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ABSTRACT 

 

One iof ithe imost iimportant ifactor iwhich iis icausing iproblems iin ithe ilife icycle iof iinfrastructure 

iacross ithe iworld iis icorrosion iand iin ithe iinfrastructure iwhich iare ivery iold, icorrosion ican iseverely 

iaffects itheir imechanical istrength. iThat's iwhy ia icost ieffective istructural ihealth imonitoring i(SHM) 

itechnique iplays ia inecessary irole iduring ithe iremarking iand imanaging iof ithe istructure. iDetection 

imechanism iis ibased ion ithe ifact ithat ithe ioccurrence iof icorrosion ichanges istructural istiffness, imass 

iand idamping, iwhich iin iturn icauses ithe iresponse iof ithe isystem ito ichange. Structural ihealth 

imonitoring i(SHM) iendeavored iby imeasuring istatic istrain ior ilow ifrequency ivibration idata. iThese 

iprocedures inormally idepend iupon itraditional isensors, ifor iexample, istrain igages ior 

iaccelerometers, iwhich ican ijust iconcentrate iburden ior istrain. iBut iin ithe irecent iyears ithe iuse ismart 

imaterials isuch ias ipiezoelectric imaterials, ioptical ifibers, ishape imemory ihas icreated ia inew 

idimension ito iSHM, iby ithe idevelopment iof ifaster irespone iand igreater ireliability. Through ithis 

ireport iwe ipresent ia inew iapproach ifor idetecting iand iquantifying corrosion iof isteel ibars iby iusing 

ipiezoelectric iceramic i(PZT) ipatch isurface ibonded ion isteel ibar iwith iuse iof istructural iparameters. 

iThe iEMI imethod iuses ithe ielectro-mechanical icoupling iproperty iof ipiezoelectric imaterials ifor 

iharm idetermination. iThe iequal imass iloss iand istiffness iloss irelates iwell iwith ithe igenuine imass iloss 

iand istiffness iloss iand igives ian ielective iconsumption ievaluation iworldview iappropriate ifor 

idiagnosing ierosion iin isteel ibars. 

 

Keywords: ipiezoelectric itransducers, ielectromechanical iimpedance, inon-destructive itesting, 

iimpedance-based ihealth imonitoring. 
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CHAPTER i1 

INTRODUCTION 

 

1.1 iGeneral 

Solid istructures ibuilt iaround ithe iworld iare ireliant iupon ia iwide iextent iof iconditions iof i iuse iand 

iintroduction ito icommon iconditions, iincluding ierosion, iloads, iatmosphere iconditions iand 

icontamination. iThese ifactors, iclose iby ithe iverifiable iquality ijoined iwith ithe istructure, 

idemonstrate ithat ithe iunderlying idisintegration itime imay icontrast. iSecurity iframeworks iare 

iexpected ito igive ia ilimit iamong icement iand iits icondition, ijust ias ithe ioperational iprerequisites 

iconstrained ion ithe istructure. i iThe iobstruction iwill idevelop ithe itime iuntil ithe iunderlying 

icrumbling. iConcrete igets iits iquality ifrom ihydration iitems ifor ithe imost ipart ithrough ithe iC-S-H igel. 

iThe iproperty iof ithe isolid ithat imade iit iwell iknown iis iits icapacity ito iwithstand icompressive 

iburdens i[1]. 

Because iof ithe ipresentation iof iRCC istructures ito ithe iunmistakable isorts iof ienvironment ithat 

iinfluence ithe isupport iof ithe iRCC icausing iharm ithat iprompts ibeginning imisfortunes iand ibusiness 

imisfortunes i[1]. iOne iof ithe iprinciple iweakenings iof ithe iRCC iis ithe ipoint iat iwhich ithe iembedded 

isteel icorrodes.the ipivotal iquality iand ibowing iof ithe iparts, imaking ithem igenerally iweak. iIn ispite 

iof ithe ifact ithat ierosion iof iinherent isteel ibars ican't ibe iseen ifrom ioutside ithe istructure iand istructure 

imay iappear ito ibe isteady, iyet iin iactuality, ieroded istructures ibecome ihelpless iagainst iconfiguration 

iloads i(extraordinary iloads), ifor iinstance, istrong iground idevelopment ican iassemble ipressure 

iexercises ipast ithe iarea ilimit. iQuality imisfortune ican ihappen iin istrong istrengthened iand isteel 

istructures. iWe ican isee ithe igreater ipart iof ithe itime, iRC istructures iare isolid iand iintense, ifunctioning 

iadmirably iduring itheir ilives. iBe ithat ias iit imay, iin ia ifew icases, ithey idon't iwork ifittingly iin iview iof 

ia icouple iof iclarifications iand icorrosion iof ithe isteel iis ione iof imain ifactor iConsumption iis ian 

ielectrochemical ireaction iwhich iis ibegun ifrom ithe iiron-based imetal iwhen iit icomes iin ithe iexposure 

iof icondition, iwhich iis ithe ireason ifor imaterial iweakening. iDue ito ithe icorrosion iin isteel irebars 

icracks iare iformed iin iconcrete. 
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1.2 iWhat iis icorrosion 

The iattack iof icorrosion imay idestroy ithe imaterial iof iits isurroundings. iCorrosion ican i ibe ian iall 

iprocedure ithat ichanges ito isome isubstance iin ian iadditional istructure ithat iis isteady, ias ia isulfide, 

ioxide, ihydroxide, iIt's ithe imoderate ipulverization iof isubstances i(normally imetals) iof 

ielectrochemical ireaction iby iutilizing itheir icondition. iIron ioxides ican ibe ian iexceptional iexample 

iof ielectrochemical ierosion. iErosion ican ihappen iin isubstances ibesides imetals. iFor iinstance, 

ipolymers iand iearthenware iproduction i[8]. iErosion iinfluences ithe isupportive iproperties iof 

imaterials iand istructures, iincluding iliquid iand igas iobstruction, iappearance iand iporousness. 

 

1.2.1 iType iof icorrosion 

 

a) iUniform iCorrosion 

In iuniform icorrosion, ia iuniform iand isteady iabatement iin ithickness iover ithe ientire isurface iof ithe 

imetal ihappens. iThe iuniform ierosion irate ican ibe iadequately iconstrained iby iestimating ithe imass 

iloss ior ithe imeasure iof ihydrogen ireleased i[9]. 

b) iLocalized iCorrosion 

This itype iof icorrosion ican ibe ifound iexplicitly icomposed iin ia izone iwith imetal isurface. iLimited 

icorrosion ican ibe iconsidered ias ia iquickened iattack iof ia ipassive imetal iin idestructive ienvironment 

isurroundings.This icorrosion ioccur iduring iworking iwith idiffent idestructive iprocedures ifor 

iexample istess ifatigue. 

 

 



` 

3 
 

 

 

 

 

Types iof iLocalized iCorrosion: 

 

i. i i iGalvanic iCorrosion 

This itype iof icorrosion ican ialso ibe icalled ibimetallic icorrosion. iAt ithe ipoint iwhen itwo idetached 

imetals ihave iphysical ior ielectrical icontact iwith ieach iother iand iare ilowered iin ia irun iof ithe imill 

ielectrolyte ithen igalvanic icorrosion ioccurs. iIt ihappens iat ia imoderate ipace. i 

 

ii. i i iPitting iCorrosion 

Pitting icorrosion ican ibe iconsidered ias ia ilimited itype iof icorrosion iby iwhich ipits ior i"openings" iare 

icreated iinside ithe imaterial. iPitting iis iviewed ias iriskier ithan iuniform icorrosion idamage isince iit iis 

iincreasingly ihard ito irecognize, ianticipate, iand istructure iagainst. iErosion iitems ifrequently ispread 

ithe ipits. i 
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iii. iCrevice iCorrosion 

Another idangerous itype iof ilimited icorrosion. iit iattack ion imetal isurface iwhich iis idirectly iadjacent 

ito ia ivoid ithat ijoin itwo iretaining isurfaces.the ivoid icould iform ibetween imetals ior ia inon imetallic 

imaterials. iIn iabsence iof ithe ivoid ithe itwo imaterials iare icorrosion iresistant. 

 

iv. iCorrosion iFatigue 

Pitting iwas iseen ias irelated iwith iconstituent iparticles iin ithe igap iand ipit idevelopment ifrequently 

iincluded iblend iof iindividual imolecule inucleated ipits. iFatigue isplits iare iregularly inuclearized iby ia 

icouple iof ithe igreatest iwells, iand ithe isize iof ithe ipit iwhere ithe ifatigue ibreak iassembles iis ia isegment 

iof ithe istress ilevel iand iload ifrequency. iWhen ithere iis ia ijoint imovement iand icyclic iload, ithere iis 

ioccurrence iof idegradation iin imaterial. iExcellent istructure imaterials iaround ihas ia isignificant irole 

iin ithe iweakening iof imaterial, ifor iinstance, ialuminum ialloy, isteel iand ititanium ialloys. iIt idepends 

iupon ithe irelations ibetween ithe iload, ienvironmental iand imetallurgical ielements. 

 

v. iStress iCracking 

Growth iof icrack iin ia icorrosive ienvironment iis itermed ias iStress iCorrosion iCracking i(SCC). iIt 

icauses ian iamazing iunpredicted idisappointment iof igenerally iductile imetal ialloys iunder itension, 

iparticularly iat ihigh itemperatures. iSCC iis ivery ichemically ispecific ias isome ialloys iare iprobable ito 

ichange ifrom iSCC iwhen iintroduced ito ia iminute inumber iof ichemical 

environments. iThe ichemical isurroundings ithat iSCC icauses ifor ia ispecific ialloy iis ifrequently ione 

ithat iis ijust islightly icorrosive ito ithe imetal. iHence, imetal iparts iwith igenuine iSCC ican ishow iup 

ibright iand ishining iwhile iat ithe isame itime ibeing icharged iwith imicroscopic islits. i 
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1.3 iMechanisms iof icorrosion isteel i 

Erosion iof isteel iin iany ienvironmental ifactor iis ia iprocedure ithat ijoins ithe idynamic ideparture iof 

iiron iparticles i(Fe) ifrom icorroded isteel. iThe iiron iis icleared iby ian ielectrochemical ireaction iand 

ibroke iup iin ithe inear ito iwater iarrangement, iappearing ias iferrous iparticles i(Fe2+). iIn iinstalled isolid 

isteel, idisintegration ioccurs iin ithe ipores iof ithe isolid iwhen ia ilimited ivolume iof iwater iarrangement 

ipresent iin iencompassing ithe isteel. iBecause iof ithe idisintegration isteel iloses iits imass, ifor iexample, 

iits itransverse idistrict idiminishes. iIn ithe ievent ithat isteel iis ia ipiece iof istrengthened isolid istructures 

iunder ithe iburden, ithe istrain iof ithe icross-fragment ithat iis ikept iup iwill iincrement ion ia ivery ibasic 

ilevel. iIn iexceptional icases, ifor iinstance, ithe iexpansion ican irepresent ia isecurity ihazard ior ieven 

ireason ia iblunder. iThis iis ione iof ithe iunquestionable iperils iidentified iwith isteel iconsumption iin 

iconcrete. 

