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ABSTRACT

Concretds a multi-phasecompositematerialwhich is dif-
ficult to inspectusing corventionalultrasonictechniques,
including thosethat work well on relatively homogeneous
materialssuch as metals. This papersummarizesecent
researctthat makesuseof signal processingechniguego
overcomeultrasonicinspectiondifficultiesin concrete Ba-
sic findingsfrom several new laboratory-base®\DE tech-
niquesfor concreteare reported. First, the applicationof
split spectrunprocessingSSP)is described The SSPtech-
niguesobtainsafrequeng-diverseensembl@f narravband
signalsthrougha filterbank and recombineshem nonlin-
earlyto improve thetargetvisibility. Exampleghatdemon-
stratethe capability of SSPto reducecoherenmnoise(clut-
ter) in ultrasonicsignalscollectedfrom concretesamples
arepresentedNext, aself-compensatingrocedurdor prac-
tical one-sidedsurfacewave transmissioomeasurementsn
concretestructuress describedTheutility of thetechnique
isdemonstratetly sensitvity to surface-openingrackdepth
in concreteslabs.Finally, anapproactby which the setting
process(stiffnesschange)in concreteis nondestructiely
monitoredis described Thereflectionfactorof sheawave
pulsesat a steel-concreteterfaceis measuredirom which
the stiffnesschanggsetting)of the concretds inferred.

1. INTRODUCTION

Dueto thecomplex natureof its microstructurenpondestruc-
tivetesting(NDT) of concreténherentlyimposesnary chal-
lengeswhich cancausesererelimitationsto boththereso-
lution andsensitvity of the obsened signals. With the ad-
ventof inexpensie andrelatively powerful desk-topcom-
putersdigital signalprocessingechniquesiave becomean
integral part of non-invasive medicaland industrial appli-
cations. In this paperwe will examineseveral key signal
processingechniqueghat have beenappliedsuccessfully
to the inspectionof concrete. The initial resultsobtained

from suchapplicationspoint to the potentialfor develop-
mentof moreeffective meansfor inspectionof concreten
futureapplications.

2. SPLIT SPECTRUM PROCESSING

The useof high-frequenyg ultrasounds desirablein mary
areaf testingbecausef its superiorbeamdirectivity and
lateralresolutioncharacteristicsHowever, concreteesting
is usually restrictedto frequenciesof 150K H z or lessto
avoid high levels of cohereni{microstructurenoise,which
can often maskthe tamget signals. This type of coherent
noisecannotereducedy corventionalttechniquesuchas
timeaveraging.However, theinterferenceatterncharacter
izing "structuralnois€’; whichis comprisedf echoesrom
mary unresohablereflectorsjs highly sensitve to changes
in thetransmittediltrasonidrequeny. Whereastheechoes
from targetsthat are larger thanthe ultrasonicwavelength
arefar lesssensitve to suchfrequengy shifts, which allows
for the dramaticimprovementin target visibility whenthe
resultingfrequeny diversesignalsare appropriatelycom-
bined.

Oneimplementatiorof this principle is the Split Spec-
trum Processingd SSP)technique[1], wherethe spectrum
of the widebandultrasonicbackscatteregignal from the
testsamples decomposethto anensemblef narravband
spectraby n equallyspacedsaussiarbandpaséilters. The
inverseFFT of the n narrov band spectrayields a time-
domain frequeng-diversesignal ensemble. The process
of splitting the widebandspectrumis equivalentto using
n differentnarrov-bandtransducerspanninghe passband
of the transducer Subsequentlythe ensembleof narrav
bandsignalsarere-assembledsingappropriatealgorithms
to form a singleoutputsignal. If a suficient numberof fil-
tersoveraproperrangeof frequenciesireused thesplitting
processffectively decorrelateshe "structuralnoise” com-
ponentswhile retainingthe phasecoherencef the domi-



nantreflectorssuchasvoids and cracks. Thus, properre-
assemblyof thesignalensemblesuppressestructuralnoise
with respecto the target echo,resultingin signal-to-noise
ratio enhancement.The recombinationof the frequeng-
diverseensemblecanbe achiesed by a variety of schemes
[1] [2], of which the minimizationand polarity threshold-
ing algorithmswere found to be the most effective. The
minimization algorithm selects,at eachtime instantt, the
minimumabsolutevaluefrom the ensemblef decorrelated
signalswith magnitudesiormalizecto unity; i.e.,

y(t) = min{|ri(t);i =1,2,...., N} = rimin(t) )

