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Non-invasive characterisation of particle morphology of
natural sands

Fonseca, J.  2illivan, C2, Coop, MR, Lee, P.D!

Abstract

Particle morphologiesi.e. particlesizes and shapg havea marked influence on the mechanical response of
granula materialsincluding sois. Up until now most investigatios of particle shapehave been twe
dimensionaland size has been most often assessed using siéMiig). papermakes use ofrecent
developments in thredimensional imaging technologiesabaractéze the internal features of a sail 3D

including quantification ofparticle morphology. The soil investigated was Reigate sand (from Southeast
England), a geologically old sand which, in its intatdate exhibi significant interlocking amongst the
constituent grains. Intact anaconstituted specimens having simitdensities were tested under triaxial
compression. The specimens were impregnated with an epoxy resin at three different stages of shear
deformation and small cores from each specimen wea@ned using Xay microtomography. Different
systems and scanning parameters were explored in order to obtairditheesional high-resolution

images with a voxel size of Bn (0.018x dsg). The morphologymeasurements were compared with sieve

data ad measurements obtainading a 2Dimage basedaser system. The sieve size is shown to correlate

well with the intermediate principal axis length. Clear differences are noted betwe2d #red 3D shape
measurement8Breakage of fractured grains, aloagisting fissures, occurs both during reconstitution and
shearing of the intact soil, a phenomenon that cannot be observed using invasive techniques such as sieve

analysis.
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INTRODUCTION

The distribution of particlesizes andthe grain shaps arefundamentatharacteristic®f a soil. The particle

size distribution (PSD)influencesthe range of attainablesoid ratics (e.g. Miura et al., 1997).The
distribution of particle sizes influences the soil response, for example at the same relative density a better
graded soil may have a larger angle of internal friction (e.g. Holtz and Ko881) There is evidence that

the PSD influencethe compressibility of granular soils.g. Yamamuro and Wood (2004)The particle size
distribution also determines the susceptibility of soils to internal erosion (e.g. Kenney ari®8awkezdi,

1969). Typically in geomechanic¢garticle size distribution is determined using sievimgf, other methods

are available including lastased methods and tvdimensional image atysis based approaches (White

2003 Cavarretta2009.

The influence of paitle shape on the engineering properties of granular soils is widely reported in the
literature. Santamarina and Cho (2004) highlightdéldence of particle sphericitgn the evolution of stress
induced anisotropynd showed thasngularity and roughnessfluence boththe smakstrain stiffness and

the large strain strength. Guo and Su (200athongt others,demonstrated that angularity influences the
shear resistance and dilatarnpperties of sands. Clayton et al. (200@)hlighted the effect of pacie
geometry on sand responseciytlic triaxial testing Using DEM Rothenburg and Bathurst (1992) showed
that circularshaped particleiave much lower strengths than elliptical particléZarticle shapeclearly
influences thegeometry ofinter-particle contacts and consequently the distribution of the stresses at the
contact. In the case of disks and spheres, excessive ratatiomccubecausehe branch vectgoining the
centroids of two contacting particlaad the contact normal are collinear. Ettipses and ellipsoids (and any
naturalsoil particle) the branch vector and contact normal are not collimeaeasing rotational resistance
Additionally non-convex patrticles are more likely to develop a greater number of contacts per padicle

henceexhibit higher strength and stiffness in comparison with convex patrticles (e.g. O'S@0d4dn,

The experimentatools commonly used to measure particle size distribuiien sieve analysis and laser
instrumentsyely on invasive measures in whithe initial fabric is destroyedRecent developments in three
dimensional imaging technologiesichas Xray micrecomputed tomography (mici@T), have enablethe
investigationof the internal features of real sand specimeitls a level of detail praeusly observed in 2D
images from thin sectionsEarly studies using CT in granular soit®nsideredthe development of
deformations (e.g. Desrues et al., 1996) and the spatial resolution usgceaias tharmne millimetre and
hence did not resolve thargicles It was not until very recently that imaging at a particle scale, i.e. of a few
microns, started to be used (6Bgwuer et al., 2004Al-Raoush, 2007; Hasan and Alshibli, 2010; Hall et al.,
2010).

