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Abstract

Recently, techniques for acquiring, analyzing, and using 3-D shape information for aggregates (sand, gravel) have been developed and
demonstrated. These mathematical techniques, based on spherical harmonic coefficient analysis, have been applied to X-ray computed
tomography images. X-ray microtomographic images of cement particles are required to be able to apply these same mathematical techniques
to analyze Portland cement particle shape. Such images are available in the Visible Cement Database for a single reference cement. Actual
cement images, as well as some quantitative results on the nonsphericity of the particles, are given here. Three-dimensional cement particle
shapes have never been available before. A demonstration of how real cement particle shapes will change the CEMHYD3D cement hydration

model is also given.
Published by Elsevier Litd.
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1. Introduction

Once an adequate resolution 3-D image of a particle has
been obtained, a recent paper has demonstrated how to use
mathematical techniques to analyze the image using the
coefficients of the spherical harmonic series [1]. Using these
coefficients, an accurate image of the particle can be
visualized, rotated, translated, and shrunk/expanded [2].
Adequate resolution means that there should be at least
about 5 to 10 voxels per unit length in all three particle
dimensions. A voxel is a small cube that forms the basic
element of a 3-D digital image, in the same way that a
square pixel is the basic element of a 2-D digital image.

If the approximate particle size in any one dimension is x,
then, the voxel size should be about 0.1x. A midrange fine
aggregate is about 1 mm in size, so that an adequate
resolution for it would be 100 pm/voxel, which is an easily
obtainable figure for most X-ray-computed tomography
scanners. However, for Portland cement, with a mean size
of about 15 um, an adequate resolution is then in the range
of 1.5 um/voxel. This resolution can only be obtained by the
best X-ray microtomography synchrotron sources.
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Recently, a paper and companion web site has appeared,
entitled Visible Cement Database [3], which presents the
results of an X-ray microtomographic study of cement paste.
The X-ray microtomography beam line at the ESRF facility
in Grenoble, France was used to gather 3-D images, at a
resolution of 0.95 pm/voxel (cubic voxels), of a standard
reference cement, CCRL-133, from the Cement and Con-
crete Reference Laboratory [4]. The cement had a Blaine
fineness of about 350 m?/kg. Images were taken of the
cement paste microstructure at various ages to compare with
the output of the CEMHYD3D cement hydration model [5],
which is usually run at nearly the same resolution, 1 pm/
voxel. Image acquisition of the unhydrated cement particles
was attempted, but because of the motions of the cement
particles in the water, only clear images were obtained after
3 h of hydration. At this point, only a few percent by volume
of the cement had hydrated, just enough to cause set [6].
These images could be analyzed, and the hydration products
identified and removed. What was left after this process
were the cement particles (except possibly the very finest
particles having diameters on the order of a micrometer or
less), which are very close to their original shape. It is this
image that has been analyzed to numerically acquire cement
particle shapes, quantitatively analyze the shapes, and
visualize the shapes in 3-D. Thus, for the first time,
individual cement particle shapes can be seen in 3-D. Some
surface modification might have taken place due to surface



1934 E.J. Garboczi, JW. Bullard / Cement and Concrete Research 34 (2004) 1933-1937

Fig. 1. (@) A slice cut out from the original binarized tomographic image, (b) the same slice after internal porosity has been removed in 3-D, and (c) the same
slice after artificially cut particles and small particles with volumes below 125 voxels (in 3-D) have been removed.

hydration, even for the larger particles, but the scale of the
image, 0.95 uin/voxel, probably would not-have picked up
this small change.

2. Data and techniques

The Visible Cement Database web site, where all the data
gathered may be obtained (http://www.visiblecement.nist.
gov), contains the 3-D images constructed out of the many
slices generated in X-ray microtomography. The full 3-D
images are 1024° voxels in size. Various programs for
manipulating the images, which were used to identify and
eliminate the hydration products, can be obtained from the
site.

The images are in the form of circular cylinders embed-
ded in rectangular cylinders. The data used were the pt045-
h-3hv1c300 and pt045-h-3hv2c300 files, which were the top
and bottom halves, respectively, -of a- CCRL-133 sample
with w/c=0.45 paste and hydrated for 3-h. These images
were combined, and then, a 600 x.600.x 800 voxel piece
was.cut out.and saved. This was the largest piece of the
image that stayed away from the sample cylindrical bound-
ary.-A sweep of various programs.[1,2] was made through
this image, eliminating particles-that had been cut (hence,
did not-have a realistic shape) and that were too-small (less
than 125 voxels. in volume). Internal jporosity, which was
mainly an artifact of the X-ray microtomography process,
was also eliminated. Fig. 1 shows an original slice (Panel a),

the same slice afier internal porosity has been removed
(Panel b), and the slice after artificially cut and small
particles have been removed (Panel c).

Spherical harmonic analysis was applied to each particle,
and ' further error checking was used to eliminate multi-
particles, which are two or more particles that have ‘been
artificially welded together by the X-ray microtomographic
reconstruction process [7]. There were over 60,000 particles
with voxel volumes greater than 125 in the original pro-
cessed image. Only particles with voxel volumes greater
than 2000 were further processed, so as to leave a margin of
error above the 10 voxels/unit length cutoff and, also, to
reduce- the number of particles considered. About 1200
particles were processed, and their spherical harmonic
coefficients stored. A voxel volume of 2000 corresponds
to a real volume of 1715 um®=2000(0.95 pum)*. If that
number is set equal to the volume of a sphere, then, the
diameter of the sphere that has equal volume is called the
equivalent spherical diameter, which is 15 pm-in this case.
The maximum particle size was an equivalent spherical
diameter of about-60 pm.

3. Qualitative and quantitative results

Fig. 2 shows two views each of .different: cement par-
ticles. The images were-taken from a VRML browser. The
VRML files are automatically -generated from the spherical
harmonic expansion [2].

Fig. 2. Two views each of two CCRL-133 cement particles: (a) equivaient spherical diameter of about 36 um, (b) equivalent spherical diameter of the particle of

about 15 pm.
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Fig. 3. True surface area versus true volume for all 1200 CCRL-133 cement
particles analyzed. The solid line is the theoretical relation for a sphere,
$=(36m)*V ¥ = 4.84V 2>, The dashed line is a power law fit of the form
S=8.0V %%,



