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SYNOPSIS

Experiments were carried out, to develop a new nondestructive x-ray inspection technique for
concrete using contrast media. Satisfactory results were obtained; A contrast medium suitable
for the investigation was selected by comparisons of the numerous varieties used in the medical
field. Employing the new technique, patterns of fine cracks were detected in concrete around
deformed bars of axially loaded tensile specimens, lapped splice specimens, and beam
specimens. The crack patterns on the X-ray plates were compared with those obtained by the red
ink injection method. Three-dimensional images of cracks in concrete and the influence of
aggregate size on cracking pattern were also examined. .

Keywords: non-destructive test, X-ray inspection technique, contrast medium, internal fine
crack
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1. INTRODUCTION

Reinforcedconcreteis a multiplecompositestructureof concrete,itselfa compositematerial,
bondedto reinforcingsteel. Itsmechanicalbehaviorchangesin an extremelycomplexmanner
accordingto conditionsofloadingandenvirorment.Ofparticulareffecton itsbehaviorarethe
cracks that occur in the concrete. These cracks are not only those visible at the surface;
numerousminute cracksfrom withinthe concretealso andtheir occurrence,accumulation,
connectionsandgrowthare the causesof concrete'snonlinearbehaviorCharacteristicssuchas
the orientationandnumberof internalcracksformedin concretearounddeformedbarsbear a
closerelationshipto the force transmissionmechanismbetweenreinforcementandconcrete.
Accordingly,to expressrationallythe mechanicalbehaviorof reinforcedconcretein a waythat
takes into considerationthe mechanismby which this occurs, it is necessary to know the
propertiesoftheseminutecracksinsidethe concrete.

Observationof fine crackson the concrete'ssurfacecan be done by various means, such as
opticalmicroscope,electronmicroscope,holographicmoire, laser spectrum,etc. However,
thereare caseswhenthe stressconditionsdiffer betweenthe surfaceof the concreteand its
interior;in particular,the minutecracksthat occurin concretearounddeformedbarscannotbe
observedat the surface.Consequently,it is necessaryto observethe cracksactuallyinsidethe
concrete,butthereare fewwaysto do so.

Theauthor,in the past,has usedas the methodofobservingintemalcracksknownas the "red
inkinjectionmethod"asdevelopedby Gotoandthe author[1],[2]; inthis technique,red inkis
inj'eCtedinto smallholesformedin the concretebeforehand,andthe ink entersinternalcracks
takingadvantageof the negativepressurearisingwhencracksareformed.IJater,theconcreteis
split longitudinallyto revealthe interiorfor inspection.This methodhas themeritof allowing
internalcracksto be directlyobservedby eye,buttherethedrawbackis thatthe conditionunder
whichcrackingoccursandgrowthof thecrackswithincreasingreinforcingbarstresscannotbe
observedusinga singlespecimen.

X-rayinspectionshavebeenemployedin the past as amethodof nondestructivelyexamining
cracksandinternaldefectsin concrete.However,it is notpossibleto detectfinecracksinside
concreteusingordinaryx-raytechniques.

Itwas thoughtby the authorthat,by injectinga contrastmediumintosmallholesmade in the
concretein placeof redink andthenperformingradiographythe occurrenceandgrow of fine
cracksmight be continuouslydetected.Tothis end, basic experiments were conductedto
developthis techique. Thepropertiesofthe the cracksdetectedbythisx-rayteclmiquewere
compared with the results of the red ink inj'eCtionmethod, while the three-dimensional
configurationsof intemalcracksandtheinfluenceofmaximumcoarseaggregatesizewerealso
studied.

DTESmG MEmOD2

i&
2.1 St)ecimensand Leading Method

Mortarandconcretecontaininghigh-early-strengthportlandcementwereused in thetests.Both
coarseand fine aggregateswere river productswithmaximumsizesof 5 mm(mortar)and 10
and 15Ira (COnCrete).Themixesallhad water-cementratiosof 0.5,while theratioby weight
offineand coarseaggregatewasmade1:1.

Specimenswereof the threekinds of reinforcedconcrete:axiallytensioned specimens(using
D16 reinforcing bars); lapped splice specimens (using D16 reinforcing bars); and beam
specimens(usingD6 reinforcingbars).Their shape and dimensionswere as shownin Fig. 1.
Specimensofcomparativelysmallsizewereuseddue to therangeof thex-rayapparatusand the
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size ofthe film.Thethicknessesof specimenswereset at 50and70mm in viewof the results
of preliminary tests on x-raypenetrationeffects.Several small-diameterholes (I.D. 2 mm)
parallel to the reinforcing bars were formed in the specimenconcretebeforehandto allow
injectionofthe contrastmedium.

