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Abstract

The 3D shape of a fairly broad size range of the particles of the lunar regolith simulant JSC-1A was characterized. After wet screening with water, the size classes that were kept and investigated were:  those retained on a 300 (m ASTM screen, those passing the 300 (m screen but retained on a 75 (m screen, those passing the 75 (m screen but retained on a 38 (m screen, and those passing the 38 (m screen but retained on a 20 (m screen. Samples of all four size fractions were embedded in epoxy and formed into cylindrical specimens. These specimens were scanned with X-ray computed tomography (X-ray CT). The resulting two dimensional (2D) slices were stacked into 3D microstructures. Particles were segmented and removed computationally. A total of 131 034 particles were found and used. Spherical harmonic coefficient expansions were then created for each particle, and the volume, surface area, dimensions (length L, width W, thickness T), integrated mean curvature, and principal moments of inertia were computed for each particle in 3D as well as a 3D VRML image of each particle analyzed. A projection algorithm was used to compute the apparent aspect ratio as would be seen by a 2D optical system. This report presents the 3D particle size and shape distributions for the various size classes using various 3D measures of particle size and shape and a comparison of 2D and 3D shape parameters. The data generated were also used to critique the shape of a model JSC-1A particle used in a discrete element modeling study. 
Introduction

Granular materials are important in almost all areas of science and technology. In whatever form they are used, whether as fillers in composite materials, as packings with their own mechanical properties, or whether designed to be dissolved as a supply of chemicals, their size and shape often determine their effectiveness in each particular application. 3D measures of particle size have been available for many years, ranging from sieve analysis to laser diffraction particle size measurement. However, these techniques only give measures of particle size under the assumption that the particles are spherical. Fast optical instruments exist that can accurately measure both particle size and shape, but only in two dimensions (2D). 

A fairly new development within the last eight years has been the use of X-ray computed tomography (CT), coupled with spherical harmonic analysis, to analyze the full 3D shape of particles and compute almost any geometrical and mechanical property of the particles in 3D [1-9]. The particles must be star-shaped, which is a less restrictive property than convexity, and to which most particles of industrial and scientific importance adhere. In fact, if particles are generated from a crushing process, they will most probably be star-shaped. Spherical harmonics have been extensively used to represent the shape of many other kinds of objects over a wide range of length scales, from molecules to astronomical objects, including the earth itself [10-14].
A convex particle has the property that, if any two points are chosen within the surface of the particle, then the line segment connecting the two points is also contained inside the particle surface. For a particle to be star-shaped, any line segment connecting the center of mass to any other point in the particle must be contained within the particle [1,15]. For example, a golf ball is not convex, but it is star-shaped. 
Any future landings on the moon necessarily must involve mechanical interaction with the lunar surface, much of which is covered by various forms of lunar soil or regolith. This interaction could be in the form of plumes from rocket engine exhaust, or mechanical interaction via lander support, walking support, or excavation for infrastructure construction. A few kilograms of this material were brought back by the Apollo missions. To conserve this material, a lunar mare regolith simulant was developed in the early 1990s called Johnson Space Center (JSC-1) [16]. When this material ran out, a new simulant was developed, called JSC-1A, which was designed to be as close as possible to JSC-1 [17]. In recent years, other lunar regolith simulants have become available, designed to simulate what is found on other parts of the lunar surface [18,19].

There have been a number of studies of the engineering, strength, and flowability properties of JSC-1A [20-22], as well as its water adsorption surface properties [23]. Reference [17] contains extensive characterization information on JSC-1A particles, but no particle shape information. A literature search could only find one quantitative reference to lunar regolith particle shape, in a discrete element modeling (DEM) study, where a model anisotropic particle was fashioned that was assumed to be somewhat like the real particles [24]. This paper is an attempt to supply this missing particle shape information, in the size range of 20 (m to about 1 mm. There is a significant mass of particles with size below 20 (m and the top range of particle size is up to about 2 mm [17]. However, based on previous results [8,25], the assumption is made that particle shape is fairly insensitive to particle size, so that the results of this paper can be extended to somewhat larger and smaller particles.
Materials

The JSC-1A particles were supplied by NASA Kennedy Space Center, and had been previously used in an ASTM test that could not have changed the particle shape [26]. They were wet sieved with water using ASTM sieves into four size fractions: all those retained on a 300 (m sieve (300+), those that passed a 300 (m sieve but were retained on a 75 (m sieve (75-300), those passing the 75 (m screen but retained on a 38 (m screen (38-75), and those passing the 38 (m screen but retained on a 20 (m screen (20-38). The wet sieving was designed to wash off these very small particles (dust) that could have been lightly attached to the larger particles of interest. After being dried in an oven, some of the material was used for laser diffraction experiments and some were dilutely dispersed into epoxy [2]. The epoxy was formed into cylindrical molds made out of ordinary plastic drinking straws, which then became the X-ray CT samples.  
Experimental and Numerical Methods

The general outline of the experimental and numerical procedures has been given before [1-3]. There were some new numerical procedures in this case, to be described below. 

