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Abstract. Volumetric imagesof small mortarsamplesunderload areacquired
by X-ray microtomography. Theimagesarebinarizedatmany differentthreshold
values,andover a million connectedcomponentsareextractedat eachthreshold
with a new, spaceandtime efficient program.The rapid increasein thevolume
andsurfaceareaof theforegroundcomponents(cracksandair holes)is explained
in termsof a simple model of digitization. Analysis of the dataindicatesthat
the foregroundconsistsof thin, convolutedmanifoldswith a complex network
topology, and that the crack surface area, whose increasewith strain must
correspondto theexternalwork, is higherthanexpected.

1 Objectives and Scope of the Paper

Many attempts to model or recognizeshapeand form are basedon a bi-level
representationof relatively simpleobjects.In contrast,wearefacedwith anengineering
problemcharacterizedby sequencesof large,complex, volumetricgray-scaleimages.
This data was producedby a unique imaging instrumentdesignedfor observing
the internalstructureof dense,heterogeneousmaterials.The resultingmeasurements
will ultimately be usedin multiscalemodeling of the microstructurefor improved
understandingof the macroscopicmechanicalpropertiesof concrete[1–4]. So far we
can report only someobservationsfrom which we attemptto deduceaggregateand
individual shapepropertiesof a large collection of objectsand to separatematerial
propertiesfrom imageprocessingartifacts.Our work raisesfar morequestionsthanit
answers.We presentit herein thehopeof gainingassistancefrom thesegmentof the
imageprocessingcommunitydedicatedto alliedpursuits.

More specifically, we proposeto analyzethin, warped,interconnectedvolumetric
entitiesin sequencesof densityimagesof samplesof mortar. The datais obtainedby
high-resolution3-D microtomographicimagingusinganX-ray imagerat theNational
SynchrotronLight Sourceat Brookhaven[5–7].The imagesshow crackformation in
mortar andconcreteunderincreasingstrain.Otherapplicationswith similar filiform
andquasi-manifoldconfigurationsaremembranes,plantandanimalvasculature,nerve
fibers, and polymers,all of which can be imagedthrough soft-tissuetomography,
magneticresonanceimaging,3-D ultrasound,or confocalmicroscopy. Thetopological
complexity of suchdataprecludes2-D analysis.

Thedetection,quantificationandfurtheranalysisof structuralchangesin cement-
basedmaterials 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 continuumapproachesbasedon plasticityandlinearelasticfracturemechanics
have led to considerablesuccessin predictingfailure in fine-grainedmaterialssuch
asmetals,non-lineareffectshave resistedanalysisin heterogeneousandquasi-brittle
materialssuch as concrete.The study of microstructurecoupled with traditional
stress-strainmeasurementsoffers the most promisingapproach[8–10]. In concrete,
cracksare thought to originatefrom one or more porousvoids, and they may even
spreadpreferentiallythroughvoidsandpre-existing cracks.We hopethat thedetailed
mechanismsof crack origination and propagationmay be revealedby 3-D X-ray
imaging.

2 Data Collection

Microtomographyyields a 3-D map of absorptivity from hundredsof through-
transmissionradiographsof the specimentaken from differentangles.It is similar to
medicalCAT scans,except for much higher beamintensity and detectorresolution.
The specimenis rotatedon a stagedesignedto allow the applicationof a load while
minimizing X-ray absorption[11–13](Figure1).

Fig. 1. (left) The systemfor x-ray microtomography;(right) the load cell for holding the
compositematerialspecimensundercalibratedloads.

The specimensare small mortar cylinders under axial compressive load. The
stressis continuouslymonitoredby a conventionalload cell, andthe platen-to-platen
displacementby a linear-voltagedisplacementmicroprobe.The datais collectedand
preprocessedby the University of Maine teamat BeamlineX2B. The X-ray source
is synchrotronradiationwith a highly collimatednarrow-bandbeammonochromated
to 32keV. The detectoris a phosphorplate from which light is capturedby a high-
resolutionCCD camera.The specimensare exposedto the beamat 720 different
anglesover a 180 degreerange.Eachexposurelasts8-12 seconds,dependingon the
synchrotronbeamcurrent.This combinationresultsin a very high resolution(2-6 ��� )
3-D array, but thecapturecrosssectionis limited to about6mmby thebeamwidth.