A universaltestingmachinewasusedfor loadingin the casesof axiallytensionedand lapped
splice specimens. The load was increased in stages (of 250 kgf/cm2 (24.5 MPa) in
reinforcement tensile stress intensity in the case of axially tensioned specimens,and 125
kgqcm2(12.3MPa)in the caseof lappedsplicespecimens),andcontrastmediumradiography
was performedat each stage.Axiallytensionedspecimenswere loadedwhileunder a lateral
pressureof 30kgf/cm2(2.9MPa)providedby aloadcell in a longitudinaldirectionon asurface
perpendicularto thereinforcingbaraxis.

h the caseofbeam specimens,centerpointloadingwascarriedout byattachinga devicefor
flexural testingto the universal testingmachine.Theloadwas graduallyincreasedand loads
were measured with a load cell. Crack opening displacement was measured using a
displacementmeter straddlinga notch in the meddleof the span in the tension zone. These
instruments were monitored by an X-Y recorder, and contrast medium radiography was
performedat severalstagesaroundthe maximumloadandin thestrain-softeningrange.

2i2&
contrastmedia,generallyfindwidespreaduse in the fieldof medicine;theyare substancesthat
causeadifferencein the penetrationratesof x-raysbetweenorgansinspectedandsurrounding
tissue.Contrastmediaare eitherpositivemedia,whichhavex-rayabsorptionrateshigherthan
the surroundingtissue,meaningtheyappearaswhite shadowson exposedfilm,andnegative
contrastmediawithx-rayabsorptionrates lowerthanthesurroundingtissueandshowingup as
black on exposed film. There are great variations in the composition,concentration, and
viscosity of the contrastmediain use. Consequently,there was a need to select a medium
suitingthe objectivesof thisstudy.Thefollowingconditionswere takeninto considerationin
makingthe selection:
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Table1 Commercialcontrastmediausedinperformancecomparisontests

Symbol Activecomponent Totalsaltconcentration w/v%

B
C
D
E
F
G

Note)

Bariumsulfate
Bariumsulfate
Bariumsulfate
Bariumsulfate
Organiciodinecompound
Organiciodinecompound
Organiciodinecompound

140.0

75.0

100.0
120.0

60.0
30.0

82.3

A consistedof 300 g ofpowdersuspendedin 135cc of water

(1) Thatan adequatedifferencein x-rayabsorptionratesis producedbetweencrackedportions
andthe surroundingconcreteandthatsharpimagesof cracksareobtained.

(2) Thatiq'ectionintofinecracksis possible.

(3) Thatthe substanceis chemicallystable,nontoxic,andsafeto handle.

(4) nat itis comparativelyinexpensive.

Ofthese conditions,tests needto be performedto ensurecompliancewith (1)and(2), butfour
varietiesof bariumsulfatebasedmediaandthreevarietiesof organiciodinebasedmediawere
selectedbasedon theircompositionand concentration,andbecausetheycomplywith (3) and
(4).Theyare listedin table1.Eachmediumwassubjectedto comparativeexperimentsonx-ray
lmaglngeffectsandcrackpenetrationproperties.

Teststo comparethe performancesof contrastmediawerefirstlyimageextinguishingvoltage
and kinematic viscosity measurements. Next, radiography was carried out on concrete
specimensfor a performancecomparisonandexperimentsto confirmperformanceswerealso
conducted.

If it were possibleto checkallthe varietiesandmixesof their constituents,the radiographic
performanceof mediacouldbe readilycomparedby computingmassabsorptioncoefficients.
However,various chemicalsare added to the contrastmedia used for medicalpurposesto
preventsideeffectson thehumanbody,andthe exactingredientsandcompositionare oftennot
clearlyindicated.Themethodof measuringthe imageextinguishingvoltagewas devisedto
enableperformancecomparisonsof commercialcontrastmediaforwhichthe constituentsare
notpublished.In theseTeaSurementS,a COntraStmediumin liquidformis inj'eCtedintoa plastic
pipe (I.D.3 mm), the plPeis irradiatedwith x-rays,andwhenobservationsare carriedoutin
TVmode,the contrast.mediumabsorbsx-rays,so the pipe appearsas a straightblackline.As
the x-raytubevoltagelSgraduallyincreased,theblacklinegraduallybecomeslighterin color
and eventuallydisappears.Thevoltageat that time we call the imageextinguishingvoltage.
Perfom!ancewas comparedtaking advantageof the propertythat the imageextinguishing
voltagelSProportionalto theimagingperformance.

