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Abstract. Volumetricimagesof small mortar samplesunderload areacquired
by X-ray microtomographyTheimagesarebinarizedatmary differentthreshold
values,andover a million connectedcomponentsreextractedat eachthreshold
with a new, spaceandtime efficient program.The rapid increasen the volume
andsurfaceareaof theforegroundcomponent¢cracksandair holes)is explained
in termsof a simple model of digitization. Analysis of the dataindicatesthat
the foregroundconsistsof thin, corvoluted manifoldswith a complex network
topology and that the crack surface area, whose increasewith strain must
correspondo the externalwork, is higherthanexpected.

1 Objectives and Scope of the Paper

Many attemptsto model or recognizeshapeand form are basedon a bi-level
representatioof relatively simpleobjectsn contrastwe arefacedwith anengineering
problemcharacterizedy sequencesf large, comple, volumetricgray-scaldmages.
This data was producedby a unique imaging instrumentdesignedfor observing
the internal structureof dense heterogeneoumaterials.The resultingmeasurements
will ultimately be usedin multiscale modeling of the microstructurefor improved
understandin@f the macroscopianechanicapropertiesof concrete[1-4]. So far we
canreportonly someobsenationsfrom which we attemptto deduceaggreyateand
individual shapepropertiesof a large collection of objectsandto separatematerial
propertiesfrom imageprocessingartifacts.Our work raisesfar more questionghanit
answersWe presentit herein the hopeof gainingassistancérom the sggmentof the
imageprocessingommunitydedicatedo allied pursuits.

More specifically we proposeto analyzethin, warped,interconnectediolumetric
entitiesin sequencesf densityimagesof samplesof mortar The datais obtainedby
high-resolutior3-D microtomographiémagingusingan X-ray imagerat the National
SynchrotronLight Sourceat Brookharen[5—7]. The imagesshav crackformationin
mortar and concreteunderincreasingstrain. Other applicationswith similar filiform
andquasi-manifoldconfigurationsaremembranegplantandanimalvasculaturenere
fibers, and polymers,all of which can be imagedthrough soft-tissuetomography
magneticresonancémaging,3-D ultrasoundpr confocalmicroscopy. Thetopological
compleity of suchdatapreclude-D analysis.

The detection,quantificationand further analysisof structuralchangesn cement-
based materials offers the potential for a more rational approachto the design,



testing, repair, or replacementof concretestructures.The total replacementvalue
of concretestructuresin the US has beenestimatedto be over six trillion dollars.
While continuumapproachebasedon plasticity andlinear elasticfracturemechanics
have led to considerablesuccessn predictingfailure in fine-grainedmaterialssuch
asmetals,non-lineareffects have resistedanalysisin heterogeneouand quasi-brittle
materials such as concrete.The study of microstructurecoupled with traditional
stress-strairmmeasurementsffers the most promising approach[8—10]. In concrete,
cracksare thoughtto originatefrom one or more porousvoids, and they may even
spreadpreferentiallythroughvoids andpre-eisting cracks.We hopethat the detailed
mechanismf crack origination and propagationmay be revealedby 3-D X-ray
imaging.

2 Data Collection

Microtomographyyields a 3-D map of absorptvity from hundredsof through-
transmissiorradiographof the specimertaken from differentangles.It is similar to
medical CAT scans,exceptfor much higher beamintensity and detectorresolution.
The specimeris rotatedon a stagedesignedo allow the applicationof a load while
minimizing X-ray absorptio{11-13](Figurel).
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Fig.1. (left) The systemfor x-ray microtomography;(right) the load cell for holding the
compositematerialspecimensindercalibratedoads.

The specimensare small mortar cylinders under axial compressie load. The
stressis continuouslymonitoredby a corventionalload cell, andthe platen-to-platen
displacemenby a linearvoltagedisplacemenmicroprobe.The datais collectedand
preprocessethy the University of Maine teamat BeamlineX2B. The X-ray source
is synchrotronradiationwith a highly collimatednarrav-bandbeammonochromated
to 32keV. The detectoris a phosphorplate from which light is capturedby a high-
resolution CCD camera.The specimensare exposedto the beamat 720 different
anglesover a 180 degreerange.Eachexposurelasts8-12 secondsdependingon the
synchrotrorbeamcurrent.This combinatiorresultsin avery high resolution(2-6 um)
3-D array but the capturecrosssectionis limited to aboutémm by the beamwidth.