Broken idown iiron iparticles iin isolid ipore iwater iarrangements iplans icommonly irespond iwith 

ihydroxide iparticles i(Goodness) iand idisintegrated ioxygen iparticles i(O2) ito ishow ione iof ia icouple iof 

icombinations iof irust, iwhich iis ia istrong icomponent ifor iconsumption ireaction. iOxide iis itypically 

iput iaway iin ispace iattached ito iconcrete iaround isteel. iIts iimprovement iinside ithis irestricted ispace 
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ihas icaused isweeping istrains ithat ican ibreak ithe isolid irooftop. iThis ithus ican icause ithe idynamic 

idecay iof icement, iparticularly iwhen ifreezing iand idefrosting ior iother iecological ieffects iwin. 

 

1.4 iCauses iof icorrosion i 

1.4.1 iChloride iinduced icorrosion iin iconcrete 

Among ithe imost iwell-known ireasons ibecause iof iwhich icorrosion ihappens iin isolid istructure iis ithe 

iholding iof ichloride iparticles. iThey iinstigate ithe iconfined ibreak iof ithis ilatent ifilm ithat imakes ifor 

ithe imost ipart iaround ithe isteel ibecause iof ithe ialky iidea iof ithe isolid ipore igame iplan i[16]. iThe imost 

ibasic idestructive ioperators, ifor iinstance, ichlorides, ican igo iinside ithe isolid ifrom inumerous iassets. 

iFrom idebased iblending icomponents ia isolid ichloride iparticle ican iaffect i(give iconcrete ias ia 

igroundwater ipaper/seawater ifrom ithe idebased imix iof itotals ior iin ilight iof ithe ifact ithat iof isprinkles 

iof iocean isalt/lead iwetting ior ideicing isalt) ifrom ithe ipristine istate ior iby ithe iclose iby ienvironmental 

ifactors ifrom ithe isolidified istate. iThe ialkalinity iof ithe ipore igame iplan idiminishes iwhen i10 

ichlorides idiffused iin iconcrete i(in ithe ifirst ipH.13 ito imore ithan i7) iafter iconsumption i[14, i17]. iIn 

iprior itimes iit's ibeen iaccepted ithe istart iof ierosion ihappens iwhen ithe icentralization iof ichloride iat 

irebar ithe ilevel ishows iup iat ia ifundamental ilevel, iwhich ican ibe iadded ias ioften ias ipossible iknown ias 

ithe iedge ilevel. 

 

1.4.2 iCarbonation iof iconcrete i 

The icarbonation irate iis iessentially igenuinely ilimited iby ithe icarbon idioxide idispersion iprocess 

iwhat's imore, isynthetically iby ithe isolid icalcium ihydroxide istock. iCarbon idioxide ispreads ifrom ithe 

icondition iinto ithe islender ipores iof ithe isolid iand iis igotten itogether iwith icarbonic icorrosive, iwhich 

iat ithat ipoint ireacts iwith ibasic ihydroxide, isodium, ipotassium, iand icalcium, iframing icarbonates. 

 

 

1.5 iStructural ihealth imonitoring 

The ioffices iare iregular ior iexceptional; ithese iare isignificant iparts iand iare iessentially iassociated 

iwith iliving iwhat's imore, inon-living ianimals. iOccasionally ia iminor idistortion iinside ithe istructure 

icould iimpact ithe ientire ibody iand ilead ito itumble idown iof ithe istructure ithat icould imake ian 

iimmense iloss iof iproperty iand ipeople itoo. iThusly, ithe iextended iresponsiveness iof ithis iobserving 

iprocedure iand ilikewise igives ian ianswer ifor ithe iinfluenced istructures ibecause iof imaturing. 
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iIndividuals ithe iday igoing ibefore ijust iused ia ivisual iexamination ito idetect iabsconds, ihowever 

iunprecedented iand imore iawful iharm ito ifoundation iprompts ito ithe iadvancement iof inew 

iinnovations ifor ithe iaffirmation iof inew itechniques ifor ibasic iwellbeing ichecking ias iharm idiscovery 

idevices. iDifferent isorts iof isensors iare irelated ito ithe iPC iframework ialongside iuncommon 

iequipment iand iprogramming ithat igives ithe iimprint iand iassists iwith iunderlining ithe irisk izone. 

 

1.5.1 iMethods iof iSHM 

a) iDestructive imethod: 

In iruinous itests i(or iin idamaging iphysical iexaminations, iDPA) iare iperformed ifor itest 

idisappointment iin iorder ito icomprehend ithe iintroduction iof ian iexample ior ithe iexhibition iof ithe 

imaterial iunder idifferent iburdens. iIn ithis imethod, ithe iexample iis ibroken ito ichoose iphysical iand 

imechanical iproperties, i(for iinstance, iquality, iand iliability). iThe ikinds iof idamaging itests iare 

icracks iand imechanical itests, iweariness itests, ihydrogen itests, iand ilingering ipressure iestimation. 

 

b) iNon-destructive imethod: i 

Non-damaging itesting istrategies iare ievery inow iand iagain iapplied iin iventures iwhere ipart 

idisappointment iwould icause inoteworthy idangers ior imonetary imisfortunes, ifor iexample, 

itransportation, ipressure ivessels, idevelopment istructures, ipipes, iand ilifting ihardware. iIn ithis 

istrategy, iwe idiscover ithe iqualities iof ithe imaterial ito idetect ithe iimperfection iwithout iannihilating 

ithe imaterial. 

 

 

1.6 iAccelerated icorrosion itesting 

Commonly iconcrete igives iincredible iconsumption iopposition ibecause iof iits ihuge itrademark, 

iespecially ithe iraised ialkalinity iof ithe ifake iarrangement, iwhich iincorporates iessentially iof isodium 

ihydroxide iand ipotassium ijoined iwith ia ipH irunning ifrom i12.6 ito i13.8. iThis iinactive ifilm ican 

icreate ia ithickness iof i10-3 ito i10-1 iμm iand icontains ihot iiron ioxides. iThe iidea iof ithe ipresence iof ithe 

iinactive icovering idepends ion icircuitous isigns iof ianodic ipolarization iestimation. iThere iis istill ia ilot 

ito icomprehend iconcerning ithis idetached ifilm, ifor iexample, ithe iarrangements iof iits iown iitems 

inotwithstanding iits isynthetic iand imineralogical icreation. iIt iis ilikely ithis idetached ifilm 

iincorporates ia ifew iphases. iThe isolid ispread ilikewise igives ifantastic iphysical isecurity ito ithe isteel 
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ichloride iparticles iand ifurthermore ikeeps iaway ifrom icarbonation. iIn ithis imanner, ithe isteel 

irequests ia Iprotracted iperiod ito idepassivate iand ipermit ithe ierosion iprocedure ito ibegin. iThis imakes 

iit ivery ihard ito irecreate iexamine iand icomprehend ierosion ihappenings iin ilabs. i[25]. 

 

1.6.1 iImpressed icurrent itechnique 

Impressed icurrent iprocedure iis iutilized ito iquicken ithe iconsumption iin istrengthening isteel. iThe 

icurrent isystem imoreover icalled ia igalvanostatic istrategy; isteel iinserted iin ithe isolid iwith iconsistent 

icurrent igracefully iis ito imake ihuge iconsumption iin ia ifast itime ilength. iAfter ithis iprocedure, 

iFaraday's ilaw iis iutilized ito icompute iinitiated iconsumption iwith ithe ihelp iof ia igravimetric itest 

iperformed ion ithe iremoved ibars iin ithe iwake iof iexperiencing iquickened iconsumption 

 

1.6.2 iStatic iatmosphere itesting 

Static icondition itests iare ionly ione iwhere ia itest iroom iis iutilized ito imake iand ikeep iup ione 

iencompassing iduring itesting. iMost imuch iof ithe itime iutilized iconsumption itrial iof iits isort iis ithe 

isalt imist itest i(ASTM iB i117). iThe ipieces iare iexposed ito isteady ienvironmental ifactors iof i35 ior 

ieven i100% irelative istickiness, iutilizing ia isodium ichloride iarrangement iof i5 ipercent i(by iweight) 

iatomized ito iget ia iforeordained isecond. iThe ipH iof ithis iassortment ioption iought ito ibe i6.5 ito i7.2. 

iThe ilength iof ithe itest iperhaps i48-2,000 ihours idependent ion ithe isubstance ibeing itried. iRegardless 

iof ithe iongoing idisappointments, ithe isalt ispray itesting iremains ia iuseful iquality icontrol isurvey 

iapparatus ifor iuse iafter ia istandard iwas iset iup. 
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CHAPTER i2  

LITERATURE iREVIEW 

 

2.1 iGeneral 

This ipart itends ito ithe iassessment iof ithe iwriting iwith irespect iwith ithe iimpacts iof iconsumption. iThe 

ierosion ihas ibeen iactivated iby ithe icurrent isystem iand ithe ithings iwere ilikewise iexplored. iThe 

iwriting ion iconsumption imeasurement imethods iwas ilikewise italked iabout. iThis ipart italks iabout 

ihow ithe iexaminations idirected iby iagents ito iaudit itechniques iused iin ithe iinformation ion iresults 

iand iassessments iarrangement. iThis isection icovers ithese ioutcomes iand irules ifor ithe iup iand 

icoming iassessment. 

 

2.2 iLiterature isurvey 

The iPZT imodel iand ihost istructure iwere ilogically iexamined iusing ithe iwave istate ito iclarify ihow ithe 

ielectrical ihindrance ichanges iin ithe iconnected iPZT iis iidentified iwith ithe irecurrence iresponse iof 

ithe istrategy iat ihigh ifrequencies. iAt ithe ihour iof idissemination, ithere iwas ino iconnection iamong ithe 

iadjustment iin ithe ielectrical iobstruction iinside ithe iPZT iand ia ichange iof ithe imechanical iproperties 

iof ithe iframework. iGhostly iinnovation iwas iutilized ito idevelop ian iopen ipillar iassessment iportrayal 

icomprising iof iten iunearthly iparts. iThe iharm iwas ibrought iabout iby iexpanding ithe inumber iof 

iwaves irelated ito ithe iadjustment iin ifirmness iand imodule iof ithe iyouthful istructure. iA iharm ilocator 

ivector ishows ithe iharm ilevel iof ieach ipart iand iprecisely irecognizes ithe iharmed isection. 