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



Fig. 2. Two 2-D circular slices of concrete,gray-scale,one each from successive loads, at
correspondingheights.Enlargementof 100	 100squaresacrossthelargecrack.

by the EXXON Direct Fourier Reconstructionalgorithm on site, are typically
1024
 1024
 800voxels.A new arrayis generatedfrom thespecimenaftereachof 5 or
6 load-and-releasecycleswith progressively greaterloads.The last imageis intended
to capturethestateof thespecimenafter thepeakof thestress-straincurve,whenany
further loadwould causeit to crumble.Eachsamplerequiresabout6 hoursof ”beam-
time”. The imagesareoriginally recordedas32-bit floating-pointnumbers,andthen
scaledto eightbit integers.In our representation,high grayvalues(shown aswhite or
light gray)indicatehighX-ray absorption,andlow values(shownasdarkgrayor black)
indicatevoids consistingof cracksandair holes.Whenthe datais binarizedto 0-1, a
higherthresholdincreasesthenumberof foreground(black,i.e.,0) voxels.

3 Methods and Observations

Thesurroundingsof thesampleconcretecylinder aretransparentto X-rays just asare
thevoidsinsidethecylinder. However, many cracksreachtheexternalsurface.In order
to applyconnected-componentsanalysis,it is necessaryto separatetheexteriorvolume
from the crackvolume.This is accomplishedby ”shrink-wrapping”the cylinder. The
resultingcross-sectionsareneithertruly circularnorconvex, andchangealongtheaxis.

Our 3-D processingrelies heavily on connectedcomponents(CC) analysis[14–
16]. We have developedandtesteda robustalgorithmthat is space-andtime-efficient
becauseit is implementedas a Find-Union on 1-D runs, with path compression.
In a test array of size 800
 800
 765 (489,600,000voxels), it finds six million six-
connectedcomponentsin 200seconds(400MHz Pentiumwith 640Mbytesof RAM).
In addition to listing all of the connectedcomponentswith 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://www.ecse.rpi.edu/Homepages/wrf/research/connect/.

We useVTK, the 3D VisualizationToolkit, to visualize the cracks.VTK is an
opensource,surface-basedrenderingsoftwaresystemfrom kitware.com.Its rendering
supportis basedon triangulatingthegray-scaleisosurfacesusingMarchingCubes[17,
18]. Other routineswere developedto analyzethe volume distribution, free surface
histogramsandmergegraphof theconnectedcomponents.

The remainderof the paperpresentsthe observations in detail and attemptsto
explain them in termsof the characteristicsof the sampleandof a simplemodel of
thedigitizationprocess.



3.1 Effects of Amplitude Quantization

Theradiographicqualityof theimagedatais quiteconsistent.Thereis little variationin
grayscalefrom sampleto sample,becausefluctuationin theelectronbeamintensityis
compensatedfor by periodicrecordingof ablankpicture(withoutthesample).Thegray
scaledoesnot capturethe full dynamicrange.The high absorptionregionsof mortar
haveauniformvalueof 255andsomecracksandvoidsaresaturatedat0. Nevertheless,
thereis sufficient contrastto discriminatethestructure.

Fig. 3. Numberof CCs,foreground(empty)volume,averageCCvolume,andsurfaceareaagainst
binarizationthresholdfor thewholeshrink-wrappedvolumeof a sample.

The aggregate(larger particles)is even more opaqueto X-rays than the mortar,
while air is transparent.Given the high-contrastnatureof the objectunderstudy, any
thresholdin a wide rangeshouldbeequallysatisfactoryfor isolatingthevoids(cracks
andair holes).It turnsout, however, that thechoiceof thresholdhasa very significant
effecton thecharacteristicsof thebinarizedimage.

Accordingto Figure3, the total foregroundvolumeincreasesgraduallyfrom 4%
of the sampleto 24%. The apparentcrack-volumechangesby a factorof more than
threewith thresholdin theoperationalrangeof thresholdfrom 40to 60.This is amuch
largerchangethanthatdueto increasedloadataconstantthreshold.It canbeexplained
by the modelof digitization presentedbelow. At the sametime, the numberof CC’s
risesfrom nearly1.8million to nearly5.5million, thendecreasesto 1.8million again.
We conjecture(seebelow) that at the lower thresholdsonly thick voids arerevealed.
Theeventualdrop is expected:if the thresholdis raisedabove the valueof all voxels,
thenthe entiresamplewill consistof a singleconnectedcomponent.Figure4 shows
representative2-D crosssectionsat two thresholdsat successive loads.