The resulting data (Figure 2) consists of sequencesof 3-D integer arrays
representindocalized X-ray absorption.The dimensionsof eacharray reconstructed



Fig.2. Two 2-D circular slices of concrete,gray-scale,one eachfrom successie loads, at
correspondingpeights Enlagemeniof 100x 100 squarescrosghelarge crack.

by the EXXON Direct Fourier Reconstructionalgorithm on site, are typically

1024x1024x 800voxels.A new arrayis generatedrom thespecimeraftereachof 5 or

6 load-and-releaseycleswith progressiely greateroads.The lastimageis intended
to capturethe stateof the specimenrafterthe peakof the stress-straicurve, whenary

furtherloadwould causet to crumble.Eachsamplerequiresabout6 hoursof "beam-
time”. The imagesare originally recordedas 32-bit floating-pointnumbers and then
scaledto eightbit integers.In our representatiorhigh gray values(shovn aswhite or

light gray)indicatehigh X-ray absorptionandlow values(shavn asdarkgrayor black)
indicatevoids consistingof cracksandair holes.Whenthe datais binarizedto 0-1, a
higherthresholdncreaseshe numberof foreground(black,i.e., 0) voxels.

3 Methods and Observations

The surrounding®of the sampleconcretecylinder aretransparento X-raysjust asare
thevoidsinsidethecylinder. However, mary cracksreachthe externalsurface.In order
to applyconnected-componeramalysisit is necessarjo separate¢he exterior volume
from the crackvolume. This is accomplishedy "shrink-wrapping”the cylinder. The
resultingcross-sectionareneithertruly circularnor corvex, andchangealongtheaxis.

Our 3-D processingelies heavily on connectedcomponentgCC) analysis[14—
16]. We have developedandtesteda robustalgorithmthatis space-andtime-eficient
becauseit is implementedas a Find-Union on 1-D runs, with path compression.
In atestarray of size 800x800x 765 (489,600,000v0xels), it finds six million six-
connecteccomponentsn 200 secondg400 MHz Pentiumwith 640Mbytesof RAM).
In additionto listing all of the connecteccomponentswith their constituentvoxels,
the programreportsthe volume, surfacearea(numberof free faces)andthe number
of foreground runs in each CC. The code and test casesare freely available on
http://ww. ecse. r pi . edu/ Homepages/ w f/ resear ch/ connect /.

We use VTK, the 3D VisualizationToolkit, to visualize the cracks.VTK is an
opensource surface-basedenderingsoftwaresystemfrom kitware.comlts rendering
supportis basedn triangulatingthe gray-scalésosurficesusingMarchingCubeq17,
18]. Other routineswere developedto analyzethe volume distribution, free surface
histogramsandmermegraphof the connecteccomponents.

The remainderof the paperpresentsthe obsenationsin detail and attemptsto
explain themin termsof the characteristicof the sampleand of a simple model of
thedigitizationprocess.



3.1 Effectsof Amplitude Quantization

Theradiographiajuality of theimagedatais quiteconsistentThereis little variationin
grayscalérom sampleto sample becausdluctuationin the electronbeamintensityis
compensatetbr by periodicrecordingof ablankpicture(withoutthesample)Thegray
scaledoesnot capturethe full dynamicrange.The high absorptionregionsof mortar
have auniformvalueof 255andsomecracksandvoidsaresaturatect 0. Nevertheless,
thereis sufficient contrasto discriminatethe structure.
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Fig. 3. Numberof CCs,foreground(empty)volume,averageCC volume,andsurfaceareaagainst
binarizationthresholdfor thewhole shrink-wrapped/olumeof a sample.

The aggreyate (larger particles)is even more opaqueto X-rays than the mortar,
while air is transparentGiven the high-contrasnatureof the objectunderstudy ary
thresholdin awide rangeshouldbe equallysatishictoryfor isolatingthe voids (cracks
andair holes).It turnsout, however, thatthe choiceof thresholdhasa very significant
effect onthe characteristicef thebinarizedimage.