This paperdemonstrates the use oficro-CT datato characterizehe particle morphology o$andby
comparing intact and reconstituted samples of a locked. geter outlining the experimental approach
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adopted, the techniques used to analyzenti@o-CT images and quantify the particle moopdgy are
describedThen theparticlesize distributiongPSDs)obtained from thenicro-CT images are compared with
sieving and otherize characterization approaches. The PSDs of the intact and reconstituted sand specimens
are compared and the evolution of the PSIDEng shearing is considere@ihe particle shapeare also
comparedFor the reconstituted material the 3D measures of shape are compared with 2D characterization
using a lasebased image analysis approach.

EXPERIMENTAL METHOD

Material description

The Reigatesandanalysed in this studfprms part of the Folkestoned8ls Formation (Lower Greensand)

The samples were retrieved frong@arry near Reigate (Southeast England) where this geological formation
outcrops Cresswell and Powrie (2004erformedextensive laboratory investigatisrof its behaviour

Owing to the venyhigh density and the interlocked fabric that the sand presents in its intact state, Reigate
sand has been classifi as adocked sand meeting the criteria proposed by Dusseault andglosten
(1979).Typically it is very difficult to obtain intact or undisturbed samplesa ofaturallydeposited sandut
becauseof its locked fabric the material can be block sampled and so intact samples that are effectively

undisturbed can be tested.

TM-1000 2 x150 500 um

Figure 1: SEMmage of Reigate Sand

The scanning electron microscop8KEM) micrographof a carefully broken surface of the intact sail
Figure 1 shows the variety existing in the particle morphologies. The grain morphology variesdarm
spherical graingo highly nonspherical grainavith embaymentsFigure 2 shows an opticamicroscope
image of a thin section of Reigate sand under gootaisedlight that illustrates thathe particles are
essentially characterized by irregular and complex shap#s,occasional features such asdpnoses or

necks Cracks within the soil particles are evident in both the SEM and thin sectionsimage
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Figure 20ptical microscope image of a thin section of Reigéaad

Triaxial tests

For triaxial testing smalectangulablocks of soilwereextractedrom the wooden boxessed tacontain the
intact soilduring samphg and transportatiofFigure 3) The small blocks were thérimmedin a hand lathe
into cylinders 88mm in diameter by76mmbhigh). The sample wereorientatedwith the long axisoinciding
with theverticalin situ orientation These samples hatknsites between 178§/n°® and 179&g/nr, with an
average valuef 1790kg/nt. The reconstituted samples were creatsidigsandtakenfrom the trimmings of
the intact samplesanysmallclumps of materialveregreatlydisaggregatedl he cylindrical samples uséul
testing were created using a combination of pouring and tamping into a mould thainw#aneously
tapped to induce vibration. These samplesa@densityrange of 1729.774&g/m®, with an average valusf
1750kgm?®, which is slightly lower than thedensity ofthe intact sampleg/Vhile it would be interesting to
compare relative densities, calculation of the relative density of the intact material is not possible due to the
changes in morphology induced during reconstitution, which are evident iatthprésented below.

Figure 3 Block of intact soil

The computercontrolledtriaxial cell used to carry out the tests was a hydraulic stress path apsaratais

to that described by Bishop and Wesley ()97He loading system was modified to ensure that the axial
load was transrtted uniformly into the sampléy using a hatball connectiorbetween the top platen and
the load cell, whichminimized the development ohortuniformities during shearingThe samples were
tested in a dry condition to facilitate impregnation with resid tae modifications to the triaxial apparatus
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required for this resin impregnation are discussed in detail by Fonseca @BitE) .the samples were dry,
the axial and radial strains were measured internally using LVDTs (Cuccanil€oop, 1997a) and ¢h

volumetric strains were calculated from these measurements.
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Figure 4(a) Comparison of deviator stress and volumetric strain responses for regtigsdantact and
reconstituted samplgb) Plot of response up to a strainlgf1% to highlightcompressiveesponses at

small strains

Thirteentriaxial tests were carried owgighton intact samples arfd/e on reconstitutedsamples(seeTable