Sincethe echoesfrom the randomlydistributed scatterers
arenow decorrelatedi.e., large amplitudevariance)while
targetechoesemaincorrelated(i.e., smallamplitudevari-
ance),low y,,;,(t) valuesat time instantst indicate the
likely presencef noise while largey,i» (t) valuesarelikely
to be target signalsnot reducedsignificantly by frequeny
change Thepolarity thresholdingalgorithmis basedn the
principlethatattime instantswheretargetsignalis present,
thecorrespondingSPdatasetwill notexhibit any polarity
reversalsincetheflaw signalwill dominatethe microstruc-
turenoise(i.e. all theelement®f thecorrespondingolumn
will have the samepolarity). However, if the datasetcon-
tainsonly microstructurenoise,whichis zero-meanthenit
is likely thatthe datawill exhibit polarity reversal. There-
fore, by settingtheamplitudeof theprocessedignalto zero
attime instantswherepolarity reversaloccurs,while main-
tainingthe original valueof the unprocessedidebandsig-
nal whenthe datahasidentical polarity, the microstructure
noiselevel maybereducedsignificantly

Thecritical processingparametersarethe bandpassil-
ter bandwidthand spacing,andthe spectralrangespanned
by thefilters. The setof parametershat produceoptimum
or nearoptimumre-assemblyffor a given sampleand test
conditionsareobtainednitially by repeatedrial-and-error
Althoughthis procesgieldsgoodresults,it is highly desir
ableto develop adaptve techniqueswhich candetermine
the processingparametersiutomatically thusrequiringlit-
tle expertiseon the partof theuser

Applicationof SSPusingboththeminimizationandthe
polarity thresholdingalgorithmshave producedsignificant
enhancemenin target visibility in titanium and stainless
steelsamples. More recently SSPhasalso beenapplied
successfullyto testconcrete.Although someexcellentex-
perimentaresultshave beenobtainedwith concretejn gen-
eralthe relatively severeattenuatiorof high frequenciesn
concretecomparedo metalsimposesa higherlimitation on
the expectedmprovementin signal-to-noiseaatios. Dueto
the compositeand viscoelasticnatureof concrete[3], the
optimizationof the SSPparameterss moredifficult. Our
experimentalwork with concretehasled usto the follow-
ing findings: the variation of componentsn concreteis
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Fig. 1. (a) Unprocesse&ignal.(b) Minimization Output.

greatercomparedo metals;the structuraldimensionsrary
to a greaterextent; dueto limited signalbandwidth,decor
relationof structuralnoiseis morelimited in concrete;and
the optimal SSPparameterare dependenbn the type of
concrete.

2.1. Experimental Result

The experimentpresentecherewas performedto examine
thethicknessof amortarprismwhosedimensionsre203 x
203 x 95 mm?®. The aggrgyatecementmassratio is 8 with
4.5 mm maximum particle size. The density of the con-
creteis approximately2.0 g/cnm?. Moreover, the aggreyate
is concretesandwith quartzandthewave velocity is exper
imentally determinedas0.36 cm/usec.Experimentatesult
is obtainedin the pulse-echanodein the longitudinal di-
rection using contacttransducemwith 0.9 MHz centerfre-
queng and1.00 inch diameter EachA-scanis obtainedus-
ing asamplingfrequeng of 12.5 MHz andis time averaged
1000 times. 14 setsof dataarecollectedfrom differentloca-
tionsonthesamplen orderto achieve spatialdiversity. Our
goalis to achiere bothspatialdiversityandfrequeng diver-
sity, which will furtherimprove theresults. Consequently
eachdatasetis processedising split spectrumprocessing
techniqueand minimization outputsare obtainedfor each
dataset. The SSPfiltering is achievedin thefirst half of the
spectrumandthefilter spacings setto theminimumvalue.
The optimizationof thefilter bandwidthrequiredonly cou-
ple of trials. Theindividual SSPminimizationresultswere
combinedby usingminimizationtechniqueon the spatially
diversedata. Fig. 1(a) shavs the receved signalsbefore
processingwhile the final minimizationoutputis shovn in
Fig. 1(b).