Kinematicviscositymeasurementsweremadefor thepurposeof comparingthe abilityof liquid
contrastmediato penetrateinto cracks,Theinternalfrictionproducedwhena hid movesis
calledviscosityandviscosity(LL)dividedbythe density(p) ofthe fluidis calledthekinematic
viscosity(v= LL/P).Measurementsweremadeusinga Cannon-Fenskeviscometer.

Experimentsto ascertaintheinjectionabilityandcontrastperformancesofthe individualcontrast
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mediarelativeto cracksactuallyformedin concretewere conductedby embeddingsingleD16
reinforcingbars foraxial tensioningalongthe centralaxesof specimens.Thespecimenswere
50 x 100 mm in cross sectionandwith lengthsof 200 mm.Each hadtwo iq'ection holesof
diameter approximately2 mm slightlyseparatedfrom andparallel to the reinforcing bars.
Contrastmediawasinjectedintotheseholesandradiographywascarriedout.2i3&s
X-rayinspectionsconsistedof pumpinga contrastmediumintothe injectionholesin specimens
priorto loading,andperformingradiographycontinuouslyor at certainstages duringloading.
Thesystemsusedfor detectingcracks,ofwhichshadowgraphsweretaken,as shownin Fig.2,
weretwokinds of "Blmmode"directlyontox-rayBlmandthe"TVmode"usinga x-rayimage
ampliBeL

h the Blmmode,the distancebetweenthe specimenandx-raygeneratingapparatuswasfixedat
60cm,Blmwasplacedin closecontactwith thespecimen,andirradiationwas carriedoutfor3
minutesat tubevoltagesof 100to 120kV andcurrentof 2 mA.Filmsusedwere#100industrial
x-rayBlm.The filmmodehasthe advantagethat if thedimensionofthe filmarematchedto the
dimensionsofthe specimen,the conditionof crackingoverthe entirespecimencanbe detected
simultaneously,the resolution is good, and extremely fine cracks can be detected if a
Scharkasten(mm viewingdevice)isused.However,therearedrawbacks;irradiationforabout
3 minutesis requiredfor filmingandit is necessaryto maintainaconstantloadduringthattime.
Thismeansthat loadarmot beincreasedcontinuouslyduringtesting.

In the 7V mode, the distancebetweenthe x-ray generatingapparatusand the specimenwas
Bxedatabout90cm andthe distancebetweenthespecimenandimageamplifierabout25cm.A
tubevoltageof 50to 60 kV anda currentof2 mAwas used.Whileobservingthe TV monitor
imagesin realtime duringloading,aVTRrecordingwasalsomade,and interestingareaswere
latersub3'eCtedto a high degreeof pictureprocessingto obtainhard copies.The TV modehas
theadvantagethatcrackscanbe detectedin realtimeand that,if aVTRis used,rapidfailurecan
be later resolved into single frames. The drawbacks are that picture quality is rather poor
comparedwiththe filmmodeevenwhensophisticatedpictureprocessingis done,andthe range
ofimagesize(a circleof diameter180rrm) is limited.

X-raygeneratingapparatus
Specimen

X-rayimageampliBer

TV camera

Pictureprocessingapparatus

m X-ray TV

Hardcopy

Directexposureofx-rayBlm

Developmentandprintin

g6666;A

(Filmmode)

(TVmode)

Fig.2 Crackdetectionsystem

SIR

3.1 Image Extinguishing %ltaEe
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Theresultsof measurementsof imageextinguishingvoltagearegivenin Table2. As thistable
shows,the voltageswerehighestwith the bariumsulfatecontrastmediaA andD, followedby
bariumsulfatebaseC,andorganiciodinebaseG.Thelackofgreatdifferencein theseimage

Table2 Resultsof contrastmediaperformancecomparisontests

Symbo1
Image extin- Kinetic

Compment guishing voltage viscosity
ekv cn2/s

A
B
C
I)
E
F
G

Barium
Bariun
Bariun
Barium
Organic
Organic
Organic

sulfate
sulfate
sulfate
sulfate

iodine
iodine
iodiTle

compound
compound
coup ound

43.0

41.0

42.0

43.0

38.5

37.5

42.0

10.5

72.7

69.2

19.5

5.4

2.i

12.8

Note) A consisted of 300 g of powder suspended in 135 cc
of water.

