dissipation).
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3 History and applications of piezoelectric materials

3.1 History of piezoelectricity and piezoelectric materials

The notion that electricity could be produced in some crystals by subjecting them to
mechanical pressure is believed to have been suggested by Charles Coulomb [36]. Subsequent
investigations by Hauy [37] and Becquerel [38] prior to 1825 hinted that this pressure-electric
effect was a possibility, however, irrefutable evidence of the effect did not emerge for about six
decades. This evidence was provided by the research efforts of Jacques and Pierre Curie [39] in
1880 at the University of Paris, while studying crystals such as quartz, sodium potassium tartrate
(Rochelle salt), and tourmaline. By placing weights on the faces of particular crystal cuts, like the
X cut quartz plate shown in Fig. 3.1.1, they succeeded in detecting charges on the crystal
surfaces and demonstrated that the magnitude of charge was proportional to the applied
weight, thus verifying the direct pressure-electric effect. This discovery was not by chance;
rather such an effect was anticipated by the Curie brothers from consideration of crystal
structure and the pyroelectric phenomena (thermo-electric coupling effect) (Cady, 1964).

Figure 3.1 Right-handed quartz crystal and an X cut plate [32] (D. F. Jones, S. E. Prasad, J. B. Wallace, Piezoelectric
Materials and Their Applications)

However, it was through thermodynamic reasoning which led Lippmann to predict the
converse piezoelectric effect that prompted the Curie brothers to discover it shortly after. The
converse pressure-electric effect, that is the development of a mechanical strain when an
electric field is applied to a crystal such as quartz, was predicted in 1881 by Lippmann [40] who
based his theory on fundamental thermodynamic principles. In the same year, this theoretical
converse effect was supported experimentally by the Curies [41]. Shortly after these works on
the converse effect were published, Hankel suggested the name “piezoelectricity” to describe
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the effect, with “piezo" being a Greek derivative meaning “to press” [36]. Thus the terms direct
and converse piezoelectric effects were introduced into the literature and have been
entrenched therein for more than a century.

Tension Compression
(a)
== X
N 0 ' = nr +
P P _du
- =

I +
pa
I+

Figure 3.2 Schematic representations of the longitudinal direct (a), converse (b), and shear (c) piezoelectric effects
[34] (A.L. Kholkin, N. A. Pertsev, A. V. Goltsev, Piezoelectric and Acoustic Materials for Transducer Application)

Significant experimental contributions to the evolution and exploitation of the piezoelectric
effect came from the field of crystallography, which received an enormous boost in 1912 with
the discovery that crystals could act as three-dimensional X-ray diffraction gratings. This led to a
number of studies that linked observed piezoelectric properties to internal crystalline structures
[42].

Another concept that would play a useful role in the development of piezoelectric devices
was that of the equivalent circuit. Butterworth [43] first realized that vibrating mechanical
systems sustained by electrical currents or voltages could be represented by lumped-parameter
electrical circuits consisting of inductors, capacitors, and resistors. It was Cady [44] and Van
Dyke [45], colleagues at Wesleyan University in Middletown, Connecticut, who first derived the
equivalent circuit shown in Fig. 3.1.3 for the piezoelectric resonator at an isolated resonance
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frequency. In this circuit, a clamped capacitance C, representing the dielectric property of the
resonator is placed in parallel with a motional arm consisting of L;, C;, and Ry, representing the
inertial, elastic, and frictional properties of the resonator, respectively. Hence, the direct
correspondences between mechanical and electrical quantities, such as mass and inductance or
compliance and capacitance, allow the designer of electromechanical devices and systems to
formulate appropriate equivalent circuits that can be analyzed using the well-known laws,
theorems, and procedures established in electrical circuit theory.

Figure 3.3 Equivalent circuit of a piezoelectric resonator [32] (D. F. Jones, S. E. Prasad, J. B. Wallace, Piezoelectric
Materials and Their Applications)

3.2 Applications of piezoelectric materials

The first application of the piezoelectric effect was a force and charge measuring apparatus
patented by the Curies in 1887 [46]. They used the piezoelectric effect to measure voltages and
forces by constructing bimorphs from two X cut quartz plates of opposite polarity. The bimorphs
consisted of two plates bonded together and electrically excited in such a way that each plate
deformed in the opposite direction, resulting in a net bimorph bending motion. The deflections
of the bimorph were much greater than the displacements of single quartz plates. Observations
of these bimorph deflections using a microscope, and measurements of the charge on the
bimorph when it was mechanically deformed, permitted the measurements of voltages and
forces, respectively. Other applications for the piezoelectric effect in crystals would have to wait
for about thirty years.

In early 1917 the first piezoelectric quartz transducers for underwater echo ranging and
depth sounding were built by Paul Langevin at the School of Industrial Physics and Chemistry in
Paris [47]. Using high-frequency vacuum tube amplifiers and quartz-steel sandwich transducers,
Langevin was able to detect echoes from submarines at ranges exceeding one kilometer in 1918.
Depth sounding equipment based on Langevin’s ultrasonic quartz-steel transducers became
commercially available in Great Britain and the United States by 1925.

In 1919, Nicolson [48] demonstrated the use of Rochelle salt crystals in loudspeakers,
microphones, telephone receivers, and phonograph pick-ups. A stereo phonograph pick-up head
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utilizing Rochelle salt bender elements (i.e. bimorphs) is illustrated in Fig. 3.2.1. In this figure,
the pick-up is drawn vertically and the view is looking up at the stylus from the surface of the
record disc. The stylus vibrations, generated from signals recorded on the walls of the record
grooves plus the rotation of the record itself, are coupled into the crystal benders and converted
into electrical signals.

Figure 3.4 Rochelle salt crystal phonograph pick-up (bottom view) [32] (D. F. Jones, S. E. Prasad, J. B. Wallace,
Piezoelectric Materials and Their Applications)

The field of crystal controlled oscillators began in the early 1920s with the pioneering
efforts of Cady [44] and Pierce [49] using high Q piezoelectric quartz resonators. Quality factors
exceeding a million can be achieved in these oscillators. The importance of these devices to
radio transmitters and receivers led to a number of important patents and associated patent
interferences, with legal battles that lasted for more than three decades [50]. The need for large
guantities of pure quartz crystals was so great for communications applications that natural
sources became strained with the demand. This sparked many researchers to investigate
growing techniques for quartz [51]. Today, cultured quartz oscillators are used primarily by the
electronics industry in applications ranging from computer clocks and wrist-watches to radio
and television broadcasting, which is testimony to the stability and reliability of the quartz
resonator.

Piezoelectric quartz crystal transducers were used extensively in delay lines for moving-
target indicator radar systems in the 1940s [52]. In these systems, moving and stationary targets
were distinguished by storing a radar pulse in a delay line and comparing it to subsequent
pulses. Using this methodology, moving targets were prominently displayed on a plan-position
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indicator display while stationary targets were suppressed. Delay lines were also used in digital
computers and color televisions.

The piezoelectric quartz transducer was also employed as an ultrasonic wave transmitter in
an acoustic interferometer described by Pierce in 1925 [53]. By generating standing waves
between the crystal transducer and a movable reflector, this instrument was capable of
measuring velocity and attenuation as a function of composition and temperature in a variety of
gases and liquids.

Jaffe, Cook, and Jaffe [54] have reviewed the discovery and development of the first
polycrystalline piezoelectric ceramic, barium titanate (BaTiO3), which took place in the 1940s.
They pointed out that three key areas of investigation were responsible for our understanding
of the piezoelectric effect in this ceramic. First of all, although barium titanate perovskites had
been known since the 1920s [55], the discovery of high dielectric constants in various barium
and titanium oxide compositions in 1941 [56] became the catalyst for further research on these
materials. Secondly, by the mid 1940s it was realized that the high dielectric constant observed
in barium titanate ceramic was a consequence of ferroelectricity [57, 58]. Finally, it was
demonstrated that isotropic samples of ferroelectric barium titanate ceramic could be made
piezoelectric, and necessarily anisotropic, by applying a large electric field at an elevated
temperature, thereby creating an internal remnant polarization that persists long after the
removal of the electric and thermal fields [59, 60]. This process, known as poling in the ceramics
industry, was the revolutionary finding that signaled the decline of piezoelectric crystal use in
many applications.

One of the significant advantages of piezoelectric ceramics over piezoelectric crystals is the
ability to form ceramics into a variety of shapes and sizes. Discs, rings, washers, cylinders, tubes,
bars, plates, and hemispheres are some of the possibilities. When combined with the freedom
to determine the poling direction and electrode configuration, ceramics manufacturers possess
great versatility to tailor ceramic components for specific device requirements.

Barium titanate was first used for phonograph pick-ups in 1947, replacing Rochelle salt
crystal pick-ups used since about 1935 [54]. In the field of instrumentation standards, barium
titanate accelerometers and accelerometer calibration shakers were developed in the early
1950s to support improvements to missile guidance systems [61, 62]. Barium titanate was also
used in the medical field in the late 1950s for intracardiac phonocatheters [63, 64]. Non-
piezoelectric applications for barium titanate included monolithic multilayer ceramic capacitors,
and positive temperature coefficient resistors for overload protection devices and heating
elements [65].

Several other perovskite and oxide ceramic compositions investigated during the early
1950s form the basic constituents of modern piezoelectric ceramics. These compositions
included lead titanate (PbTiO;) in 1950 [66, 67], lead zirconate (PbZrQ;) in 1950 [68, 69], lead
metaniobate (PbNb,Og) in 1952 [70], and in lead zirconate titanate [Pb(Zr,Ti)Os] in 1952 [71, 72,
73]. Lead zirconate titanate became the dominant piezoelectric ceramic material for transducers
primarily due to its high coupling coefficient.
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Transducers made from lead zirconate titanate ceramic elements can be used to generate
sparks in a high-voltage spark gap. This effect has led to a number of applications that require
the ignition of combustible gases. When subjected to static or dynamic loads via the end plate,
the ceramic cylinders can generate voltages as high as 20,000 volts in the high tension lead;
sufficient to produce a spark in a spark gap. Piezoelectric igniters have been used in gas run
domestic appliances, lawn mowers, welding equipment, and pocket lighters.

Lead zirconate titanate flexural transducers have a broad range of applications involving
the generation and reception of sound. Examples include microphones, headphones,
loudspeakers, and buzzers. The latter device, the piezoelectric buzzer, has been used as a
compact alarm in wrist-watches, clocks, and calculators.

Piezoelectric lead zirconate titanate ceramics are also used as the active elements in
hydrophones and projectors that receive and generate underwater sound, respectively. In this
design there are two piezoelectric ceramic cylinders that generate electrical signals in response
to incident sound waves.

The vinylidene fluoride monomer CH, — CF, has been known for over ninety years and
forms the basic building block of the semicrystalline polymer polyvinyliclene fluoride (PVDF)
[74]. This long chain polymer was discovered to be highly piezoelectric in 1969 by Kawai [79] and
rapid development and commercialization followed shortly afterward. PVDF is manufactured in
sheet form starting with nonpolar or-phase film extruded from the melt. The extruded film
material is stretched uniaxially, a process that rotates the long chain molecules and produces
the polar B-phase needed for high piezoelectric activity. Finally, the randomly directed dipoles
associated with the stretched B-phase film are reoriented by applying a poling field in a direction
normal to the plane of the film. Further details on the structure and production of PVDF are
given by Sessler [75], Lovinger [76], Bloomfield and Marcus [77], and Davis [78].

Polyvinylidene fluoride has also been combined with other polymers in an attempt to
synthesize copolymer materials with strong piezoelectric activities [76]. One such material is the
piezoelectric copolymer polyvinylidene fluoride-trifluoroethylene, abbreviated here as VF, — VFs.
This copolymer can be used in underwater hydrophone applications, as discussed below in
connection with PVDF.

For some applications, PVDF has attractive advantages over piezoelectric ceramics. For
example, since PVDF film is flexible and lightweight, it has been used for audio transducers
suchas microphones, tone generators, headphones, and high-frequency loudspeakers [79]. One
application of note for PVDF film transducers is the musical instrument pick-up. Small polymer
strips can be attached to a variety of instruments from guitars and pianos to woodwinds and
drums with good sound reproduction characteristics [80]. Other application areas for PVDF
devices include medical transducers, electromechanical transducers, and pyroelectric and
optical devices.
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4 Electro-mechanical impedance (EMI) technique

4.1 Impedance

Electrical Impedance: (or impedance) is the basic electrical parameter used to characterize

electronic circuits, components and materials. It is defined as the ratio of the voltage applied to
the device and the resulting current running through it. It is the measure of the opposition that
an electric circuit presents to the passage of a current when a voltage is applied. In other words
impedance is the total opposition a circuit offers to the flow of an alternate current (AC circuit)
at a given frequency. It is generally represented as a complex quantity which can be shown
graphically. The basic elements that make up electrical impedances are inductance, capacitance
and resistance (L, C and R respectively). In the real world, electronic components are not purely
resistors, inductors or capacitors, but a combination of the three.