The itest iwas ienhanced iby ithe iblend iof ia ifew ipatches iwith ia ifree ipillar, iand iimpedance itests iwere 

iperformed iat i70-90 ikHz. iScrews ihave ibeen ivaluable ito ithe idevelopment ito ishift ithe imass 

iproperties iand ifirm iframeworks. iThis icheck iused ithe ireal ipiece iof ithe iimpedance isignal iwas 

iutilized ifor iassessment isince iit iis ifragile ito ithe idistinction iin inonexistent iparts ior iprobably isizes 

ithat iare icapacitive iand iless isensitive ito ichanges. iAccordingly, iaccelerometers iwere irelated iwith 

ipillar iresponse icapacities iand ithe irecurrence iwas iassessed ithe ilongitudinal iway. iThe iresults ishow 
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ia itolerable imatch iamong iexplanatory iand iexploratory imodels, iwhich idemonstrates ithe 

ihelpfulness iof iimpedance.- isubordinate iauxiliary iwatching 

D.M. iPeairs iet ial. i[29] ihave iamassed iat ileast iexertion, ia iscaled idown iassessing iinstrument, ito 

iconstruct ithe iaccessibility iand iversatility iof ithe iobstacle isystem. iPreviously, icompleting ithe 

iimpedance itechnique irequired icostly, itremendous iand iover ithe itop ideterrent ianalyzers ifor 

iexample, iHP4194A i(Impedance/Gain-Phase iAnalyzer). iThe imonetary iinnovation ihas isupplanted 

ithe iobstruction ianalyzer iwith ia iFFT ianalyzer iand ia inonstop iestimation itrack. iSince ibeneficial 

ihardware iand iprogramming ias iof inow iempower iFFT ion ia ilone ichip, ithe iwhole icourse iof iaction 

ican ibe iconveyed ion ione iPC i(process) ichip. iThe icost icompelling iimpedance iprocedure iis iadjusted 

iin ian iimpedance ianalyzer iand itried ion ipipes iand icomplex istructures ito iexhibit ithe iexactness iof ithe 

istraightforwardness imethod iin iauthentic istructures. iIn ispite iof ithe ifact ithat ithis ifinancially isavvy 

ielective ihas inot ibeen itried ifor ierosion iharm, iit iis ia ineed ifor ifuture iindependent iSHM igadgets, 

icontingent iupon ithe ideterrent. 

M.F. iMontemor iet ial i[30] iclarify ithat ithe ifundamental idriver iof ierosion iof isteel iin ithe ievent iof 

ichloride iparticles. iThey icause ia ilimited ibreak iof ithe ilatent ifilm, iwhich iwas iinitially ishaped ion ithe 

isteel ibecause iof ithe ialky iidea iof ithe igame iplan iof ithe isolid ipores. iRisky ichloride iparticles ican istart 

iwith ithe iuse iof iunclean iblended isegments ior iclose iby iclimate. iAs ia ifirst iway ito ideal iwith ithe 

iframework istudy, ithe iconceivable imapping istrategy ifor irecognizing idestructive isupport iwas 

irecommended. iThe itechnique ihas iended iup ibeing isuitable ito ion-the-spot ichecking; ibe ithat ias iit 

imay, ithe iresult imust ibe ipainstakingly ideciphered, iespecially iunder ithe irestricted iO2 iflexibly. 

iSome iImmediate icurrent ihad ithe ialternative ito ifigure ithe iassurance ifrom ipolarization. iThe 

iprecision iof ithe istrategy ihas ibeen ienormously iimproved iby ithe iusage iof ievaluating iinstruments 

ithat iwork ias iper ithe irule iof idefensive iring iinnovation. iThe iadvancement iof iversatile iand 

istraightforward-to-use iperception iframeworks imakes ithe iprocedure iappropriate ifor ia iquick 

iconsumption irate inearby. iThe itransitional iprocedures iutilized iin ithe ifield iof itime ihave iended iup 

ibeing ieffective iimplied ifor ion-the-spot ichecking. iThese isystems iare ibrisk iand inon-harming iand 

igive idata ion isteel iconditions isimilarly ias iinformation ion isolid irestriction. iThe iproximity iof 

imethods iother ithan istructures ithat iare ilimited iby iactuation ican ireason ideviations ifrom ithe itypical 

iexponential iactivities, iand iin ithis iway, iit iis idifficult ito ifigure iframework iparameters, iwhich ican 

iprompt ian iunderestimation iof ithe icorrosion irate 



` 

11 
 

F. iHey, iet ial i[31] iconcentrated isome ispecific iissues iin iregards ito ithe iexecution iof ielectromagnetic 

iimpedance i(EMI) istrategy iset iup iAuxiliary iwellbeing iobserving iand irecommended ithe imost 

irecent isensors iassessment iestimations iutilizing ithe isensor imultiplexing itechnique ito idiminish ithe 

iperiod irequested iin iinspecting ilead izirconate ititanate i(PZT) ifixes iindividually. iAny iadjustment iin 

ithe imass, ifirmness, ior idamping iof ithe istructure i(due ito iharm) iwould iprompt ia imove iin ithe 

ipermission icontact iof ithe ilead izirconate ititanate i(PZT) ifix. iThe ipermission icontact iof ithe iPZT ifix 

iis ipromptly igotten iutilizing iany imodern iimpedance ianalyzer.PZT ipatches ihave iquick ireactions 

iand ihave ithe iability ito iact ias iassembled isensors iand iactuators, iin ithis iway ichopping idown ithe 

imeasure iof ithe idevice ialongside ithe ipartnered iwiring. iFor ithe imost ipart, ithe iissues itended ito ibe 

ithe idifferent imark ihandling iinstruments iout itherefor icomputing iharm ilimitation, iuse iof ian iequal 

iexamination istrategy, isecurity iof isensors, iand iperception iof isolid irestoring. iDuring ithe iuse iof 

isimultaneous iexamination, ithe iexamination itime icould ibe ifundamentally ilessened. iThe iharm 

ilimitation icalculations iperformed iagreeably iconcerning iadvancing ithe itime iessential ifor iharm 

iconfinement iand ifurthermore ithe ireality iof ithe iestablishment iof idamage. i 

D. iAi iet ial. i[35] iexplored ian iimaginative ielectromechanical ilack iprocedure i(EMI) iwith ithe 

iassembled imechanical iobstacles i(UMI) iof ia ilead-zirconium ititanium isensor i(PZT) iand iproposed ia 

ihost istructure ifor iobserving ian ierosion iharmed isteel ipillar iat idisparate ioccasions. iTwo iPZT 

isurface-reinforced isensors iwere iassociated iwith ithe isteel ibar iand iwere iused ito iscreen ithe 

iprogression iof idisintegration ihurt iby irecognizing ichanges iin ielectromechanical iinduction. 

iAffirmation ielectromechanical iwas iassessed ifor ithe itime iof ithe ifirst, i22nd, i45th, iand i117th idays, 

iwhich iwere iused ito icheck ithe iassembled imechanical iobstructions. iWhile icomputing ithe 

irecurrence ipay iof ithe ireverberation ipinnacles iof ithe iassembled imechanical iobstacles ibends, ithe 

idisintegration iof ithe imischief ican ibe iabstractly iremedied. iNormal iroot isquare ideviation iesteems 

i(RMSDs) iacquired ifrom ithe ireal idivision iof ithe iunified imechanical ihindrances ican ibe iused ito 

iquantitatively idiscover ithe idamage idebasement. iFor ithe iproposed isign iof ithe iUMI, ithe idirect 

iconnections ibetween irecurrence ichange iand idisintegration itime iand iroot isquare ideviation iat ithe 

ihour iof iconsumption iwere iautonomously isummarized. iRelative iexaminations ion 

ielectromechanical iendorsement iand ijoined imechanical iobstacles ihave iindicated ithat ia iunified 

imechanical iobstruction iis istrengthening idelicate ito ithe ilocation iof ibasic iharm ibrought iabout iby 

iconsumption iby isteel. iThe ioutcomes iadditionally iaffirmed ithat ichanges iin iaccordance iwith ithe 

iMI i(Mechanical iImpedance) iof ilead izirconate ititanate isensors ibrought iabout iby ibasic iharm ito 
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ielectromechanical iimpedance i(EMI) iinnovation imust inot ibe idisregarded. iIn ioutline, ijoined 

imechanical iobstructions ihave idemonstrated ito ibe ian ion ia ivery ibasic ilevel ipractical iEMI itechnique 

ifor ichecking ithe iauxiliary isoundness iof isteel iF.G. iBaptista iet ial. i[39] iexamined ithe iperfect isize iof 

iPZT ipatches ifor istructure iprosperity ichecking ireliant ion ithe iEMI i(Electromechanical iImpedance) 

itechnique. iTheoretical iassessment iand itest ioutcomes ifit iwell iand ishow ithat ithe iprivilege iPZT ifix 

iconfiguration ican iimprove iaffectability ito ihurt iID. iContingent iupon ithe ioutcome, ithe ifix imust ibe 

ilittle ito iensure ilow istatic ibreaking ipoint iand imore inoteworthy isufficiency iin ithe ielectrical 

iheartbeat ito iguarantee iamazing ioutcomes ifor ithe iconnection icoefficient ideviation imetric 

i(CCDM) iand iroot imean isquare ideviation i(RMSD) irecords. iRegardless, iif ithe imechanical 

iimpedance iof ithe ihost idevelopment iis ihigh ias iindicated iby ithe iMI i(Mechanical iImpedance) iof ithe 

itransducer, ithe iexpansion iin ifix imark iimproves ithe iaffectability ifor ihurt iarea, iparticularly iwhen 

ithe iconnection icoefficient ideviation imetric ifile iis iused. iIt ihas ibeen iindicated ithat ian iequivalent 

itransportation iframework iimproves iaffectability iand ikeeps iup ia ilow istatic ilimit. iAs ireferenced 

iover, ithe iarranged itechnique iis ifitting ifor imaterials iand istructures iwith ishort idamping iwhere ithe 

icross-sectional iarrangement ican ibe iseen ias iconsistent. iAt ilong ilast, ithe iproposed itechnique imay 

ibe iuseful ifor ithe iright isize iof iPZT itransducers, iespecially iin imetal istructures iwith ishort idamping 

iand isolid imechanical iimpedance ias ifor ithe iMI iof ithe itransducer. 

E. iNakamura iet ial. i[40] irevealed ithat ia idown ito iearth iprogram iof ipotential iextensions ifor ierosion 

iassessment ion ia ipresent ipre-tensioned isolid iscaffold inear ithe ishore iin iJapan. iAs iper iexploratory 

iperceptions, ithey ipresumed ithat ithe imost iharming ipotential iregion iabout ithe iindistinguishable 

ilimit imap icompares iwith ithis iphase iwith ihigher ichloride icontent iand iconfined ierosion. iThey 

ilikewise ireasoned ithat ithe ipotential islant iis ian iincredible ipointer ifor ipicking ithe ispot ifor iextra 

idamaging itesting iwhen ithere iare ino isigns iof ierosion ito ithe isolid isurface. iThey ilikewise ifound ithat 

ithe ideliberate ipotential ibenefits ivaried ibecause iof ivarious ithings, ifor iexample, ifever, ireference 

ianode ikind, iand ipre-wetting isecond. iThen iagain, ithe ipotential islope idesign iremained iprecisely ithe 

isame ifor iits istructure. iIndeed, ieven ithe iEquipotential iLimit ioutline iis ia imuch ireliable iinstrument 

ifor ifinding iconfines ierosion iand ipicking ithe ispot ifor iextra idangerous itesting. 

