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Masayasu OHTSU

Acoustic Emission (AE) is applied to a variety of fields related to concrete engineering. With
increasing need for maintenance, the nondestructive evaluation of in—se1vice structures is being
actively investigated all over the world. In particular, there is a realization that a number of civil
structures are approaching the limit of their service life in Japan. AE techniques look promising
as means of inspecting such structures and evaluating their structural integrity. In addition to
the demand for the maintenance, the application of AE to constructionpmonitoring is drawing
fresh attention. Research activities related to concrete technology are summarized with a brief
review of historical developments.
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1 . INTROI)UCTION

In the 1960sAE (acousticemission)techniquesdrewa great deal of attentionfor the inspection
of pressurevessels in theU. S.. The level of researchactivitybecameso high that International
AE Symposiawere held all over theworld. Amongthese, the InternationalSymposiumorgan-
ized by the Japanese Societyfor NondestructiveInspection(JSNDI)has been held every other
year slnCe1972 [1]. In the field of civil engineering, it is only in Japan that AE conferences
have beenheld continuously,and the 5th Domestic Conferencewas held in 1993 [2]. In re-
sponse to this high level of researchactivity, AE has beeninvestigatedincreasingly as a diag-
nostic tool for existing concrete structures. Further, the application of AE to construction
monitoringhas also attracteda good deal of attentionrecently. Thus, an updatedreviewof the
applicationof AE to concreteengineeringis givenhere. In addition,historicaldevelopmentof
AE in concreteengineeringare brieflysummarized.

2. HSTORY OF AE RESEARCHl-•` - - •`
Earlier in AE history,ma)'oreffortswere directedat probingthe fundamentalsof AE phenomena
and studyingAE behavior duringthedeformationandfracture of various materials. In the liter-
ature [3], it beganin Germanyin 1950with the research work on metal carriedout by J. Kaiser,
althoughAE on rock was known in miningtechnology. Terminology-wise,the use of.,AE..was
initiated by B. H. Schofield in the U. S. in 1954. He published the pioneering report entitled
TTAcousticEmissionunder Applied Stress''. Quite recently,T. F. Drouillardfound that the first
reporton a scientificallyplannedAE experimentwas publishedin Japan [4]. In order to study
fracture of earthTscrust, F. Kishinouyeof the EarthquakeResearch Institute at Tokyo lmperial
University,conducteda series of experiments to record jW signals from fracturesof wood [5].
To date, this is recognizedas the oldestAE reportanywhere.
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with regard to AE research in concrete, threeearly paperswere published [6,7,8]. These dis-
cussed the relation between the fracture process and volumetric change in the concrete under
uniaxial compression. With the crudeequipmentof the day,it was reportedthat AE events were
recorded above75 % failureload, with occurrenceincreasingmore andmore as the final failure
was approached. As can be seen in Fig. 1' this AE activity over 75% failure load is closely
correlatedwith the decreaseinwave velocityand volumetricchange(increasesin Poisson.sratio
and axial displacement). This fact led to one well-known episode of misunderstanding in

!tarpeanng.th:faSceodncornetten.ewhiF;rep.ascetivityyHafir.ekai=iThy.f75HO'.o&ailiudr.edon3vd;rtshi?yCF9n]?ePAlOtEiTuggEutlhni:
was only a commenton the fact that the stress level at the onset of active AE generation was
closelyrelated to the fatiguelimit and creepstrengthof concrete,a newswritertragicallymisin-
terpreted this concept and erroneously reported that accidental failure of concrete structures
might occur dueto faultydesignbasedon conventionalnon-genuinestrength.

Recent applicationof AEto concreteengineeringstartedin the late 1970s[10,ll,12,13]. Origi-
nally, technologydevelopedfor use with metalswas modifiedto suit concrete. IJater,research
interestgrewstronger. In 1986,T. F. Drouillardlisted76 papersin thebibliography:AE litera-
ture-concrete [14]. A committeereport on nondestructivetestingby the Japan ConcreteInsti-
tute (JCI) collected116paperspublishedinJapanand 8 overseasduringtheperiod 1980to 1991
[15]. Theseoutcomesareupdatedin the followingsections.