The definition of resistance for direct current circuits is given by Ohm’s law, i.e. the ratio of
applied voltage to the resulting current. In alternate current circuits (AC) the voltage reverses its
direction or polarity. For AC circuits Ohm’s law must be modified to Z=V/I, where Z is a complex
number with a real component R (resistance) and an imaginary component X, (reactance) (Z =
Rs+ j-Xin Cartesian form, or Z = 1ZI-e"® in polar form).

The phase shift can be drawn in a vector diagram showing its real part R,, its imaginary part
Xs and the phase angle 0. The reciprocal of Z is admittance Y. Admittance is also a complex
number having a real part conductance (G,) and susceptance (B,) with a phase angle ¢. The
connection of phase of impedance and admittance is 6=-¢. The following table shows all the
impedance terms and equations.

Mechanical impedance: A harmonic force applied on a structure can be represented as a

rotating phasor on a complex plane. The mathematical expression of this force is [30]:
F(t) = Fy - (coswt + j - sinwt) = Fy - e/"“t, (4.1)

where:

Fo — the magnitude of the phasor

w — the angular frequency of the phasor (anti-clockwise)

The resulting velocity response of the structure 1, at the point of application of the force, is also
harmonic in nature. It lags behind the force by a phase angle ¢ due to the mechanical
impedance of the structure. Mathematically, velocity can be expressed as [30]:

UL =1y - cos(wt — @) + 1y * j * sin(wt — @) = 11, - e/ (W=, (4.2)
The mechanical impedance of a structure, at the point of application of the force, is defined as

the ratio of the driving harmonic force to the resulting velocity at that point, mathematically
expressed as [30]:
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Z:%:%:Z—Z-ew (4.3)

and basically is a measure of how much a structure resists motion when subjected to a given
force. It relates forces with velocities acting on a mechanical system. Mechanical impedance is
the inverse of mechanical admittance or mobility. The mechanical impedance is a function of
the frequencyw of the applied force and can vary greatly over frequency.
At resonance frequencies, the mechanical impedance will be lower, meaning less force is
needed to cause a structure to move at a given velocity. The simplest example of this is when a
child pushes another on a swing. For the greatest swing amplitude, the frequency of the pushes
must be near the resonant frequency of the system.

Table 4.1 Impedance terms and equations

Parameter Quantity Unit Symbol Formula
VA Impedance Ohm, Q Z=R.+j X, _%
S
1Zl Magnitude of Z Ohm, Q ) ) 1
|Z| = |Rs + X5 =—
Y]
R, Resistance, real part of Z Ohm, Q R = Gy
* Gi+B:
Xs Reactance, imaginary part of Z Ohm, Q B,

X. = ——*5t
* Gi+Bp

Y Admittance Siemens, S . 1
Y=0G,+ j By, = 7
=|y|- el
1Yl Magnitude of Y Siemens, S [ 1
|Y| = Glg + Bg = m
Gp Conductance, real part of Y Siemens, S G = R
P RZ+X?
By Susceptance, imaginary part of Y | Siemens, S _ Xs
P RIZ+x2
uality factor None 1 Ry G
Q Quality Q=—-—=—"=-"L=tang
D X; B,
D, Df ortand | Dissipation factor None
0 Phase angle of Z Degreeorrad | 6=-¢
[0) Phase angle of Y Degreeorrad | ¢=-0
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4.2 Structural Health Monitoring (SHM) systems and the Electro-
Mechanical Impedance (EMI) technique

An on-line structural health monitoring system should meet the following three
requirements: i) it must be small, non-intrusive, and must offer the possibility of being located in
inaccessible remote areas of the structure, ii) it must be as sensitive as conventional non-
destructive evaluation (NDE) techniques, i.e. it must be able to detect minor damages such as
small cracks, delaminations or loose connections and iii) it must be able to monitor a certain
minimum area of the structure as opposed to the point measurements offered by presently
available NDE equipment.

Conventionally, automated structural health monitoring (SHM) has been attempted by
measuring static displacements or static strains or low frequency vibration data. These
techniques typically rely upon conventional sensors such as strain gauges or accelerometers,
which can only extract load or strain histories. Conventional NDE techniques such as ultrasonic
testing and X-radiography can provide significant details about the nature of damage. However,
these techniques usually require direct access to the structure being investigated and involve
bulky equipment. Moreover, these techniques usually require the structure be out of service
during the inspection and this may cause major disruptions. For these reasons, these techniques
are inadequate for on-line structural health monitoring.

However, during the last few years, the advent of smart materials, such as piezoelectric
materials, optical fibers, shape memory alloys and magnetostrictive materials, has added a new
dimension to SHM by enabling the development of system with higher resolution, faster
response and greater reliability. The term “Smart Structures” or “Intelligent Material Systems”
is fast becoming a common phrase among the engineering community. Although there is no
agreed definition for intelligent material systems, Rogers proposed two definitions. The first one
is based upon a technology paradigm: “the integration of actuators, sensors, and controls with a
material or structural component.” The second one is based upon a science paradigm and
addresses the goal of intelligent material systems: “material systems with intelligence and life
features integrated in the microstructure of the material system to reduce mass and energy and
produce adaptive functionality.”

The piezoelectric impedance-based structural health monitoring technique may meet these
requirements for on-line structural health monitoring. This technique utilizes the direct and the
converse electromechanical properties of piezoelectric materials, allowing simultaneous
actuation and sensing of the structure. In this technique, a piezoelectric-ceramic (PZT) patch is
bonded to the monitored structure and excited by an alternating voltage sweep signal, typically
in kHz range, by an impedance analyzer. The vibrating patch transfers its vibrations to the host
structure and simultaneously, the structure influences the electrical circuit comprising the
bonded patch and the AC source. A plot of conductance (real part of admittance) or resistance
(real part of impedance) as a function of frequency constitutes a unique vibrational signature of
the structure, reflecting structural characteristics such as inherent stiffness, damping and mass
distribution. In this manner, the same patch acts as an actuator as well as a sensor. The
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technique is characterized by a high order of sensitivity to damage. Typically, in concrete, the
piezo-impedance transducers can detect cracks before they actually become visible to the naked
eyes.

Nevertheless, there are still some problems to be solved before full scale development and
commercialization can take place. These problems basically include the sensitivity of
piezoelectric materials in temperature and humidity changes and the small sensing area of each
PZT patch resulting in a large number of piezoelectric sensors and actuators to be required in
practical use, especially in large structures.

In general, structural health monitoring or damage detection techniques using the vibration
response of the structure can be classified into two categories: model-based and non model-
based. Furthermore, model-based techniques can be classified into modal-dependent and
modal-independent. The impedance-based technique belongs to the non-model-based. Each
technique has both advantages and disadvantages as shown in Table 4.2.

Table 4.1 Comparison of structural health monitoring techniques using vibration response

Model-Based Non-Model-Based
Modal Non-Modal Impedance Others
Chuantitative Evaluation Fair Fair Poor Poor
Small Damage Detection Poor Good Good Unknown
Complex Structures Fair Poor Good Unknown

A model-based technique may assess damage quantitatively if the model is appropriate.
However, it is difficult to apply this technique to complex structures for which we can hardly
make satisfactory models. In addition, a modal-dependent model-based technique cannot
detect very small damage. The reason is that this technique basically deals with low-frequency
global modes that are relatively unaffected by small damage. On the contrary, the impedance-
based method cannot quantify damage precisely because this method evaluates damage merely
by comparing each impedance measurement with a baseline measurement. Nevertheless, it is
sensitive enough to detect very small damage as well as incipient damage and can be applied to
complex structures.

4.3 The Electro-mechanical principle

The phenomenon of piezoelectricity occurs in certain classes of non-centrosymmetric
crystals, such as quartz, in which electric dipoles are generated due to mechanical deformations.
The same crystal will also exhibit the converse effect, that is, they undergo mechanical
deformations when subjected to electric fields. In EMI the lead zirconate titanate piezoelectric-
ceramic (PZT) patches play key role to the technique. The charges and the deformations they
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manifest in the direct and converse effect respectively, is expressed mathematically by the
formulas [30]:

Di - g " E] + dim - Tm (4.4)

Sk = djic * Ej + Siim * Tm (4.5)

Where:

D - the electric displacement

Sk - the mechanical strain

E; - the electric field

T - the mechanical stress

E - the complex electric permittivity of the PZT material at constant stress
dimanddj,  — the piezoelectric strain coefficients

sE. - the complex elastic compliance at constant electric field.

The superscripts ‘T" and ‘E’ indicate that the quantity has been measured at constant stress and
constant electric field respectively.

Now consider a PZT patch, shown schematically in Fig.4.1, under an electric field E; along
direction 3 and a stress T, along direction 1, which is the actual case in our measurements. It is
assumed that the patch expands and contracts in direction 1 when the electric field is applied in
direction 3. The fundamental constitutive relationships described by equations (4.4) and (4.5) of
the PZT patch can now be expressed as [30]:

Dy =ely Ey+dy Ty (4.6)
T:
Sl = d31 - E3 + Y=; (4.7)

11

where E = YE (1 + nj) is the complex Young’s modulus of the PZT.

Equation (4.6) represents the so-called ‘direct effect’, that is, application of a mechanical
stress produces charge on the surfaces of the PZT patch. This effect is taken advantage of in
using PZT material as a sensor. Equation (4.7) represents the ‘converse effect’, that is,
application of an electric field induces elastic strain in the material. Same coupling constant ds;
appears in both the equations.
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Figure 4.1 A PZT patch under electric field and mechanical stress [18] (S. Bhalla, A. Gupta, Modelling Shear Lag
Phenomenon for Adhesively Bonded Piezo-Transducers)

4.4 Existing PZT-Structure interaction models

During the last one and half decades, several attempts have been made to model the PZT-
structure electromechanical interaction. The beginning was made by Crawley and De Luis (1987)
[9] in the form of ‘static approach’, later substituted by the ‘impedance approach’ of Liang, et al.
(1994) [30]. The static approach assumes frequency independent actuator force, determined
from the static equilibrium and the strain compatibility between the PZT patch and the host
structure.

The PZT patch is assumed to be a thin bar with length |, width w and thickness h, under
static equilibrium with the structure, which is represented by its static stiffness K,, as shown in
figure 4.2. As mentioned earlier applying voltage in this direction reduces the equations (4.4)
and (4.5) to [30]:

Dy =ej3-E3+ds Ty (4.6)
T:
Sl = d31 . E3 + YE][-‘: (4.7)

Where YE is the complex Young’s modulus under constant electric field. Owing to static
conditions, the imaginary component of the complex terms in the PZT constitutive relations can
be dropped. Therefore for the PZT patch, the expression of the axial force using eq. (4.7) is:

FEy=w-h-Ty=w-h-(S; —ds, E3)-YE  (4.8)

where w denotes the width and h the thickness of the PZT patch. Similarly the axial force of the
structure can be determined as
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F,=-K,-x=—-K;-1-S, (4.9)

where x is the displacement at the end of the PZT patch and | denotes the length of the patch.
The negative sign signifies that a positive displacement x causes compressive force in the spring.
Force equilibrium in the system implies that F, = F;. Substituting equations (4.8), (4.9) in the
force equilibrium equation, we can derive an equilibrium strain S, , as

—_ ds1Bs
Seq = (1+Ks'1/YE-w-h) (4.10)
F,=FE, =K 1S4 (4.11)

Static electric field
E-

o]

3@ )

1(x)
PZT patch

Figure 4.2 Static approach modeling of PZT-Structure interaction stress [18] (S. Bhalla, A. Gupta, Modelling Shear
Lag Phenomenon for Adhesively Bonded Piezo-Transducers)

Now, for determining the system response under an alternating electric field, Crawley and
de Luis (1987) simply recommended that a dynamic force Fe,=F=F, will be considered acting
upon the host structure, irrespective of the frequency of actuation. However, assumption of
frequency independent actuator force, determined purely from static equilibrium and strain
compatibility between the PZT patch and the host structure, is only an approximation valid
under frequencies sufficiently low to give rise to quasi-static conditions. In addition, since only
static PZT properties are considered, the effects of damping and inertia are not considered.
Because of these reasons, the static approach often leads to significant errors, especially near
the resonant frequency of the structure or the patch.

