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ABSTRACT

Concreteis a multi-phasecompositematerialwhich is dif-
ficult to inspectusing conventionalultrasonictechniques,
including thosethat work well on relatively homogeneous
materialssuch as metals. This papersummarizesrecent
researchthat makesuseof signalprocessingtechniquesto
overcomeultrasonicinspectiondifficultiesin concrete.Ba-
sic findingsfrom several new laboratory-basedNDE tech-
niquesfor concreteare reported. First, the applicationof
split spectrumprocessing(SSP)is described.TheSSPtech-
niquesobtainsafrequency-diverseensembleof narrowband
signalsthrougha filterbank and recombinesthem nonlin-
earlyto improvethetargetvisibility. Examplesthatdemon-
stratethe capabilityof SSPto reducecoherentnoise(clut-
ter) in ultrasonicsignalscollectedfrom concretesamples
arepresented.Next, aself-compensatingprocedurefor prac-
tical one-sidedsurfacewavetransmissionmeasurementson
concretestructuresis described.Theutility of thetechnique
isdemonstratedbysensitivity tosurface-openingcrackdepth
in concreteslabs.Finally, anapproachby which thesetting
process(stiffnesschange)in concreteis nondestructively
monitoredis described.Thereflectionfactorof shearwave
pulsesatasteel-concreteinterfaceis measured,from which
thestiffnesschange(setting)of theconcreteis inferred.

1. INTRODUCTION

Dueto thecomplex natureof itsmicrostructure,nondestruc-
tivetesting(NDT) of concreteinherentlyimposesmany chal-
lenges,which cancauseseverelimitationsto boththereso-
lution andsensitivity of theobservedsignals.With thead-
vent of inexpensive andrelatively powerful desk-topcom-
puters,digital signalprocessingtechniqueshavebecomean
integral part of non-invasive medicaland industrial appli-
cations. In this paperwe will examineseveral key signal
processingtechniquesthat have beenappliedsuccessfully
to the inspectionof concrete. The initial resultsobtained

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

2. SPLIT SPECTRUM PROCESSING

The useof high-frequency ultrasoundis desirablein many
areasof testingbecauseof its superiorbeamdirectivity and
lateralresolutioncharacteristics.However, concretetesting
is usually restrictedto frequenciesof �������	�	
 or lessto
avoid high levelsof coherent(microstructure)noise,which
can often maskthe target signals. This type of coherent
noisecannotbereducedby conventionaltechniquessuchas
timeaveraging.However, theinterferencepatterncharacter-
izing ”structuralnoise,” which is comprisedof echoesfrom
many unresolvablereflectors,is highly sensitive to changes
in thetransmittedultrasonicfrequency. Whereas,theechoes
from targetsthat are larger thanthe ultrasonicwavelength
arefar lesssensitive to suchfrequency shifts,which allows
for the dramaticimprovementin target visibility whenthe
resultingfrequency diversesignalsareappropriatelycom-
bined.

Oneimplementationof this principle is the Split Spec-
trum Processing(SSP)technique[1], wherethe spectrum
of the widebandultrasonicbackscatteredsignal from the
testsampleis decomposedinto anensembleof narrowband
spectraby � equallyspacedGaussianbandpassfilters. The
inverseFFT of the � narrow bandspectrayields a time-
domain frequency-diversesignal ensemble. The process
of splitting the widebandspectrumis equivalent to using
� differentnarrow-bandtransducersspanningthepassband
of the transducer. Subsequently, the ensembleof narrow
bandsignalsarere-assembledusingappropriatealgorithms
to form a singleoutputsignal. If a sufficient numberof fil-
tersoveraproperrangeof frequenciesareused,thesplitting
processeffectively decorrelatesthe”structuralnoise”com-
ponents,while retainingthe phasecoherenceof the domi-