The cylindrical samples were scanned on a Skyscan 1172 machine*, which has a minimum voxel size of 0.5 (m. The thickness of each slice was the same as the x and y dimensions of each voxel. Table 1 gives the details of the voxel size used to scan and reconstruct the images, the image size for each slice, the number of slices used for each size class, and the number of particles found and analyzed for each particle size class. A total of 131 034 particles were analyzed for the result presented in this paper.

Table 1: Details of the particles analyzed via X-ray CT and spherical harmonic series
	Size class
	Voxel size
	Image size
	No. slices in vertical direction
	# particles found

	300+
	12 (m
	1000 x 1000
	2000
	2403

	75-300
	5 (m
	2000 x 2000
	4700
	33 812

	38-75
	2 (m
	2000 x 2000
	9600
	42 862

	20-38
	1.3 (m
	2000 x 2000
	33 000
	51 957

	
	Total = 131 034


These slices were computationally stacked together to form a 3D microstructure. An image analysis program (ImagePro*) was used to determine what choice gray scale threshold should be used to isolate the particles from the matrix, which was then applied in 3D. A program was run to computationally extract each particle, check it for various errors (e.g., double particle, internal porosity, non-star-shape), and then generate the spherical harmonic expansion. The spherical harmonic expansion is applied to the radius vector of a particle, defined as r((,(), where r is the distance from the center of mass to the particle surface in the ((,() direction, and is defined as: 
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where the anm are complex coefficients, and the Ynm are the spherical harmonic functions. Strictly speaking, the equality in eq. (1) only holds as N goes to infinity, but sufficient accuracy was found for values of N around 20.
A 3D VRML image of each particle is simultaneously generated as it appeared in the microstructure, fashioned from the spherical harmonic series (see Fig. 1). All these particles were automatically assigned a number and the VRML and spherical harmonic coefficient files were stored in a database. This allowed individual shape parameter values to be compared against the image of the particle that generated those actual values. 
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Figure 1: Left – one slice from the X-ray CT reconstruction of the 300+ particles. Right - VRML images of two real JSC-1A particles from the 300+ size class.
A program designed to run in parallel on multiple computers was used to read the spherical harmonic files, and calculate, as a function of the order of spherical harmonic used, the volume, surface area, integrated mean curvature, moments of inertia, length, width, thickness, and the integrated Gaussian curvature. For such a large number of particles, this reduced run times from days to a few hours. Since the integrated Gaussian curvature must be equal to 4( for any closed surface [1], this calculation was used as an additional quality control measure. If the integrated Gaussian curvature deviated by more than 5 % from 4( for any particle while n was still less than 14, this particle was discarded, since its spherical harmonic coefficients were not deemed to have been computed with sufficient accuracy. This criterion has been shown to be an adequate uncertainty criterion that guarantees an accurate capturing of shape in three dimensions [1].
The length, width, and thickness of a particle are defined in a similar manner to ASTM D4791 [27]. The length is the largest surface-to-surface distance on the particle. The width is the largest such distance that is perpendicular to the length. The thickness is the largest such distance that is perpendicular to both the length and width, with L > W > T. These three quantities then define some kind of minimum dimension orthogonal box that just contains the particle. A careful examination of these quantities can be found in [3]. The ratios of L/W and W/T are two unique aspect ratios defined for each particle.
A 3D shape parameter for a random particle can be simply constructed from the volume, particle surface area, and volume equivalent spherical diameter, VESD, which is the diameter of a sphere with equal volume to the original particle. This parameter, denoted in this paper as SV, is defined as:
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For a sphere, the ratio of volume to surface area is D/6, where D is the diameter. The VESD of a sphere is just its own diameter D, so that this ratio equals unity for a sphere. Since the sphere has the minimum surface area for its volume of any object [28], the value of SV will be less than one for non-spherical-shaped objects. The lower the value from one, the less sphere-shaped it will be. Slightly different normalizations and names of parameters like SV are very common in the particle shape literature (e.g., see [29]).