In order to eliminate this inaccuracy, Liang and coworkers modeled the host structure as
mechanical impedance Z; , based on dynamic equilibrium rather than static, connected to the
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PZT patch at the end, as shown in Fig. 4.3, with the patch undergoing axial vibrations under an
alternating electric field E5 . Considering the dynamic equilibrium of an infinitesimal element of
the patch, they derived the governing differential equation as [30]:

=0d%u 0%u
YE— = pP 6? (4.12)

axz

PZT patch

f:grl':

Structural Impedance Z

Figure 4.3 Liang’s impedance approach modeling of PZT-Structure interaction [18] (S. Bhalla, A. Gupta, Modelling
Shear Lag Phenomenon for Adhesively Bonded Piezo-Transducers)

where u is the displacement at any point of the patch in direction 1 at any instant time t.
Furthermore the mechanical impedance Z; is mathematically related to the force F and the
velocity 1, by :

F=-Z,-u (4.13)

where the negative sign, as in the case of static approach, signifies the fact that a positive
displacement (or velocity) causes a compressive force in the PZT patch. Further, instead of
actuator’s static stiffness, actuator’s mechanical impedance, Z, was derived as

k-w-h-YE
a — m (4.14)
so as to rigorously include the actuator’s dynamic stiffness and damping. Making use of the PZT
constitutive relation, and integrating the charge density over the surface of the right half of the
PZT patch (x = 0 to /), Liang and coworkers obtained the following expression for the
electromechanical admittance (the inverse of electro-mechanical impedance) for the right half
of the PZT patch:
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P G4B =) (T - - T9) + Gty TE- ()] qaas
Where w, [ and h represent the PZT patch’s dimensions, d3; the piezoelectric strain coefficient
for the 1-3 axes and w the angular frequency. YE =YE. (14+n-j) is the complex Young’s
modulus of the PZT patch (at constant electric field) and % =k - (1-6+)) the complex
electric permittivity (at constant stress), with the symbols n and & denoting the mechanical loss
factor and the dielectric loss factor respectively. Z, represents the mechanical impedance of the
PZT patch (in short circuited condition), given by equation (4.14) where k, the wave number, is
related to the density p and the Young’s modulus YE of the patch by

k=w- & (4.16)

~

In real-life applications, where the PZT patch is surface-bonded on a structure, as shown in
Fig. 4.4, the nodal plane passes through the centre line of the patch. The structure can be
represented as a set of two impedances Zs connected on the either side of the patch, as
illustrated in Fig. 4.5. For this scenario, / would be the half-length of the patch and Eq. (4.15)
needs to be modified as (simply by multiplying eq. 4.4.12 by a factor 2)

tank:-l

T=G+Bj=2 w0 (e - d - V7) + (

Za_\. 42 .VE.
h z)d31Y(

stZq

)] (4.17)

Kl

It is clear from the above equation that any change in the mechanical impedance of the
structure will alter the resulting admittance signature. In other words, structural integrity can be
evaluated by measuring the electrical impedance of the PZT. As observed, the electro-
mechanical admittance across the terminals of the PZT patch is mathematically a complex
number. G, the real part, is called the conductance whereas B, the imaginary part, is called the
susceptance. A plot of G as a function of frequency is called the conductance signature, and that
of B as susceptance signature. In SHM techniques the conductance or resistance plot is usually
monitored as the difference is obvious from the raw measurements of an impedance analyzer.
Susceptance and reactance also undergo changes due to damage but the difference is feebly
apparent from raw measurements. The imaginary components are generally drowned by the
capacitive contribution of the PZT patch and cannot be used for SHM without further
processing.
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Figure 4.4 A PZT patch surface-bonded to a structure [9] (S. Bhalla and C. K. Soh, Electro-Mechanical Impedance
Technique for Structural Health Monitoring and Non-Destructive Evaluation)

PZT patch

Structural

/ < / > Impedance

Figure 4.5 Impedance model for the system shown in fig. 4.4.4 [30] (S. Bhalla, C. G. Soh, Structural Health
Monitoring by Piezo-Impedance Transducer, I: Modelling)

It needs to be pointed out, although it surpasses the purposes of this master thesis, that
equation (4.17) can be decomposed into two equations- one for the real part G and one for the
imaginary B. G and B can be obtained experimentally using any commercial impedance analyzer.
Therefore, the structural impedance Z=x+yj can be determined as it has been demonstrated by
Bhalla and Soh in 2003. Although Liang and co-workers’ model was an improvement over the
static approach, the model however considers PZT patch’s vibrations in one dimension only.
Therefore the formulations are only valid for skeletal structures. In structures where 2D coupling
is significant, Liang’s model might produce serious errors. Zhou et al. (1995, 1996) extended the
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derivations of Liang and co-workers to model the interactions of a generic PZT element coupled
to a 2D host structure. Their analytical model is schematically illustrated in Figure 4.6.

Figure 4.6 Modeling PZT-structure 2D physical coupling by impedance [30] (S. Bhalla, C. G. Soh, Structural Health
Monitoring by Piezo-Impedance Transducer, I: Modelling)

They represented the structural mechanical impedance by direct impedances Z,, and Z,, and the
cross impedances Z,, and Z,, related to the planar forces F; and F, (in directions 1 and 2
respectively) and the corresponding planar velocities t;and 1, by

F1]=_[Zxx ny] [u’l] (4.18)
F, Zyy  Zyyl i, :

Applying governing differential equation along the two principal axes and imposing boundary
conditions, Zhou et al. (1995) derived the following expression.

5 e ewl T_ngly_b‘ d$,YE (sinklsinkw) . _q (1
Y=G+B'j=w"]j [833 ) + (1+V){ ] ” }N {1} (4.19)

where k is the 2D wave number given by

_ p(1-v?)
k=uw- ,?

and N is a 2x2 matrix given by
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k cos(kl) {1 —v¥ﬂ+zzi} k cos(kw) {ézzi-FVZZﬂ}
N = axx axx ayy ayy (420)

k cos(kl) {%szy + Vzi} k cos(kw) {1 _yLthx Zy—y}

axx axx W Zgyy Zayy

As pointed out before, at a given frequency, G and B can be measured experimentally via
an impedance analyzer. To obtain complete information about the host structure, four complex
unknowns- Zxx, Zyy, Zxy, Zyx (or 8 real unknowns) are needed. This is not possible using Eqg.
(4.20).

Thus, the system of equations is highly indeterminate (8 unknowns with 2 equations only).
As such, Zhou et al.’s model cannot be employed for experimental determination of the drive
point mechanical impedance. To alleviate the shortcomings inherent in the existing models, a
new PZT-structure interaction model, based on the concept of ‘effective impedance’ was
proposed by Bhalla and Soh (2004b). The description of this model is not in the area of interest
of this master thesis, however a simple reference is made because using this model we are able
to extract structural information from raw experimental measurements of electrical impedance
or admittance.

4.5 Comparison with other NDE methods for concrete

From the point of view of NDE, concrete technologists are interested in concrete strength
determination and concrete damage detection. Special interest is shown in strength
determination because its elastic behavior and service behavior can be predicted from its
strength characteristics. The most commonly used non destructive strength estimation methods
are surface hardness method, penetration technique, the pull-out test, the rebound hammer
method, the resonant frequency method and the ultrasonic pulse velocity test. These tests
measure certain properties of concrete from which an estimate of strength and elastic
parameters can be derived.

The surface hardness method is based on the principle that the strength of concrete is
proportional to its surface hardness. However, these strength prediction methods share many
limitations. For example, the calibration charts of the surface hardness method, the rebound
method and the penetration technique are valid for the particular type of the cement and
aggregates used and the age and moisture content of the specimen. In addition, the results are
not very reproducible. The penetration and the pullout techniques cause a small amount of
damage to the concrete surface, which must be repaired. The resonant frequency method and
the ultrasonic pulse velocity technique demand that the transducers must be placed on the
opposite faces of the component for accurate results. Very often, this is not possible and thus
limits the application of the two techniques.

The other aspect of NDE, namely damage detection, is conventionally carried out, as
mentioned earlier, by global and local techniques. The global techniques rely on global
structural response for damage identification. For example, in global dynamic techniques the
structure is subjected to low-frequency excitations, and from the resulting structural response,
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the first few mode shapes and their corresponding natural frequencies are extracted to deduce
the location and the severity of structural damage. The main drawback of these techniques is
that they rely on a relatively small number of the first few modes, which, being global in nature,
are not very sensitive to localized incipient damage. It could be possible that a damage large
enough to be detected by these techniques may already exist critically in many parts of the
structure.

The local damage detection techniques, such as ultrasonic wave propagation, impact echo
and acoustic emission techniques, on the other hand, employ localized structural interrogation
for damage detection. In ultrasonic techniques, typically, high-frequency elastic waves are
propagated into the monitored structural component. The waves reflect back when
encountering any crack. The crack location is estimated from the time difference between the
applied and the reflected waves. The ultrasonic techniques exhibit much higher damage
sensitivity than the global techniques. However, they typically employ large and expensive
transducers and render the structure unavailable for service throughout the duration of the test.
The measurement data are collected in the time domain and require complex processing. Since
ultrasonic waves cannot be induced at right angles to the surface, they cannot detect transverse
surface cracks (Giurgiutiu and Rogers 1997) [10]. In addition, they do not lend themselves to
automated use since experienced technicians are required to interpret the data.

In the acoustic emission technique, elastic waves generated by plastic deformations (such
as at the tip of a newly developed crack), moving dislocations and disbonds are utilized for the
analysis and detection of structural defects. This technique requires stress or chemical activity to
generate elastic waves. However, the main problem for damage identification is the existence of
multiple travel paths from the source to the sensors. Also, contamination by electrical
interference and ambient mechanical noise degrades the quality of the emission signals.

In impact echo testing, a stress pulse is introduced into the interrogated structural
component using an impact source. As the pulse propagates through the component, it is
reflected by cracks and disbonds. The reflected waves are measured and analyzed to deduce the
location of the cracks or disbonds. Though the technique is very good for detecting large-size
voids and delaminations, it is insensitive to small-sized cracks (Park et a/ 2000) [10].

A common drawback of the local techniques is that probes, fixtures and other accessories
are required to be physically carried around the test-structure for recording the data. Often, this
not only prevents autonomous application of the techniques, but may also demand the removal
of existing finishes or covers such as false ceilings. As it is impractical to freely move the probe
everywhere, these techniques are often applied at few selected probable damage locations
(often based on preliminary visual inspection or past experience), which is almost tantamount to
knowing the damage location a priori.

The electro-mechanical impedance (EMI) technique, on the other hand, offers an interface
between the global and the local techniques, thereby enabling a more cost-effective and hassle
free alternative for both strength estimation and damage detection of concrete structures.
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Part Il

Experimental Procedure
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5 Organization

A number of experiments were conducted as proof of concept. This second part of this
master thesis is a description of all the experiments that were conducted, the results that came
up, as well as a description of all the materials and instruments used in this process.

In the second chapter of this part, an analytical presentation of all the materials is done as
well as of all the instruments used to take the experimental measurements. A description of the
experimental data analysis is done, introducing the meaning of damage indices as well as an
analytical description of the RMSD damage metric which is used in this thesis.

The third chapter is a description of the creation of the 50x50x50 mm cubic sandwiched
smart aggregates. Before embedding the S.A. in larger concrete structures, a series of
measurements were conducted to ensure their functionality. The results of these
measurements are also presented.

In the fourth chapter, the results of early age monitoring of two cubic 150x150x150 mm
and two beam 150x150x750 mm specimens is presented, along with conclusions concerning the
efficiency of the EMI technique in strength gain monitoring of concrete structures.

The fifth chapter is a presentation of the results after inducing damage to the concrete
specimens described above. Damage induction was achieved using two ways: a) the drilling of
holes in the concrete mass using a rotary drill and b) cyclic loading (compression and bending
test for cubic and beam specimens respectively). This way different degree of damage was
achieved, observing the relation of the damage metric with the actual damage.

Finally the sixth and last chapter of this master thesis presents the conclusions that derived
from the conducted experiments as well as points of discussion and further research.
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6 Materials and methods

6.1 Concrete

For the creation of the cement paste “smart” aggregates as well as the concrete cubes and
beams, cement TITAN CEM IV/B 32.5 N was used.