Thethicknessof the specimercannow be obtainedac-
curatelyfromthecorrespondingime of flight measurement,
which is 113 usec. This processsuppressethe scattering
noisefrom the aggreyateswhile the backsurceechogets
stronger



3. SELF-COMPENSATING SIGNAL
TRANSMISSION MEASUREMENT

A one-sidedself-calibratingsurfacewavetransmissiorech-
niquefor detectionof cracksin concreteis now described.
This techniqueeliminatessomeof the problemsthat were
encountereavhenusingthrough-thicknessltrasonictrans-
missionmeasurementd.he hardwareusedto measurene-
sidedwave signaltransmissiorconsistsof a controlledim-
pactbasedstresswave source,two receving accelerome-
ters, a digital oscilloscopeanda personalcomputer The
two receversarelocatedonthe surfaceof thetestspecimen
alongaline with thesource avay from theimpactsite. Two
stresswave sourcesaandtwo recevers(accelerometersyre
placedonthesurfaceof thespecimeralongaline thatstrad-
dlesthe crack,asshavn in Fig. 2. Transientstresswaves,
which aregeneratedy the sourcepropagatelongthe sur
faceof the specimenfirst passingRecever 1 andthenRe-
ceiver2.

Only the direct surface-boundeavave componentsand
the first L-wave reflectionfrom the opposingside of the
specimenare capturedwithin the time window. Next, the
impactsourceis appliedat location D andthe entire data
collectionprocedurds repeatedAs aresultof thedatacol-
lection,atotal of four signalsareobtained.In thefrequengy
domain,we canrepresent stresswave signal sentby the
sourceatlocationA andrecevedby thenearestaccelerom-
eteratlocationB asa simpleproductof terms

Vap = SadapRB (2

whereVy g is the FFT of the capturedime domainsignal,
S 4 thegeneratingesponséerm, R g thereceving response
term,andd 4 g the signaltransmissiorfunctionbetweero-
cationsA andB [4]. We areinterestedn determiningdgc
by eliminatingthe R;, S; andextraneousl;; terms.Thiscan
be accomplishedy collectingan appropriateset of wave
signalssentalongthereceving accelerometgpairalongthe
sameline. Simple manipulationof the V;; termsresultsin
anexpressiorfor thetransmissiorbetweerlocationsB and
C

dec(f) = VacVor/VasVpc)™? 3)

dpc is afunctionof frequeny andcanbevisualizedasthe
ratio of the amplitudeof the signalfrom thefar accelerom-
eterto that of the nearaccelerometer Thus, a transmis-
sionvalueof 1 indicatesno amplitudeloss(completetrans-
mission)asthe wave propagatedetweenpointsB andC,
whereasa value of 0 indicatescompletesignal amplitude
loss(notransmission)Standardvavetransmissiomr atten-
uationmeasurement@reinappropriatdor concretdbecause
of the difficulties associatedvith the sensorand coupling
variations. However, dgc doesprovide an accurateesti-
mateof wave transmissionn a practicalmannetbecausef

theself-compensatingchemeThesensitvity of dgc mea-
surementgo the depthof surface-breakingracksin con-
creteis demonstrated.