Becausethe work performedby the external force is expectedto equalthe work
requiredtostretchtheinternalsurfaces,thecracksurfaceareaisanimportantparameter.
Furthermore,theratio A/V of surfaceareato volume(akin to perimeter/areain 2-D) is
a usefulmeasureof rotunditythatmayseparatecracksfrom air holes.Theratio � �����
is a shape invariant.

TheArea/Volumeratio of thelargestCC in a 200
 200
 200block (Figure5) falls
asexpectedto athresholdof 40,thenrisesaseventhinnerandmoretortuouscracksare
mergedto it. ThemaximumArea/Volumeratio is only 2.5.
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Fig. 4. 2-D bilevel X-sectionat thresholdsof 40and60at successive loads.
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Fig. 5. Surfaceareato volume ratio of
thelargestCCin a200	 200	 200voxel
block.

Cube One-voxel thick slab

FreefaceVoxel NumberVoxel Number
0 5832 0
1 1944 0
2 216 7744
3 8 352
4 0 4
Total 8000 8100

Fig. 6. Freesurfacedistribution

In compactobjects,mostof thevoxelswould beeitherinterior voxels,with no free
face,or surfacevoxelswith exactlyonefreeface.Thenumberof freefacesis shown in
Figure6 for a20 
 20 
 20cubeandaone-pixel thick 90 
 90slab. In concrete,thereare
many voxelswith severalfreesurfaces,asseenin Figure7, indicatinghighly irregular,
tortuoussurfaces.Theskew increaseswith threshold,becausealthoughthelargerCCs
havemoreinterior voxels,weareaddingmany smallercracks.

The logarithmic scatterplots of Figure 7 show that the CCs rangefrom flat or
filiform (upperenvelope: � ��� constant)to filled-out shapes(lower envelope: � �����
constant).Thelargerthecomponents,thethinnerthey are.

3.2 Effects of Spatial Quantization

Becauseof the presenceof so much boundarysurface (betweenforeground and
background),reducingtheresolutionby subsamplingby 8 thedatahasa verydifferent
effect from averagingit over2 
 2 
 2 volumes.Figure8 compareshistogramsresulting
from subsamplingandinterpolation.This resultindicatesthatwe canexpectradically
differentresultsastheresolutionof theimageris enhanced.

3.3 Crack Size and Connectivity

Figure 9 shows that the distribution of crack size is qualitatively similar at different
thresholds.About half of the CCsaresmallerthan1000voxels,while the largestCC
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Fig. 7. (left) Barchartof distributionof freefacesat two thresholds;(right) scatterplot of surface
areavs.CCvolumeat two thresholds.
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Fig. 8. Grayscalehistogramof reduced
samples.
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Fig. 9. The emptyvoxel distribution versusCC
volumeof a 200	 200	 200voxel block.



accountsfor onethird to onehalf of the total foregroundvolume.The CCsspansix
ordersof magnitudein size.

Thepresenceof ahugenumberof tiny foregroundCCsatany thresholdis certainly
suggestive of noise,but may alsobe a propertyof the material.We will soonobtain
multipleimagesof thesamesampleto resolvethisquestion.Wehavealsonotedpatterns
of horizontalcircular causedby thereconstructionof irregularitiesin the phosphoror
spreadof theX-ray beam.

It is possibleto tracethemergingof thelargestcomponentsasthethresholdchanges
(Figure10).Eachmergerresultsin anabruptincreasein thevolumeandsurfaceareaof
theresultingcompositeCC.Themergersarecausedby theemergenceof thin ”bridge”
cracksas the thresholdis increased.A completemerge graphhasmillions of nodes.
Ultimately we areinterestedin tracingthemergerof crackswith increasingload.

Fig. 10. Mergegraphof thelargestcracks(thenumbersbeingthevolumeof cracks).

