PHYSICAL REVIEW E VOLUME 62, NUMBER 6 DECEMBER 2000

Granule-by-granule reconstruction of a sandpile from x-ray microtomography data
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Mesoscale disordered materials are ubiquitous in industry and in the environment. Any fundamental under-
standing of the transport and mechanical properties of such materials must follow from a thorough understand-
ing of their structure. However, in the overwhelming majority of cases, experimental characterization of such
materials has been limited to first- and second-order structural correlation functions, i.e., the mean filling
fraction and the structural autocorrelation function. We report here the successful combination of synchrotron
x-ray microtomography and image processing to determine the full three-dimensional real-space structure of a
model disordered material, a granular bed of relatively monodisperse glass spheres. Specifically, we determine
the center location and the local connectivity of each granule. This complete knowledge of structure can be
used to calculate otherwise inaccessible high-order correlation functions. We analyze nematic order parameters
for contact bonds to characterize the geometric anisotropy or fabric induced by the sample boundary condi-
tions. Away from the boundaries we find short-range bond orientational order exhibiting characteristics of the
underlying polytetrahedral structure.

PACS numbes): 45.70.Qj, 07.85.Qe, 46.659

[. INTRODUCTION tron x-ray microtomographyXMT) data. Our technique is
both rapid and noninvasive, allowing one to study iterative
The granular bed, or colloquially the sandpile, has bechanges on application of an external perturbation, and can
come one of the condensed matter physicist’s favorite moddle used on systems large enough to avoid contamination of
systemd 1], encompassing geometric frustratid, nonlin-  the bulk disordered structure by boundary effects. Synchro-
ear respons¢3], and self-organizatiofi4]. In addition to  tron XMT has previously been used to determine some high-
conceptual appeal, the simplest granular beds consisting &der mass distribution functions of sandst¢2&] and of a
monodisperse hard spheres have relevance for several phygiagnetic ge[22] as a means to testing effective transport
cal systems, including powdefs], liquids[6], and metallic ~ theories. The technique presented here additionally allows
glasse$7,8]. Direct measurement of the structure of randomthe measurement of high-ordersphere correlation func-
dense packings of hard spheres by mechanical disassemBigns, from which many other physically relevant correlation
has been reported by Berng8,9], Scott[10], and Finney functions(including then-point mass functionp23]) can be
[11]. Although the “reference structures” obtained in their calculated.
work have proven to be important, the tedious granule-by- Below, we present details of our tomography apparatus
granule disassembly that they employed has discouragednd data collection, then describe the use of 3D image pro-
imitation; reference structures exist for only a few packingcessing to identify the central position and local connectivity
fractions of extremely monodisperse spheres with small inof more than 2000 granules in our test sample. Our results
tergranule friction. The absence of a more varied database #r the radial distribution function of sphere centers and for
reference structures is particularly unfortunate in view ofthe distribution of physical coordination number agree well
both the theoretical intere§2,12—17 in bond orientational With the previous results obtained by mechanical disassem-
order in three-dimension&BD) dense random packings and bly. We then use nematic order parameters to investigate
also the extensive work on effective transport properties opossible bond orientational order. In the central, geometri—
hard-sphere systeni48]. Although magnetic resonance im- cally isotropic region of the test sample, we find short-range
aging(MRI) has proven useful in 3D imaging of representa-bond orientational order with a symmetry more complicated
tive sections of granular flojd9], MRI is too time intensive than but related to nematic symmetry. Before concluding, we
for the complete 3D imaging of structure. Conversely, scandiscuss the possible application of our technique to samples
ning confocal microscopy has been used to determine the 3®ith as many as TOgranules.
structure of specially prepared colloidal glas§2@], but is
not generally applicable to dry granular media.
Here, we report the successful granule-by-granule virtual
reconstruction of a sandpile from three-dimensional synchro- All measurements were performed at sector 20-1D of the
Pacific Northwest Consortium Collaborative Access Team
(PNC-CAT) beamlines at the Advanced Photon Source x-ray
* Author to whom correspondence should be addressed. Email agynchrotron located at Argonne National Labs. The area de-
dress: seidler@phys.washington.edu tector of our prototype tomography apparatus follows the

II. EXPERIMENT
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general considerations of Kogt al.[24], with the exception
that an inexpensive eight-bit room temperature charge-
coupled-devicd CCD) camera(EDC-1000 U, Electrimwas
used as a cost-saving measure during instrument develog
ment. One rectangular CCD pixel corresponds to a radio-
gram subregion with lateral scale 3u8n and vertical scale
6.2 um. The tomography sample stage consists of two min-
iature linear translators for centering mounted on a motor-
ized rotary stagdART-50, Aerotech. The rotary stage is
itself mounted on a two-axis motorized tilt stage; these two
degrees of freedom are used to ensure that the rotation axis
simultaneously perpendicular to the beam direction and to
the effective CCD line scan direction with a precision of
10 %rad in each angle.