1). Eachsamplewasisotropically canpressedo 300kPa at a rate of 50kPa/h@nd thensubjecedto strain
controlled compresge shearingat a rate of 1%/houwith a confining pressure of 300kPBoth intact and
reconstituted soisamples were impregnated prior to compression to obtages of the material before
shearing(stage 1). The tests were stopped tiree different stages duringhearing 2. at the onset of
dilation, 3. once a shear band becamehiis, and4. asthe sample was approaching a critical sfatbeit on

a localized plane)At the end of each triaxial testetlsample was impregnated with resin to enable specimens
suitable for micreCT scanning to be extracted, as discussed bdlbe stresstrain and volumetric strain
responses argiven in Figure 4(a), the response up teE1% is given in Figure 4(b) so thtdie onset of
dilation in each sample can be clearly séathile the two types of sample were made of the same source
material and had very similar densities, their mechanical responses differed signifi€hntlintact soil
showed a peak strength that significantly higher thanhat of the reconstituted spénd a correspondingly
greater degree of strasoftening The formation of a visible rupture occed in the intact sample at an axial
strainlevel of about 4% while in the reconstituted soil ablesshear band ocoed atabout 9% axial strain.
Referring to Figure 4(b), dhe onset of dilation stress ratio§ § 8ffverel.7 and1.35wereobservedor

the intact andreconstituted sample®spectively In the case of the intact soil, the pedless ratio was
mobilised well before the maximum dilation rate was achiev&tnilar differences in response were

observed byCuccovillo and Coop (19%§ and Cresswell and Powrie (2004).



Table 1: Summary dhe micro-CT data sets

rSeafl-mple Loading stage Siirr?fle ;/i(;)c(ael ch? r.n'gTete \I\/Aoiagl?sn;)ér S ST
(mm) (Fn) particles particle

Int-1a Prior to iso comp 5 5 1438 74 059 0.48 043
Int-1b Prior to iso comp 6 4 2849 138600 048  0.43
Int-2a Onset of dilation 5 5 1930 55 936 0.46 0.44
Int-2b Onset d dilation 5 5 1635 66 254 0.46 0.43
Int-3a Emergence of visible shehand? 5 5 2574 40 513 0.63 0.52
Int-3b(sb)  Emergence of visible shear badhd 5 5 1912 47 200 0.63 0.68
Int-4a Approaching a critical stafe 5 5 1598 61 486 0.67 0.56
Int-4b(sb)  Approaching a critical stafe 6 4 3247 104570  0.67 0.67
Recla Prior to iso comp 5 5 2513 39 893 0.49 0.55
Reclb Prior to iso comp 6 3 2110 169740 049 064
Rec3a Emergence of visible shear bahd 5 5 2704 35977 0.80 0.64
Rec3b Emegence of visible shear bahd 5 5 3387 27 504 0.80 0.71
Rec4(sb) Approaching a critical stafe 5 5 2591 35 070 0.74 0.68

@ sample from outside the shear band
® sample include a significant part of the shear band

¢ sample may include part of the shear band

Sub-sampling formicro-CT scans

When using CT to characterize atevéal, the sample size @ughly proportional to the image resolution
and the sample must be entirely contained within the field of.viemachieve the resolution necessary to
characterize the morphology of Reigate saeduiredspecimensof 6mm diamete or less.While some
researcherge.g. Hall et al., 2010have used miniature triaxial apparatuses in geomechamim®-CT
studies, in the current research we chose to use conventional high tpstiity facilities resin impregnate
and then sulsample specimens for subsequemicro-CT scanning.Prior studies that used resin
impregnation to preserve sand fabric incliREmer and Barto(1986 andJang et al(1999. The most
critical requirement for a resin is that it should not cause disturbance swiltfabric, for example because
of its viscosity or shrinkage during curinghe resin used was EPTEK 301(by Epoxy Technology Inc.).
EPOTEK 301 is a twepart epoxy resin that cures at room temperature within abdhbursafter mixing
and has a relvely low viscosity (100cps at 25°C) and was also used in previous stuslieg the
impregnation of sands (e.g. Palmer and Barton, 198@ang et al., 1999Figure 5 shows the arrangement