extinguishingvoltagesis becausecomparisonsweremadeof contrastmediain practicaluse in
the medicalfield.However,sincethese valuescorrelatewith thetotal saltconcentrationin the
respectivecomponent,it is thoughttheycanbe usedfor comparisonsoftheirimageproducing
performance.32@
Theresultsofkinematicviscositymeasurementsare givenin the right-handcolumnofTable 2.
As this table shows,bariumsulfatebasedmedia aregenerallyof greatkinematicviscosity,A
beingan exception.Themediumwiththe leastviscosityis F,while Ghas thegreatestviscosity
amongthe organiciodinebasedmedia,but it is stillquitelowcomparedwithB, C,and D.a3@e
Variouscontrastmediawereactuallyin3'eCtedintospecimensto comparetheirperformancein
concrete;the followingis a descriptionof the resultsof inJ'eCtionandimagetests.Fourof the
bariumsulfatecontrastmediacouldbe readilyiq'ectedintocomparativelylargein3.eCtionholes,
andtheshadowsoftheseholesweredistinctlyseenin theradiographs.However,hardlyanyof
the fine internalcracks occurringaroundthe deformedbars wasregistered.This, as can be
comprehendedfromthe kinematicviscositymeasurementsgivenin 3.2, is likelyto havebeen
becausebarium sulfate based contrastmediaare highly viscousin general, and it was not
possiblefor in3'eCtionto be achievedintohe cracks(no-ally 0.01mmwideandunder)under
the actionof the negativepressureset upwheninternalcracksareformed.ContrastmediumA
was of relatively low kinematicviscosity,but this was a material consisting of powder
suspendedin water and easilysegregated,and it is thoughtthat only water enteredthe fine
cracks.Thethreekindsof organiciodinebasedcontrastmedia,whenthe mannerin whichthe
largeinjectionholesappearis compared,are slightlyinferiorto bariumsulfatebasedmedia,but
it was possible for them to enter the fine internal cracks, and this was confirmed by
radiography.Itwasascertainedthat contrastmediumG,withthe highestcontentof iodine(440
mg/m1),offeredthe best imageperformanceofthe threevarietiesof iodinebasedmedia.Based
pntheseexperimentalresults,itwas confirmedthat contrastmediumG,althoughslightlyhigh
1nViscosity,wascapableofbeingiq'ected intofine cracksand,moreover,offeredthe greatest
contrast;therefore,it wasusedforsubsequenttestsas themediummostsuitedto the objectives
ofthisstudy
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photograph 1 gives as an example of the results obtained in detecting fine cracks by
radiography;this is a caseof an axiallytensionedspecimen(witha concretecrosssectionof 50
x 100mm, a lengthof 200 mm, andwith asingleD16 reinforcingbar onthe centralaxis). It is
part of a x-rayshadowgraphat a reinforcingbar stressof3,720kg/cm2(365MPa).Numerous
fine cracks in a complex configuration in the vicinity of the lugs on the deformed bar are
detected.Nearthe ends,the separationofthe reinforcingbarand concretecanbe clearlyseen.
on directlyobservingthe x-rayfilm afterradiographyusingaScharkasten,evenextremelyfine
cracks canbe discernedasdifferencesin the shadingof the shadows,however,Whtnprinted
onphotographicpaper,it tends to becomemoredifficultto distinguishthe cracks.Thecracks
seenthroughthe Scharkastenin the caseof Photo1 weredirectlytraced and areshownin Fig.
3. As canbe seen,therearemanythe cracksextendingoutwards&omthe lugsofthe deformed
barsin the concrete.

h Fig.4, imagesoffinecrackoccurrenceat fivestages- fromthe timeof firstdetection- for a
differentspecimenunderthesameconditionsas in Photo1 are shown.Thesefiguresshop that
internalcracksare formedfirst at the lugsonthe reinforcingbarnear the end of thespecimen,
next near the middleof the specimen,and then, as the stressintensityin the reinforcingbars
increases,thenumberandextentof cracksgraduallyincrease.Further,whereasthe directionof
growthof cracks formednear the end of a specimenis towardsthe end, cracks formedin the
middleof thespecimengrowin a directionperpendicularto the reinforcingbaraxis,becoming
interwinedin a complexpattern.Thenumberandrangeincrease,and finally,the cracksreach
theextremitiesof thespecimen.

Examples of the red ink in3'eCtionmethod are shown in Photo 2 for axially loaded tensile
specimensfora comparisonofthe radiographyandred ink injectionmethods.It is clearthatthe
locationand generalconfigurationof cracking'suchas its inclination,is similarto thatobtained
bythe red inkhjectionmethod,but thereare alsosignificantdifferences.Theprincipalpointsof
differenceare asfollows.

(1) Usingthe x-raycontrastmediumtechnique,thepresenceoffinecracksin the concretewas
detectedfor the first time at a reinforcingbar stress intensityof around 1,500kgf/cm2 (147
MPa); with the red ink iq'ection method,however,cracks were detected even below about
1,000 kgf/cm2 (98 MPa).

(2) Accordingto the x-raytechnique,thereweresamelugs atwhichno cracksweredetected,
butwiththe redinkiq'ectionmethodcrackswereat3'uStaboutall lugs.