Our test sample is a simple granular bed consisting of
mean diameteb =63 um glass spheres>95% have poly-
dispersivity +4 um, MOSCI, USA in a vertical 1.0 mm
inner-diameter glass cylinder. We will use,=0.5mm to
denote the radius of the cylinder. Spheres were slowly
poured into the cylinder through a paper funnel; room hu-
midity was sufficiently low that no clumping was apparent
during pouring. The sample was then vertically agitated by
an electromagnetic shaker for 1000 cycles with a maximum
acceleration of 22.5 misresulting in a 2-cm tall region of
densely packed spheres. As is discussed in Sec. IV, the mee
packing fraction of the sample is0.61. Next, the granular
bed was mounted onto the tomography sample stage with th

cylinder axis along the apparatus rotation axis, and the nec e ,\z
essary rotational sequence of 560 radiographs was collecte R ;.'e-' ﬁ, "’"
at a photon energy of 20 keV for the same sample volume S, o‘@_u;}ge- _) ‘,)"’ ;\Q

for sample-to-detector distances of 2, 8, 14, and 20 cm. Eacl
one of these data sets provided completely satisfactory tomo
grams; the different distances were chosen to investigate th
phase contrast effects discussed in Sec. lll, below. The re
gion studied had a height of 636m and was located at
approximately midheight of the test sample. The low capac-
ity of our camera was satisfactorily compensated by integrat-
ing 10 exposures, although this resulted in a total measure
ment time of ~90 min. A standard filtered backprojection
algorithm [25] is used to reconstruct the tomographs from
the rotational sequence of radiograms after corrections fol
beam structure and detector dark count. Both data collectior|
and tomograph processingvith a Fortran DLL are per-
formed in LabView; all other computation described below
is performed in the IDL programming environment. We
show typical cuts through the three-dimensional tomograph
in Figs. Xa) and 1b).

lll. ALGORITHMS FOR SPHERE RECOGNITION

The first step in object recognition is edge location. To  FIG. 1. Two perpendicular cuts through the full 3D tomograph
optimize edge location, we intentionally configure the ex-of a granular bed consisting of mean diameder 63 um spherical
periment to take advantage of x-ray phase effects. Studies gfass beads in a 1.0-mm inner-diameter glass cylin@@rA cut
the geometric optics of x-rays date to the earliest attempts tperpendicular to the cylinder axi&) A cut parallel to thexzplane.
determine the nature of x radiatipp6]. The development of (c) A projection down the cylinder axis of the granule centers as
highly collimated and sometimes highly coherent x-raydetermined by the 3D Hough transform. See the text for details.
beams at the third generation x-ray synchrotrons has led to a
recent renewal of interest in x-ray phase contrast phenonthe near-tangential incidence to the surface of a sphere can
enon[27-29. As the dielectric constant of all materials in result in total external reflection.
the x-ray range is less than unity, spherical bodies act as Phase effects occur here as concentric circular halo arti-
(admittedly weak diverging lenses for x rays. Additionally, facts of enhanced absorption inside enhanced source sur-
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rounding the shadow of a spherical grain in any radiograph. AR AR RN RN RN R LR R
The halo features in the original radiographs result in corre-
sponding concentric shells of anomalous absorption anc %
source surrounding each granule in the final reconstructec
3D tomograph. Normally, one would avoid these artifacts by (.15 %
putting the detector close enough to the sample to ensure th: g—
refracted or externally reflected intensity would deviate lat- N
erally by less than a pixel at the detector. However, theseza, 0.1
artifacts provide a beneficial edge contrast enhancement e
no cost in noise. Phase contrast artifacts in the 3D tomograpl
of our test sample result in improved performance by 3D 0.05
Sobel gradient edge locatid30]. The enhancement of the
Sobel numerical gradient was optimal for the 14 cm sample- 0 Lpcu B bl
to-detector separation; all results reported here are calculate 0 ' 2 3 4 5 6 7 8
from that data set. Voxels with a magnitude of the numerical B=(R -p)D
gradient vector above a threshold value are identified as can c
dld.?;]z ii%ir\llg);er:zl final step in our object recognition soft- FIG. 2. The nqrmalize_d cylindrical dens_ity function for_sphere