of the triaxial apparatus for resin impregnatidhe sample dsturbame due to resin impregnation the
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current study was minimalhe volumetric strains were monitored during the impregnation process and there
was a maximum increase in specific volume of 0.@&ce the resin had hardend®mm longecylindrical
subsamples with diameters between 5 and 6mm were cored fromakial samplesthe load stage and

locations of which areoted in Table 1

Figure 5 Resin Impregnation thetriaxial cell

Image acquisition processing and analysis

Micro-CT scans generate threémensionalimages that map the variatiasf X-ray attenuation within
objects this attenuation is a function tfe composition and density of the object andots@menergy.Each
sample was scanned withNanotom(phoenix|xray, GB, rotating the sample 360° arouits centralaxis
betweena X-ray sourceand a detector. Whethhe beampassedthrough thespecimenan X-ray atwo-
dimensionaldigital radiograph was recorded series oftheseimageswas acquiredduring a stepwise
rotation of the objectat pre-defined angular incremestThese projeons contain information on the
position and density of the absorbing features within the sample. The data obtained is used for the numerical
reconstruction of the final 3D image using a filtered back projection algorithm (Kak and,366&y.The
voxel size ofmost ofthe images wa$ Rn, i.e. approximately0.015?bds,, where g, is the median particle
diameter as estimated fratime sieve analysisAn example of 8D output image is presented fiigure 6(a)

and a crossection through sampiet-1lais given in Figure 6(b)

200pm

(@) )
Figure6 (a) 3D tomography image of ReigaBand(Nanotom resolution 0.8Mm) (b) Section through data
for samplelint-1aprior to filtering, thresholding or segmenting (c) Section through data for santiila
following filtering, thresholding andiatershedegmenting
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The output of thenicro-CT scanis a 3D map of the »Ray attenuatiorF-urtheranalysis of the data is needed
to allow a quantitativedescriptionof the particle morphologiesThe imageanalyss consisted ofwo main
stagesHrstly theimagesweresegmergdor partitioned intaegions or objects of interesthichin this case
werethe individual grains and the void spatea second stageneasurementsould then bebtainedfrom
theresultingimages.

Thresholding segmentation wasedsto label each voxels being either void space solid particle.In the
thresholding process thatensity of the attenuation value associated with each voxel is compared with a
valuethatis chosen to divide particles from void spate.reduce the rise thattypically is present in raw

CT data andhe images were prerocessed using &#B3?b3 median filter a filter thatavoids blurring of the
image (Gonzalez and Wood&)08).Choosing thehreshold value is netrivial and herehe histogram of

the inensity values was plotted ahussian cungewere fitted to each dfie two peaks of the histogram to
determine the minimum point between thehme initial threshold value was verified using the method
proposed by Otsu (1979), whiddivides the histograninto two classes and minimizes the inttass
variance between (algorithm implemented in ImagRasband, 1992011)). Alternative methods of

thresholding have been propodedgranular materiale.g. Chevalier and Otani (2011).

Figure 7 gives represttive sectional binary images for an intact sampleX&)tand a reconstituted sample
(Recla) prior to loading Qualitatively differences in the particle morphologies can be dbene are
smaller particles in the reconstituted sample and cracks #&enévn a few of the particles in the intact
sample. By identifying the voxels associated with each particle these differences could be quantified. This
task was complicated by the fact that many of the particles wies with extended contacts becaakéhe

locked fabricin the intact sample, refer to (Figure 7(aparticle segmentation was achieved using
morphological watershed algorithrasproposed § Beucher and Lantuejoul (1979)he algorithm uses the
principles that are usdd identify cattiment basins in hydrology and each patrticle is analogous to a single
catchment basirFirstly a distance map giving the distance of each particle voxel to the nearest void voxel
was created and the watershed algorithm was applied to the inverse of thiealimap. Individual
particles were defined as the set of voxels whose path of steepest descent terminates at the same local
minimum in the inverse distance map. The output of this process is an image in which different features are
associated with diffent integers, i.e. the voxels representing the background or void space have a value of O
and each particle voxel was assigned an index corresponding to an individual particle referenceFoumber.
each scan, the data was stored as a 3D matrix where@aalhs represented by an element of the ma#ix.
representative crosectional image of a segmented sample (samplgalis illustrated in Figure 6(c). Full

details of the algdthm used here can be founddtwood et al(2004)andGonzalez and Wood2008).