Picture 6.1 TITAN CEM IV/B 32.5 N

The water cement ratio for the cement paste aggregates was 0,4. The analogy of aggregates for
the creation of concrete specimens was:

Concrete — 20.05 kg

Water — 12.52 kg

Sand — 27.34 kg (24.9 % of aggregates)

Gravel — 27.04 kg (24.7 % of aggregates)

Coarse — 55.28 kg (50.4 % of aggregates)

6.2 PZTPIC151

As mentioned earlier, electromechanical impedance (EMI) based SHM technique, utilizes
small lead zirconate titanate piezo-electric ceramic patches (PZT) attached to a host structure
employing sonic and ultrasonic vibrations to the host structure by applying alternate current.
The AC current excitation is introduced using an impedance analyzer/LCR meter, sweeping
through a particular frequency range (in this master thesis 10-500 kHz).

PZT materials are available in a wide variety of compositions that are optimized for
different applications. PZT is a mixture of lead zirconate (PbZrOs) and lead titanate (PbTiOs) and
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has the perovskite structure. Various additives and Ti/Zr ratios may be used to yield material
that has one or more desired properties such as high piezoelectric activity, low loss or
temperature and time stability. Trade-offs are generally required to obtain the best values of
the most important properties at the expense of some degradation of others. PZT ceramics are
often classified as “hard” or “soft”, according to the characteristics shown in Table 6.1.

Harder & PZT <& Softer

piezoelectric d constants

dielectric constant

dielectric loss

hysteresis

mechanical Q

coupling factor

resistivity

coercive field

elastic compliance

DI e e E 2 EE ==
S| =2|E| 2|2 E| =22 =2 =

aging effects

Table 6.1 Comparison of hard and soft PZT ceramic properties

Generally the antonyms “soft” and “hard” PZT ceramics refer to the ferroelectric properties
of the patch, i.e. the mobility of the dipoles or domains and the polarization/depolarization
behavior. “Soft” piezoceramics are characterized by comparatively high domain mobility and a
resulting ferroelectrically soft behavior, which means easy polarization. On the contrary,
ferroelectrically “hard” PZT materials can be subjected to high electrical and mechanical
stresses. This stability of their properties destines them for high-power applications.

In the present master thesis, the PZT patches used were PIC 151. These patches are
characterized as “soft” PZTs. Generally PIC 151 is a modified lead zirconate titanate material
with high permittivity, high coupling factor and high piezoelectric charge constant. This material
is the standard material for actuators and suitable for low-power ultrasonic transducers and
low-frequency sound transducers. The physical and dielectric properties are shown in the table
below:
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Unit PiC151

Physical and dielectric properties

Density e} g/cm? 7.80

Curie temperature T, of 250

Relative permittivity in the polarization &'l & 2400

direction L to polarity &, /&, 1980

Dielectric loss factor tan & 103 20

Electro-mechanical properties

Coupling factor kp 0.62
ke 0.53
k3 0.38
ka2 0.69
kis

Piezoelectric voltage coefficient day -210
dys 102C/N 500
die

Piezoelectric voltage coefficient Ja; -115

10:Vm/N

Q23 22

Acousto-mechanical properties

Frequency coefficients N, 1950

of the series resonance frequency N, i 1500
N, 1750
N, 1950

Elastic compliance coefficient S F 10°2m2/N 15.0
Sof 19.0

Elastic stiffness coefficient GF 10 N/m? 10.0

Mechanical quality factor Q. 100

Temperature stability

Temperature coefficient of €7,

(in the range -20 °C to +125 °C) TK &2; 10%/K 6

Time stability (relative change of the parameter per decade of time in %)

Relative permittivity Ce %

Coupling factor Ck
Table 6.2 Material data

The patches are of size 10 mm by 10 mm and 0.2 mm thickness, manufactured by PI-Ceramic. A
unique feature of these patches is that both the electrodes are available on one side of the
patch itself, when the other side is bonded to the structure. This detail is shown in figure 6.1 and
picture 6.2.

71



10mm

Top electrode Bottom electrode film
film wrapped to top surface

Figure 6.1 Details of the PIC 151 PZT patch

PZT Patch

_Electric Wiring (+)

-

Picture 6.2 PZT patch agglutinated on cement paste specimen ("Smart" aggregate)
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6.3 Epoxy adhesive

For the agglutination of the PZT patch on the cement paste, Bison Epoxy Universal was
used. It is a two component epoxy adhesive, used with mixing ratio 1:1. The mixture must be
stirred until having a uniform color. At room temperature the mixture remains workable for
approximately 1.5 hours. The curing time is approximately 24 hours, depending on the
temperature conditions of the room (less for higher temperatures). It has good moisture
resistance and a temperature resistance of -20° C to +60° C. It also has good chemical resistance
and filling capacity.

"EPOXY

UNIVERSAL

Picture 6.3 Two component epoxy adhesive
6.4 Silicon Rubber

PZT patches are quite sensitive in environmental conditions. It has been demonstrated in
previous studies that humidity and temperature changes affect the conductance or resistance
signatures. It has been observed (Bhalla & Soh et al. 2008) that humidity causes a vertical shift in
the conductance signature. Probably the presence of humidity increases the electrical
permittivity of the patch. Therefore it is obvious that a protection layer is necessary to protect
the patch from humidity, as well as impact or surface damage.

Silicon rubber was chosen as a candidate protective material since it is known to be a good
water proofing material, chemically inert, and at the same time a very good electric insulator. It
is commercially available as paste which can be solidified by curing at room temperature. The
silicone rubber chosen for coating was Dow Corning 3140 RTV Coating. It has also been found
that the presence of the silicon layer has only a negligible effect on the sensitivity of the PZT
patch, as it absorbs a small amount of energy, adding damping to the structure as it is “softer”
(the effect is shown clearly in the Rs-frequency plots in the next chapter). The proposed
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protection, using silicon rubber, offers a simple and economical solution to the problem of

humidity. The properties of the silicon rubber used are shown in the following table:

—

i

3140

" COATING

+ 5948 920

010

: NON-CORROSIVE

¥ SILICONE
% RUBBER

FLOWABLE

3
o

[ pow conning |
i el

Picture 6.4 Dow Corning 3140 RTV Coating

TYPICAL PROPERTIES

Specifications writers: These values are not intended for usze in prepaning specifications.
Please contact your local Dow Corming sales representative prior to wniing specifications

on thiz product.

CTM* ASTMY Troperty Unit Value
As supplied
Consistency Flowable
0176 Color Clear
0050 D084  Viscosity at 23°C" mPas 28,000
Coating thickness per dip mm 04
0098 Skin-over tune minutes 25
0095 Tack-free time hours 15
Cure ime - 0.5mm thickness hours 24
Cure ime - 3. 2mm thickness hours 72
Full cure - 3. 2mm thickness days 7
0010 Non-velatile content %a 98
Phwsical properties, after curing 7 davs at 23°C and 50%
relative humidity
Colour Clear
0022 D792  Specific gravity 1.0
0099 D2240 Durometer hardness Shore A 32
01374 D412 Tensile strength MPa 31
0137A D412 Elongation at break % 420
01594 D624 Tear strength - die B kN/m 36
0293 D403  Peelstrength, primed aluminium panel  kKN/m 42
Volume coefficient of thermal expansion 1/E 8.Bxl0*
Coefficient of thermal conductivity WimE) 014
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TYPICAL PROPERTIES (continued)

CTIM* ASTM* Property Unut Value
Electrical properties, cured 7 davs at 23°C and 50% relative
humidity

0ll4 D149 Dielectric strength kV/mm 18

0112 DI50 Permittivity at 100H= 2.52

0112 DI50 Dizzipation factor at 100Hz 0.000098

0249 D257 Volume resistivity Ohmom  2.1x10%
Comparative tracking index (IEC112) G500

1. Brookfield HAF, spindle #5 at 10rpm.
* CTM: Corporate Test Method, coprez of CTMs are available on request.
ASTM: Amencan Society for Testing and Materials.

Table 6.3 Typical properties of Dow Corning 3140 RTV Coating
6.5 Measurement System

For the measurements, a Quadtech 7600 Precision LCR meter was used with the following
characteristics (as mentioned in the device’s manual):

e Wide frequency range

e Programmable test voltage and current

e Graphical and taburar display

e Automatic test sequencing

e Swept frequency and signal level measurements

e Internal, external or manual trigger

e Built-in calibration routine

e Internal storage of test setups and floppy drive

e 14 measurement parameters

e Basic accuracy: 0.05% LCR, 0.0005 DQ

e Programmable test frequency: 10 Hz to 2 MHz

e Programmable test voltage: 20 mVto 1V

e Programmable test current: 20 uA to 100 mA

e Up to 25 measurements/second

e Internal storage /recall of 25 setups

e 15 Pass/Fail bins

e Measurement averaging (1-1000)

e Measurement delay (0-1000 ms)

e Charged capacitor protection

e Displays usage and calibration data

The frequency sweeps were made in a range of 10-500 kHz. The sweeps were divided in three
parts as the analyzer has a maximum of 200 steps per sweep. So the range was subdivided in
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three ranges: 10-100 kHz, 100-300 kHz and 300-500 kHz making a total of 600 measurements
per plot.

Picture 6.5 Quadtech 7600 Precision LCR meter
6.6 Experimental data analysis

The response plots provide a qualitative approach for damage detection. However, the
visual analysis of the impedance measurement graph is not suitable for on-line implementation
of the impedance-based health monitoring technique. To quantify the interpretation of the
impedance variations, a scalar damage metric, referred to as correlation coefficients between
two impedance measurements, is used to analyze the information from each PZT. The damage
metric chart is constructed after each measurement has been taken in order to give some
indication of the conditions of a structure through comparison with the reference
measurement.

In structural health monitoring, the process of feature extraction is required for the
selection of the key information from the measured data that distinguishes between a damaged
and an undamaged structure. The extractions also accomplish the condensation of large amount
of available data into a much smaller dataset that provides concise damage indication. In
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impedance methods, the damage sensitive features traditionally employed are based on a scalar
damage metric.

Many statistics metrics have been used as damage indices in structural health monitoring
to account for the overall change in the EMI spectra such as root means square deviation
(RMSD), mean absolute percentage deviation (MAPD) and correlation coefficient deviation
(CCD). The most common damage metric used based on frequency-by-frequency comparisons,
and the one used in our experiments, is the root mean square deviation (RMSD).

N 1_,0
Zj:l(Gj —G]- )?

RMSD = SR

, Where

Gj1—> post-damage conductance/resistance at the /" frequency

GJ-0—> pre-damage conductance/resistance at the /" frequency

In the RMSD damage index chart, the larger the difference between the baseline reading
and the subsequent reading, the greater the numerical RMSD value is. The RMSD damage index
values denote the changes of structural dynamic properties. These changes may be caused by
the variations in the geometrical conditions, the environmental temperature and the presence
of structural damage. For a damage detection technique, larger RMSD values detected by a PZT
sensor indicate the higher sensitivity to structural damage of this PZT sensor.

Using RMSD or any other damage indicator has a number of limitations. One of the main
limitations of using a traditional damage index is how to establish appropriate decision limits or
thresholds values to indicate the presence of structural damage. Damage metric charts are
useful only when a qualitative comparison between datasets needs to be made. Since the
impedance-based method relies on experimental data with inherent uncertainties, statistical
analysis procedures are inevitable if one is to state in a quantifiable manner that changes in the
impedance of a structural system are indicative of damage as opposed to operational and
environmental variability.
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7 “Smart” aggregates

As mentioned earlier, purpose of the present master thesis is the development of an
innovative damage detection monitoring system using piezoelectric ceramic plates (PZT PIC151).
This is achieved with the creation of a smart aggregate, which is a cubic hardened cement paste
specimen 50x50x50 mm with a PZT patch “sandwiched” in its center, which is later embedded in
a concrete structure. The smart aggregate consists of a 50x50x25 mm concrete member on
which a PZT patch is agglutinated on it using an epoxy. A thin layer of silicone rubber is used to
protect the patch from humidity and temperature changes and the second concrete member is
placed on top of the silicon layer to protect the film of silicon from tearing from the stresses of
concrete during the curing process. This way the patch is completely protected from the
aggressive conditions within the concrete.