Accordingto Figure 3, the total foregroundvolume increasegjraduallyfrom 4%
of the sampleto 24%. The apparentrack-volume changedy a factor of more than
threewith thresholdn the operationalrangeof thresholdrom 40to 60. Thisis amuch
largerchangahanthatdueto increasedoadata constanthresholdlt canbeexplained
by the model of digitization presentedelow. At the sametime, the numberof CC’s
risesfrom nearly1.8 million to nearly5.5 million, thendecrease® 1.8 million again.
We conjecture(seebelow) that at the lower thresholdsonly thick voids are revealed.
The eventualdropis expected:if the thresholdis raisedabove the valueof all voxels,
thenthe entire samplewill consistof a single connecteccomponentFigure4 shavs
representatie 2-D crosssectionsat two thresholdsat successie loads.

Becauseahe work performedby the externalforce is expectedto equalthe work
requiredo stretchtheinternalsurfacesthecracksurfaceareas animportantparameter
Furthermoretheratio A/V of surfaceareato volume(akinto perimeter/are@n 2-D) is
ausefulmeasuref rotunditythatmay separat&racksfrom air holes.Theratio A3 1A%
is ashapeinvariant.

The Area/\blumeratio of thelargestCC in a 200x 200x 200block (Figureb) falls
asexpectedo athresholdof 40, thenrisesaseventhinnerandmoretortuouscracksare
memgedto it. ThemaximumArea/\blumeratiois only 2.5.



' Th=40 ~ Th=60  Th=40

Fig. 4. 2-D bilevel X-sectionat thresholdf 40 and60 at successie loads.
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In compacibjectsmostof thevoxelswould be eitherinterior voxels,with no free
face,or surfacevoxelswith exactly onefreeface.Thenumberof freefacess shovnin
Figure6 for a20x 20x 20 cubeanda one-pixel thick 90x90slah In concretethereare
mary voxelswith severalfree surfacesasseenin Figure7, indicatinghighly irregular,
tortuoussurfaces.The skew increasesvith threshold becausealthoughthe larger CCs
have moreinterior voxels,we areaddingmary smallercracks.

The logarithmic scatterplots of Figure 7 shav that the CCs rangefrom flat or
filiform (upperervelope:A/V constant)o filled-out shapeglower en/elope:A%/V
constant) Thelargerthe componentsthethinnerthey are.

3.2 Effectsof Spatial Quantization

Becauseof the presenceof so much boundarysurface (betweenforeground and
background)reducingtheresolutionby subsamplindy 8 the datahasa very different
effectfrom averagingit over 2x2x 2 volumes.Figure8 compareshistogramgesulting
from subsamplingandinterpolation.This resultindicatesthatwe canexpectradically
differentresultsastheresolutionof theimageris enhanced.

3.3 Crack Sizeand Connectivity

Figure 9 shows that the distribution of crack size is qualitatvely similar at different
thresholds About half of the CCsare smallerthan 1000voxels, while the largestCC
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accountdor onethird to one half of the total foregroundvolume. The CCs spansix
ordersof magnituddn size.

Thepresencef ahugenumberof tiny foregroundCCsatary thresholds certainly
suggestie of noise,but may alsobe a propertyof the material. We will soonobtain
multipleimagesof thesamesampleo resolethis questionWe have alsonotedpatterns
of horizontalcircular causedy the reconstructiorof irregularitiesin the phosphoror
spreadf the X-ray beam.

It is possibleo tracethememingof thelargestcomponentssthethresholdchanges
(Figure10). Eachmemerresultsin anabruptincreasen thevolumeandsurfaceareaof
theresultingcompositeCC. The memgersarecausedy theemegenceof thin "bridge”
cracksasthe thresholdis increasedA completememe graphhasmillions of nodes.
Ultimately we areinterestedn tracingthe memgerof crackswith increasingoad.
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Fig. 10. Mergegraphof thelargestcracks(thenumberdeingthe volumeof cracks).