@)

Figure 7Representative crosectionabinary image®f thresholded intact and reconstitutechgées prior
to loading(a) Sample Intla(b) Sample Reda

To identify the boundary voxels the intrinsic MATLABNction bwperim (Mathworkds, 2010yvas applied

to each individual particle. Tieconsiders a given voxéb be a perimeer voxelif it has anonzerovalueand

is connected to at least oner@@alued pixel. The associated search process consideréecanneted
neighbourhood This level of connectivity was selected lmpnsidering an image of 5% diameter
precisionmicrospheresUsing a connectivityof 6 the calculated surface areas diffefien the analytical
values byl5%; this error can be explained in past small geometrical imperfections in the sphered the
SEXPS\" Q& Wedétbhstitutedsurfacebecause the voxels have a finite size relative to the particle
When the order waisicreased td.8- and 26connectivity highererror valuesof 30% and 50% respectively

were found

Principal component analysis (PCA) was applied to determine the orientations of the major, minor and
intermediate axes for each particlhe mathematics fothe PCA method are outlined in Haralick and
Shapiro (1992), it has been applied to analysis of tomographic references in othdefiel@hillion et al.

(2008) or Zhang et al. (2009)) and its application to soil particldsdsissed imetailby Forseca (2011).
Knowing theprincipal axis orientations an orthogonal rotation wapligl to the voxel coordinatee rotate

each particle so that its principal axes of inertia were parallel to the Cartesian axesndjte(a),
intermediate (b) and minor (c) dimensions of the particle werecalculated respectivelyas

a max™) minx™), b maxg™) miny™) and ¢ maxg™) min@Z™"), wherex®, y andz®

DUH ' DUUD\V JLYLQJ WKH S Ddlowihd-rotatifin/ Thdhfee @rifeiRdodgihis Qf2aeiH V
particle inmicrors were then obtained by multiplying the length given in voxels by the size of each voxel
(resol).As the particles in the boundary of the image were not complete, only the inner particles of the image

that did not touclthe boundaryere considered for morphological analyJiable 1 summarizes ttmaicro-

CT data sets acged for analysisin this study, giving information on the diameter and voxel size

9



(resolution) of each sample, number of particles thedcomparison drtween thevsoid ratio measurements

using the sample weigk#,,) and using the micr€T data (er).

2D Morphology Analysis

The 3D measurements of particle morphology wesmparedwith 2D measurements obtained using the
QICPICapparatugSympatec, Gerany). Details of the underlying technology are givenAlyuhafi et al
(2011),Witt et al (2004)and Sympatec (2008 the current study eeconstitutedsample ofthe soil was
allowed to flow,ata controlledrate between a laser and a high speed canidebinary images captured by

the cameramagesarethenanalysed by propriety software to obtain distributions of particle size and shape.
As the pixel size for the dry dispersion unit isAr a rule of thumb is thasarticles smaller than 1Gficron

must be excluded from consideratiohhe analysis of the resulting images uses measures that are
implemented in a number of imaging software packages (e.g. Axio\iSanmZeissMicro Imaging 207),
ImageJ (Rasband, 1992011), and consequently while the data considered in the current study were
generated using th@ICPIC apparatus, it is straightforward to apply the analysis approaches used to images

of particles obtained using otheethods

RESULTS

Particle size distribution

As discussed by Cavarretta (2010hem using imagéased data, somemsideration must be given as t
what is meant by the size of an irregularly shaped parfitle Feret diametdF) is ddined as the distance
betwea two parallel tangents tihe particle outlineThe maximum and minimunieret diameters are the

largest and the smallest values Foffor a given outlineand these can be calculated frone 2D laser

scanning QICPIC) data( Fnﬁ] Fnﬁx). The 3D analogusto these dimensiorarethe principal axes lengths,

calculated as described aboviée laser scanningsystem provides other measures of size, for example