S. iBhalla iet ial. i[42] iacquainted ianother itechnique iwith iassessing ithe iweariness ilength iof ishot isteel 

ijoints iutilizing ithe icomparable ifirmness irelying iupon ipiezo-impedance itransducers iassociated 

iwith ithe isurface. iThe iequal iparameters iof ithis iboard iwere irelated ito ithe iacquired 
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ielectromechanical iutilization imarks. iDuring ilooking iat ithree iparts iof imetal ijoints, iboth 

iobservational iconditions iwere imade ito iconnect ithe ientire itime iof iremaining iexhausted iinto ithe 

iproportionate irecognized idecrease iof ifirmness. iThe imost iencouraging ielement iof ithis 

irecommended iapproach iis ithe iway ithat iit istraightforwardly iapplies ithe iinduction iof ipiezoelectric 

itransducer imarks iassociated iwith ithe isurface, iaccordingly icontinuing ithe ifinish iof ithe iin isitu 

ifirmness iof ithe ijoint. 

M. iMoreno iet ial i[48] iresearched ithat ithe ieffect iof idifferent idegrees iof icarbonation iand ithe 

icloseness iof idifferent ichloride isubstances iin ipropagation iplans iwere iinvestigated. iThe iresults 

ishow ithe igainful iresult iof ihigh ialkalinity ion ithe ilimited idisintegration iof isteel irealized iby ichloride 

iparticles. iThe iresults iof ithe ipotentiodynamic itests ievaluated ian iessential ichloride iobsession ifor 

ievery iarrangement iover iwhich ithe isting icould ihappen. iThe ichloride ilimits idiscovered ihere iare iin ia 

icomparable isolicitation ias ithose ias iof ilate ipoint iby ipoint iin ithe icomposition iwithout ifilm isteel. 

iThe iresult iof iarrangements irecreating icarbonated icement ishowed ithat inonpassive icarbon isteel 

iimproved iat ilow icarbonation iconditions, iwhile ilimited iconsumption iobstruction iwas iimproved iat 

ihigh icarbonate iand ibicarbonate ifocuses. 

2.3 iResearch igaps 

• A igap iin ithe iwriting iabout iconstant icorrosion iobserving iof iRCC istructure. 

• A ilarge iportion iof ithe iwriting iis iworried iabout icorrosion idetection iin iRCC istructure 

iutilizing ia idamaging itechnique. 

• Constrained ibits iof iwriting iare iaccessible iwhich igive iutilization iof ithe ielectrical isensor ifor 

iongoing icorrosion iidentification iin iRCC istructures 

• There iare ifew ilooks iinto ion ithe iexamination iand icorrosion ichecking iof ivarious ihigh-grade 

icement 
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2.4 iResearch iobjectives 

• Investigation iof ithe ipressure itrial iof isolid ishapes iand icorrosion itest iconsequences iof 

iconcrete ibeams iof iGrades iM40, iM50, iand iM55. 

• To ipropose ithe ibest iappropriate ievaluation iof icement iamong ithree ihigh ievaluations iwhich 

iis iless iprone ito icorrosion. 

• To idiscover ithe ipressure itest iaftereffects iof isolid iblocks iof ivarious ievaluations irelieved iat 

ivarious itime irange. 

• Constant icorrosion ichecking iof isteel ibars iinstalled iwith ipiezo-sensor iby iutilizing ithe iEMI 

imethod. 
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CHAPTER i3 

EXPERIMENTAL iINVESTIGATIONS 

 

3.1 iGeneral 

The ireinforcement iof iconcrete itakes iplace iwith ithe ihelp iof isteel. iThere ithermal iexpansion 

icoefficients iare iequivalent;a igreat icapacity iof iforming ibond iand iincrease iin istrength. iCorrosion iof 

ia isteel istand iis iclassified ias imost ifamiliar ireason ifor ifailure iof iRC istructures.  

i 

This ishows i inew imethodology iof ichecking icorrosion ion iexposed isteel ibars,by ithe iimpedance-

based iprocedure. iBy ithe isurface-connected iPZT ipatch ithe icorrosion-induced idamage iis ievaluated 

i&depends ion ithe iequal iparameters irecognized. iOriginally, ithe iimportant iconcrete iproperties iwere 

iidentified iand ithe iconstraints iof ifurther icement isubstances iwere iput. iThe iproperties iof iconcrete 

iimpacted iby ielements iare idiscussed iso ithat iexperimental iarrangement icould ibe imade. 
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3.2 iResearch imethodology i 

To iachieve ithe iresearch iobjectives, ia isuccessive imethodology iwas isuggested. 
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Step i1: iMaterial iSelection i 

This ican ibe idone iby ievaluation iand iusage iof i iOPC iwith isuper-plasticizer iused ifor iexperimental 

iinvestigation. i 

 

Step i2: iMix iDesign 

The imaterials iare iselected ithan iindividual imix idesign iof idifferent igrade iis iprepared. 

 

Step i3: iExperimental iStudy i 

(i) iCompressive itest i 

(ii) iDetection iof icorrosion 

 

(i) iDestructive itest: i 

Compression itest iwas iperformed ion ithe icubes. iThe icomparison iand iresult iof idifferent igrades iare 

icarried iout. 

 

(ii) iCorrosion idetection itest: i 

Acceleration iof icorrosin itechnique iadopted iinvolving iNaCl isolution ialongside imonitoring iwas 

idone iby iPZT isenor.. i 

 

Step i4: iResults icomparison i 

Electromechanical i i iimpedance i itechnique iused ifor icorrosion iresults. iInstrument iused ito iobserve 

ichange iwas ioscilloscope. iChange iin ivalues inoted iat iSpecific iinterval iof itime iand ibest isuitable 

imaterial ifind iout iwith iis imore iresistant ito icorrosion. 

3.3 iMaterial iused i 

Fine iand icoarse iaggregates iused ifor ithe iformation iof iconcrete. iThe icompaction iprovides ipotential 

istrength iand iquality iof iconcrete. iThe iinspection iof iconcrete ialso itakes iplace iwith itime. i i 
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3.3.1 iAggregates i 

Aggregates iare imost iimportant ibuilding imaterials iused ias ia ibase imaterial iin ifoundations, iroads 

iand irailways. iVolume ioccupied iis i75 ipercent, iproves ito ibe iimportant ifor iconstruction. 

 

Categorization iof iaggregate ibased ion iunit iweight: i 

i. i i inormal iweight. i 

ii. i ilight iweight. i 

iii. iheavy iweight i 

Classification ibased ion isize iof iaggregates: i 

1. iFine iAggregate i 

2. iCoarse iaggregate i 

Classification ibased ion ishape: 

1. iRounded iaggregate 

2. iIrregular iaggregate 

3. iAngular iaggregate 

(a) iFlaky iaggregate 

(b) iElongated iaggregate 

Surface itexture iis ia iproperty iwhose iassessment irelies iupon ithe iquantity iof iclean, ismooth, iorrough 

isurfaces iof ithe iparticles. iThe iconsistency iof ithe isurface idepends iupon ithe ihardness, igrain isize, 

ipore istructure, irock istructure iand idegree iof ismoothness ior iroughness iof ithe iforces ifollowing ithe 
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iparticle ilimits. iAs isurface iperfection iincreases, ithe icontact isurface ireductions, iso ia icleaned 

imolecule iwill iexclusively ihave ia ismaller isurface iarea ifor iadhesion ito ithe imatrix ithan ia icoarse 

imolecule iof ia icomparable ivolume. iThe iphysical iproperties iof ithe iaggregates iutilized iin 

ithisinvestigation iare iintroduced iin iTables i3.2 iand i3.3. iFor iworkable iconcrete, isize idistribution ior 

igrading iof iaggregate iplays ian iimportant irole. iThe isize iand ishape iof ithe iaggregate iaffect ithe 

iproperties iof inew iconcrete imore ithan isimply ihardenedconcrete. iConcrete iis imore iviable iwhen 

iround iand ismooth iaggregate iis iused irather ithan irough iangular ior iextended iaggregate. iCrushed 

istone igenerates imore iaerodynamic iand imore ielongated iaggregates, iwhich iinclude ia igreater 

isurface-to-volume iratio; igreater ibond iattributes ihowever ineed imore iconcrete ipaste ito iproduce ia 

iviable imixture. iArrangement iof iIS iSieve ifor iits ianalysis iis ishown iin iFigure i3.2 i[51]. iGrading iof 

icoarse iand ifine iaggregates iare ishown iin iTable i3.4 iand iTable i3.5 irespectively. iThe igrading ilimits 

ifor ifine iaggregate iand icoarse iare iclarified iin iIS i383-1970 i[52]. iFor ithe istudy iwork, iboth iCA iand 

iFA iare ipurchased ifrom ilocally iavailable isuppliers iin iChandigarh. iThis iis iembedded iin ithe imix 

iratio iprocess. iIt iis iexpressed ias ithe isum iof ithe icollective i%age iof ithe iengaged iweight iin ia istandard 

isieve-set idivided iby i100. iFineness imodulus iis iused ito idetermine ithe iorder iof ifine iaggregates i& iis 

iclassified iin iTable i3.6. 
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3.3.2 iBinder 

Ordinary iPortland icement i(OPC) 

Cement ican ibe icategorized ias ithe icohesive i& iadhesive iproperties iof ibonding imaterial iwhich 

ipermits ius ito ijoin ithe idifferent ibuilding imaterials. iThe imost igenerally iutilized itypes iof iPortland 

icement iis inormal iPortland icement. iLime, isilica, ialumina iand iiron ioxide iare ithe imain iraw 

imaterials iutilized ifor icement iproduction. iThe icement icreation iprocess iconsists iof icrushing ithe 

iraw imaterials, icarefully iblending ithem iin icertain iproportions iaccording ito itheir icomposition iand 

ipurity, iand iprocessing ithem iin ia ifurnace iat ia itemperature isomewhere iin ithe irange iof i1300 iand 

i1500°C, ito iwhich ithe isintered imaterial iis iformed iand, ito isome iextent, ifused ito iform ia inodal 

iclinker. iThe iclinker iis icooled iand imilled iinto ifine ipowder iwith ithe iaccumulation iof i3 ito i5% 

igypsum. iOne icomponent iformed iby ithis itechnique iis iPortland iconcrete. iTri-calcium isilicate iand 

idialcium isilicate iare ithe imost isignificant iquality iblends. 

 

 

 

 

The iordinary iPortland icement i(OPC) ihas icategorized iby ithe ibureau iof iIndian istandards i(BIS) ito 

ithree ilevels iso ias ito icreate idifferent igrades iof iconcrete ito ifulfill ithe irequirements iof ithe ibuilding 

ibusinesses. iThis isorting iwas idepending ion ithe i28-day icompression iforce ias ifollows: 

1. iOPC iof iGrade i33– iIS i269: i1989 



` 

25 
 

2. iOPC iof iGrade i43– iIS i8112: i1989 

3. iOPC iof iGrade i53– iIS i12269: i1987 

Ordinary iPortland iCement i(OPC) iof iGrade i43 ifrom isingle isource i(Ambuja iCement) iis iused 

throughout ithe iresearch iwork. iThe icement iproperties iin icurrent iproject icompliant ito iIS i8112-1989 

iare ipresented ibelow iin iTable i3.7 i[54-53]. iOPC i43 igrade iwas ipurchased iby iLtd iDarlaghat. 