Basically, this structure resembles a 50x50x50 mm cement cubic specimen with a crack in
the middle. During the compression of the specimen, the two members of concrete come
closer, due to the flexibility of the silicon, approaching the behavior of an intact 50x50x50 mm
specimen.

Picture 7.1 PZT patch agglutinated on the 50x50x25 mm cement specimen before silicone coating
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Picture 7.2 After silicone coating

Picture 7.3 Final form of "smart" aggregates

A total of 11 smart aggregates were created with only six of them later being embedded in
a concrete structure. Some of the specimens could not be used as they manifested problems
with the most common being the detachment of electrode cables.

Before embedding the smart aggregates in the concrete structures, cube and beam, a
number of measurements were made to ensure their efficiency. The specimens were manually
compressed trying to keep their structural integrity intact. The application of load was not
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quantified, but it was ascending (load 1<load 2<load 3 etc). The results are shown in the

following chapters.

Picture 7.4 Manual compression of “smart” aggregates

ring
~— "j“:' :'“""

% =2

Picture 7.5 Manual compression of “smart” aggregates
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Rs (Ohm)

Xs (Ohm)

7.1 Aggregate No 4

Aggregate No 4 was later embedded in the first beam specimen. The following charts are Rs
(Resistance, real part of Z), Xs (Reactance, imaginary part of Z), 1ZI (Magnitude of Z) and Gp
(Conductance, real part of Y) vs Frequency. The RMSD values later calculated are for baseline

measurement of the unloaded state.

58 0.005 1
53 —Load 0 0.0045 {  —Load 0
—Load 1 —Load 1 N
48 —Load 2 0.004 1 1 ad 2 n
43 —Load 3 ’g‘ 0.0035 4+ —Load 3
—Load 4
— 5
18 Load 4 2 00034 qoads
—Loads = Load 6
d — L i
33 —Load 6 ?i 00025 ~Load 7
28 ~—Load 7 O 0.002 4
23 0.0015 =
18 0.001
13 0.0005 =
8 - v . . - v v - v . . 0
0 25 50 75 100 125 150 175 200 225 250 275 300 0 25 50 75 100 125 150 175 200 225 250 275 300
Frequency (kHz) Frequency (kHz)
(g) (h)
2500 1
Fr ncy (kHz
2500 equency (kHz)
2000 1
- —Load 0
-2000 g —Load 1
—Load 0 =
Q1500 + —Load 2
—Load | =
1500 —TLoad 2 N —Load 3
- Load; - —Load 4
oad - 1000 1 —Load 3
1000 —Load -_‘ —Load 6
- ~—Load 5 i ——Load 7
—Load 6 500 o
—Load 7
-500
0 25 50 75 100 125 150 175 200 225 250 275 300
5200225 250 275 300
0 Frequency (kHz)
(i) (i)
Plots 7.1: Aggregate 4 signature plots a) Resistance b) Conductance  c) Reactance d) Magnitude 1ZI

Observing the resistance plot, we can see that due to the flexibility of the silicon rubber layer,
when compressing the aggregate, we basically make it stiffer and as the compression rises the
specimen tends to act like a whole 50x50x50 mm structure, rather than two combined. We can
see the difference by observing the peaks, in particular the ones of the structure. There is a
slight right hand vertical shift of the peaks, which means the structure is getting stiffer and a
reduction in the peak value, which means the damping is smaller. The same thing is observed in
the conductance plot but not as easily due to greater value fluctuation we must concentrate on
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a smaller bandwidth. The difference in the conductance plot is that the value of the peak rises

due to reduction of damping.
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Chart 7.1 - RMSD chart for various compressive loads of S.A. 4
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Resistance plot of aggregate 4 — Zoomed at bandwidth 0-100 kHz
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We can also see what was earlier mentioned about the unsuitability of the raw
measurements of imaginary part of impedance in SHM techniques. There is no visual difference
between the plots which is a result of the capacitive behavior of the patch in this bandwidth.

As frequency increases in value, the wavelength of the induced stress wave is getting
smaller, therefore making it more sensitive to the occurrence of damage. So for every
bandwidth we observe different size of damage. Generally, changes in the plot are more easily
observed near the resonance frequencies of either the PZT patch or the structure. However
differences are observed even in the non-resonant frequencies.

As shown in the spectrum of the real component of impedance and admittance of the free
PZT below (plot 7.2), the resonant frequencies of the free PZT are located at about 170, 240 and
450 kHz (specifically 178.5, 241.8 and 445.4 kHz). The selected frequency range of 10-500 kHz is
selected because beyond 500 kHz the change in the spectrum is influenced by the conditions of
the PZT rather than the host structure.

The initial EMI spectra of bonded PZT patches may differ depending on the surface
condition and characteristics of the structure. An unbonded PZT is free to vibrate when excited
by an alternating voltage source. Thus bonding the PZT to a host structure restricts the
vibration, changing the resonant frequency and reducing its amplitude as the coupled PZT-
structure is stiffer and part of the energy is absorbed due to the damping of the host structure.
Since there is no change in the bonding condition, changes in the EMI spectra implies change in
the characteristics of the structure. Therefore shifting of the resonance peak with time is on
account of hardening of concrete during the curing process or loss of stiffness during
compression. So monitoring of the resonance peak is the basis for monitoring strength gain or
loss of concrete. In all the specimens monitored, irrespective of the size of the structure (given
that the size of it is larger than the sensing range of the PZT, i.e. approximately a radius of 5 cm
for concrete) the resonance peak was shifted in the area of 230-250 kHz.

Another area of interest is of 50-150 kHz, as changes are also obvious in the minor peaks
that occur in this area but not all of them exhibit the same behavior mentioned above. Changes
in this area are also due to the host structure. For frequencies larger than 350-500 kHz the patch
becomes more sensitive to its own conditions rather than the ones of the host structure and
thus making these bandwidths inappropriate for SHM.

The initial EMI signature varies from patch to patch, because of the stiffness of the bonding
layer. By using the equation (14) of Bhalla and Soh described in §4.4 derived the theoretical
response spectra for both free and perfectly fixed conditions substituting Zs equal to 0 and «
respectively. The equations become

_ . — .d2..vE .
Vpree =2 w-j 20 |ely + 2282 -(“‘”’”—1)]and

h (1-v) Kl
- . owil [, 2:d3,YE
Yfixedzz'w']'_'[ggé-" (1221,) ]

The actual conditions of the bonded PZT will be somewhere between the two extreme
theoretical conditions.
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Plots 7.2 — Free PZT signature plots

7.2 Aggregate No 5
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Aggregate No 5 was not later embedded in any structure. The results are similar to the
previous specimen (No 4). RMSD was calculated taking Load 1 condition as baseline, as the
unloaded state was measured with different number of sweep steps.
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Plots 7.3 — Aggregate 5 signature plots (a) Resistance

The Bp, Xs and IZI signature plots will not be displayed, as no conclusion can be made about the
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state of the structure from the raw measurements, without further processing.
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RMSD-Rs
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Chart 7.2 - RMSD chart for various compressive loads of S.A. 5

Load 2
Load 3
Load4

7.3 Aggregates No 6 and 7

Aggregates 6 and 7 were not subjected to compression. Aggregate 6 was later embedded in
the first concrete cube sized 150x150x150 mm. Aggregate 7 was embedded along with
aggregate 4 in the first concrete beam specimen 150x150x750 mm. Although not compressed,
they are included in this chapter to demonstrate the slight difference of signatures that is
created by the silicone coating.
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Plots 7.4 — (a) Resistance plot of S.A. 6 (b) Conductance plot of S.A. 6 (c) Resistance plot of S.A. 7 (d) Conductance

plot of S.A. 7

7.4 Aggregate No 9

Aggregate 9 was embedded in the second cubic specimen. The results are similar to the ones
that came up for the other previously measured aggregates and are demonstrated in the

following plots:
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Plots 7.5 — (a) Resistance plot before and after silicon coating (b) Conductance plot before and after silicon coating
(c) Resistance plot for various load values (d) Conductance plot for various load values

The difference in the signature plots for various loads is more obvious in the zoomed Rs plot
that is presented below, concentrated in a bandwidth of 0-150 kHz. The RMSD chart is also

presented.
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7.5 Aggregate No 10

Aggregate 10 was later embedded in the second beam specimen. The aggregate cracked
during the compression but was kept in order for the great difference in RMSD to be shown, as
well as the fact that when embedded it will continue to work having the same sensitivity. The

results are the following:

(b)
Picture 7.6 (a), (b) Aggregate 10 cracked during compression.
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Plots 7.5 — (a) Resistance plot before and after silicon coating (b) Conductance plot before and after silicon coating
(c) Resistance plot for various load values (d) Conductance plot for various load values

It can be easily observed that in this extent of damage, the resistance and conductance
signatures changed completely and a dramatic increase in the damage metric (RMSD) was

observed (see chart below).
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7.6 Aggregate No 11

Aggregate 11 was also embedded in the second beam specimen. The results are the following:
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Plots 7.6 — (a) Resistance plot before and after silicon coating (b) Conductance plot before and after silicon coating
(c) Resistance plot for various load values (d) Conductance plot for various load values
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8 Monitoring of the curing process

Until today concrete has been the most commonly used material in buildings and civil
infrastructures due to its comparatively low cost and its diversity in shape and meeting
performance requirements. It is an heterogeneous material made of cement, aggregates water
and admixtures. It is either produced in situ or pre-cast in factory and later installed in the
construction site. Due to the great variety of shapes needed to be met the majority of concrete
used in structures is casted in situ. This means that contrary to the pre-cast concrete, where
concrete products exhibit great uniformity due to high standard of production, in situ concrete
depends greatly on quality of materials, construction techniques, workmanship and exposures.
Even concretes of the same mixture may vary in properties depending on the time of the casting
and the conditions of curing. Therefore the monitoring of the concrete is very important to
ensure its structural adequacy.

The hydration of cement is a complicated physical and chemical process which determines
the microstructure of the concrete. Various methods have been developed to monitor and
characterize the hydration of cementitious materials. During the construction of a concrete
structure, strength monitoring is important to ensure the safety of both personnel and the
structure itself. Furthermore, to increase the efficiency of in situ casting or precasting of
concrete, determining the optimal time of demolding is very important for concrete suppliers. In
the first few hours after mixing, the fresh concrete gradually achieves solid properties with
reasonable compressive strength. The first and third day strengths are used to determine and
identify any problems in the mix proportion, while the seventh day strength is used to
determine the compressive strength of concrete as it is estimated that is about the 75% of the
28" day strength gain. Due to different type and amount of cementitious materials, concrete
additives and curing temperature, different rates of hardening are expected. In addition, some
other factors like the quality of the cementitious materials further increase the uncertainty in
determining the appropriate time for demolding of concrete.

Various techniques have been used to determine the early age strength. The method with
the higher precision is strength test on core samples taken from the structure, but is a
destructive and intrusive method. Various non-destructive methods have also been used, like
the ultrasonic technique, which needs to have access to both sides of the structure, has been
widely employed to monitor the hydration process. A surface bonded PZT patch has also been
used for hydration monitoring, however this technique could not monitor early hydration. In
this master thesis, a variation of this technique is used, using embedded PZT patches via a smart
aggregate, which is described analytically in the earlier chapters.

As proof of concept, four specimens were created, with the mix mentioned earlier in
chapter 2, and were monitored during the curing process. Two cubic specimens sized
150x150x150 mm with one smart aggregate embedded in each, and two beam specimens sized
150x150x750 mm with two smart aggregates embedded in each. The aggregates were placed
with a distance of 110-120 mm from the center of the beam and a distance of 230-240 mm
between them. The following pictures demonstrate the procedure of creating the specimens.
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Picture 8.1 150x150x150 mm matrices

Picture 8.2 150x150x750 mm matrix
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Picture 8.3 Smart aggregate inside the cubic specimen
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Picture 8.4 Smart aggregate inside the cubic specimen
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Picture 8.5 Cubic specimen
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Picture 8.6 Creation of the beam specimen
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Picture 8.8 Creation of the beam specimen

97



98



Rs (Ohm)

Gp (Siemens)

8.1 Monitoring of the curing process of Cube 1 (14/12/2012)

The following frequency plots are for Resistance Rs and conductance Gp. The imaginary
parts of impedance and admittance are neglected and are only shown in the appendices for
purposes of completeness. Three different plots are shown in each case, one for the whole
scanned area, one for bandwidth of 50-150 kHz, which is the area affected by the host structure,
and one in the bandwidth of 180-250 which is the area of the resonant peak of the PZT.