EQPC-®is the diameter of a circle whose area egjuhle projected area of the partichdternative

measures for use with 3D data siat consider averaging of two or more measurements pveposedy
Al-Raoush (2007andHasan and Alshibli (2010)

Figure7 compares the particle size distributionadftr the reconstituted materialtamed using thenicro-

CT data,the QICPIC apparats, and standard sievingh& match between the sieve data and the distribution
of b values is very goodlhis provides a validation of thmicro-CT data as it is the inti@mediate principal
axis length that determines which sieve a given particle will pass thraggaming the energy imposed
during sieving is sufficient for the particles to pass through the sieve with tlagor mxes orientated

vertically. The maximum ananinimum principal axes lengthsa(andc) obtained from themicro-CT data

bound all the data. ThEnﬁXvalues closely approximate the a values, indicating tha@t®IC data can

LS

correctly identify the maximum particle dimensidntthe F.;, values are larger than ticevalues; this can
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be explained by the manner in whithe QICPIC data is obtained, usingD silhouette images of the
particles falling under gravity; the value (an';ﬁ]will only match he minimum particle dimension if the
particle falls so that its intermediate axis is orthogonal to the camerd l@naverage major axis length and
the EQPC"S values also give a close @mpximation to the sieve data. These observationg nw,
however, be applicable to all sands; Altuhafi ef{2011) considered a number of sands and concluded that

the F-> distribution values approximate sieve data more closely thafe@@C™ data.
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Figure8: Comparison of particle size distribution of reconstituted sand quantified using various 2D and 3D

measures

The intermediaterincipal axis lengthb, was used to comparbea PSDs of the intact and reconstituted
samples and examine the evolutiof the PSDs during shearinr@omparing the data presented in Figures 8
and 9 there is a clear difference between the intact and retdrdt materials For the reconstituted
specimens that were scanned prior to loadRec{la and Rec1b), the micro-CT ds value (measured by
considering the intermediate axes lengthsy&3284HMn and the coefficient of uniformit{Cu) was about
1.65. h contrast, for the intact specimens prior to loadsamplednt-1aand Int-1b) a significantly larger
dso value of 324mn was obtained, coupledith alower Cu (approx 1.53).

11
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Figure9 PSDsfor the reconstituted samples

Further consideration dfigure 9 revealshat amongstsome scatter in the @athere is perhapa general

decrease in median particle diameter and an increase in Cu as shearing progresses to the onset of dilation
(Int-2aandint-2b; dsc & HMn & X § WKH VWDUW R IInE3a2ahdihit-Bh(sb) dp8 HP) ED QG
& X8 and finally as the sample approaches a critical skatelé andInt-4b(sb) dso 818Fn & X §2).
Samplednt-3b(sb)andInt-4b(sb)were takerso that they partially intercept the shear hamdereadnt-3a
andInt-4awere taken from the sanspecimensut outside the shear bands. It is interesting that within the

data scatter there is no significant differeirc¢he PSDs for the samples taken from outside the shear band

and the samples that partially contained the shear. band

The differenceébetween th particle size distributions of thietact and reconstituted samples andapparent
evolution of the patrticle size distribution during shearing banexplained by the disintegration of the
particles along the fissures obged in the SEM imageand themicro-CT scans of the intact material
(Figures 1,2 and 6) which occurred both during shearing and during the reconstitution préaesthis
reason there is almost no change on the particle size distribution on the reconstituted soil in Higisre 8.
difference in particle size distribution explains, in péne difference in response between thadhtand
reconstituted sample3he lower @, and the higher coefficient of uniformity of the reconstituted sample
enabled samples with void ratios equérdlito the intact samples to be created withountex to fornthe

characteristic locked fabric of the intact material.