Figure i3.3 ishows iOPC icement. 
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3.3.3 iWater 

 

Water iplays ian iextremely ihuge ifunction iin ithe iconcrete-mix. iThere iare ifollowing itwo imain 

reasons iwhich isignifies iit’s ineed: 

 

Bonding: iMixing iof icement iwith iother iingredients iof iconcrete iwith iwater ias ia ibinder. iAnd ialso, ito 

iproduce iunique istructures, iwater ican ialso ibe iresponsible ifor ithe ipractice iof ihydration ithat 

icontributes ito ithe ihardening iof iconcrete. 

 

Workability: iThis ireally iis ithe isimplicity iof imixing iconcrete. iAdditionally, iit imay ibe iconsidered 

ithe ifluidity iof ithe iconcrete. iAs ia iresult iof iWater, iconcrete icould ibe ireadily iblended ito imake ithe 

idesired imix. iThe ifunction iof iwater iis ito idecrease iexternal ifriction ibetween ithe iconcrete iand iall 

ithose igears iused ito icombine iit. iIt iIs idue ito ithe iworkability ieased iby iwater iwhich iconcrete icould ibe 

imoulded iinto idifferent ishapes ibefore iit imay iharden. 

 

For iconcrete iproduction iuse iof iwater ialso idepends ion ithe ipH ivalue iof iwater. iPH iin ibetween i6 ito i8 

iis ifree ifrom iorganic icompound. iWater-concrete iratio iensures ithe istrength iof iconcrete. iCement igel 

ihydration iis ishown iin iFigure i3.4 iwith ithe igiven iratio iof i(w/c i0.2, i0.3 iand i0.5). iA ismall iamount iof 

iwater ican ibe iused ito ihydrate ithe icement iand ito ilubricate ithe imixture iextra iwater iis irequired. iSome 

icapillary ipores icould ibe iformed idue ito ithe iexcess iof iwater& istrength iof iconcrete icould idecrease 

iwith iexcess iuse iof iwater i[49]. 
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3.3.4 iSuperplasticizers i(High iRange iWater iReducers) 

Superplasticizers iare ia ireasonably inew iclass iand ia ibetter ivariant iof ithe iplasticizer, ithe iutilization 

iof ithat iwas imade iin i1960 iand i1970 irespectively iin iJapan iand iGermany. iThey iare ichemically 

idistinct ifrom iordinary iplasticizers. iThe iutilization iof isuperplasticizer ireduces iwater iby iaround i30 

ipercent iwithout idiminishing ifunctioning icapability, iwhen icompared iwith ia ireduction iof iaround 

i15 ipercent ifor iplasticizers. iThis iraises ithe iworkability iat ia ispecified iw/c iratio, igenerally 

iincreasing ithe islump ifrom i75 imm ito i200mm. iThe iprincipal iissue iis ithese isuperplasticizers iis ias 

istrong ias ia idispersant iand itherefore iare ihigh-end iwater ireducers. iThey're iknown ias iHigh iRange 

iWater iReducers iin iAmerican iliterature. iIt's ithe ipotential iof isuperplasticizer iwhich ihas iallowed ito 

iuse iw/c ias ilow ias i0.25 ior ilower iand ito icreate iflowing iconcrete ito ifind ithe istrength iof ithis isequence 

i120 iMPa ior imore. iThe iproperties iof isuperplasticizer iwere ireferenced iin ithe iIS: i9103- i1999 i[55]. 
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3.3.5 iEquipment iutilized 

a) iPiezo i-electric iSensor 

The iword i‘piezo’ ioriginates ifrom iGreek iwords ithat imean ipressure. iThe iphenomenon iof 

ipiezoelectricity iwas ifound iin i1880 iby iPierre iand iPaul-Jacques iCurie. iIt iis ifound iin ibalanced 

inoncentral icrystals, isuch ias iquartz i(SiO2), iLiithium iNiobate i(LiNbO3) iand ilead izirconate ititanated 

i[PZT, iPb i(Zr1-xTix) iO3], iwhere ielectric idipoles i(surface icharges) iis igenerated iwhen ithe icrystal iis 

iexposed ito imechanical istress i[57].Piezoelectric imaterials ihave ian iexceptional iproperty iof 

iproducing ielectrical idipoles i(reverse isurface ifees) iwhen isubjected ito imechanical ipressure i(see 

iFigure. i3.5 ia) iand ithey iendure imechanical ideformations iwhen isubjected ito ielectrical ifields ias 

irevealed iin iFigure i3.5 i(b). iA ipiezoelectric isensor iis ia idevice ithat iutilizes ithe ipiezoelectric ieffect, 

ito iquantify ichanges iin ipressure, iacceleration, itemperature, istress ior iforce iby ichanging ithem iinto 

ian ielectric icharge. iThe ipiezoelectric imaterial ias ia iPZT ipatch iis iprobably ithe ibest imaterial ifor 

istructural ihealth imonitoring i(SHM) iand idamage idetection iin ithe icivil, imechanical iand iaerospace 

iinstallations i[56]. iApart ifrom iits iunique iproperties, iits ilow icost, isize iand ieasy iinstallation ihave 

ibeen ithe ikey ifactors ifor ibeing imost ipreferred imaterial ifor icontinuous imonitoring iof iengineering 

iamenities. i 
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The iPZT iround isensor iis iused iin ithis iproject ifor istructural ihealth imonitoring. iThe ilead izirconate 

ititanate ipiezoelectric iceramic isensor iis iuse iin ithis iproject ifor istructural ihealth imonitoring i(as 

ishown iin iFigure i3.6). iA iset iof isensors iwas iordered iusing ionline iinternet iplatform i(amazon.in 

iwebsite).These iare i27mm idiameter igold icolor iPiezo iDiscs imade iby iPrielsys iEnterprises. 

 

b) iOscilloscope 

An ioscilloscope iis ia idevice ifor imeasuring ielectronic isignals iand iis ifound iin iseveral iscientific 

ilaboratories i(as ishown iin iFigure i3.7). iIt iis ioperated ito iwatch ivariable isign ivoltages ion ia itwo- i46 

idimensional isystem ithat irepresents itime i[57]. iWhen ithe ioscilloscope iis iconnected ito ian ienergy 

isource ivia ia iprobe, iit iimmediately idisplays ithe icorresponding iwaveform iin ireal itime. iAlthough 

ithey iare imainly iused iin iscience iand itechnology, ithey iare ialso iused iin iother iareas isuch ias 

itelecommunications iand imedicine. 
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3.4 iMix idesign 

 

In iconcrete imix idesign icement isand iand iaggregate iare imixed iin iaccurate iproportion ito iachieve 

idesired istrength. iThe iconcrete imix idesign ientails ivarious imeasures, icalculations iand ilab itesting 

i47 ito idiscover iappropriate imix iproportions. iThis iprocess iis iusually iadopted ifor istructures ithat 

irequire ihigher ilevels iof iconcrete ilike ithe iM25 iand iover iand ibig iconstruction ijobs iwhere ithe 

iquantity iof iconcrete iingestion iis ienormous. iAn iadvantage iof iconcrete imix idesign iis ithat iit 

isupplies ithe iideal iproportions iof isubstances, ithus icreating ithe iconcrete iconstruction icheap iin 

iattaining irequired ipower iof istructural imembers. iAs, ithe inumber iof iconcrete inecessary ifor ibig 

iconstructions iare itremendous, ieconomy iin ivolume iof imaterials ilike icement imakes ithe ijob 

iconstruction icheap. iMixed idesign ican ibe icharacterized ias ithe ibest iapproach ito ipick ireasonable 

iconcrete icomponents i[49]. iThe iinspiration ibehind ithe iplanning, ias ifound iin ithe idefinitions iabove, 

iis itwo-fold. iThe ifundamental iobjective iis ito iaccomplish ithe ilowest idurability i& istrength. 

Developing iof iconcrete iis ithe isecond iobjective. iAll iconcretes ithat iare inoticeable idepend imainly 

ion itwo ivariables; iequipment-specific icosts iand ilabour icosts. iFor ia igood iconcrete, ithe ilabour icosts 

iof iformworks, ibunching, imixing, itransport iand ihardening iare ialmost. iThe iexpense iof ithe ivarious 

ielements iis iless ithan ithe icost iof iconcrete; ithe iemphasis iis ion iutilizing iless iconcrete, iif inecessary, 

icompatible iwith iquality iand idurability. iFrom ithis ipoint iof iview, ithe imain consideration iis ithe 

iexpenditure iof imaterials i[58]. iSpecifications iand idata iused ifor iMix iproportioning ifor iconcrete iof 

iM40, iM50 iand iM55 igrade iare accounted ibelow: 

 

a) iMix iproportioning ifor ia iconcrete iof iM40 igrade: 

1. iDesign iSpecifications i[59] 

a) iDesignation iof igrade i= iM40 

b) iCement iused i= iOPC i43grade i(IS i8112: i1989) 

c) iAggregate iSize i(Max.) i= iBelow i20mm iangular 

d) iSupervision iMark i= iGood 

e) iExposure icondition i= iSevere i(meant ifor ireinforced iconcrete) 

2. iTest idata ifor imaterials 

a) iCement iused i= iOPC i43grade i(IS i8112:1989) 

b) iSG iof icement i= i3.129 
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c) iSG iof iCA i= i2.75 

d) iSG iof iFA i= i2.67 

e) iWater iabsorption iof iCA i=1.513% 

 

 

 

 

 

 

Final imix idesign i– i1:1.58:2.8 

 

b) iMix iproportioning ifor ia iconcrete iof iM50 igrade: 

1. iDesign iSpecifications 

a) iDesignation iof igrade i= iM50 

b) iCement iused i= iOPC i43grade i(IS i8112: i1989) 

c) iAggregate iSize i(Max.) i= iBelow i20mm iangular 

d) iSupervision iMark i= iGood 

e) iExposure icondition i= iSevere i(meant ifor ireinforced iconcrete) 

2. iTest idata ifor imaterials 

a) iCement iused i= iOPC i43grade i(IS i8112:1989) 

b) iSG iof icement i= i3.129 

c) iChemical iadmixture i= isuperplasticizer 

d) iSG iof iCA i= i2.75 

e) iSG iof iCA i= i2.67 

f) iWater iabsorption iof iCA i=1.513% 
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Final imix idesign i– i1:1.58:2.8 

c) iMix iproportioning ifor ia iconcrete iof iM55 igrade: 

1. iDesign iSpecifications 

a) iDesignation iof igrade i= iM55 

b) iCement iused i= iOPC i43grade i(IS i8112:1989) 

c) iAggregate iSize i(Max.) i= iBelow i20mm iangular 

d) iSupervision iMark i= iGood 

e) iType iof iexposure icondition i= iSevere i(meant ifor ireinforced iconcrete) 

2. iTest idata ifor imaterials 

a) iCement iused i= iOPC i43grade i(IS i8112:1989) 

b) iSG iof icement i= i3.129 

c) iChemical iadmixture i= iSuperplasticizer 

d) iSG iof iCA i= i2.75 

e) iSG iof iFA i= i2.67 

f) iWater iabsorption iof iCA i=1.513% 

 

 

 

Final imix idesign i– i1:1.83:2 
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3.5 iMaterial’s itesting 

3.5.1 iOPC iCement 

a) iNormal iConsistency 

It's idefined ias ithe ipercentage iof iwater ifrom iweight iof icement ithat igenerates ia iconsistency ithat ilets 

ia iplunger iof i10mm idiameter ito ipenetrate ito ia ithickness iof i5mm ito i7mm iover ithe ibase iof ivicat's 

imold. iThe iVicat idevice iwas iutilized ifrom iIS: i4031 iPart i4:1988 i[60]. iIn iOPC icement ithe inormal 

iconsistency iis i35.5% 

 

 

 

 

 

b) iInitial isetting itime 

First isetting itime iof icement iwould ibe iyour ilapse ibetween ithe iinclusions iof iwater ialong iwith ithe 

iinstantaneous icement ipaste ibegins ito ished iits iplasticity iwithout isacrificing iits ipotency. iIt's ithe 

iperiod iwhen iwater ihas ibeen iadded ito ithe icement iand ialso ithe itime iin ithat ineedle iof i1mm2 



` 

35 
 

isegments ineglects ito ipenetrate ithe ithickness iof ithe iblock iinto ia ithickness iof i5 to i7mm iin ithe iVicat 

imold. iThe iIST iis i40 iminutes. 