3. BASICS OF AE MEASUREMENT_•` - -•`
il i 4f pb9Pi2Bgg

cracking takes placewith the release of stored strainenergy at the time of fracture. As a result
ofmicrocracking)someof the storedenergyis releasedas elasticwaves,which arecalledacous-
tic emission(and abbreviatedas AE). As shownin Fig. 2, AE waves propagatesthrough con-
crete andcan be detectedon the surfaceby anAE sensor, whichturns the vibrationsinto electri-
cal signals. The propagationof fracturesoundwas originallyreferredto asAE, since it is acous-
tic and audible.

on the basis ofelastodymanics,it has beenclarifiedthat AEwaves couldbe synthesizedas elas-
tic waves dueto dislocationmotion [16]. Physically,AE wavesconsistof P waves (longitudinal
waves) and S waves (shear waves), and further might includesurface waves (Rayleighwaves),
reflectedwaves, diffractedwaves, and othercomponents. In particular,the latter portion ofAE
waveform normally results from resonancevibrationof AE sensor. A detectedAE waveform
should theoreticallystart with the P wave portion. If the noise level is high and the P wave is
interfered with, the first motion may not be discriminated and either the S wave or Rayleigh
wave maybe observed. It shouldbe notedthat the firstmotionsdetectedare thus not necessari-
ly Pwaves at the source (flaw)location.

Inmetals, two types of AE waveform are conventionallyknown. One is of a burst type and the
other is continuous. It is, however,understoodthat they are basicallyidentical; their durations
become differentdependingon attenuation. Ina materialwith high attenuation,AE waveampli-
tude decreases immediately,while the amplitude is maintained in low-attenuation materials.
ne former leads toAE wavesof burst type, andthe latter givesrise to continuousAE waves.

3: 2 A49ASg&5ygSg

a signalsareusually amplifiedfirst by a pre-amplifier and then by a main amplifier,as shown

5:bF,jsi.3;s.Tfhle.y-9armeiilat=peldituuSdlenfn?.bealnedcf,aiScSalf1:itgeL.aisA.ftylP.1-C6aieEma?iTSodre.traSneSf:tTssneeleasttis
have high signal-to-noise (Sm) ratio and a flat frequencyresponseover a broad range. The
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frequencyresponse of commerciallyavailableAE sensorsare given in Fig.4; the top figure is
for a broad-band transducerand thebottomfor a resonanttype. WhenAEwaves are generated
in concrete,thedetectedsignalsaremaskedby theseresponses. As canbe seen, bothtransduc-
ers respond so irregularly that the frequencycontentof an AE signalwould be smearedby the
sensorresponse. It shouldbe noted that the use of waveguideintroducesfurther complexityto
frequencycontentofa waves.

The gain of the amplifier is given in dB (decibels), whichrepresents the ratio between input
voltageEi andoutputvoltageEo, asfollows;

dB = 20 log10(EoPi). (1)

In concrete, it is found that AE events can be detected using amplifier with 60 to 100 dB of
gain.

The optimalfrequencyrange in concreteis knownto be h.omseveral kHz to a few hundredkHz.
The range analyzedhas been increasesas equipmenthas improved. In the past, any frequencies
below a few kHz could be utilized. Attenuation properties depend on the frequency range:
higher frequencycomponentspropagatein concretewith greater attenuation. The attenuationis
quantitativelyrepresentedby Q value. WhenAE waveswith an energy level E are attenuated
by AEover a one-wavelengthpropagationdistance,Q is definedas,

Q = 2 3TE/AE (2)

In the case of a genuineelasticmaterial,AE= 0 and thus Q is infinite. In typical metals, Q is
greater than 1,000,whereas it is known that Q valuesare lower than 100 in rock and concrete.
Whena wavespropagatefor a distanceD, the amplitudeU(f) decreasesaS,

U(O = exp(-3TfD/vQ), (3)
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wherev is the wavevelocity. In concrete,typical values are Q = 10,-v= 4000 m/s, and D = 1 m.
Substituting these values into Eq. 3 for a h.equencycomponent f = 100 kHz givesexp(-0.65) =
0.522. This lmplies that the amplitude of a 100 kHz componentsattenuates to approximately
half after propagating lm. Based on this result, the empirical relation indicated in Fig. 5 [17] is
proposed. This givesbase-line informationfor the determinationof sensor array. For a meas-
uring area at 10 m distance, AE waveswith frequencycomponentslower than 100 kHz only are
detectable. The fundamental requirements for AE measuring equipment are prescribed in the
JSNDI standards[18].