Particle shape

Quantifying particle shape is ndnvial, as discussed by Cavarretta (200®)aditionally geotechnical
engineers hae relied on qualitativeneasuressuch a<lassifyingparticles as angular or rounded following
Powers (1953) or comparing their particles with the chart provided by Krumbein and Sloss (1963).
Digitized image data, such as the 3D data obtained in tidg,stllows quantitative measuremeot$article

shape to be mad&hile it is tempting, when armed with such data, to apply complex algorithms to describe

12



geometry, they are not always usefllV VKRZQ E\ )RQVHFDR0ODE idere, faafiI® tnplD Q
metrics were applied to assess whether there were any marked differences in the geometry of the intact and

reconstituted samples and to evaluate whether the shape evolved noticeably during loading.

Figure10 PSDfor the intact samples

Table2: Summary ofnorphology data

Sampleref. dso ( M) Cu Flso Elso Sso CXso
Int-1a 324 1.54 0.793 0.792 0.918 0.805
Int-1b 325 1.52 0.794 0.790 0.892

Int-2a 296 151 0.788 0.788 0.948 0.831
Int-2b 315 1.56 0.788 0.790 0.947 0.829
Int-3a 272 1.58 0.778 0.789 0.989 0.861
Int-3b(sb) 294 1.57 0.781 0.788 0.971 0.837
Int-4a 318 1.60 0.775 0.789 0.968 0.844
Int-4b(sb) 318 1.62 0.788 0.789 0.930

Recla 284 1.64 0.778 0.786 0.980 0.828
Rec1b 284 1.65 0.769 0.783 0.958

Rec3a 280 1.74 0.770 0.784 0.991 0.850
Rec3b 273 1.63 0.770 0.772 1.000 0.858
Rec4(sb) 283 1.68 0.780 0.780 0.979 0.829

The first shape characteristtonsideredrom themicro-CT datawas theaspect ratio. As the data for each

particle were 3D, two measures of aspect ratio were applicable, thebe @lengation indexEl) andthe

flatness indeXFl), which are defined akl=b/a andFI=c/a wherea, b andc are the pringal axes lengths.

Figures10 and 11 give distributions of th€l and Fl values respectively for representativeact and

reconstituted sample$he nmedianFl andEl valuesfor all samples are listed in Table 2. In general tlaeee

only smalldifferencesbetween the median values ané tfistributions in both caseShe only consistent
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observation that can be made is thatEheandto a lesser extent thd values for the reconstituted samples
are consistenthslightly lower than those of the intact sples This may be a consequence of the new
fragments formed by detachment along the fissures in the particles being more elongated than the parent

particles.

Figurell Elongation index datBor representative intact and reconstituted samples

Figurel2 Flatness index dafar representative intact and reconstituted samples

Figure 12 shows the flatness index plotted against the elongation index forepresentativeeconstituted
samplefollowing isotropic compressigrsimilar data was obtained for other samplEse majority of the
particles are located imonell which according to Zingg (1935) classifies them as spheramisthe minor
and intermediate axes are appmately equal in lengthn Figure B, the 3D aspect ratios are compared
with the 2Dvalues obtained using QICPIC.He 2Ddistribution does not correlate well with anytbgé 3D
measures of aspecatio and as would be expected from geometrical consiilens, the 2D data are
intermediate between tHel and Fl values obtained from thmicro-CT data.Indeed it would be expected

that the 2D data would lie betwethem.
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Figure 13 Elongationplottedagainstflatness forarepresentative reconstituted samipéfore shearinfRec
18, comparing with theZingg (1935) shape classification

Figurel4 Aspect ratio comparison between 2D and 3D measurerfietig reconstituted samples)

Sphericity describes how cldgea particle resembles a spheoe in other terms,tiprovides a measure of
compactness. It was originally defined3#8,.{SA, whereSA is the particle surface area aBfpneris the
surface area of a sphere having the same volume as the particle (WadellHE98Zhe sphericitys was

calculated as , WhereV, is the particle volume an8Ais the surface area of the particle.