It is observed that with ageing, the peaks in Rs plots are shifting rightwards, indicating that
stiffness is increasing with time. The opposite trend is observed in compression test. It is also

observed that as the concrete becomes stiffer, measurements in high frequencies (greater than
180 kHz) become greatly affected by the resonance peak of the PZT, manifesting a big peak in
the area of 200-250 kHz. The last observation is more obvious in the rest of the specimens.
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Plots 8.1 — (a) Resistance plot 0-300 kHz for the first 48 Hours (b) Resistance plot 50-150 kHz for the first 48 Hours
(c) Conductance plot 0-300 kHz for the first 48 Hours (d) Conductance plot 50-150 kHz for the first 48 Hours
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Plots 8.2 — (a) Resistance plot 0-300 kHz for the first 28 Days (b) Resistance plot 50-150 kHz for the first 28 Days
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The changes mentioned earlier are obvious in the Rs signatures and are shown in the following

plots zoomed:
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Plots 8.4 — (a) Resistance plot 50-150 kHz for the first 48 Hours (b) Resistance plot 50-150 kHz for the first 28 Days
(c) Conductance plot 180-250 kHz for the first 28 Days

As mentioned earlier, the frequency plots are a useful tool to observe changes in the host
structure, but in order to quantify the change we use the RMSD metric. The following chart is
with the measurement taken three hours after the casting as baseline. The RMSD value is
observed to have a gradual increase for the first 120 hours (5 days) after the casting and then
remain steady until the end of the monitoring (28 days). This is in accordance to what was
expected, as concrete gains up to 75% of its final strength in the first 7 days after casting.
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Chart 8.1 - RMSD chart for curing process of Cube 1 (Reference value-3 hours)
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8.2 Monitoring of the curing process of Beam 1 (4/2/2013)

8.2.1 Aggregate 4
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Plots 8.5 — (a) Resistance plot 0-300 kHz for the first 48 Hours (b) Resistance plot 50-150 kHz for the first 48 Hours
(c) Conductance plot 0-300 kHz for the first 48 Hours (d) Conductance plot 50-150 kHz for the first 48 Hours
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Chart 8.2 - RMSD chart for curing process of Beam 1 — Aggregate 4 (Reference value-3 hours)

Observing the above plots we can easily recognize what seems to be a slightly different behavior
from the cubic specimen but this is not the case. The first hours after the casting, the plots are
similar to the ones of the aggregate before embedding it in the beam (as shown in the plots

below).
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Plots 8.8 — (a) Resistance plot 0-300 kHz for the first 5 Hours (b) Resistance plot 0-300 kHz for the first 24 Hours
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The difference between the plots is the absence of resonance peaks due to the high dumping of
the fresh concrete. As time passes, concrete starts becoming stiffer and the difference in the
form of the plot becomes more obvious, as shown in the plot 8.8 (b).

The absence of easily visible resonance peaks is owed to the size of the structure but even this
way we can observe the same pattern when we focus in a smaller bandwidth (see plots below).
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Plots 8.9 — (a) Resistance plot 50-150 kHz for the first 28 Days (b) Resistance plot 65-120 kHz for the first 28 Days
There is a slight rightwing shift of the small peaks that appear in the plots, combined with a
general increase in the value of resistance. In the area of the resonance frequency of the patch
the same trend is observed as shown in the plots below:
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8.2.2 Aggregate 7

Aggregate 7 manifested a very unstable behavior that was also not consistent with the rest of
the measurements and what was expected from theory. This was probably a result of
insufficient water protection of the electrode cables during the casting of the concrete. The
measurements of the first 12 hours after the casting of concrete were completely unrealistic
(see plots below).
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Plots 8.11 — (a) Resistance plot 7 Hours after the casting (b) Conductance plot 7 Hours after the casting

The following measurements (after the 12" hour after the casting) were logical, as far as their
value was concerned, but manifested an unexpected behavior with a left-hand shift of the
resonance peak of the PZT and a great leap in RMSD values in the 19" day that continued to rise
until the 28" day.
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Chart 8.3 - RMSD chart for curing process of Beam 1 — Aggregate 7 (Reference value-24 hours)
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The interpretation of the above RMSD chart is that concrete gets stiffer after the 16" day and
great changes regarding its stiffness continue to occur until the 28" day. Of course this is
definitely not what happens in reality as great changes in the stiffness of concrete occur during
the first week and especially the first 48 hours after the casting of concrete and has a very slow
growth rate after the 15" day. Even so, the results are demonstrated in the following pages.
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Plots 8.12 — (a) Resistance plot 0-300 kHz for the first 48 Hours (b) Resistance plot 0-300 kHz for the first 28 Days
(c) Conductance plot 0-300 kHz for the first 48 Hours (d) Conductance plot 0-300 kHz for the first 28 Days
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Plots 8.13 — (a) Resistance plot 180-300 kHz for the first 28 Days (b) Resistance plot 50-150 kHz for the first 28 Days
(c) Conductance plot 180-300 kHz for the first 28 Days (d) Conductance plot 50-150 kHz for the first 28 Days

The results are very unstable and in some cases inconsistent with the theory. For example, as
shown in the plots below (8.14 (a), (c)), there is a left hand shift in the resonance peak for the
first 25 days of the measurements in both resistance and conductance plots. Only in the last two
measurements, for days 25 and 28 we can observe a right hand shift of the resonance peak, as
expected (plots 8.14 (b), (d)).

The following can be accounted for wetting the electrode cables during the casting of
concrete. The results are indicative of the sensitivity of the method in humidity, even as far as
the electrode cables are concerned. Although the sensor will continued to work as expected
after the cable was dry again, both as a receiver as well as a transmitter, the monitoring of the
curing process was not successful. It is also obvious that the whole process, from the
preparation of the smart aggregate until its installation in the concrete structure must be done
very meticulously.
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Plots 8.14 — (a) Unexpected left shift of the peak in resistance plot (b) Right shift of the peak in resistance plot for
day 25 and 28 (c) Unexpected left shift of the peak in conductance plot (d) Right shift of the peak in conductance
plot for day 25 and 28
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8.3 Monitoring of the curing process of Cube 2 (24/4/2013)

Observing the results of the monitoring for the second cube specimen, we jump to the

same conclusions as in the previous specimens: right hand shift of the peaks in frequency plots

and an increase in the RMSD values in the first two weeks of the monitoring and a stabilization

of it in the last weeks. The results are presented in the following pages:
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8.4 Monitoring of the curing process of Beam 2 (24/4/2013)

8.4.1 Aggregate 11
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Plots 8.18 — (a) Resistance plot 0-500 kHz for the first 48 Hours (b) Resistance plot 50-150 kHz for the first 48 Hours
(c) Conductance plot 0-500 kHz for the first 48 Hours (d) Conductance plot 50-150 kHz for the first 48 Hours
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Plots 8.19 — (a) Resistance plot 0-500 kHz for the first 28 Days (b) Resistance plot 50-150 kHz for the first 28 Days
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Chart 8.5 - RMSD chart for curing process of Beam 2 — Aggregate 11 (Reference value-3 hours)

—3 Hours —35 Hours
—7 Hours —9 Hours
——11 Hours ——12 Hours
~—18 Hours 24 Hours

——30 Hours ——36 Hours

130 140 150

120

90 160 1 ;0
Frequency (kHz)
(a)

Rs (Ohm)

—24 Hours —48 Hou;'s —72 Hours —96 Hours —120 Hours
— 144 Hours — 168 Hours — 240 Hours — 312 Hours —384 Hours
~—456 Hours — 528 Hours — 672 Hours — 600 Hours

130

50 60 70 80 90 100 110 120 140 150

Frequency (kHz)

(b)

Plots 8.20 — (a) Resistance plot 50-150 kHz for the first 48 Hours (b) Resistance plot 50-150 kHz for the first 28 Days

117



Rs (Ohm)

Gp (Siemens)

8.4.2 Aggregate 10

Aggregate 10 was embedded cracked in the beam, but was expected to continue to work
properly in spite of the damage. However the results taken during the curing process manifested
a lot of unexpected fluctuations. Although the PZT patch was intact, the existence of the crack
makes the hardened cement mortar permeable and thus more vulnerable to humidity when
placed inside the freshly poured concrete.

Although we can observe phenomena like the right hand shift of the peaks, gradual
increase in the RMSD values for the first 96 hours after the casting, the results cannot be
considered satisfactory. Except from the trends we expected to see, we can also observe an
unjustified rise of all the Rs values in the 5" day (120 hours) and a sudden peak in the RMSD
chart. The next two measurements for days 6 and 7 (144 and 168 hours) are back in the same
level as in day 4. Then for the next two measurements for days 10 and 13, a great leap in RMSD
values is observed once more (40% rise) comparing with the value for day 7, only to start
dropping once more for the next measurements until the 28" day.
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Plots 8.21 — (a) Resistance plot 0-500 kHz for the first 48 Hours (b) Resistance plot 50-150 kHz for the first 48 Hours
(c) Conductance plot 0-500 kHz for the first 48 Hours (d) Conductance plot 50-150 kHz for the first 48 Hours
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Plots 8.22 — (a) Resistance plot 0-500 kHz for the first 28 Days (b) Resistance plot 50-150 kHz for the first 28 Days
(c) Conductance plot 0-500 kHz for the first 28 Days (d) Conductance plot 50-150 kHz for the first 28 Days
(e) Resistance plot 200-300 kHz for the first 28 Days (f) Conductance plot 200-300 kHz for the first 28 Days
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Chart 8.6 - RMSD chart for curing process of Beam 2 — Aggregate 10 (Reference value-3 hours)

8.5 Conclusions for monitoring of curing process

The trend observed in both techniques (surface bonded PZT patch and embedded PZT
patch) is that the resonance peak of the PZT patch, which is in the area of 170-190 kHz, when
bonded, it becomes stiffer and dampens in value depending on the quality of the bonding. The
peak is now observed in the area of 210-280 kHz.

During the curing process, as the concrete becomes stiffer and the damping becomes
smaller, the resonance peak of the PZT patch moves to the right (as the whole structure
becomes stiffer) in both Rs and Gp plots, and the peak is getting sharper.

Changes are more easily visible near the resonance frequency of either the patch or the
host structure. However changes also occur in the non-resonant frequencies with the area of
50-200 kHz being the area of interest as changes in the frequency plots in this bandwidth are
due to changes in the host structure. The phenomenon of right hand shift of the - smaller for
non resonant frequencies - peaks is also obvious in this bandwidth indicating the increase in
stiffness (in this case, this behavior does not apply for all the smaller peaks that appear in the
signature).

The monitoring of the curing process of the four specimens created for the needs of this
master thesis, indicates the sensitivity of the method and the great attention needed
throughout the whole procedure, as in some cases we encountered unexpected fluctuations in

the results.
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9 Damage Induction

This chapter describes the induction of damage in the specimens described in the earlier
chapters. Specifically, in the first cube specimen damage was induced by drilling holes using a
regular drill. The second cube specimen was subjected to cyclic compression load until failure
using a compression machine. Finally the second beam specimen was subjected to cyclic
bending until failure, using a bending machine.

9.1 Damage holes

Damage was induced in cubic specimen 1 (created on 14/12/2012) by drilling holes on its
surface. To create this damage, a rotary drill was used. Conventional methods of undisturbed
cut of concrete could not be used as they involve soaking of the specimen that would affect the
results of the measurements, as the PZT patches, even when protected by a layer of silicon, are
very sensitive to moisture.

The use of the drill also meddled with the results. The energy that was transferred in the
structure through the vibrations of the drill, made the short term measurements (directly after
the drilling of the hole) unreliable. To overcome this obstacle, the measurements were taken 24
hours after the drilling of the hole.

The first step was the drilling of shallow, small diameter holes near the acmes of the cube.
Specifically, seven holes were drilled with 25 mm distance from the acmes, two in each side of
the cube except the side were the cables ran through (see pictures below). For the creation of
these holes, a drill of 4.5 mm diameter and 47 mm working length was used. The first
measurement was taken for a damaged state of these 7 holes.