Another shape parameter, called the curvature shape parameter, is constructed from the mean curvature, integrated over the particle surface as reconstructed by the spherical harmonic series and normalized by the total surface area [1]. This parameter is size dependent, since it has the units of reciprocal length. If it is multiplied by the value of VESD, this ratio becomes a dimensionless, size-independent shape parameter. There are different normalizations for the mean curvature [1]. In this paper, the normalization is chosen so that for a sphere, the mean curvature integrated over the sphere surface and divided by the surface area is 1/R, which is a constant for a sphere and where R is the radius of the sphere. Therefore twice the inverse of the integrated mean curvature would give the diameter for a sphere, so that normalizing by the VESD would give unity for a sphere. Non-spherical objects will give a value less than one. In algebraic form, where K is the integrated mean curvature,
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The moment of inertia tensor is defined in the usual way [1]. It is calculated for the arbitrary orientation of each particle as found in the epoxy matrix, and is then diagonalized to give the principal moments of inertia. These can also be used to generate three orthogonal lengths that are another way of approximately defining the particle size and shape [3].

Each particle, after the 3D geometry results were computed, was then projected into a 2D digital image and various 2D quantities were computed, including the equivalent circular diameter (diameter of circle with equivalent area), the surface area, and the aspect ratio. To compute the aspect ratio, a similar construction is done as for L and W but in 2D. Three projections (along x, y, and z) were made for each particle and all 2D quantities were averaged over these projections. The surface area was also averaged over all the projections, then multiplied by a factor of 2/3. This factor has been shown to approximate the ratio between the true 3D surface area and the total area of voxel surfaces in 3D images [30]. These 2D quantities should be comparable to those measured by 2D optical systems.

Shape vs. size results
Do the lunar regolith simulant particles in all four size classes have similar shapes? Since these are random particles, this question can only be answered by considering particle shape distributions. Figure 2 shows the cumulative probability distribution for the curvature shape parameter, in terms of volume fraction, for all four size classes on the same graph. Figure 3 shows a similar result but for the SV shape parameter. A point located at, say, (0.8,0.5) means that 50 % of the particles have curvature shape parameters less than 0.8.
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Figure 2: Cumulative probability distributions, in terms of particle volume, for all four size classes on the same graph for the curvature shape parameter.

The overall shape of the four curves in Fig. 2 are similar, and their lower end points are similar, about 0.6 to 0.7. The curves for the smaller size classes are quite close together, while the 300+ size class curve is a bit distinct and higher than the others. To get a feel for the quantitative differences, consider values of the curvature shape parameter of 0.8, 0.85, and 0.9. For 0.8, the curves range between 0.07 and 0.14, for 0.85 they range between 0.2 and 0.37, and for 0.9 the curves range between 0.4 to 0.67. 
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Figure 3: Cumulative probability distributions, in terms of particle volume, for all four size classes on the same graph for the 6V shape parameter

In Fig. 3, the different size class curves for SV seem to agree much more closely than in Fig. 2. However, in Fig. 2 the 38-75 curve is always the smallest and seems to stand away from the other three, which lie much more closely together. Again, the lower limit on the x-axis for all four curves lies between 0.6 and 0.7.

Figure 4 shows the particle size distribution, in terms of cumulative probability (in terms of volume fraction) on the y axis, for the 75-300 particles. These are all results from the analysis of 33 812 particles obtained from the X-ray CT results plus results from experimental laser diffraction. The x-axis uses five different measures of particle size: VESD, the length, width, and thickness of each particle, and the equivalent spherical diameter as determined by the laser diffraction software. All of the five are different, and are equally valid, since one cannot uniquely specify the linear extent of a random shape particle by a single number. Notice that only the T, VESD, and W curves have limits that are close to the nominal sieve openings of 75 (m and 300 (m that were used to screen these particles. There is some evidence that the W parameter of a particle correlates well with sieve openings [31], although in Ref. [31], the value of W was measured in 2D.
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Figure 4: Particle size distribution, in terms of volume fraction, plotted against four different measures of particle size for the 75 (m - 300 (m particles.