3: 3 4B SiBg* AP44Paiy*

AE signalsareanalyzedusing both analogand
digitalmethods. Analogprocessingallows
several AE parametersto be extracted,while
quantitativewaveform analysisis possibleby
digitalprocessing.

(a) Analogparameters

1) AE counts:the occurrenceofAE events in
the fractureprocess is counted. The counting
methods commerciallyavailablearesumma-
rized in Fig. 6. All cyclesaboveathreshold
level arecountedby ringdowncounting. This
methodis useful in metal,becausecontinuous
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AE signals are often observed. In concrete,

Z:Z3;iEoeun.t,i;egc1;;i;;nUgietdheOatabvyefe.ifEerinste.ttinnga Fig.6 Counting-ethodsforAEevents
envelope. The number of event counts should then correspond closely to AE occurrence.
However,this is not the case in typicalobservations. AE eventsof smallamplitudemay not be
discriminatedfrom the noise,and AEwaves mayattenuatequickly en route to the sensor&oma
distance. Accordingly,thenumberofAE events is consideredto be correlatedwithAE generat-
ing behaviorin the fractureprocess.
2)Amplitudedistribution:the maximumamplitudemarkedin Fig. 7 correlateswith the relative
size of AE events, althoughit is usually smearedby propagationeffects betweenthe sensorand
the source (microcrack). In seismology,the Gutenberg-Richter relation between maximum
amplitudesof seismicwaves and the frequencyof occurrenceis known. It has been modified
for AE events, and a statistical relationshipbetweenthe number ofAE eventsN and the maxi-
mum amplitudea is obtainedas follows:

log10N - a - b log10a. (4)

threshold i

arrival time

Fig. 7 AE waveform parameters
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In this logarithmicequation,the gradientb is negative,implyingthat AE eventsof large ampli-
tude are observedless often than those of small amplitude. It has also beenreported that the
valueb decreasesas the materialapproachesimpendingfailure [12].
3) RMSvoltage: the root meansquare (RMS)voltage of the waveform in Fig. 7 is readily ob-
tained using analogcircuitry. It approximatelycorrespondsto the area below the envelopeof
the waveform in Fig. 7, and is occasionallyreferredto as equivalentto AE energy.

(b)Digitalprocessing
1) Source (flaw) location:thearrival time of
theAE waveform at a sensor is dependenton
the distance between theAE sourceand the
sensor. Therefore,differencesin arrival times
at varioussensorsleadsto a systemof algebra-
ic equationsgivingsource location[19,20].
As an example,AE sourcelocationsdeter-
mined in bendingtestsof reinforcedconcrete
beams are shownin Fig. 8. Twofailure
modes, bending failureand diagonalshear
failure, areclearly identifiedfromthe 3-D
maps of sourcelocation [3].
2) Spectral analysis: the frequency compo-
nents of AE waves are readilyanalyzedby a
FFT (fast Fouriertransform)procedure. The
frequencycomponentsof detectedAEwaves
in concrete depend considerably on the
geometricalrelationship betweencrack loca-
tion and observationpoint becauseof inhomo-
geneity in the concretematerial [21]. Inaddi-
tion, frequencycomponentsare influenced
greatlyby the sensorcharacteristics,as indi-
cated in Fig. 4.
3) Moment tensoranalysis: the source loca-
tion procedure has beenfurtherinvestigated
and coupledwiththe outcome&oma theoret-
ical treatmentofAE wavesbasedonelastody-
namics[22]. As a result,amomenttensor
analysiswas proposedasthe sourceinversion
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procedure [23]. In orderto classifycrackmodesinto tensileand sheartypes and to determine
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crackorientation,this procedurehas been developedintothe SiGMAcode (simplifiedGreenTs
functionfor momenttensoranalysis)[24]. Successfulapplicationto a pull-out test of an an-
chor-bolt is shown in Fig. 9 [25]. In SiGMA analysis, a 6-channel system of digital waveform
memory is necessary for a 3-D problem, and a 4-channel system is good enough for a 2-D
problem [26].