Picture 9.1 Damage holes 1,3
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Picture 9.2 Damage holes 2,4

Picture 9.3 Damage holes 5,6
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Picture 9.4 Damage hole 7

Picture 9.5 Damage hole 11

The next measurement was taken after inducing damage hole 11 (see figure 5.1.5). This hole, as
well as damage hole 12, was end to end and was created using a 14 mm drill.
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Picture 9.6 Damage holes 11

Picture 9.6 Damage holes 12
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The results of the measurements are the following:
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Plots 9.1 — (a) Resistance plot 0-500 kHz (b) Resistance plot 150-300 kHz

(c) Conductance plot 0-500 kHz (d) Conductance plot 150-300 kHz
(e) Resistance plot 50-150 kHz (f) Conductance plot 50-150 kHz
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Although the RMSD values were not the ones expected given the extent of the damage,
however the difference in the signatures is quite obvious. Additionally, the changes in the
signatures are the ones expected, i.e. left hand shift of the resonance peak, indicative of the loss

in stiffness (see plots below).
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Plots 9.2 — (a) Resistance plot 150-300 kHz (b) Resistance plot 50-150 kHz
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9.2 Compression

For the purposes of this test, cubic specimen 2 (created on 24/4/2013) was subjected to
cyclic compression until failure (experimental setup shown in figure 5.2.1). Measurements were
taken after each cycle, as by the end of each cycle a different damage level exists in the
structure. The compression rate of the cube was 0.5 kN/sec until the first predetermined load,
which was for the 1/3 of the expected failure stress. It was then unloaded, and the first
measurements to obtain the signatures were made. Then the cube was loaded to the next level
of load and the signatures were once more acquired after unloading. The same procedure was
repeated until failure.

To determine the failure stress, four more cubic specimens of the same mixture were made
and were compressed until failure. One of those was left to cure in dry conditions, and the rest
were cured in water. So the expected failure stress was roughly the average of the four, i.e. 23.4
MPa. The step between the cycles was approximately 0.5-2 MPa.

Specimen No Failure Load (kN) Failure Stress (MPa)
1 (Cured in dry conditions) 472.4 21.0
2 (Cured in water) 496.7 22.1
3 (Cured in water) 529.8 23.5
4 (Cured in water) 607.3 27.0
Average 526.55 234

Table 9.1 — Compression test results for cubic specimens of the same mix

Z=Eaa=c

‘Ii

Picture 9.7 Experimental setup
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The following table presents the different load cases for each cycle. As expected due to the

cyclic nature of the load, the failure stress was a little lower than the expected derived from the

average.

Cycle No Load (kN) Stress (MPa)
Cycle 1 161.9 7.2
Cycle 2 181.4 8.1
Cycle 3 190.4 8.5
Cycle 4 202.1 9.0
Cycle 5 208.8 9.3
Cycle 6 220.0 9.8
Cycle 7 233.1 104
Cycle 8 256.4 114
Cycle 9 281.0 12.5
Cycle 10 301.9 134
Cycle 11 319.9 14.2
Cycle 12 337.7 15.0
Cycle 13 366.4 16.3
Cycle 14 406.3 18.1
Cycle 15 451.0 20.1
Cycle 16 (Failure) 430.4 19.1

Table 9.2 - Load cycles

Picture 9.8 — Appearance of the first cracks (Cycle load 7)
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Picture 9.9 — Cycle load 15

Picture 9.10 — Cycle load 16 (Failure)
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Observing the results, we can easily see that there is a steady, almost linear increase in the
RMSD value as damage increases. There is also a clear left hand shift of the resonance peak
indicating loss of stiffness (with some minor fluctuations as we can see in the chart)
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9.3 Bending

For the purposes of this test, the second beam specimen (created on 24/4/2013) was

subjected to cyclic, three point bending test until failure. Measurements were taken after each

cycle, as by the end of each cycle a different damage level exists in the structure. It was then

unloaded, and measurements to obtain the signatures were made. Then the beam was loaded

to the next level of load and the signatures were once more acquired after unloading. The same

procedure was repeated until failure. Given the dimensions of the beam and the set up, failure

was expected for a load of approximately 20 kN. The first load was for 6.49 kN and the following

were with step of 2-4 kN.

Cycle No Load (kN)
Cycle 1 6.49
Cycle 2 10.07
Cycle 3 12.57
Cycle 4 14.87
Cycle 5 18.47

Table 9.3 - Loading cycles

Picture 9.11 — Experimental set up
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Picture 9.12 — Experimental set up
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Picture 9.13 — Experimental set up
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As mentioned in earlier chapters the smart aggregates were located 11 cm from the center of
the beam. This made the test useless as the damage that occurred in the center of the beam
was undetectable by both sensors. The results are presented in the following pages.
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The results are indicative of the small range of the PZT patches in high attenuation materials like
concrete. A crack occurred for load 5 in the center of the beam which was widened with load 6
(see pictures below). However no difference is observed in the plots as the damage is out of
range. It is reminded that a PZT patch attached to concrete has an effective area that can be
roughly and oversimplifying represented as a sphere of 5 cm radius. So in this case the damage
is way off range. The differences in the RMSD chart are not accounted for the different damage
scales, as they do not follow the degree of damage, like in the case of the compression test.
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Picture 9.15 Crack occurred for load 5
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Picture 9.16 Crack occurred for load 6
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9.3.3 Custom-made admittance measuring system to increase sensing area

For carrying out electrical admittance measurements various commercial admittance
analyzer instruments could be used. Alternatively, the recently proposed miniaturized chip-
based AD-5933 impedance converter network analyzer has been implemented to various
applications. Unfortunately, such chip-based solution presents limited capabilities to concrete
material-based structure monitoring applications since AD-5933 based measurements are
suffering by a narrow frequency range (up to 100 kHz).

In order to measure admittance applying higher voltage than 2 volts that can be applied
using commercial impedance analyzer (and thus expand the sensing area of the patch), the I-V
methodology across the PZT poles is used. The unknown admittance is calculated via measured
values of voltage and current. Current is calculated by using the voltage measurement across an
accurately known low value calibrated resistor Ref (say 100Q). The set up used is shown in figure
5.5.1 below.

NI USB-6251

Agilent i
scope ) =

Figure 9.1 Experimental arrangement [5] (C. Providakis, K. Stefanaki, M. Voutetaki, J. Tsompanakis, M. Stavroulaki
and J.Agadakos , An Integrated Approach for Structural Health Monitoring of Concrete Structures Based on
Electromechanical Admittance and Guided Waves)

To excite the PZT, a National Instruments USB-6251 high-speed M series multifunction data
acquisition (DAQ) module is utilized and optimized for accuracy at fast sampling. This DAQ card
contains analog-to-digital (ADC) and digital-to-analog (DAC) converters with 1.25 MSamples/sec
speed and 16-bit resolution. The excitation voltage V,, is of sinusoid-type having an amplitude of
|Vin| and a frequency sweeping from Fy. t0 Feng (Say 10kHz to 350kHz). A two-channel Agilent
2000X oscilloscope was used to record simultaneously the time history of voltage Vi,(t) at one of
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the output channels of the USB-6251 card and the time history of voltage drop V,.(t) on the
calibrated resistor Ref. The time history of the current I(t) flowing through the PZT also flows
through the resistor Ref. The time history of current I(t) can be calculated as I(t)=V,.(t)/Ref.

Hence, the PZT admittance Y is calculated using an expression of the type [5]:
_ @ — Vout(t):(1/Ref)
rm = V(©)  Vin(O=Vour(t)
By Fourier transforming the above time domain equation to yield the frequency domain
guantities I(iw) and V(iw), the admittance of PZT may be calculated as the transfer function of

PZT [5]:

N (D)

Y(iw) = V(@)

Hence the complex admittance of the PZT is
_ FFT(Voyue(£)-(1/Ref)) :

V= FFT(Vin(t)_Vout(t)) =G *J B

where, FFT{} designates fast Fourier transform and G is the real part (conductance) and B the

imaginary part (susceptance) of the complex admittance. With this approach, the admittance
spectrum of an investigated specimen can be acquired even within one wideband excitation
signal sweeping.

To achieve such a wide band excitation signal sweeping, a digitally synthesized linear chirp
signal is generated (Fs,+=10000 kHz, F.,q=200000 kHz, F,=1MHz sample rate, 500 samples) by
using Labview Signal Express program and then transmitted to the admittance measuring circuit
by the output channel of USB-6251 card. The actual excitation voltage V;, and the response of
the PZT, V., were recorded synchronously by the two-channel BNC input port of Agilent 2000X
oscilloscope. The admittance spectrum of the PZT equals FFT of the response signal over the FFT
of the excitation signal according to the last equation.

9.3.3.1 Experimental results

In order to test the proposed set up described in 5.3.3, beam specimen 2 that was used in
the bending test was repaired using low w/c ratio cement paste. A baseline measurement was
taken for the repaired beam before introducing any damage. Then measurements were taken
changing the degree of contact between the two repaired members (and thus changing the
structure, introducing a joint in the middle) using a hammer and a chisel.
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Picture 9.17 Repaired beam-Baseline measurement

Picture 9.18 Damage 1
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Picture 9.19 Damage 2-Detachment of the cement paste layer (failure)

Unfortunately, as expected, collapse came very quickly due to impact with the hammer
measuring only 2 damage cases. The test was carried out with the repaired beam due to inability
to create a new beam specimen due to lack of time. The results were promising, like in previous
papers published by the Applied Mechanics Lab of Technical University of Crete [5] only this
time the change in the dynamic characteristics of the structure was done through damage
rather than applying masses on the structure.

The results shown below are for a bandwidth of 10-100 kHz, as in order for the circuit to be
stable and functional in higher frequencies a different reference resistance is needed.

144



Rs (Ohm)

400

350

300

250

200

0.002

——Baseline s 0.0015
—Damage | )
-
—Damage 2 &

S 0.001

0.0005

0

Frequency (kHz)
(a)

0.008
0.007
0.006

0.005

Y (S)

0.004
0.003
0.002
0.001

0

~—— Baseline
—Damage 1
l ~—Damage 2
10 20 30 40 50 60 70 80 90 100

Frequency (kHz)

140.00%

120.00%

100.00%

80.00%

60.00%

40.00%

20.00%

0.00%

RMSD-Gp

(b)
1 —Baseline
1 —Damage |
4 —Damage 2
A NM”‘OQ’J
v
1 v
10 20 30 40 50 60 70 80 90 100
Frequency (kHz)
(c)
Plots 9.6 — (a) Resistance plot 0-100 kHz (b) Conductance plot 0-100 kHz (c) Admittance magnitude plot 0-100 kHz
RMSD-Y
16.00%
14.00%
12.00%
10.00%
8.00%
6.00%
4.00%
2.00%
0.00%
£ £
a a

Damage 1

Damage 2

Plot 4 — RMSD plots

145



9.4 Conclusions for damage detection

The applicability of EMI technique using embedded smart aggregates for damage detection
purposes is well demonstrated by the series of experiments carried out for this master thesis.
The trend observed is that the resonance peak of the PZT patch, which is in the area of 220-250
kHz for the baseline pristine state shifts to the left indicating loss of stiffness, in both damage
induction by drilling holes as well as by cyclic compressive load. The RMSD values also follow the
severity of the damage giving an indication of the structure’s condition.

One of the shortcomings of the method observed during the bending of the beam
specimen is the restricted sensing area of the PZT patch. This is mainly due to the low energy
transferred via the impedance analyzer, introducing a voltage of 1 Volt amplitude (2 Volts peak
to peak). The current impedance analyzers available can produce alternate current of up to 2
Volts amplitude. This makes the method sufficient only for near field damage detection. The
above assumption is well supported by experimental results as the failure in the center of the
beam (roughly 110 mm from the patches) was undetectable by both patches.

In order to overcome this weakness an attempt was made using a low cost set up using a
function generator and a digital oscilloscope. This way we are no longer restricted in producing
low energy waves, as we can reach even without an amplifier up to 10 Volts. This attempt
described in the last chapter gives encouraging results, although further discussion is needed in
order to overcome problems concerning the stability of the circuit and its proper electric
insulation to ensure isolation from ambient noise from nearby electronic devices.
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10 Conclusions and topics for further discussion

The advantages and disadvantages of the EMI technique over conventional NDE methods
have already been discussed in previous chapters, as well as in other research works. To sum up
the basic advantages are the following: i) no bulky equipment is involved, as the PZT patches are
small and can be permanently bonded to the structure without changing its dynamic
characteristics or rendering it out of service, ii) possesses great sensitivity in local damage
compared with the global techniques, iii) results are taken in frequency domain without needing
further processing, iv) the ability to provide an on line SHM system.

The basic drawbacks of the method are i) the great sensitivity of the PZT patches in
environmental conditions (moisture and temperature), ii) the sensitivity of the patches in
impacts and loading and iii) the restricted active sense area of the patch (although this leads to
localization of the damage) making the use of large number of PZTs essential, raising the cost of
the structure.