Transmissiormeasurementa/ere performedon a free
10cm thick concreteslabunderthreedifferentpath condi-
tionsbetweerthe accelerometerat B andC: acrossanun-
damagegbath,acrossal cmdeepnotchcutinto thesurface,
and acrossthe samenotch after the slab was subjectedo
flexure until a crackemanatingrom the notch propagated
several cm into the slah Fig. 3 shows the obtainedsignal
transmissiorncurves within a frequeng rangeof 0 to 200
KHz for the threecases.Clearly, dg¢ suffersa severere-
ductionin valuefor nearlyall frequenciesvhenthe surface
wavespassacrosshe notch. A furtherreductionin all fre-
quenciess notedwhencrackingis introducedadditionally
to thesurfacewave path. Thus,dg¢ is sensitve to the pres-
enceof nearsurfacedamagen concrete Further thistech-
nique hasbeensuccessfullyappliedto monitor the depth
andpropagatiorof a surfacebreakingcrack[5].

4. SHEAR WAVE REFLECTION FACTOR
MEASUREMENT

An approaclby whichthesettingprocesgstiffnesschange)
in concretds nondestructiely monitoredis describedThe
reflectionfactorof sheamwave pulsesat a steel-concret@n-
terfaceis measuredfrom which the stiffnesschange(set-
ting) of the concreteis inferred. Freshlymixed concreteis
placedin amold. A transduceexcitesandrecevesultra-
sonicwave pulsesfrom the steelform or a steelplateem-
beddedn the concrete Thereflectionsatthe steel-concrete
interfacearerecordedWhenconcretas placedin themold,
it is in a plastic statethat resembles fluid. Accordingto
wave mechanicsa sheamwave traveling throughmetalthat
is incidentupona steel-vaterinterfaceis entirely reflected.
Thus,atearlyagesmostof thewave enegy is reflectedand
theamplitudeof thereceivedwave is large. As theconcrete
stiffens,moreof thewave enegy is transmitted¢hroughthe
concreteandlessis reflectedat the interface. The process
of wave reflectioncanbe quantifiedusinga wave reflection
factor(WRF)thatdefinegheratio of theamountof incident
wave enegy thatis reflectedfrom aninterfacebetweerthe
two materialg6]. A plotof thetypical variationof thewave
reflectionfactor as a function of time is shown in Fig. 4.
The WRF is measureatontinuouslyafter castingup to 48
hours. The temperaturds also monitoredthroughoutthe
hydrationprocesaisingadisposablehermocouplénserted
in the concrete.The temperatureorofile for the samecon-
cretemixtureis alsoshovnin Fig. 4.

It canbe seenthat significantchangesn the early re-
sponsef the WRF coincidewith distinctive stageof hydra-
tion indicatedby the temperaturehange.After five hours,
the concretebeginsto stiffen noticeably This corresponds



to the end of the induction period. The exothermicreac-
tion startsand a stablecementmatrix begins to coalesce.
Thereis a noticeablekink in the WRF responset this time
andthe temperaturédeginsto increase.This pointin time
correlatesvell with the settime for concretecontainingvar
iousadmixturesdeterminedisingthe pin penetratiortests.
Afterwards,thereis a steady almostlinear decreasén the
WRE This indicatesthat the obsened trendsin the WRF
areowing to thechangean themechanicapropertiesof con-
crete.

5. SUMMARY

The presentedesultsdemonstrateéhe utility of signalpro-

cessingtechniquesfor NDE dataobtainedfrom concrete.
The methodsare shovn to be robust and may be usedto

monitor the condition of concretestructures. Specifically

we concludethe following. SSPhasbeensuccessfullyuti-

lizedto inspectconcreteusingultrasoundn the MHz range
andpromisesto be a practicalapproachfor improving the

presentapabilitieor NDT of concrete However, for opti-

mal utilization of SSPit is desirabldo developmethodghat
canautomaticallyselecttheprocessingparametersyhichis

the currentfocusof our work. One-sidecklasticwave sig-

nal transmissiormeasurementsiay be appliedreliably to

an unpreparedurfaceof concreteand are sensitve to the

depthof cracksin concrete.The WRF techniqguecanmon-

itor the settingand hardeningof concretesincethe trends
in WRF aresensitve to physicalphasechangesn the con-

crete.
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Fig. 2. Experimentaketupfor wave transmissioimeasure-
ment.
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