- centers as a function of distangBdrom the cylinder wall in units of
ware is a Hough sphere transfofil]. Although the Hough :

o . the mean granule diametér.

transform was originally proposed as an automation tool for

specific patterns occurring in bubble chambers in high-,.
energy physics experiment82], it has subsequently been diameterD. The strong boundary effect decays fully after

; : .. five bands spaced b¥3=0.82+0.01, consistent with the
generalized to become a canonical tool of computer V|S|or§ o .
[33]. The reduced Hough sphere transform used here maﬂgtriheme}l hhelghtr—(?.S;GSt that is expected for the close
the location and numerical gradient vector of candidate edeaC Ing o hexagonal SNeets.

voxels onto the space of center coordinates using the disperi Ind mgch ct);; tgel rem?mdehr of :h'.s 'papsr, ;ve Q'Sff's al
sion of sphere radii as a known parameter. The centroid of grandard methodoiogy for characterizing bond orientationa

cluster of high intensity in the space of center coordinates igrder, '?Cluo]!'?r? ok;der ;hat maydb_te_ mdulged t?]y the Cy“ndr'.?f‘l
taken as the center of a granule. The void inclusions preseﬁymme ry of the boundary conaitions. or thiS purpose, 1t 1S
in some granulefsee Figs. (a) and 1b)] do not affect these useful to define the s& of 359 granules whose centers are
results because the gradient vectors at the inclusion-to-gla least 4.5 away fr_om _the wall of the_ cylinder. Note that
boundaries are directed outward. The range space of the f je one st_rongly ellipsoidal granule discussed above is lo-
Hough transform is the product space of center positions anﬁ""t\(/avd Ol:]ts'd(.e Ot?] . ¢ of Fia. 3 the radial distributi
sphere radii, meaning that future studies on strongly polydisf t? S fOW N (T m"."r'g par ? 'Qt].' fetr:a Iad IS (;' ution
perse samples may use the full transform to more reliablyunc lon for granules It as a function ot he reduced sepa-
determine the local connectivity of each granule.

IIIIIIIlIllI'IIIlIII
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IV. RESULTS AND DISCUSSION

In Fig. 1(c) we show a projection down the cylinder axis
of the 2210 granule centers identified by the Hough trans- 1.5
form. The most effective test to verify that all granule centers
have been found is a void space test. In this test one deter
mines if there exists a void sufficiently large to insert one
more granule into the virtual system consisting of granules of
the mean diameter placed at the candidate center locations &
In the present case, exactly one such void is present in the
virtual sample, but is in fact the real location of one ellipsoi-
dal granule with a very large major axis-90 um). This 0.5+
single granule does not affect the results presented here. Wt
have verified the complete accuracy of our granule identifi-
cation with several additional tests, including section-by-
section comparison of the experimentally determined 3D to- 0 .
mograph with a simulated 3D tomograph based on the 0 1 2 3 4 5
candidate center locations. Based on the sample volume, the
number of granules, and the mean granule diameter, we find x =1/D

a mean packing fraction of 0.610.01. FIG. 3. The normalized radial distribution function for sphere
In Fig. 2 we show the normalized cylindrical density centers in the cylindrical subsamp@ defined in the text. Solid
function for granule centers in the test sample. Note phiat  Jines are guides to the eye. Inset: The probability distribution func-
the distance from the center of the cylinder wheis the  tion for coordination numbeF of granules inG as defined by a

distance from the container wall in units of the mean granuleontact criterion. This distribution hgZ)=8.3.

g(x)/4mx
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Considerable evidence exists that interparticle forces
overwhelm individual granule weights when deep in the in-
terior of a relaxed or compacted granular hé&dB6]. There-
fore structural ansiotropy induced by the boundary condi-
tions [37] of the sample is expected to be more important
than anisotropy induced by gravity. Here, we will directly
characterize anisotropy using nematic order paramgs&is
of the form Q= 3 [3 coZ(¢r)—1], wheref is the Frank di-
rector andgy is the angle between the bond and the director.
Note thatQj; is equal to unity when the system is completely