As far as the embedded technique that is proposed in the present, compared with
conventional surface bonded EMI technique there are certain pros and cons as well as points
that need further examination. The basic advantages are: i) the ability to perform early age
monitoring of the concrete, as there is no need for hardened surface in order to bond the patch,
like in surface bonded EMI, ii) the patch is very well protected from both environmental
conditions as well as impacts and iii) better introduction of waves, as they propagate through
the whole body of the structure rather than just the surface.

The basic drawbacks of the technique are: i) the inability of service in case of damage in the
PZT (bad wiring, etc.), ii) high possibility of wiring tearing in the concrete resulting in bad
measurements and iii) more materials are involved making the whole structure more complex,
resulting into greater difficulty in modeling. In surface bonded technique we are only interested
in the bonding quality between the PZT patch and the structure while in embedded technique
we are also interested in the interaction between structure and the smart aggregate.

A lot of work needs to be done before the full commercialization of this very promising
technique. A great amount of research is found in the literature in order to alleviate the
shortcomings of the EMI technique, including the reusability or the application of an on-line
SHM technique using AD5933 miniaturized chips, to name some. Specifically, as far as the EMI
technique using embedded PZTs is concerned, the topics of discussion that come up from the
experimental results carried out for this master thesis are the following: i) the expansion of the
sensing area of the patch. Efforts are made in this direction with the application of the circuit
described in chapter 9.3.3. The option of applying higher voltage, and thus greater energy, in the
structure even without amplifier allows us to enlarge the sensing area. The combination of
amplifying using a guided wave also gives us the ability to perform both near and far field
damage detection. ii) The size of the smart aggregate. An attempt needs to be done to reduce
the size of the smart aggregate to a size of coarse gravel aggregate, if it is to be used in real life
structures. For example, inserting a 50x50x50 mm cube in a joint of a reinforced concrete frame,
would create huge problems (if not making it impossible) in the procedure of casting the
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concrete, due to the lack of free space. iii) The need to replace the silicon rubber which serves as
water proofing of the patch, with a stiffer material as due to its high flexibility absorbs portion of
the energy of the patch acting like a damper.
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Appendix A - Ferroelectricity and Piezoelectricity

Piezoelectric materials having the following properties are generally classified as
ferroelectric: a permanent dipole, the ability to switch the dipole orientation with the
application of a sufficiently high electric field, and the existence of what is known as a Curie
temperature above which the material enters a non-polar, non-ferroelectric, paraelectric crystal
phase. Ferroelectric materials tend to behave as linear dielectrics under low electric fields and
often have extremely high permittivities. The permittivity of all ferroelectric materials is
dependent upon frequency, field, elastic stress, and temperature, although this dependence is
generally more severe for polymeric ferroelectrics.

Linear reversible dipole rotation under electric field occurs in all dielectric materials,
including ferroelectrics. However, when ferroelectric materials are subjected to high fields the
energy in the material is sufficient to overcome internal energy barriers and cause permanent
dipole rotation. This process is known as poling and the resulting permanent dielectric
displacement is a phenomenon unique to ferroelectric materials. Poling tends to align the
randomly oriented dipoles in an unpoled ferroelectric and thus produces a net non zero
polarization in the bulk material. Poling is the mechanism through which ferroelectric materials
become macroscopically piezoelectric.

As seen in Figure A.1.1, poling induced dipole reorientation results in a large charge
displacement which remains after the applied field returns to zero. Application of a high field of
the opposite polarity will result in dipole reversal and a large charge displacement of the
opposite polarity. When subjected to high AC fields, ferroelectric materials exhibit a classical D/E
hysteresis, as shown in Figure A.1.2. The hysteretic D/E relationship is the most fundamental
description of ferroelectric behavior, with two key parameters: coercive field, E., and remnant
polarization, P.. E. is defined as the field at which the total displacement is zero and is
approximately equal to the field at which half of the dipole reversal has occurred. P, is defined
as the displaced charge remaining at zero field.

It is important to note that linear piezoelectricity occurs only in the linear regions shown in
Figures A.1.1, 2. An unpoled ferroelectric material has a linear dielectric slope in the low field
region of the D/E curve, but since P, = 0 for this condition, all of the piezoelectric coefficients are
~ 0, as they are intrinsically a function of P.. In this work it is assumed that all fields on
piezoelectric materials remain below the point at which polarization reversal occurs and in the
resulting constitutive equations piezoelectricity is a linear phenomena.
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Figure A.1.1 Ferroelectric poling event, applied field cycled from 0 to maximum, then back to 0.
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Figure A.1.2 Displacement/Electric field curve for a ferroelectric material showing typical switching hysteresis and
linear dielectric regions.
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All crystal structures can be classified into one of 32 possible forms of crystal symmetry.
Eleven of these forms are centrosymmetric. Of the remaining 21 non - centrosymmetric groups,
20 are known to be piezoelectric, meaning these materials produce an electric surface charge in
response to applied mechanical stress. In 10 of these crystal groups there is a permanent
electric dipole, and the equilibrium of the electrostatic potential caused by this dipole is
distorted by mechanical stress (piezoelectricity) or temperature change (pyroelectricity). Certain
pyroelectric materials can be further classified as ferroelectric materials, as shown in the
summary diagram in Figure A.1.3. Examples of the non centrosymmetric (ferroelectric) and the
centrosymmetric (paraelectric) crystal structures typical of common ceramic ferroelectric
perovskites (ABOs) are shown in Figure A.1.4.

32 Syminetry Classes

11 Centro—Symmetric 21 Non Centro—Symmetric

20 Piezoelectric

10 Pyroelectric 11 Non Pyroelectrie

Ferroelectric Non Ferroelectric

Figure A.1.3 Crystal symmetry diagram

Rochelle salt is the earliest reported piezoelectric material. It was first produced in France
in 1665 for medicinal use by pharmacist Elie Seignette. Brewster discussed the pyroelectric
properties of this material in 1824. Pioneering work on the direct piezoelectric effect (stress Y
charge) in this material was presented by Jacques and Pierre Curie in 1880. In 1881, Lippmann
proposed the converse piezoelectric effect based upon thermodynamic principals and this
outcome was verified by the Curie brothers, whose early efforts included natural crystals such as
tourmaline, topaz, quartz, in addition to Rochelle salt. Their work resulted in the development
of the first scientific instruments using the piezoelectric effect to measure force in the direct
mode and high voltages in the converse mode.
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Figure A.1.4 Ferroelectric (left) and Paraelectric crystal phases of a perovskite. Note the asymmetry in the
ferroelectric form

Research on these piezoelectric materials continued throughout the early twentieth
century, in part stimulated by military interests arising from World War I. A major outcome of
this research was the use of piezoelectric quartz in acoustic projectors and receivers.
Ferroelectricity, described by hysteresis behavior, was suggested by Schrédinger in 1912, and
was more firmly established by Valasek in the 1920's primarily working with triglycine sulphate
(TGS) and Rochelle salt.

World War Il brought increased attention to the study of piezoelectric materials, especially
for use in radio communications and underwater acoustic applications. The discovery of BaTiO3
and other highly piezoelectric materials with a perovskite structure in the latter half of the
1940's by researchers in the US, England, Russia, and Japan led to a renewed interest in the
study of ferroelectric materials. In the early 1950's ferroelectric lead zirconium titanate ceramics
(PZT) were introduced with even higher performance. This precipitated further work and led to
a greater understanding of the structure and behavior of polycrystalline ferroelectrics. Extensive
research and development throughout the last four decades has lead to the use of piezoelectric
ceramics in a wide variety of commercial, consumer, and military applications [2] ranging from
inexpensive tonal uzzers used in toys to sophisticated ultrasound imaging transducers used in
the latest medical procedures, from consumer fish finders to highly complex submarine sonar
systems, and from simple grill ignitors to all manner of force and acceleration sensors.
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Appendix B - Perovskite structure

A perovskite structure is any material with the same type of crystal structure as calcium
titanium oxide (CaTiO;), known as the perovskite structure, or XIAZVIBHY 2. with the oxygen in
the face centers. Perovskites take their name from this compound, which was first discovered in
the Ural mountains of Russia by Gustav Rose in 1839 and is named after Russian mineralogist
L.A. Perovski (1792—-1856). The general chemical formula for perovskite compounds is ABXj,
where 'A" and 'B' are two cations of very different sizes, and X is an anion that bonds to both.
The 'A" atoms are larger than the 'B' atoms. The ideal cubic-symmetry structure has the B cation
in 6-fold coordination, surrounded by an octahedron of anions, and the A cation in 12-fold
cuboctahedral coordination. The relative ion size requirements for stability of the cubic
structure are quite stringent, so slight buckling and distortion can produce several lower-
symmetry distorted versions, in which the coordination numbers of A cations, B cations or both
are reduced.

The perovskite structure is adopted by many oxides that have the chemical formula ABO3.
In the idealized cubic unit cell of such a compound, type 'A' atom sits at cube corner positions (0,
0, 0), type 'B' atom sits at body centre position (1/2, 1/2, 1/2) and oxygen atoms sit at face
centred positions (1/2, 1/2, 0). (The diagram shows edges for an equivalent unit cell with B at
the corners, A in body centre, and O in mid-edge).

The relative ion size requirements for stability of the cubic structure are quite stringent, so
slight buckling and distortion can produce several lower-symmetry distorted versions, in which
the coordination numbers of A cations, B cations or both are reduced. Tilting of the BOg
octahedra reduces the coordination of an undersized A cation from 12 to as low as 8.
Conversely, off-centering of an undersized B cation within its octahedron allows it to attain a
stable bonding pattern. The resulting electric dipole is responsible for the property of
ferroelectricity and shown by perovskites such as BaTiO3 that distort in this fashion. The
orthorhombic and tetragonal phases are most common non-cubic variants. Complex perovskite
structures contain two different B-site cations. This results in the possibility of ordered and
disordered variants.

As pressure increases, the O” ions compress so olivine transforms to the spinel structure,
which at still higher pressure converts to a perovskite structure and a coexisting periclase
structure. At the high pressure conditions of the Earth's lower mantle, the pyroxene enstatite,
MgSiOs;, transforms into a denser perovskite-structured polymorph; this phase may be the most
common mineral in the Earth. This phase has the orthorhombically distorted perovskite
structure (GdFeOs-type structure) that is stable at pressures from ~24 GPa to ~110 GPa.
However, it cannot be transported from depths of several hundred km to the Earth's surface
without transforming back into less dense materials. At higher pressures, MgSiO; perovskite
transforms to post-perovskite.
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Structure of a perovskite with a chemical formula ABX3. The red spheres are X atoms (usually oxygen), the blue
spheres are B-atoms (a smaller metal cation, such as Ti4+), and the green spheres are the A-atoms (a larger metal
cation, such as Ca2+). Pictured is the undistorted cubic structure; the symmetry is lowered to orthorhombic,
tetragonal or trigonal in many perovskites.

Although the most common perovskite compounds contain oxygen, there are a few
perovskite compounds that form without oxygen. Fluoride perovskites such as NaMgF; are well
known. A large family of metallic perovskite compounds can be represented by RTs;M (R: rare-
earth or other relatively large ion, T: transition metal ion and M: light metalloids). The
metalloids occupy the octahedrally coordinated "B" sites in these compounds. RPd;B, RRh;B and
CeRusC are examples. MgCNis is a metallic perovskite compound and has received lot of
attention because of its superconducting properties. An even more exotic type of perovskite is
represented by the mixed oxide-aurides of Cs and Rb, such as Cs;AuO, which contain large alkali
cations in the traditional "anion" sites, bonded to O” and Au anions.

Perovskite materials exhibit many interesting and intriguing properties from both the
theoretical and the application point of view. Colossal magnetoresistance, ferroelectricity,
superconductivity, charge ordering, spin dependent transport, high thermopower and the
interplay of structural, magnetic and transport properties are commonly observed features in
this family. These compounds are used as sensors and catalyst electrodes in certain types of fuel
cells and are candidates for memory devices and spintronics applications. Many
superconducting ceramic materials (the high temperature superconductors) have perovskite-like
structures, often with 3 or more metals including copper, and some oxygen positions left vacant.
One prime example is yttrium barium copper oxide which can be insulating or superconducting
depending on the oxygen content. Chemical engineers are considering a cobalt-based perovskite
material as a replacement for platinum in catalytic converters in diesel vehicles.
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