(3) h radiography,manyfinecracksof complexconfigurationweredet.ectedat individuallugs,
butwith thered inkin3'eCtionmethod,a singlecrackof comparativelysimpleconfigurationwas
detectedateachlugin almostallcases.

of thesedifferences,the followingis thoughtto accountfor (1) and (2).Whentransmittingx-
raythroughthe interiorof the concreteandregisteringan image,evenit a contrastmediumis
used,,theremaybe limitsto Bne-crackdetectingcapabilitiescomparedwiththe redinkinjection
method,in whichthe concreteis actuallysplit andthe interiorobserved.As for thereasonsfor
point(3) above,the followingmaybe consideredasuitableexplanation.In radiography,cracks
acrossthe thicknessofthe concretespecimenaresummed,andthe finnmayregisterall ofthem.
consequently'even asinglecrack,if it has a complexthree-dimensionalconfiguration,would
probablybe detectedon filmas a multitudeof cracks.An experimentalstudywascarriedout
regardingthispossibilityfor (3) andthe resultsaredescribedin 4.4.
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a

. condition of crackingat reinforcingbar stress: 1,570kgf/cm2(154 MPa)

b. Conditionof cracking at reinforcingbar stress: 2,620 kgf/cm2(257 MPa)

c

. condition of cracking at reinforcingbar stress: 3,140 kgf/cn'_2(308 MPa)

d. C.ndition of cracking at reinforcingbar stress: 3,660kgf/cm2(359 MPa)

e

. condition of crackingat reinforcingbar stress:3,730 kgf/cm2(366 MPa)
Fig. 4 Crackgrowth in axiallytensionedspecimen(traced&omx-rayshadowgraph

film,reinforcingbar: D16;maximumsize of aggregate:15mm)
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Photo.2 Internalcracks occurrenceobtained by ink injection method (reinforcing
bar: D51; reinforcing bar stress: 3,000 kgf/cm2(294 MPa); maximumsize
of aggregate..25rrm

4LLappBdBdiGaSpsGim

photograph3 is a shadowgraphat a reinforchg barstressintensityof2,400kgycm2(235MPa)
as an exampleofthe resultsof finecrackdetectionbyradiographyon a lappedsplicespecimen
(con?fetecrossse?tion 50x 240 mm, length370mm, D16 reinforcingbarsplacedwith clear
spacingOfapproximately8 mm and lappedlengthof 30 cm,two sets of theselappedsplices
arrangedin parallel):As the photographshows,numerousintemalcracks formed,linkingthe
two lappedreinforcingbars.The angle of these internalcracks to the reinforcingbar axis is
scattered between30 and 40deg, and multiplefine cracks canbe detectedoccurringfrom asingle lug.

Further,at the.endsofth? splice,later?Icracks(primarylateralcracks)wereseenperpendicular
to the reinforcingbar axis at the SpecimenSurfacewhile the loadwas comparativelylow, but
thisdidnotshowupdistinctlyon thefilm.Thisis thoughtto havebeen because,wheninjecting
the contrast medium as shown in the photograph, the copper iq.ection tubes were inserted
somewhatbeyondtheendof thespliceto ensureadequateadhesionin the concrete.As aresult,
thecontrastmediumfailedto be inj'eCtedintotheprimarylateralcracksat the endofthe splice.

Figure 5 shows the fine crack formationas directly traced from x-ray films in four stages
begiming at the time cracks were first detected and ending at the reinforcing bar stress
9nmediatelybefore3'Ointfailure.It canbe seenthat as thetensilestressonthe reinforcingbars
Increases,a numberof fineinternalcracks- laterto becomethe sourceof primarylateralcracks
- flrstsoccT perpendicularlyto the rehforcingbaraxis.Thesegrowuntiltheyreachthesurface
ofthe speclTen.Next, finecracksbeginto occurdiagonally&omlocationson the surfaces.f
the reinforcing bars near these original cracks and the number of these cracks graduallyincreases.

For comparison,Photograph4 shows the occurrenceof internal cracksin the case of a lapped
splicespecimenObtainedby the red ink in).ectionmethod.Comparingthe finecracksin Photo.3
andFig. 5 withPhoto.4, it maybe concludedthatthe locationsof cracksand theiranglesare in
generalsimilarHowever,regardingthe numberof cracksoccming &oma singlelug,more are
visible in Photo. 3 and Fig. 5, and considerable more in the area between the two lappedreinforcingbars.
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Photo.3 Resultsof fine crackdetectionby thex-ray teclmique:lappedsplicespecimen
(reinforcingbar: D16;reinforcingbar stress:2,400kgf/cm2(235MPa);
maximumsize ofaggregate:5 mm)

lapped
Photo. 4 Crack occurrence obtained by ink in3'eCtionmethod ( reinforcing bar: D16;

length: 25 cm;reinforcing bar stress: 2,500kgqcm2(245 MPa);maximumsize
of aggregate:25 mm)
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a. Reinforcing bar stress: 1,350 kgf/cm2(132 MPa)

b. Reinforcing bar stress: 1,600 kgf/cm2 (157 MPa)