 

c) iFinal isetting itime 

Final isetting itime iis ithe itime ilapse ibetween ithe iaddition iof iwater ito ithe iinstant ithe icement ipaste 

icompletely iloses iits iplasticity. iIt iis ithe itime iwhen iwater iis iadded ito ithe icement iand ithe itime iwhen 

ithe i1 imm ineedle iestablishes ian iimpression ion ithe idough iin imold, ihowever ithe i5mm iaccessory 

idoesn’t imake ian iimpression. iThe iFST iis i460 iminutes. 

 

d) iSpecific igravity 

Specific igravity, ialso ireferred ito ias irelative idensity, iis ithat ithe iportion iof ithe idensity iof ia 

substance ito ithe idensity iof ia ireference isubstance; iequates iwith ithe iportion iof ithe imass iof ia 

substance iinto ithe imass iusing ia ireference isubstance ifor ithe isame ispecified iquantity. iThe apparent 

ispecific igravity iis ithe iratio iof ithe iburden iof isome iof ithis isubstance ito ithe iweight iof ian iequivalent 

iquantity iof ithe ireference isubstance. iThe idensity ijar iprocedure iis iused ifor icalculating ithe ispecific 

igravity iof ithis icement. 
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We ihave iused iwater ito icalculate ithe ispecific igravity iof ithis isubstance. iHowever, iwe iusedkerosene 

iin icement ito icome iacross igravity. iThis iis ionly ibecause icement iis isterile iand icreates icalcium iwhen 

ianswered iwith iwater. iThe icement iindicates ino iresponse iwhen imixed iwith ikerosene. iIn ilab iSG iis 

i3.129 i(see iFigure i3.9). 

 

e) iCompressive istrength 

In ithe imortar icubes, ifolding iresistance iof ithe icement iis iconsidered iby ia icompression iresistance. 

iFor icement imortar iproduction inormal isand iis iutilized. iCompression itest imachine iwas iutilized ifor 

icompression itests iwith icube ivolume70.6mm3. 

 

 

 

 

 

Results iof icompressive istrength i(CS) iare: 

• iAfter i3 idays iof icuring(CS) i– i24 iN/mm2 

• iAfter i7 idays iof icuring(CS)– i35 iN/mm2 

• iAfter i28 idays iof icuring(CS)– i46 iN/mm2 
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3.5.2 iSand 

a) iSpecific igravity i(SG) 

Density ibottle idictated ithe ispecific igravity iof isand. iSand iparticles imade iout iof iquartz ihave ia iSG 

ifrom i2.65 ito i2.80. iWeights iare igiven ibelow 

Empty ibottle i(W1) i= i694gm 

Bottle i+ isand i(W2) i=850.2gm 

Bottle i+ isand i+ iwater i(W3) i=1551.1gm 

Bottle i+ iwater i(W4) i= i1420.2gm 

SG iof isand i=W2 i– iW1÷ i(W4 i–W1) i– i(W3 i– iW4) 

SG iof isand iusing idensity ibottle i= i2.67 

 

3.5.3 iCoarse iAggregates 

a) iWater iabsorption 

In ithe iconcrete imixture, icoarse iaggregate itends ito iabsorb iwater. iIncomplete ihydration iof ithe 

icement imay ioccur iif ithere iis idecrease iin iwater icontent& iif inot itaken iinto iaccount. iFrom irange 

i0.1-2.0% iwater iabsorption itakes iplace. iIn iresearch ifacility itests, ithe iabsorption iof iwater ifrom 

icoarse iaggregates iis i1.513% 

Absorption iof iwater i= i(A−B) 

B i× i100 

b) iSG i(Specific igravity) 

From ithe ioutcome iof ithe iwater iabsorption itest ithe ispecific igravity iof ithe iaggregates iwas 

considered ias ifollows: 

Weight iof, iSaturated iAggregate i(SA) ion ihold iwith icontainer iin iwater i(W1) i= i1.75kg 

Container isuspended iin iwater i(W2) i= i0.49kg 

SSD i(saturated isurface idry) iaggregate iin iair i(W3) i= i1.955kg 

OD i(ovendried) iaggregate i= i1.925kg 

SGofaggregates i= i2.75 
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3.6 iOPC specimens: icasting, imixing i& ibatching 

To iconduct ithe iexperiments, iHigh iyield ideformed i(HYD) isteelbarsofgradeFe415 i(IS:1786, 1985) 

iof i450 imm ilength iand idifferent idiameters iof i8mm, i12mm iand16mm iwere iselected. iTo Get ia 

ismooth isurface iin ithe imiddle isection iall ibars iwere imachined ito ibond ithe ipatch 

i(seeFig.3.11).thilayeroftwo-piece epoxy adhesive was applied to the machined surface and 

27mm idiameter PZT patch and grade PIC151 i(PI Ceramics, i2012) iwere applied i(seeFigure3.12). 

iA ismallweight isused to apply light pressure over the complete surface.To allow the complete 

icuring of bonded material, icomplete setup was left intact at room temperature for 1 day. iFor the 

idetermination of corrosion test, iconcrete specimens were prepared by using rectangular moulds 

iof size i(100mmx100mmx150mm). iAnd also, ito measure the compressive strength of concrete 

icubicalmouldsofsize150mmx150mmx150mmwereprepared. iThe preparation of mould sis ishown 

in Figure3.13. iAll specimens are ready inaccording to the Indian Standard Specifications iIS: i516-

1959 i[62]. iA total of 27 cubes and 9 beams are prepared. iIn this experiment we provide iclear 

cover of 45 mm.iFortheen tire process Ordinary Portland cement of grade-43from single isource 

was used.After preparing the concrete of the cement, isand and aggregate mixture (as ishown in 

Figure3.14), ithree mixture designs M40, iM50, iM55 were used to cast a total of 9 ibeams i(3of 

M40, i3 of M50 and 3of M55) iand 27cubes i(9 of M40 , i9 of M50 and 9 M55). Admixture was 

only used for the M50and M55design. iSteel rebar of diameter 12mm, i16mm, i20mm with 

concrete of M40 grade were used, isamples were designated as OX1, iOX2, iOX3and iwith M50 

grade is also prepared with similar diameter sizes and samples were designated as iOY1, iOY2, 

iOY3. iAlso, iwith M55 grade and samples were designated as OZ1, iOZ2 and OZ3. Specimens of 

different grades are shown in Table3.11. iIn the reinforcing projecting side, ia woodenend of size 

i(100mm x100mm) iwas utilized to provide backing. iBefore starting the casting process, iall molds 

were oiled after cleaning properly. Specific consideration was reduced ifor keeping the oil from 

penetrating the reinforcing steel, because this might be injurious to the iforce of this ray due to the 

lack of durability of this joint which wouldn't be identified in to years iof corrosion. iPredicated on 

the reinforced spansgot, ithe most bizarre surfaces were selected to iuse from the tests. 
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All these are rigorously substituted to fix the size prior casting. iConsideration was paid in to the 

molds in order there are not any spaces left at which there's a prospect of plastic concrete 

blockage. iCareful strategies are embraced in batch processing, imixing and casting surgeries 

(Figure3.15). iFrom there forward, irough aggregates were inserted. iSubsequently the water along 

with superplasticizer was carefully inserted so no liquid was leaking through out the mix.  iThe 

concrete mix was prepared by the cement mixer and also with manual blending. iIt was iinitially 

cleaned out of the water and following that dried to ensure that impurities do not stick to  ithe 

surface from before usage. iAll samples were abandoned in the steel mould for the initial 24 ihours 

beneath ecological conditions. iFrom there forward, ithey had been closely de-moulded ifrom the 

aging requirements that no border shave been broken & established in the aging tank iin room 

temperature for aging was 27 i± i20 as per IS: i10262-1982 i(Figure3.16) i[59]. iConcrete ishould be 

suitably considered to develop it perfect properties. iThe illustrations have been iimmediately 

immersed into the water to prevent water fromevaporating out of hydrated concrete 
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3.7 Impressed current technique 

Impressed current technique isused to accelerate the corrosion of reinforcing steel. iThe current 

itechnique, imore over referred to as galvanostatic technique, iin which Dc power source is 56 

iutilized to supply constant current flow to steel embedded into the concrete to organize to cause  

isubstantial corrosion in a quick moment. iAfter employing the current for a certain period of 

itime, ithe amount of induced corrosion may be determined by the law of electromagnetism, ior the 

ipercentage of the actual amount of steel dropped in corrosion could be determined with the Aid 

iof a gravimetric test conducted on the bars extracted resulting accelerated corrosion i[65]. 

 

 

 

 

 

The current is impressed by the counter electrotroding of the reinforcement by the concrete with  

ithe electrolyte i(usually the sodium chloride solution). iTo get adesirable out come with in less 

itime period, iimpressed current technique to accelerate the corrosion was conducted. iIn this study 

iwe utilized 3.5% NaCl solution 

 

 

 

 

 

 



` 

42 
 

CHAPTER 4 

RESULTS i& iDISCUSSION 

 

4.1 iGeneral 

In ithis ichapter, ifinal ioutcomes iof ithe icompression itest iand iaccelerated icorrosion itests icarried iout 

iconcrete icubes iand ibeams. iAfter ithat icorrosion itest iresults iof iconcrete ibeams iof iall ithree igrades 

i(M40, iM50, iM55) iwas icompared. iThe ievaluation iof icorrosion ihas ibeen idone iwith ithe iPZT 

ipatches ibonded ion ithe isurface iof iparticular irebars, iusing ithe iimpedance itechnique. iThe icorrosion 

ievaluation imodels iare ideveloped ibased ion ithe ianalyzed idata. iWhile iall iof ithe iprevious iresearch 

ihas iconcentrated iupon imetal iparts iplus iemployed ithe iraw iconductance isignature iwith iregard ito 

icorrosion imonitoring ias idiscussed iin ichapter i2, ithe iresearch icovered iin ithis ichapter ifocuses ion 

icorrosion iin iRC iconstructions iutilizing ithe iequivalent istructural iparameters iextracted ithrough ithe 

imechanical iimpedance, iafter ifiltering iaway ithe iPZT iguidelines. iThe inext ipart iof ithe ichapter 

iworks iwith ithe icomprehensive iexperimental istudy, idata iacquisition, ianalysis, iplus ithe iprogress iof 

ithe icorrosion iassessment imodel idependent ion ithe icomparative iparameters. 