4. APPLICATION TO CONCRETE ENGINEERING

AE measurementsare used in a variety of fieldsin concreteengineering. With the demandfor
nondestructiveevaluationsof in-servicestructures,AE techniquesoffer greatpromiseasmeans
to estimatestructural integrity. Constructionmonitoring,in addition,has receiveda great deal
of attention. These new applicationsofAE in concreteengineeringare summarizedhere,since
thestate of the arthas beenpublishedpreviously[15].

41i Q gBSkipg9P49tgag g2P9* g9PgBtgi9A

In the placement of ready-mixed concrete, thermal cracking often occurs due to the uneven
temperature distribution when the structure is of large mass. To detect cracks promptly and
implementproper treatment,AE monitoringis beingconsidered[27]. A majorconcernis noise
elimination, since a variety of construction noise is always present. TypicalAE signals ob-
served on site are given in Fig. 10. AE waveformsand their frequencyspectra are recorded
duringconcretecasting. AE sensorsareattachedto reinforcingbars in formwork. In thefigure,
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green-cutting meansthe removalof dirt fromthe concretesurfaceusingwater. The AE wave-
formsof thermalcracksare differenth.omthose of such AE sourcesas green-cuttingandchip-
ping. So, thermalcrackingshouldbe easily identifiedby measuringAE eventswith a properly
filteredsystem.

4L2 99y9bpg9Pi 9f:g?P9ggd g*

In developingcement-based materialssuch as aluminacement [28]and asbestoscement [29],
AE monitoring has been applied. An application to the concretehardening process has also
beenreportedin thedevelopmentof autoclaveaeratedconcrete[30].
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One significantdeteriorationofconcrete in a
severeenviroTmentis causedby freezeand
thaw. Becauseconcreteusuallycontains
moisture, &eezing resultsin microcracking
around water voids due to the volumetric
increase. After thawing, thevolumetric
changeis repeateddueto refreezing. The
resulting microcracks are accumulatedin the
concrete. AE measurementsduring freezing
and thawing [31] are showninFig. ll. The
ratio of releasedenergyto elasticenergy inthe
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This implies that continuousAE monitoringof the freezing and thawing process could give
waning of degradation. Anotherapplicationof AE sourcelocationduringcyclicfreezingand
thawingprocesshas also beenreported[32].
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AE behavior during the fracture process has been investigated in relation to the Kaiser effect
[33]. Under cyclic loading,AE activity is quite low as sequentialloading takes place up to the
preloadlevel. Basedon this knowledge,the estimationof previousstress level is under investi-
gation[34,35],althoughresultsare stillmarginal. In otherareas,AE behaviorat failure of joint-
edconcrete [36] andduring fatigueinwater [37]is beinginvestigated.

An applicationto fracturemechanicswas recentlyreported[38,39]. Todeterminetheparameters
of fracturemechanicsand determine the &actureprocess zone, JW generationwas monitored.
The source locationprocedurecan be successfullyappliedto identifythe h-actureprocess zone,
as shown in Fig. 12 [40]. Nucleationin the processzone might be correlatedwith the intense
zone ofAE cluster. It is foundthat AE clustersspreadout as the gravelsize increases.

As a diagnosticmethod for evaluatingstructural integrity,the applicationofAE to coretests is
being studied. One procedurehas been proposedfor uniaxialcompressiontestsof core samples
[41,42]. The different type of AE activity under compression.arecompared in Fig. 13 for a
sound concrete sampleand deterioratedsamples affectedby alkali-aggregatereaction and the
freezing-thawingeffect [41]. It is clear thatAE activity is high evenat low stress levels when
concretecontainsmany microcracksdue to deterioration. A quantitativemethod of evaluating
deteriorationfrom theAE activitymeasuredundercompressionis proposed[42].