3.4 Point Spread Function

Most of theabove observationscanbeexplainedusinga simplemodelof digitization.
Wepresentthemodelin onedimensionin orderto beableto graphthefunctions.In the
model,thecrackshave a constant(one)density. Thewidth of thecracksis distributed
exponentially. The spacebetweencracksis also distributedexponentially. The point
spreadfunction is modeledwith a Gaussian.The ‘analog’ crack signal is convolved
with the Gaussian,thenthresholdedandsampled.(The relative orderof thresholding
andsamplingis immaterial.)Theleft of Figure11showstheoriginalcrackdistribution,
theconvolvedsignal,andthebinarizeddistribution at two differentthresholds.As the
thresholdis decreased,nearbycracksaremergedandnew, thinnercracksappear. The
width of thepoint spreadfunction is morethan2 voxel diameters,asindicatedby the
crosssectionof cracksin theright of Figure11.



Fig. 11. (left) Model of Digitization; (right) sampleprofilesof grayscaleacrosslargercracks.

4 Discussion

Thesamplesconsistof a hugenumberof very thin cracks,anda few wide cracks.The
entirevolume,exceptfor theaggregate,appearsto betraversedby cracks(craquelure).
It is possiblethatmostof thesecracksareconnected,but thepoint-spreadfunctionof
theimageris too largeto yield convincingproof.

A fastCC programis essentialfor studyingtheimageat a wide rangeof threshold
settingsbecausethe large point-spreadfunction of the imagingsystem,comparedto
the spatialsamplinginterval, obscuresthe intrinsically high contrastbetweenmortar
and voids. This also accountsfor the rapid growth in the volume of black pixels as
the thresholdis increased.For now, we canonly speculatewhetherthe point-spread
functionis dominatedby thephosphoror thegranularityof thereconstructionalgorithm
(thecooledCCDcamerais not a likely culprit).

The thin crackshave very convolutedboundaries,which result in a high surface-
areato volumeratio.Therefore,visualizationsoftwareyieldsvery little insightinto the
structure,andaquantitativeapproachis required.With increasingthreshold,thenumber
of boundaryvoxels increasesfasterthanthenumberof interior voxels,resultingin an
overall increasein thesurface-areato volumeratio.Theresultsonsubsamplingindicate
that thecurrentspatialsamplingresolutionis insufficient to give a truemeasureof the
(possiblyfractal) surfaceareaof the crack boundaries.Sucha measureis necessary
to comparethe increasein total cracksurfaceareafrom load to load with theoretical
predictionsbasedon the loading and relaxationstress-straincurves. Although the
resolutionof the X-ray beamand of the optical systemallows us to increaselinear
resolutionby at leasta factorof four (at the costof a 64-fold increasein acquisition



time and data volume, and a correspondingdecreasein samplevolume), electron
micrographswouldbeusefulhere.

Underload, the volumeof the largestconnectedcomponentsgrows morequickly
thanthetotal volumeof blackpixels,asobservedat any threshold.Equivalently, asthe
load increases,the volumeof small connectedcomponentsrelative to the total black
volumedecreasesbecausetheir expansionunderloadresultsin thesmallcracksbeing
connectedto the larger cracks.This effect is superficiallysimilar to apparentcrack
growth with increasingthreshold.

5 Future Work

We have muchwork aheadof us.We don’t yet have any effective measuresof crack
shapeandcrack topology. Beforemodelingcrack propagationunderload, it will be
necessaryto model both the cracksand the densityvariationsin the material itself.
Furthermore,current 3-D image registration techniqueswill have to be extended
to the compoundproblem of bringing into correspondenceobjectsexhibiting both
globaldistortion(motionof thesample)andlocal changesdueto crackgrowth. After
separatingcracksfrom noisespecksandair holeson the basisof volumeandsurface
area,we canverify thatcracksgrow from loadto load,air holesremainthesame,and
noisespecksappearanddisappearrandomly.

Another important issue is the pore structureconnectivity that governs water
penetrationfrom thesurface.FromtheCCanalysiswecandeterminewhichcracksopen
to thesurface.By tracingthesecracks,wecancomputewhatfractionof thevolumeis a
givendistancefrom thesurface.Thechangeof permeabilitywith crackgrowth affects
long-termdurability of concrete.An openquestionis therateat which hairlinecracks
mergeto form macro-cracksunderload.Our long-termgoal is theparameterizationof
crackgrowth for multiscalefinite elementmodelingandanalysis.
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