Sphericity distributions for representative intact and reconstituted samples are given in Ei\sendted

above, he accuracy of the calculation oktlsphericity is compromised by the error introducedhe finite

size of the voxelsthose particles whose sphericities exceed 1 have less than 2000 voxels (i.e. a diameter
smaller than 5@M). It appears, howevethat in general the reconstituted samples have higher sphericities
than the intact sampleghis can be explainelly the likely fracture of particles along relatively narrow
embayment or neck features, and such disintegratiorresilllt in the division of a single n@onvex non
spherical particle into two more convex and more spherical parti€les. higher sphericities of the

reconstituted samples majsobe related to the abundant small fragments covering only a small number o

15



voxels and consequently being associated with high sphericity valRegerring to Table 2, the sphericities
of the intact samples tend to increase during shearing. These observations again indicate that the sharper

corners of the particles are beingken off during shearing and in the reconstitution process.

Convexity isa measure of compactness of a particle and in tteensions |t is defined as

where V¢ is the volume of the camx hull enclosing the sampléistributions of convexity for
representative asnples are given in Figure 1%he intact sampldnas particles with complex shapes as
embayments and long necks as observed in the microscope images of thin sections and this fact explains the
lower convexity values of thintact sample prior to loading (ih). The breakage that occurs during
reconstitution and shearing with the detachment of the small fragments contributes to the increase in
compactness and consequently of convexity of the particles as observed fnacheample after shearing

Int-3 and the reconstituted samples Ret Reed. The shape parameters are not independent measures;
there is astrongcorrelation between the sphericity and convexity values as is indicated in Figaydut6

poor correlation between both the flatness index and the elongation index and the sphericity as indicated in
Figure 16(b)

Figure15 Sphericity indexdistributionsfor representative intact and reconstituted samples

Figure16 Convexity indexdistributionsfor representative intact and reconstituted samples
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The 3D measures of sphericity and convexity are compared with the results obtained fEIGRNe 2D
analyser obtained using the area of the fyimaages and shawin Figure 17 for the reconstituted sample
prior to loading (Reda). The 3D convexity values tend to be lower than the 2D values, while the 3D
sphericity values tend to exceed the 2D values. In both cases the range or distributinasoisvaarkedly
higher for the 3D datat is also worth noting that the QICPIC images have a pixel size of 10 microns
compared to the voxel size of 5 microns used in the CT images.

(@)

(b)

Figurel7 Correlations between shape metfimsreconstituted samplRecla

CONCLUSIONS

The traditional means of assessing the effects of struatus®il mechanics has been to compare the
behaviour of the intact soil with the same soil in a reconstituted state. However, in the case of the
geologically old Reigate sand studied here the destructuration of the sand has been found to affect the
grading of the material through breakage of grains along existing fissures during reconstitution. The
observation of the change in grading during reconstitution of the intact soil indicates that fundamental
differences exist between both materials and consequdiffdyent responses were to be expected between

the intact and the reconstituted soil. A possible example can be the fact that Cuccovillo and Coop (1997) had

found that the intact and reconstituted Greensand had different locations of the Criticalirgtata lthe
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void ratio: log mean stress plane, although their samples were from a different location and were also lightly

cemented.

Traditional methods of assessing grading such as sieving and laser diffraction techniques may not therefore
be able to meare the operational grading of some intact sands, due to their invasive nature. As a
consequence of the soil breakage, ordy the size but also the shape of the grains differs between the intact
and the reconstituted samplés. a consequence of the bBkage the reconstituted samples have particles that
aregenerallymore elongated when compared with the particles of the intact safpieighlights the fact

that for some soils the traditional method of assessing the effects of structure by cortipariniact

behaviour with that of the same soil when reconstituted may not be appropriate

Calculations of particle sizand shape made by analysis of 2D binary images of the particles differ
noticeably from the 3D values when either the average valudgw alistribution of values are considered.
While 2D data may be useful when comparing geometries of different sands, it cannot be used to reproduce

accurately particle size and shape, for example for inclusion in a 3D discrete element model.

(@)

(b)

Figure18 Comparison of 2D and 3D measures of sphericity and convexity
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