FIG. 4. A steropair showing the computed bond network for aordered with every bond parallel i, is equal to zero for
small cluster in the random packing. The small spheres indicate theandomly oriented bonds, and is equal to; when every
locations of granule centers and the edges indicate contact betwedond is directed perpendicular fo Isotropy would require
the corresponding granules. Note the region of partial icosahedrahat contact bond directions with respect to anye uni-
ordering in the upper left corner of the cluster. formly distributed on the surface of the half sphere with the

ration x=r/D. Allowing for the weak polydispersivity of probability  density P(¢q)=sin(¢). Changing  variables
from ¢; to Qp,

our sample, the results are in good agreement with previous
experiments[11] and simulations[15] on random dense
packings. The width of the peak at=1 is consistent with —_—
the polydispersivity of our granules, and is considerably less P(Qn=1/V6Qn+3. @
than the convolution of the polydispersivity with the resolu-
tion of a single pixel on our detector. This important experi- o i
mental detail is a consequence of the subpixel performancg!Ven the cylindrical symmetry of the sample container, the
of Hough transforms with large numbers of edge projectiondWO relevant directors are=Z (vertica) andh=p (cylindri-
[33]. In the present case, each of more than 200 edge voxefé! radia). o _ .
per granule provide an estimate of the center position with an e show in Fig. 5 the probability density functions fQg
accuracy of two to three voxel spacings. Gaussian statistid@Pen circlesandQ;, (filled triangleg for bonds whose cen-
then imply a final error in the center coordinates-e9.2  ters are contained it (top figure or outside ofG (bottom
pixel spacings or-0.01D. figure). Errors are calculated from binomial statistics. In.both
The high-precision data for granule centers can be used '€ top and bottom parts of the figure, the solid line indicates
calculate a wide variety of physically relevant high-orderthe prediction of Eq(1) when smoothed by the bin size in
correlation functiong34]. Here, we continue our computa- the measured density functions. Comparison of the predic-
tions to determine local connectivity and correlation func-tion for isotropy with the measureB(Qz) and P(Q;) for
tions relevant for bond orientational order. Connectivity ofbonds inG yields reduced chi-squared gf=1.2 andx’
sphere packings can be discussed in two contexts. In ong 0.9 forv =19 degrees of freedom, respectively. Note that
case connectivity refers to physical contact between densefQz) = —0.003£0.012 and(Q;)=0.006+0.012, again con-
packed granules, while in the second case connectivity i§istent with isotropy. The residuals between the experimental
determined by a Wigner-Seitz constructi85] wherein  distributions and the prediction for isotrofyop inse} are
grains are termed nearest neighbors when they influence eat&ndomly distributed. Hence, to the limits imposed by small
other's Wigner-Seitz cell§Voronoi polyhedry irrespective  sample statistics, the central subsamlés isotropic. Con-
of physical contact. Here, we focus on the former contextVersely, the region of the sample outsi@qwhich includes
where granules are termed nearest neighbors if and only the packing bands evident in Fig(cl and Fig. 3 has the
they have physical contact; an analysis of bond orientationg#xpected strong anisotropy with the large valueP¢R,=
order as it relates to local symmetry in the Sietz context will—0.5) indicating a preference for bond orientations perpen-
be presented elsewheli@4]. dicular top, i.e., parallel to the bands. The anisotropy with
We use the simplest contact criterion consistent with thgespect td are much weaker but still statistically significant
granule polydispersivity to specify coordination, i.e., that the(Xf= 8.2 forv =19). The largest residual from isotropy is for
separation distance between centers be less tharD1.06 Qs;=1, where the positive residual indicates a tendency for
Based on the measuredr) in Fig. 3, this will produce less granules to align in vertical chains in the outermost layer of
than 3% total missed or spurious bonds. We show in theranules.
inset to Fig. 3 the probability density functid®(Z) for co- Although the bond directions i@ are isotropic on aver-
ordination numbe#Z of granules which are it and also at age, one may still ask if short-range bond orientational order
least 1.B away from the top and bottom surfaces of the dataexists. Such correlations have been addressed by theory
set. Granules immediately outside Gfbut in contact with  [2,12—13 and simulatior{14—17 and have been calculated
granules at the boundary @& are included when counting for simulationally relaxed reference structufe3. Here, we
contacts. Both(Z)=8.3 and the form oP(Z) are in good continue with the theme of using only the simplest order
agreement with the ball-bearing reference struct(igesl]  parameter consistent with the symmetry of a bond. We de-
and with more recent simulatidi5]. We present in Fig. 4 a fine the vector order paramet&, ()= "Y [ 6(F),d(7)]
stereoprojection pair depicting a small subsection of thdor m=—1,0,1. The bond orientational correlation function
computed 3D contact bond network of our sample. is then
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(3) to the regionx>2.5. See the text for details.