-A

c. Reinforcing bar stress: 1,770 kgf/cm2 (173 MPa)

-a

d. Reinforcingstress:2,330 kgqcm2(228MPa)

Fig. 5 Crackgrowthin lappedsplice specimen[5](tracedfrom x-rayshadowgraphfilm,
reinforcingbar: D16;maximumsizeof aggregate:5 mm)
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i3* .Photograph5 shows the fine cracksdetectedby radiographyin the caseof beamspecimens
(eachwith a crosssectionof 70 x 150mm,a spanof 500 mm,andone D6reinforcingbar).In
thiscase,in orderto detemine thelocationofcracking,a 50mmnotchwascutin the middleof
the spanonthe tensionside.The notchedportionwasblackenedin the lmageby fillingit with
lead beforehand to prevent halation. Further, since this beam specimen had a single D6
reinforcingbar on the tension side, it was possibleto prevent suddenfailure of the beam,
permittingthe Blmmodeto be usedto observecrackgrowth.

Photograph 5a was taken when the load was 565 kgf (5.54 kN) and the crack opening
displacement(crackwidthatnotchentrance)0.4mm;it showsconditionsimmediatelyafterthe
occurrenceofminutecracksat the endof thenotch.Themaximumwidthofthe crackedzonein
thehorizontaldirectionat this timewasapproximately6 mm,andthemaximumlength25mm.
Thedrawingto the rightofthephotographis a tracingof thecrackstakendirectly&omthe film.

Photograph5b was taken whenthe load reached 680kgf (6.66 kN) and the crackopening
displacementwas13 mm;themaximumwidthof thecrackedzonein the horizontaldirectionat
this timewas approximately9 mm andthe length56 mm.It canbe seen that the numberand
lengthofthe Bnecrackswasgrownsubstantially.

Photograph5c is at a loadof 1,115kgf (1132 kN) andthemaximumwidthof thecrackedzone
in the horizontaldirectionat this timewas approximately14mmandthe maximumlength95
mm.

As maybe comprehendedfromthesephotographs,finecracksradiatein largenumbersfromthe
endof thenotch,and occurrenceis withinazone of a certainwidth.With increasingload, the
widthandlengthof thezonegraduallyincreases.

Figure6 showsthe load-openingdisplacementrelationshipmeasuredat the same timeas the
shadowgraphsof the beam specimen was taken. The times at which the shadowgraphsof
Photo.5 weretaken areshown.Thetemporarydisplacementsseenin the curvearedisturbances
causedbypausesin loadingforx-rayfilmhg.
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Fig.6 bad-crack openingdisplacementcurveofbeamspecimen
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a. Lead: 565 kgf (5.54 kN);
crackopeningdisplacement:0.4mm
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crackopeningdisplacement:1.3mm
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As describedin the precedingsection,a comparisonofthe the cracksdetectedbyradiography
andbythe redinkinjectionmethodindicatesthatthereis a differencewithregardto thenumber
of cracksformedin the vicinityof eachlugon a reinforcingbar.h examiningthisproblem,it
wasthoughtnecessaryto firstlookintowhetherthe observationwasbasicallyofa singlecrack
in the x-raypicture,aggregatedsuchthat it appearsas multiplecracks,or whethertherewere
actuallymultiplecracksfromthe beginning.Forthispurpose,it is necessaryto investigatethe
three-dimensionalconfigurationofthe the cracks.

hadiating the areaaroundcomparativelylargeembeddedobjectssuchasreinforcingbars and
defectsfromtwo directions,andthusdeterminingtheirthree-dimensionalshapeandlocationby
analyzing the two films, are a procedure already in practical use. However, it was found
throughstudiesfromvariousapglesthatwith this typeofmethod,evenif contrastmediawere
used, it was difficultto resolvethe three-dimensionalconfigurationofthe fine andintricately
intertwinedcracksconsideredin thisstudy.Inthe fieldof medicine,crosssectionsofthe human
bodyarenowbeingtakenby CTscanning.Further,a scamhg has recentlybegunto be used
in industrialfields,thoughapparatuscapableof scamingloadedspecimensas usedin thisstudy
isnotreadilyobtainable.Thusthisteclmiqueis as yetunavailable.