 

 

Also, ithis ichapter ipresents iall iof ithe icompression itest ioutcomes ion ithe i27 iconcrete icubes iof ithree 

igrades i(i.e., iM40, iM50, iM55). iExperimental iresults iof ia inew icorrosion imeasurement iapproach 

iwith iregard ito ibare isteel ibars iusing ithe iEMI itechnique ithrough ithe iuse iof ithe iapplication iof 

isurface-bonded iPZT ipatches ibased ion ithe iextracted istructural iparameters ifrom ithe iimpedance 

ispectrum. iThis ichapter iextends ithe isuggested imethod ito ithe irebars iembedded iinside ithe iconcrete 

iand ipresents icorrosion iassessment icomparison iversions ithat ican iwork iextremely iwell iin ireal-life 

icorrosion imonitoring iof istructures 

 

4.2 iTests iconducted 

 

4.2.1 iCompressive istrength itest i 

Proportioning iof iconcrete iis iused ito icontrol ithe istrength iof iconcrete, irough iand ifine iaggregates, 

iwater, iand iassorted iadmixtures. iTo idetermining ipower iof iconcrete, iproportion iof ithe iwater iinto 
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icement iis ithe imain ifactor. iThe icompressive istrength iis imore iwhen ithere iis ilow iwater-cement iratio 

iis iused. iThe icapacity iof iconcrete iis icurrently istated ias iMPa i- imega ipascals iin iSI iunits iand ipsi i- ilbs 

iper isq. iinch iin iUS iunits. iThis iis iusually icaused idue ito ithe icompressive istrength icharacteristic iof 

ireal ifc/fck. iConcrete ihaving istrength istrength iranges ifrom i10 iMPa ito i60 iMPa ican ibe iideal ifor 

inormal ifield iapplications iFor icertain iapplications i& idesigns ihigh icompressive istrengths iconcrete 

iin ithe irange iof i500 iMPa, iare iproduced, icommonly ireferred ito ias iultra-high istrength iconcrete ior 

ichemically iactive iconcrete ipowder. 

 

 

 

 

On ihardened iconcrete, icompression ievaluation iis ithe imost icommon itest ithat icould ibe iconducted, 

ipartially ias iit iis ia isimple itest ito ido, iand icompressive istrength itest ican iprovide imore ipractical 

iusable iproperties iof iconcrete. iThe icompressive istrength iof iconcrete iis igiven iconcerning ithe 

icharacteristic icompressive istrength iof i150-millimeter isize icubes itested iat i28 idays i(fck) i(as ishown 

iin iFigure i4.1). iThe istrength iof iconcrete imust ifigure iout ithe istrength iof itheir imembers. iConcrete 
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ispecimens ihave ibeen icasted iand ianalyzed iunder ithe iact iof icompressive iloads ito iascertain ithe 

istrength iof iconcrete i[62]. i59 iWithin ithis istudy iwork iconcrete iwith iquality icontrol iwas iprepared 

iunder irestrained iexposure istate. iTo iavoid iany ieffect ion ithe icompressive istrength, ithey iare ipoured 

iinto icubical imolds iand iput ion ia itable ito ilessen iair ientrapped iinside ithe imolds. iRemoved iof imolds 

iafter1 iday ithe imolds ithe ispecimens iwere iretained ifor ihealing iat iroom itemperature ibefore itesting. 

iFor ithe iCompressive ievaluation, iwe've iready i9 icubes iof ievery igrade. ii.e, itotal i27 icubes iwere 

itested i(as ishown iin iFigure i4.2) 

 

 

 

 

For ithe ipurpose iof icompressive istrength, ithese ispecimens iwere ianalyzed iat iseveral iages ii.e., ithey 

iare icured ifor i7 idays, i14 idays iand i28 idays. iThe iload iof iroughly i140 ikg/sq icm/min ihas ibeen 

iimplemented iwithout iany ijolt iand iload iwas iimproved icontinuously iat ia ispeed iof ibefore irising 

iload ibreaks iit idown, iwithout ian iincreased iload icould ibe isustained. iWe inoted idown ithe imaximum 

iload iapplied ito ithe ispecimen. iThe iequal istrength iof ithis ispecimen iwas icalculated iby idividing ithe 

imaximum iload iby itile iregion iof icontact iof ithe ibearing iplates iand ihas ibeen istated ito ithe inearest 

ikg/sq icm. iTypical iof i3 ivalues iis iaccepted ias ithe iagent iof ithis ibatch isupplied ithe iindividual 

ivariation iisn't igreater ithan i± i15% iof itheir itypical. iIf inot, ireplicate ievaluations iare itaken. iFor ievery 

igrade, i3-3 icubes iwere idivided iinto ithree ibatches i(i.e., iBatch1, iBatch2 i& iBatch3). iFor iM40 igrade, 

itotal i9 icubes iwere idivided iinto ithree ibatches idesignated ias iC401, iC402, iC403, iC404, iC405, 

iC406, iC407, iC408 iand iC409. i 
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Figure 4.3.1: M40 Grade Cubes 

For iGrade iM40, icompression itest iresults iof ibatch i1 iwere itaken iafter i7 iDays iof icuring. iWhich ihave 

ithe iminimum iaverage icompressive istrength iof i28.69 iMpa. iCubes iof iBatch i2 iwere icured ifor i14 

idays. iAverage icompressive istrength iof ibatch i2 iwas i42.57 iMpa. iMaximum icompressive istrength 

iof i46.83 iMpa iwas iobtained iafter i28 idays iof icuring ifor ibatch i3. iCompression itest iresults iof iM40 

iare igiven iin ifollowing iTable i4.1. 
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For iM50 igrade, i3-3 icubes iwere idivided iinto ithree ibatches i(Batch1, iBatch2 i& iBatch3) idesignated 

ias iC501, iC502, iC503, iC504, iC505, iC506, iC507, iC508, iC509 

 

 

 

Figure 4.3.2: M50 Grade Cubes 

For iGrade iM50, icompression itest iresults iof ibatch i1 iwere itaken iafter i7 iDays iof icuring. iWhich ihave 

ithe iminimum iaverage icompressive istrength iof i36.63 iMpa. iCubes iof iBatch i2 iwere icured ifor i14 

idays. iAverage icompressive istrength iof ibatch i2 iwas i49.97 iMpa. iMaximum icompressive istrength 

iof i54.383 iMpa iwas iobtained iafter i28 idays iof icuring ifor ibatch i3. iA icompression itest iresult iof iM50 

iis igiven iin ifollowing iTable i4.2. 
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For iM55 igrade, i3-3 icubes iwere idivided iinto ithree ibatches i(Batch1, iBatch2 i& iBatch3) idesignated 

ias iC551, iC552, iC553, iC554, iC555, iC556, iC557, iC558, iC559. iA icompression itest iresult iof iM55 iis 

igiven iin ifollowing iTable i4.3. 

 

 

 

Figure 4.3.3: M55 Grade Cubes 

For iGrade iM55, icompression itest iresults iof ibatch i1 iwere itaken iafter i7 iDays iof icuring. iWhich ihave 

ithe iminimum iaverage icompressive istrength iof i39.16 iMpa. iCubes iof iBatch i2 iwere icured ifor i14 
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idays. iAverage icompressive istrength iof ibatch i2 iwas i54.49 iMpa. iMaximum icompressive istrength 

iof i58.57 iMpa iwas iobtained iafter i28 idays iof icuring ifor ibatch i3. iA icompression itest iresult iof iM50 

iis igiven iin ifollowing iTable i4.3. 

 

 

 

 

Batch1, iBatch2 i& iBatch3 iof iall ithree igrades iwere itested iafter i7 idays, i14 idays iand i28 idays. 

Averages iof ievery ibatch iof iall ithree igrades iwere itaken ifor iresearch ireference. iThe icompression 

itest iresults iare itabulated iin ithe iabove itables. iWe iget imaximum iaverage icompressive istrength iof 

i58.57Mpa ifor igrade iM55 iwhich iis icured ifor i28 idays, ifollowed iby iaverage iCompressive istrength 

of i54.383 iMpa ifor igrade iM50 iand i46.83 iMpa ifor igrade iM40 iboth iwere ialso icured ifor i28 iDays. 

 

 

4.2.2 iCorrosion idetection itest 

 

It iis iknown ithat idifferent itypes iof ioxidation iproducts iare iformed iduring icorrosion iprocess. iDue ito 

ithe idifferent imaterial iproperties iof icorrosion iproducts, ivolume iof icorroded ipart iof ia isteel ibar imay 

iincrease. iThe iUltrasonic iwave iare iguided ithrough ithe isteel ibar ias ithey iare idesigned ito ido iso. iThe 

iwave ienergy iwould itransmit ito ithe ipart iof iconcrete iwhen ithe isensor iwas iembedded iinto iconcrete 
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i[57]. iLess iwave ienergy iwould irelease ito ithe iconcrete iwhen ithe icorrosion iproducts iwere igathered. 

iThus, iwave iamplitude iwould ichange iduring ithe icorrosion. 

 

 

4.3 iExperimental isetup 

 

The ipiezo isensor ibonded iwith ithe iconcrete ispecimen iwas iplaced iin ithe isolution iof i5% iNaCl. iThe 

iDC ipower ihas ibeen iconnected iwith ithe icorrosion icircuit. iThe ianode iwas iconnected iwith 

iembedded ireinforcement ibar iand icathode iwas iconnected iwith ithe icopper irod iof itheir idirect-64 

icurrent ipower. iBoth iends iof imetal irods iwere iconnected iusing ia ioscilloscope iand isignal igenerator 

i(as ishown iin igiven iFigure i4.4). 

 

 

An ielectric ipulse ifrom ia isignal igenerator i(SFG i1030) iwas istimulated iwith ione ipiezoelectric 

icomponent iby ialong iwith ianother ipiezoelectric ielement. iAnd ithis iwas iutilized ito iget ithe 

iultrasonic iwave ithat ihad ibeen icaptured iby ian ioscilloscope i(GDS-1102-U). iThe iinput ipulse iwas ia 

istep ifunction iof i±10V. iUsing ia icover idepth iof i10 imm, isensor iwas ithen icasted iinto ithe iconcrete 

ibeam. iWave iamplitude iwas ilisted ifor iall iof ithe iconcrete igrades. iIt imay ibe inoticed ithat ithe idetector 

icould irespond ito ithe ichanges iin iits isurrounding. iThen, ito itrack icorrosion imonitoring ithe iutilized 

isensor iwas ishown iin iFigure i4.5. 
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The i5 ivolts iof ipotential iwas iused iin ithe iacceleration itest. iThe iultrasonic iwave isignals iwere 

measured iat iparticular iinterval iof itime. iThe iamplitude iof iwave idetects ithe iinitiation iof ithe 

corrosion iin ithe iOPC iconcrete ibeam.We ihave itaken itotal i3-3 iconcrete ibeams iof iall ithree igrades 

ii.e., iM40, iM50 iand iM55. iSo itotal i9 iconcrete ibeams iwere imonitored. iUltrasonic iwaves iwere 

irecorded iat i10hr, i30hr iand i50hr ifor iall ithree igrades. iDuring ithe iinitiation iperiod ithe iwave isignals 

ifirst imeasured iat i10h iwere ishown iin ithe iFigure i4.6. 