3.4 Point Spread Function

Most of the above obsenationscanbe explainedusinga simplemodelof digitization.
We presenthemodelin onedimensionin orderto beableto graphthefunctions.In the
model,the crackshave a constanfone)density The width of the cracksis distributed
exponentially The spacebetweencracksis also distributed exponentially The point
spreadfunction is modeledwith a GaussianThe ‘analog’ crack signalis corvolved
with the Gaussianthenthresholdedand sampled(The relative order of thresholding
andsamplingis immaterial.)Theleft of Figure11 shovstheoriginal crackdistribution,
the convolvedsignal,andthe binarizeddistribution at two differentthresholdsAs the
thresholdis decreasedjearbycracksare memgedandnew, thinnercracksappearThe
width of the point spreadfunctionis morethan?2 voxel diametersasindicatedby the
crosssectionof cracksin theright of Figure11.
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Fig. 11. (left) Model of Digitization; (right) sampleprofilesof grayscaleacrosdargercracks.

4 Discussion

The samplesonsistof a hugenumberof very thin cracks,anda few wide cracks.The
entirevolume,exceptfor theaggreate,appearso betraversedoy cracks(craquelure).
It is possiblethat mostof thesecracksare connectedbput the point-spreadunction of
theimageris too largeto yield corvincing proof.

A fastCC programis essentiafor studyingtheimageat a wide rangeof threshold
settingsbecausehe large point-spreadunction of the imaging system,comparedo
the spatialsamplinginternval, obscureghe intrinsically high contrastbetweenmortar
and voids. This also accountsfor the rapid growth in the volume of black pixels as
the thresholdis increasedFor now, we canonly speculatevhetherthe point-spread
functionis dominatedy thephosphoior thegranularityof thereconstructioralgorithm
(thecooledCCD camerds notalikely culprit).

The thin crackshave very corvolutedboundariesyhich resultin a high surface-
areato volumeratio. Thereforeyisualizationsoftwareyieldsvery little insightinto the
structureandaquantitatve approachs required With increasinghresholdthenumber
of boundaryvoxelsincreasegasterthanthe numberof interior voxels, resultingin an
overallincreasen thesurface-are#o volumeratio. Theresultson subsamplingndicate
thatthe currentspatialsamplingresolutionis insufficient to give a true measuref the
(possiblyfractal) surface areaof the crack boundariesSucha measures necessary
to comparethe increasen total cracksurfaceareafrom load to load with theoretical
predictionsbasedon the loading and relaxation stress-straircurves. Although the
resolutionof the X-ray beamand of the optical systemallows us to increaselinear
resolutionby at leasta factor of four (at the costof a 64-fold increasen acquisition



time and data volume, and a correspondingdecreasdn samplevolume), electron
micrographsvould be usefulhere.

Underload, the volume of the largestconnecteccomponentgrons more quickly
thanthetotal volumeof blackpixels,asobsenedat ary threshold Equivalently, asthe
load increasesthe volume of small connecteccomponentselative to the total black
volumedecreasebecauseheir expansionunderload resultsin the small cracksbeing
connectedo the larger cracks.This effect is superficially similar to apparentcrack
growth with increasinghreshold.

5 Future Work

We have muchwork aheadof us. We don't yet have ary effective measuresf crack
shapeand crack topology Before modelingcrack propagationunderload, it will be
necessaryo model both the cracksand the density variationsin the materialitself.
Furthermore,current 3-D image registration techniqueswill have to be extended
to the compoundproblem of bringing into correspondencebjects exhibiting both
global distortion (motion of the sample)andlocal changeglueto crackgrowth. After
separatingracksfrom noisespecksandair holeson the basisof volumeandsurface
area,we canverify thatcracksgrow from loadto load, air holesremainthe sameand
noisespecksappeamlnddisappearandomly

Another important issue is the pore structure connectvity that governs water
penetratiorfrom thesurface FromtheCCanalysisve candeterminevhich cracksopen
to thesurface By tracingthesecracks we cancomputewhatfractionof thevolumeis a
givendistancefrom the surface.The changeof permeabilitywith crackgrowth affects
long-termdurability of concrete An openquestionis the rateat which hairline cracks
mergeto form macro-crackainderload. Our long-termgoalis the parameterizationf
crackgrowth for multiscalefinite elementmodelingandanalysis.
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