Therefore, as an alternative,a tensile specimen for axial loading (sameconfigurationand
dimensionsas that describedin 4.1)was testedusinga contrastmediumcoloredby addinga
small amountof redink.Afterradiography,the specimenwas cutintosix thin slicesparallelto
the reinforcingbar axis,as shown in Fig. 7, and the coloredcracksat the individualsurfaces
were observed.Further, these surfaceswereagainstackedto examinethe three-dimensional
configurationof thehe cracks.

Contrast nediun injection
a

tt

b h

e/
f /

g

Fig.7 Directionof slicingof specimen

tt /

> i
i
1

Fig. 8 Crackingin plane d

1o Lq

Fig. 9 Crackingin plane c
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Fig.10 Diagramof cracksuperpositioningat hdividual sliceplanes

Fig. ll Diagramtracedfromx-ray film ofsame specimen

Fig. 12 Three-dimensionalconBgurationsof cracks

Figure8 showsthe cracks(coloredpalered) observedonthe slicetakenat the plane(Planed)
includingthe centerline.AsforFig. 9,it showsthe crackingat Planec slightlydistantfromthe
reinforcingbar surface.As these figures show,cracking at single slice is not singular, but
multiple.The cracksappearto avidor windaroundpiecesof aggregate.However,the number
of cracks is notvery large. This is thoughtto have beenbecausethe finecracksclosedup on
removingthe load,squeezingoutsomeofthe redinkandmakingobservationdifficult.Further
examinationisrequiredconcemingthispoint.

Figure10showsthe cracksobservedat thesliceplaneswiththe slicesagainstackedtogetherto
forma compositeBgure.A comparisonofthiswithFig. ll traced&omx-rayfilmtakenduring
loadingof thesamespecimenshowsthatthe twoaresimilarin outline,butthe zoneof complex
lateral crackingin the middle is slightly broaderas measuredby the x-ray contrastmedium
teclmique.Furthermore,on thex-rayfilm, thereis a shadowin the formof a cloudthat cannot
be dehtely discernedascrackingsurroundingthezone of finecracks.It maybe considereda
zone of evenher cracks,but this cannotbe confirmed.Thispossiblezone offinecracksin the
x-raypicturescannotbeseen atallonthecutplaneofthe concreteafterloadremoval.

Figure 12shows the cracksobservedat the slicesurfaces eachshifted5 mmto the right and
downto displaythe three-dimensionalconfigurationof thecracks.Thisfigurealsohintsthatthe
cracks are not in a simple plane, but comprise fairly complex irregularities in a layered
conBguration.4i*
As mentionedh 4.4, crackstendto meanderduringtheirgrowthprocessdueto the presenceof
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a

. Maximumsize ofaggregate:5 rm, maximumhorizontalwidthofhe qack zone:4 m

b . Maximumsize ofaggregate:10mm,maximumhorizontalwidthof fine crackzone:8 mm

c

. Maximumsizeof aggregate:15 rrm, maximumhorizontalwidth of fhe crackzone:13 mm

Photo.6 Resultsof detectingfhe cracksby x-raytechniqueused to examineinnuenceof
aggregatesize:beamspecimen(150x 50 x 540mm)
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aggregatein the concrete.Consequently,it maybe assumedthat the aggregatesize affectsthe
fine crackconfiguration.Experimentswere conductedto investigatethe effectsof aggregate
size. Examples of the results are given for the cases of the beamspecimensin Photo 6 (a:
maximum size of aggregate Gmax = 5 mm; b: Gmax= 10 mm; and c..Gmax = 15 mm). These
picturesare x-rayshadowgraphstakenwhencracksfromnotchescut at the spancentersonthe
tensionsidesof beamshadgrownalmostasfar as theloadingpointin single-pointloading.As
maybe seenin thesephotographs,the widthof thezone of occurrencediffersaccordingto the
maximumsize of aggregatethat has been used.The maximumwidths of the crackzones in
thesecaseswere4 mm forGmaxof5 mm, 8 mmfor Gmaxof 10mm, and 13mmfor Gmaxof
15 mm. An examinationof the results of other experimentsindicatesthat, althoughthere is
considerablescatterin values,the tendencyis for thewidthof thefine crackzone to be greater
whenthe maximumaggregatesizeis large.

5i&
The aim of this studywasto developa techniquefor detectingfine cracksoccurringaround
reinforcingbars in concreteby applyingthe radiographytechniquesgenerallyusedin the field
of medicine.After investigatingthepropertiesof finecracksaroundreinforcingbars in axially
loaded tensile specimens, lapped splice specimens, and beam specimens using the new
technique,the followhg conclusionscanbe drawn:

(1) The x-ray inspection technique developed in this study is an effective mean of
nondestructivelydetectingfine cracksin the interiorof reinforcedconcreteon a continuous
basis.However,if this techniqueis to be appliedto actualstructuresin the field, furtherstudy
willbe requiredas regardsthetype ofcontrastmediumto be usedandthe methodofin3'eCting
the mediumintothe concrete.