have an additional systematic error of 1% from the uncer-
tainty in the mean granule diameter expressed in voxel units;
including all errorsA=1.08-0.10 andL=0.826+0.011.
Note that the wavelength of the damped oscillatiangs
consistent with the height=0.8165 of a unit tetrahedron.
The oscillations in Fig. 6 imply that th@®,,, contain only
FIG. 5. The probability density functiof®DFs for the nematic  part of the symmetry of the correct orientational order pa-
order parameters with respect to the vertical and cylindrical radiatameter. The situation is analogous to using magnetization to
directions. The solid line shows the expected behavior for isotropi¢haracterize a short-range ordered antiferromagnet or chiral
bonds with respect to the directors; see the text for details. Top: Tthagnet—the average magnetization vanishes but the radial
PDFs for bonds irG. Bottom: The PDFs for bonds outside Gt gytocorrelation function for the magnetization would show
_Insets: The residuals between the da_ta and the expected _behawor fon exponential envelope on top of oscillations whose periods
isotropy. Note that the extreme residual B(Q;=—0.5) is not 4.6 related to the antiferromagnetic order or to the spiral
included in the bottom inset. pitch. The consistency betweénand 7 is reassuring for the
. L present polytetrahedral system, but unfortunately does not
™ R U uniquely specify the missing symmetry. We have reproduced
QZ(r)E?mgil (Qzm(7)Q2m(0)) =(P2[A(F)-A(0)]), the behavior in Fig. 6 for larger samples and will discuss
(2)  several candidate order parameters elsewhere for a wider
range of sampleg34].
where the angled brackets indicate an average over origin
aqd directﬁon and wherB, is the second L_egendre polyno- V. LARGER SAMPLES
mial. In Fig. 6 we showQ,(X) where againx=r/D. The
smallx behavior shows clear signatures of steric constraints; Before concluding, it is important to discuss improve-
the strong anticorrelation at= — 0.7 is due to ther/2 angle ments to our apparatus and the feasibility of studying
between the directions of next nearest neighbor bands ~samples with many more granules, and specifically with a
opposite edgé®on a single tetrahedron, while the strong cor-larger ratio of cylinder size to granule diameter. We will
relation close tax=1 is due to bonds on opposite sides of restrict our discussion to the use of insertion devit®)
one granule or to small ordered clusters with triangular packbeamlines at third generation x-ray synchrotr¢88]. We
ing in a plane. will also assume an that upgrade to a typical 12-bit, thermo-
The largex behavior, where one might hope for univer- electrically cooled, interline transfer CCD will result in an
sality between hard-sphere and soft-sphere models, showgder-of-magnitude faster data collection, givirglO min
damped oscillations with a single mode. In the inset a leasttotal data collection time for the sample studied hgt€].

squares fit of the regior>2.5 to the empirical form The discussion that follows demonstrates one set of experi-
mental parameters that would allow measurement of samples
Qu(x)=Aexp —x/\)sin(2mx/L) ©)] of ~10° granules in a feasible measurement time; we expect

that there are many combinations of experimental conditions
yields A=0.49+0.12, A=1.08:0.09, and L=0.826 that can satisfy this goal. We consider only absorption to-
+0.003, withxﬁz 1.2 forv=43. The two lengths. andL mography below; however, phase tomograp®§] at higher
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energies might be preferable if an efficient high-spatial resostarting from synchrotron x-ray microtomography data. We
lution (1-um) high-energy phosphor were available. project that this technique is amenable to appropriately cho-
To avoid the loss of x-ray flux and detector efficiency, it sen samples with £Ogranules. This capability enables the
is preferable to remain at 20 keV and instead consider grameasurement of a broad range of otherwise unobtainable
ules of different composition for the same granule diametestructural correlation functions for dense random packings.
as in the present study. Consider granules of cellulose, fludNematic order parameters were used to characterize the
rocarbon polymer, or nanoporous silica glass placed into ange of boundary effects, to directly demonstrate isotropy
cylindrical tube with an inner diameter of 6.5 mm. This for the interior structure of a dense random packing of hard
would give ~100 sphere diameters across the sample buspheres, and to reveal short-range bond orientational order.
correspond to~2 absorption lengths, a convenient value for Minimal changes to the object recognition software would
tomography measurements. The increased number of samp@éow analogous studies of sandpiles of strongly polydisperse
rotations together with the need to repeat the rotational sespherical granules. Sandpiles of irregularly shaped granules,
guence of radiographs at four sample translatighe to the  such as naturally occurring soils, can be studied with the 3D
2-mm useful horizontal region of an ID x-ray beagive a  synchrotron microtomography apparatus described here, but
factor of 30 increase in data collection time. Two 12-bit ex-granule-by-granule reconstruction would require the devel-
posures at each angle would give a contrast between granugment of new object recognition algorithms.
and void in the final tomograph of at least a factor of 10
above the counting statistics, comparable to the contrast in
the present study. The expected total measurement time ACKNOWLEDGMENTS
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