nant reflectorssuchasvoids andcracks. Thus,properre-
assemblyof thesignalensemblesuppressesstructuralnoise
with respectto the target echo,resultingin signal-to-noise
ratio enhancement.The recombinationof the frequency-
diverseensemblecanbe achievedby a variety of schemes
[1] [2], of which the minimizationandpolarity threshold-
ing algorithmswere found to be the most effective. The
minimizationalgorithmselects,at eachtime instantt, the
minimumabsolutevaluefrom theensembleof decorrelated
signals,with magnitudesnormalizedto unity; i.e.,
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Sincethe echoesfrom the randomlydistributedscatterers
arenow decorrelated(i.e., largeamplitudevariance)while
targetechoesremaincorrelated(i.e., small amplitudevari-
ance), low 9�:2;7<�=?>)@ valuesat time instantst indicate the
likelypresenceof noise,while large 9A:B;C<D=?>)@ valuesarelikely
to be target signalsnot reducedsignificantlyby frequency
change.Thepolarity thresholdingalgorithmis basedon the
principlethatat time instantswheretargetsignalis present,
thecorrespondingSSPdatasetwill not exhibit any polarity
reversalsincetheflaw signalwill dominatethemicrostruc-
turenoise(i.e. all theelementsof thecorrespondingcolumn
will have thesamepolarity). However, if thedatasetcon-
tainsonly microstructurenoise,which is zero-mean,thenit
is likely that the datawill exhibit polarity reversal. There-
fore,by settingtheamplitudeof theprocessedsignalto zero
at time instantswherepolarity reversaloccurs,while main-
tainingtheoriginal valueof theunprocessedwidebandsig-
nal whenthedatahasidenticalpolarity, themicrostructure
noiselevel maybereducedsignificantly.

Thecritical processingparametersarethebandpassfil-
ter bandwidthandspacing,andthe spectralrangespanned
by thefilters. Thesetof parametersthatproduceoptimum
or nearoptimum re-assemblyfor a given sampleand test
conditionsareobtainedinitially by repeatedtrial-and-error.
Althoughthis processyieldsgoodresults,it is highly desir-
able to develop adaptive techniques,which candetermine
theprocessingparametersautomatically, thusrequiringlit-
tle expertiseon thepartof theuser.

Applicationof SSPusingboththeminimizationandthe
polarity thresholdingalgorithmshave producedsignificant
enhancementin target visibility in titanium and stainless
steelsamples. More recently, SSPhasalso beenapplied
successfullyto testconcrete.Althoughsomeexcellentex-
perimentalresultshavebeenobtainedwith concrete,in gen-
eral the relatively severeattenuationof high frequenciesin
concretecomparedto metalsimposesahigherlimitation on
theexpectedimprovementin signal-to-noiseratios. Dueto
the compositeandviscoelasticnatureof concrete[3], the
optimizationof the SSPparametersis moredifficult. Our
experimentalwork with concretehasled us to the follow-
ing findings: the variation of componentsin concreteis
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Fig. 1. (a)UnprocessedSignal.(b) Minimization Output.

greatercomparedto metals;thestructuraldimensionsvary
to a greaterextent;dueto limited signalbandwidth,decor-
relationof structuralnoiseis morelimited in concrete;and
the optimal SSPparametersare dependenton the type of
concrete.

2.1. Experimental Result

The experimentpresentedherewasperformedto examine
thethicknessof amortarprismwhosedimensionsare E���FBG
E*�AF1GIHA� mmJ . Theaggregatecementmassratio is 8 withK8L � mm maximumparticle size. The densityof the con-
creteis approximatelyE L � g/cmJ . Moreover, theaggregate
is concretesandwith quartzandthewavevelocity is exper-
imentallydeterminedas � L FAM cm/N sec.Experimentalresult
is obtainedin the pulse-echomodein the longitudinaldi-
rectionusingcontacttransducerwith � L H MHz centerfre-
quency and � L �A� inchdiameter. EachA-scanis obtainedus-
ing asamplingfrequency of �OE L � MHz andis timeaveraged
�'�A��� times.14setsof dataarecollectedfrom differentloca-
tionsonthesamplein orderto achievespatialdiversity. Our
goalis to achievebothspatialdiversityandfrequency diver-
sity, which will further improve theresults.Consequently,
eachdataset is processedusingsplit spectrumprocessing
techniqueandminimizationoutputsareobtainedfor each
dataset.TheSSPfiltering is achievedin thefirst half of the
spectrum,andthefilter spacingis setto theminimumvalue.
Theoptimizationof thefilter bandwidthrequiredonly cou-
ple of trials. Theindividual SSPminimizationresultswere
combinedby usingminimizationtechniqueon thespatially
diversedata. Fig. 1(a) shows the received signalsbefore
processing,while thefinal minimizationoutputis shown in
Fig. 1(b).