(2) In thisstudy,a commercialiodine-basedmediumofiodhe content440mgA- asusedin the
medicine-wasfoundto be mostsuitable.

(3) In experimentsusingaxiallyloadedtensilespecimens,successfuldetectionof numerous
fine cracksradiatingfrom the lugs of the deformedbars was possible.The cracksformed a
complex,intertwinednetworkas reinforcingbar stress intensity was increased.Thesefine
cracks,whencomparedwiththoseobservedby thered inkinjectionmethod,appearsimilaras
far as overallorientationis concerned,but the numberoccurringfrom a singlelugis greater,
andthe formismore complex.

(4) h experimentsusing lappedsplicespecimens,crackscrossedfromonebar diagonallyto
the other at points sandwichedby the two reinforcingbars at splices, and of the number of
cracksincreasedas the reinforcingbar stresswas increased;ultimately,cracksformed along
roughlythe entiresplicelength.Thesefinecracks,whencomparedwith thoseobservedby the
red inkinj'eCtionmethod,weremore or lessthe samein orientation,but therewerefar moreof
them.

(5) In experimentsushg beamspecimens,he cracksemanatingfromthetipsofnotchescut in
thetensionsideat thespancenterweresuccessfullydetected,aswasthe conditionimmediately
after cracking begun, the increasing numberof cracks as reinforcing bar stress intensity
increased,andthewayin whichthe crackzoneexpandedin a complicatedmarmer.

(6) As aresultof investigatingthe innuenceof maximumaggregatesizeonthewidthofthe fine
crackzone,itwas foundthat thezoneincreasedinwidthwithlargeraggregate.This is thought
tobe becausethethe crackshaveatendencyto meanderaroundthe piecesofaggregate.

(7) Tensile specimensinjectedwith a colored contrast mediumwere axially loaded and
radiographyperformed;the specimenswere thencut usinga diamondsawinto a numberof
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slices, and the conditionJ*Crackingwasobservedat the individualslice surfaces.It was found
that cracks on individual slice surfaceswere not singlecracks, that near pieces of aggregate
there weresomecracksthat branchedoutand woundaroundthe aggregate,andthat the cracks
in general meandered. By restacking the slices, it was possible to create an image of the
complexthree-dimensionalconfigurationofthefinecracks.

aims
The contrast mediaused in this study were all commerciallyavailableproducts used in the
medicalfield.h orderto preventsideeffectsonthe humanbody,theseproductsare mixedwith
various other chemicals intermixed,while same chemicals that give effective contrast are
restricted as to varietyand concentration.Thus the contrastmediumselectedfor use in this
study cannotbe declaredto be themostsuitableas regardscontrastperformanceandabilityto
entercracks.Accordingly,if itwere possibleto developa high-performanceindustrialcontrast
mediumspecificallyfor the usagedescribedin this study'it is thoughtthat the crack detection
performanceof this techniquewouldbe improved.As such, this study is still at a basicstage,
and further progresswith research will enable this new nondestructivetesting method for
concreteto be broughtintopracticaluse.

The researchdescribedherewas proposedandplannedbythe authorduringhis time at Prof.
GertKoning's laboratory at TechnischeHochschuleDarmstadtin the thenWestGermany,
wherehe studiedfor ayear&omAugust1984.Thefirst radiographicexperimentwasbegunon
asmallpull-outspecimenat the laboratoryof Prof.neo T5chudiin the PhysicsDepartmentof
the Hochschulewith his kind agreementandwith the cooperationof Dr.OttoKroggel.Lead
sulfatewasusedas thecontrastmediumat thattime,butnocrackswithinthe concretecouldbe
detectedatall.

on retumingto Japan,the authorputtogethera test apparatusandbeganexperimentin 1986.
This paper is a summarization of the results obtained from the time of resumption of
experimentsthrough1990[3]-[7].The authoris profoundlygratefulto Prof.GertKonig,Prof.
Theo 75chudi,and Dr. Otto Kroggel for their kind assistance at the time this research was
initiated. The work is founded on the research of Dr. YukimasaGoto(then a Professor at
TohokuUniversity,presently a Professor at Tohoku GakuinUniversity)who discovered
internalcrackingaroundreinforcingbarsby thered inkinjectionmethod.The authorwishesto
expresshis gratitudeto Dr. Gotofor his guidance over a period of manyyears. Further, the
authorsincerelythanksthe manygraduatestudentswhohave dedicatedtimeto experimentsin
the courseof this researchwork.
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