 

During iinitiation iof icorrosion imonitoring itest iamplitude iwas istarted irecording iat i10hr, imaximum 

iamplitude i69.6 iwas irecorded ifor igrade iM40 iand iminimum iamplitude iof i67.3 iwas irecorded ifor 

igrade iM55. iAmplitude ion iM50 iwas i68.0. iThe iinitiation iof icorrosion iwas ifirst istarted ion igrade 

iM40 ilater ion iM50 i& iM55. iThus, iGrade iM40 ishows imaximum ideflection iduring istarting ihours iof 

iexamination. iInitially, ithere iwas ismall ideflection iin ithe irecorded iwave, ibut ithrough icorrosion ithat 

ithe iamplitude iof ithe iwave iimproved. iThe imotive iwas iit iimproved isince iwith ithe iincrease iin ithe 

icorrosion iperiod, ithe iamplitude iof ithe ifrequency ipeak ideclines igradually. iSince ithe icorrosion 

iproduct ilayer idecreases ithe itransmitted iwave ienergy iand iof ithose inew iappeared ipeaks 

irises.Therefore, iamplitude iincreases. iThe inext ivalues iof iamplitude iwere itaken iafter ia igap iof i20-

20hr. iThe iwaves irecorded iat i30hr iand i50hr iare ishown iin ithe iFigure i4.7 iand iFigure i4.8. i 
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At i50hr, imaximum iamplitude i72.5 iwas irecorded ifor igrade iM40 iand iminimum iamplitude iof i70.9 

iwas irecorded ifor igrade iM55. iAmplitude irecorded ion iM50 iwas i71.2. iGrade iM40 ishowed 

iunproductive iresults iamong ithree igrades. iAnd ifrom ithe iamplitude idata iit ican ibe iconclude ithat 

iGrade iM50 ishowed ithe iminimum ideflection ithroughout ithe imonitoring ibecause iof iits ibetter 

imaterial icomposition, ibecause iof iwhich iit ileads ito ia isurpassing iperformance iduring icorrosion 

iacceleration iperiod iamong ithe itested igrades. iIncrease iof iamplitude iversus itime ifor iM40, iM50 iand 

iM55 igrades iare ishown iin ithe iFigure i4.9. 
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At iabout iapproximate i50-60hr, ithe iamplitude istopped iincreasing iand ithe iwave ipropagation ifrom 

isteel ibar ito iconcrete igave isimilar iresults i(as ishown iin iFigure i4.10). iThus, ithe iamplitude iof ithe 

iwave ithat iwe igot iat i50h ishowed ithe iinitiation iof icorrosion. iThus, ithe iinitiation iof ithe icorrosion 

iand ithe icracking iof ithe iconcrete icould idetect ithrough iamplitude iof ithe iwave. iIt ishould ialso ibe 

inoted ithat ithe iconducted iexperiments ihad ivery igood irepeatability. 
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4.4 iComparison iresults 

4.4.1 iCompression Test Comparison 

From icompression itest iit ican ibe iconcluded ithat iGrade iM55 ishowed ibetter icompression istrength 

iafter icuring iof i28 idays. iHence iM55 igrade ican ipreferred iover iother itwo igrades. 

Table 4.4 Compression Test Comparison 

 

4.4.2 iCorrosion iTest iComparison 

From icorrosion imonitoring itest iit ican ibe iconcluded ithat iGrade iM55 iis imore iideal ifor iwork iunder 

iin icorroded iscenario. iHence iM55 igrade ican ipreferred iover iM40 i& iM55 igrades. 
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Table 4.5: Corrosion Test Comparison 

 

 

4.5 iConcluding iremarks 

 

This ichapter ihas iintroduced ia inew iand ieasy iapproach ifor itracking ithe ipractice iof icorrosion iin iRC 

istructures idirectly ifrom iinitiation iinto irebar icorrosion iextracted ifrom ithe iadmittance isignatures iof 

iPZT ipatches isurface-bonded iinto ithe iyears. iThe iadmittance iworth iof ithree idistinct iranges iwas 

icompared. iThe isuggested istrategy iis inon-destructive iin icharacter iand ientirely iautonomous. iThe 

iimpedance-based imethod iof icorrosion itracking iby iusing ithe iPZT ipatch ican ibe iused iin icorrosion 

iof irebars iin ireal-life iRC iconstructions, iwhere ithey iaren't isubjected ito ia idirect ivisual ianalysis. iTo 

ivalidate ithe inature iof ichanges iemphasized iby ithe iamplitude isignature iinformation, icorrosion 

itracking iresults iusing ithe ielectromechanical iimpedance iprocedure, irepresentative isamples iof ieach 

igrade iwere icompared. iThe iamplitude ivalues ifor ievery isingle iconcrete icolumn iof idifferent ilevels 

iwere ianalyzed ito idiscover ithe ibest iappropriate iwork isamples iin iactual iscenarios. iFrom ithe itests, 

iGrade iM55 iis imore ipractically isuitable ifor iboth icompression iwise iand iapplications iwhich iare 

imore iprone ito icorrosion. 

 

 

 

 

 

 

 

 

 

 

 



` 

56 
 

CHAPTER i5 

CONCLUSIONS iAND iFUTURE iSCOPE 

 

5.1 iGeneral 

 

The imain iobjective iof ithis iresearch iwas ito imonitor ithe icorrosion iexpansion iin ithe isteel irebar ifrom 

iRC istructures iby iusing ielectro imechanical itechnique i(with ithe ihelp iof iPZT isensors). iThe 

ipiezoelectric isensor iincludes itwo iconductive ipiezoelectric icomponents ithat iare iemployed ifor 

iproducing iand ireceiving iultrasonic iwaves ialong iwith isteel ibar. iThe igrowth iof ithese icorrosion 

iproducts ialtered ithe iwave iamplitude. iAlso, ithe iwave ipropagation ifrom isteel ibar iof iconcrete igave 

isimilar iresults ias ithe iamplitude ikeeps iincreasing. iThe iuniqueness iat ithis ithesis iis ithe ivery ifirst 

itime ian iinclusive istudy ion ithe iuse iof itheir icomparable istructural iparameters isuch ias icorrosion 

imonitoring iin iconcrete istructures iof idifferent igrades iare iresearched iand irelated icorrosion 

iassessment imodels iare ideveloped. iThis ichapter iprovides iideas iabout ifuture iwork iwhich iwill 

imatch ithe imaterial iand idraws iconclusions. 

 

 

5.2 iResearch ioutcomes 

 

The ifinal iresearch iresults iof ithe ithesis imainly iinclude ithe icreation iof ia icomparative idata iof 

compression itest iresults iand icorrosion idetection iresults iof idifferent igrades. iAnd ito icompare ithem 

ifor ifuture ireference ifor ibetter iimplementation iin ireal istructural iapplications. iImportant iresults iand 

ioutcomes iof iresearch iare ioutlined ias ifollows: i 

 

• In ithis iresearch iwork iwe ihave iused iGrade-43 icement iand iM40, iM50 iand iM55 igrade iof 

iconcrete ifor icompression itest iand icorrosion imonitoring itest. 

• To ifind iout ithe icompressive istrength iof igrades i(M40, iM50 iand iM55) itotal i9 icubes iof ieach 

igrade iwere icasted ii.e., itotal i27 icubes iwere icasted. iSamples iwere icured iat idifferent itime 

iperiod ii.e., i7days, i14 idays i&28 idays. iCompressive istrength iof iM40 i(46.83 iMPa), iM50 

i(54.38 iMpa) iand iM55 i(58.57) iwas iobtained iafter i28 idays iof icuring. 



` 

57 
 

• For inon-destructive icorrosion itest itotal i3-3 ibeam ii.e. itotal i9 ibeams iwere icasted iof iall ithree 

igrades i(M40, iM50 iand iM55). iIn iresearch iwork, ithe icorrosion irates iin ihigh igrades iof 

iconcrete iwere idetected iand ialso iwhich igrade iis icorrosive ieasily iwith ithe ihelp iPZT isensor. 

iThese isensors iinclude itwo ipiezo-sensors iwhich iwere iutilized ifor iproducing iand ireceiving 

iamplitude ivalues. iTransmission iof iwaves ichanges idue ito ithe igrowth iof icorrosion 

iproducts. 

•  iThroughout iinitiation iof icorrosion imonitoring itest iamplitude iwas istarted irecording iat 

i10hr imaximum iamplitude i69.6 iwas ilisted ifor igrade iM40 iand iminimum iamplitude iof i67.3 

iwas ilisted ifor igrade iM55. iThe iinitiation iof icorrosion iwas iinitially ibegan ion igrade iM40 

ithen iin iM50 i& iM55. iTherefore, iGrade iM40 ishows imaximum ideflection iduring ibeginning 

ihours iof ievaluation. iThe iupcoming ivalues iof iamplitude iwere itaken ifollowing ia idifference 

iof i20-20hr. iThe icorrosion iwas idistributing imore iquickly ion igrade iM40 icompared ito iother 

itwo igrades. iIn i50hr, imaximum iamplitude i72.5 iwas ilisted ifor igrade iM40 iand iminimum 

iamplitude iof i70.9 iwas ilisted ifor igrade iM55. iGrade iM40 irevealed iundesirable 

iconsequences iamong ithree igrades. iThis iimplies ilower igrade iconcrete iis ifar imore 

ivulnerable ito icorrosion. 

 

 

 

5.3 iFuture irecommendations 

 

In ifuture iresearches, ifollowing ipoints ican ibe iconsidered ifor imore iflexible ioutcomes iin ithe 

corrosion imonitor istudy: 

 

• iThe icurrent istudy iwas icarried iout ion ionly ithree ihigher igrades iof iconcrete. iIn ifuture, isame 

  research ican ialso ibe idone iby iusing idifferent istrength iof iconcrete iand iby iusing idifferent 

  grades iof isteel. 

 

• iIn ithis iwork iwe ihave iused iPZT isensor ifor icorrosion idetection ibut isame ican ibe iextend 

  with inew iwireless isensors. 
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• iThe icorrosion irate imodel icould ibe iused iby iusing iother idamage iidentification imethods, corrosion 

ifor ireal itime istructure ito icould ibe ifind ito icheck ithe ilong-term ieffect. 

 

• iIn ifuture iwork iOPC i43 igrade iof icement ican ibe ireplaced iwith iGeopolymer iconcrete. 

 

 

From ithis istudy iand iliterature ireviews, ithis inon-destructive itechnique, ielectro imechanical 

iimpedance itechnique iby iusing ipiezoelectric isensor ifor icorrosion ievaluation iof idifferent icement 

igrades iof iconcrete ihas ia ivast ipossibility iin ifuture. iSo, iat ithe iend iwe ican iconclude ithat ithis icould 

ibe ia ibetter iassessment iconventional ielectrochemical itechnique. 
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