Thethicknessof thespecimencannow beobtainedac-
curatelyfromthecorrespondingtimeof flight measurement,
which is ���'FPN sec. This processsuppressesthe scattering
noisefrom theaggregates,while thebacksurfaceechogets
stronger.



3. SELF-COMPENSATING SIGNAL
TRANSMISSION MEASUREMENT

A one-sided,self-calibratingsurfacewavetransmissiontech-
niquefor detectionof cracksin concreteis now described.
This techniqueeliminatessomeof the problemsthat were
encounteredwhenusingthrough-thicknessultrasonictrans-
missionmeasurements.Thehardwareusedto measureone-
sidedwave signaltransmissionconsistsof a controlledim-
pact basedstresswave source,two receiving accelerome-
ters,a digital oscilloscope,anda personalcomputer. The
two receiversarelocatedonthesurfaceof thetestspecimen
alongaline with thesource,awayfrom theimpactsite.Two
stresswave sourcesandtwo receivers(accelerometers)are
placedonthesurfaceof thespecimenalongaline thatstrad-
dlesthe crack,asshown in Fig. 2. Transientstresswaves,
which aregeneratedby thesourcepropagatealongthesur-
faceof thespecimen,first passingReceiver 1 andthenRe-
ceiver2.

Only thedirectsurface-boundedwave componentsand
the first L-wave reflection from the opposingside of the
specimenarecapturedwithin the time window. Next, the
impactsourceis appliedat locationD and the entiredata
collectionprocedureis repeated.As a resultof thedatacol-
lection,atotalof four signalsareobtained.In thefrequency
domain,we canrepresenta stresswave signalsentby the
sourceat locationA andreceivedby thenearestaccelerom-
eterat locationB asa simpleproductof terms

Q8R�S%TVU�RXWYR�S[Z\S
(2)

where
Q]R�S

is theFFT of thecapturedtime domainsignal,U�R
thegeneratingresponseterm,

Z^S
thereceiving response

term,and
W R�S

thesignaltransmissionfunctionbetweenlo-
cationsA andB [4]. We areinterestedin determining

W S5_
byeliminatingthe

Z ; , U ; andextraneous
W ;a` terms.Thiscan

be accomplishedby collectingan appropriatesetof wave
signalssentalongthereceivingaccelerometerpairalongthe
sameline. Simplemanipulationof the

Q ;-` termsresultsin
anexpressionfor thetransmissionbetweenlocationsB and
C W S5_ =cb�@ T = Q R�_ Q]d Sfe Q R�S Q]d _ @#g'h i (3)
W S5_

is a functionof frequency andcanbevisualizedasthe
ratio of theamplitudeof thesignalfrom thefar accelerom-
eter to that of the nearaccelerometer. Thus, a transmis-
sionvalueof 1 indicatesnoamplitudeloss(completetrans-
mission)as the wave propagatesbetweenpointsB andC,
whereasa value of 0 indicatescompletesignal amplitude
loss(notransmission).Standardwavetransmissionoratten-
uationmeasurementsareinappropriatefor concretebecause
of the difficulties associatedwith the sensorandcoupling
variations. However,

WYSj_
doesprovide an accurateesti-

mateof wave transmissionin apracticalmannerbecauseof

theself-compensatingscheme.Thesensitivity of
WYSj_

mea-
surementsto the depthof surface-breakingcracksin con-
creteis demonstrated.