4. 5 Reinforcedconcrete

AE studies ofactualconcretestructureshavegenerateda lot of interest,becausediagnostictech-
niques are of great concern to concreteengineers [25]. With respect to the inspection of in-
service concrete structures, a relationship between crack width in reinforced concrete (RC)
members and the occurrence of the Kaiser effect was been reported [43]. As summarized in
Table 1, the disappearanceof the Kaisereffectcoincideswith the crackwidth expandingbeyond
the criticallimit in the designcode or with the initiationof diagonalshear failure. Thus, if the
Kaisereffect is present,minor deteriorationof an in-service RC structuresis suggested. On the
disappearanceof Kaisereffect, themomenttensoranalysiswas appliedto cyclicbendingtestsof
RC beams. One of the results is shown in Table2 [44]. It is observedthat the numberof shear
cracksincreaseswith themore loading cycles. The result of Table 1 is confirmedfrom the fact
that theKaiser effectwas not observedfromthe firstcycle inthis experiment.

Table1 Relation betweencrack widthand
Kaisereffect

Table2 Numberof cracksand the loading
ProCeSS

Another important aspectof the maintenanceof RC structuresis reinforcementcorrosion. AE
activityrelatedto the corrosionprocesshas alsobeenstudied[45].

4. 6 Concretestructures

So far, themeasurementofAE in existingstructureshas rarelybeen attempted. Photos 1 and 2
show a mobileAE measuringfacilityand in-situ AE observationsconducted in Australia. A
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unloading 8 5 10 23

2n d loadin g-1 15 8 14 37
h olding 3 4 4 ll
loading- 2 13 6 23 42



Photo i A mobilefacilityforAE measurement

Photo 2 h-situ AE measurement

result ofan in-situ observationattemptedin Japanis given in Fig. 14 [46]. TheseareAE wave-
forms detectedin a compositebridge of steel and prestressedconcrete(PC) bridge. Measure-
mentwere conductedwith traffic load, althoughAE eventswereseldomrecorded.

In existing structures,detailed observationmight be requiredfor the prediction of service life.
For this purpose,practicalapplicationof momenttensoranalysisis under investigation. Results
of a tensiletest on a reinforcedconcrete(RC)frame model are shownin Fig. 15 [47]. Moment
tensoranalysiswas performed. The observedAE sourcesare located close to the final surface
cracks. Tensile cracks open up vertical to the surface cracks, while shear cracks are almost
parallel to the surface cracks. These results confirm the applicability of moment tensor
(SiGMA)analysisto theelucidationof crackingmechanismsin concretestructures.

To identify the crackdistributionin an existingconcretestructure, a useful techniqueis source
location. In-situ ju observationshavebeenperformedin a crackedretainingwall [48]. As the
temperatureand groundwaterlevel changed,AE eventswere observed. Two-dimensionalAE
source locations are shown at the top of Fig. 16. BecauseAE sources were distributed away
&omthe existingsurfacecracks, calibrationwas carriedout by a pencilJead break test. Based
on the locationerrors observedin the calibrationtest, the locationswere corrected. Resultsare
given in the bottomfigure. AE sources are locatedclose to the surface cracks. This suggests
thatmost AE eventsare nucleatedby rubbingmotionof the cracked surfacesdue to temperature
changes.
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Otherfieldapplicationsof ABhavebeendevelopedin a varietyconstructions.An applicationto
the groutingprocess is under investigation[49]. By employingan ju mOnitoringsystemas
shownin Fig. 17, aprocedurefor consistentgroutingisbeingstudied.
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5. CONCLUDING REMARKS

AE research activity is increasing in the field of concrete technology because of the urgent
demandfor repair, restoration,and rehabilitationofconcretestructures. In addition,the appli-
cation of AE to constructionmonitoringis in progress. This activity demonstratesthat AE re-
search in civil engineeringhas shifted &omthe developmentstage to theapplicationstage. The
latestresults in relationto concretetechnologyhavebeensummarized. Becausecivil engineer-
ing covers a variety of fields and consists of many on-site practices, AE has not always been
successful when applied to practical problems. Further studies are, therefore, still needed to
meet thedemandsof particulartargets.
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