Transmissionmeasurementswereperformedon a free
�'�Ak,l thick concreteslabunderthreedifferentpathcondi-
tionsbetweentheaccelerometersat B andC: acrossanun-
damagedpath,acrossa1 cmdeepnotchcutinto thesurface,
andacrossthe samenotchafter the slabwassubjectedto
flexure until a crackemanatingfrom the notchpropagated
several cm into the slab. Fig. 3 shows the obtainedsignal
transmissioncurveswithin a frequency rangeof 0 to 200
KHz for the threecases.Clearly,

WAS5_
suffers a severere-

ductionin valuefor nearlyall frequencieswhenthesurface
wavespassacrossthenotch. A further reductionin all fre-
quenciesis notedwhencrackingis introducedadditionally
to thesurfacewavepath.Thus,

WYSj_
is sensitiveto thepres-

enceof near-surfacedamagein concrete.Further, this tech-
nique hasbeensuccessfullyappliedto monitor the depth
andpropagationof a surfacebreakingcrack[5].

4. SHEAR WAVE REFLECTION FACTOR
MEASUREMENT

An approachby whichthesettingprocess(stiffnesschange)
in concreteis nondestructively monitoredis described.The
reflectionfactorof shearwave pulsesat a steel-concretein-
terfaceis measured,from which the stiffnesschange(set-
ting) of theconcreteis inferred. Freshlymixedconcreteis
placedin a mold. A transducerexcitesandreceivesultra-
sonicwave pulsesfrom the steelform or a steelplateem-
beddedin theconcrete.Thereflectionsat thesteel-concrete
interfacearerecorded.Whenconcreteis placedin themold,
it is in a plasticstatethat resemblesa fluid. Accordingto
wave mechanics,a shearwave traveling throughmetalthat
is incidentupona steel-waterinterfaceis entirelyreflected.
Thus,atearlyagesmostof thewaveenergy is reflectedand
theamplitudeof thereceivedwave is large.As theconcrete
stiffens,moreof thewaveenergy is transmittedthroughthe
concreteandlessis reflectedat the interface. The process
of wavereflectioncanbequantifiedusinga wavereflection
factor(WRF)thatdefinestheratioof theamountof incident
wave energy that is reflectedfrom aninterfacebetweenthe
two materials[6]. A plot of thetypicalvariationof thewave
reflectionfactoras a function of time is shown in Fig. 4.
The WRF is measuredcontinuouslyafter castingup to 48
hours. The temperatureis also monitoredthroughoutthe
hydrationprocessusingadisposablethermocoupleinserted
in the concrete.The temperatureprofile for the samecon-
cretemixtureis alsoshown in Fig. 4.

It canbe seenthat significantchangesin the early re-
sponseof theWRFcoincidewith distinctivestageof hydra-
tion indicatedby thetemperaturechange.After five hours,
the concretebegins to stiffen noticeably. This corresponds



to the endof the induction period. The exothermicreac-
tion startsand a stablecementmatrix begins to coalesce.
Thereis a noticeablekink in theWRF responseat this time
andthe temperaturebegins to increase.This point in time
correlateswell with thesettimefor concretecontainingvar-
iousadmixtures,determinedusingthepin penetrationtests.
Afterwards,thereis a steady, almostlinear decreasein the
WRF. This indicatesthat the observed trendsin the WRF
areowing to thechangein themechanicalpropertiesof con-
crete.

5. SUMMARY

Thepresentedresultsdemonstratetheutility of signalpro-
cessingtechniquesfor NDE dataobtainedfrom concrete.
The methodsare shown to be robust and may be usedto
monitor the conditionof concretestructures.Specifically,
we concludethe following. SSPhasbeensuccessfullyuti-
lized to inspectconcreteusingultrasoundin theMHz range
andpromisesto be a practicalapproachfor improving the
presentcapabilitiesfor NDT of concrete.However, for opti-
malutilizationof SSPit is desirableto developmethodsthat
canautomaticallyselecttheprocessingparameters,whichis
thecurrentfocusof our work. One-sidedelasticwave sig-
nal transmissionmeasurementsmay be appliedreliably to
an unpreparedsurfaceof concreteandaresensitive to the
depthof cracksin concrete.TheWRF techniquecanmon-
itor the settingandhardeningof concretesincethe trends
in WRF aresensitive to physicalphasechangesin thecon-
crete.

Fig. 2. Experimentalsetupfor wave transmissionmeasure-
ment.
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