As has been found repeatedly in earlier work [7,9,32,33], laser diffraction is more sensitive to the long axis of particles, so it tends to follow the particle size distribution (psd) curve that uses the length of a particle as a measure of its size. There is a large literature on the effect of non-spherical particle shape on laser diffraction particle size measurement [32,33]. Particle shape will also affect sieve analysis, since an anisotropic particle might fit through a sieve in one orientation but not another.
Comparison between 2D and 3D measures of particle shape

An interesting question that arises in the use of 2D optical means for assessing particle size and shape is: how well do the 2D measurements compare to the 3D truth? Figure 5 plots the two dimensional volume equivalent circular diameter (VECD), as determined from an average of six 2D projections of each particle, against the VESD value as determined from the full 3D particle. With the dashed line showing a slope of 1, we see that the 2D scans clearly overestimate the true 3D quantity for this measure of particle size.
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Figure 5: The 2D volume equivalent circular diameter, determined from 2D projections, plotted vs. the equivalent volume spherical diameter for all the particles. Only every 4th data point is shown.
The same kind of comparison is done for the surface area as measured in 2D and in 3D for the same particles, shown in Fig. 6. There is quite good agreement between these quantities, but now the 2D estimate of surface area slightly underestimates the 3D quantity. The value of the surface area measured is dependent on the resolution with which the images are formed. In this case, the 2D and 3D resolutions were similar.
[image: image8.wmf]0

0.5

1

1.5

2

2.5

3

3.5

0

0.5

1

1.5

2

2.5

3

3.5

SA-2D

Line of equality

Surface area (2D, mm

2

)

Surface area (3D, mm

2

)


Figure 6: The surface area determined from 2D projections plotted vs. the 3D surface area as determined from the spherical harmonic analysis for all the particles. Only every 4th data point is  used.
Since these lunar regolith simulant particles are anisotropic, a more important test of the 2D to 3D correspondence is in looking at aspect ratio. Using the L, W, and T parameters, in 3D, there are two independent aspect ratios that can be defined using these three quantities. In Fig. 7, we show all three – L/T, W/T, and L/W, in terms of the cumulative probability distribution (volume fraction). There is only one such aspect ratio in 2D, denoted as XL.  In Fig. 7, the 2D aspect ratio and the 3D L/W and W/T aspect ratios actually agree fairly well, although there are quantitative differences at given values of an aspect ratio. However, the L/T ratio is quite different from these other three, implying that the 2D quantity cannot capture this maximum aspect ratio in 3D.
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Figure 7: The cumulative probability distributions for three 3D and one 2D (XL) aspect ratio, for all particles.

Principal moments of inertia
The moment of inertia tensor for each particle was diagonalized and the three principal moments of inertia were stored per particle in a database. In making practical use of any of these particles, say in a DEM simulation, one would have to match up the orientation of the particle with the correct form of the moment of inertia tensor. One can simply rotate the spherical harmonic coefficients that define a particle in order to get the desired orientation, and then the new form of the moment of inertia tensor can be easily computed [34].

One can define two independent aspect ratios for a particle in 3D using the three principal moments of inertia. In Fig. 8, the cumulative probability distribution for I33/I22, where I33 > I22 > I11, in terms of volume fraction is plotted for the four particle size classes. Figure 9 shows the cumulative probability distribution for I22/I11. One could compute a 2D equivalent of the moment of inertia tensor, but this was not deemed useful to do.
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Figure 8: The cumulative probability distribution of I33/I22, for the four particle size classes. 

In Fig. 8, all four size classes have probability distributions that are very close to each other. 
[image: image11.wmf]0

0.2

0.4

0.6

0.8

1

1

2

3

4

5

6

20-38

38-75

75-300

300

+

Cumulative probability

I

22 

 / I

11


Figure 9: The cumulative probability distribution of I22/I11, for the four particle size classes. 

Figure 9 shows a somewhat larger difference between the curves for different particle size classes, but still the four curves are fairly close to each other. In Fig. 9, note that a very few particles, of order unity, have very large I22/I11 ratios, so that the abscissa of Fig. 9 can go out as far as the value of 27. However, when the VRML images of these particular particles were examined, they were seen to be artifacts of the X-ray CT process – i.e. double particles or artificial fragments, so that Fig. 9 is only plotted out to a value of I22/I11 = 6.
Discussion, Conclusions, and Future Work
Only one quantitative reference to the particle shape of JSC-1A was found in the literature. This reference was a study using discrete element modeling (DEM) to simulate various mechanical properties of a large collection of JSC-1A particles [24]. The model particle used was made out of two overlapping spheres. Sphere 1 had a diameter of 8, sphere 2 had a diameter of 6 and the center of sphere 2 was located at the surface of the diameter 8 sphere, so that the center-to-center distance was 4 (units are arbitrary). Figure 10 shows a VRML image of such a particle, created from an artificial digital image in the same way as the real particles were created from a real X-ray CT image. The total volume V12 of two overlapping spheres, with radii R1 and R2 and individual volumes V1 and V2, with a center-to-center distance equal to d, is [35]:
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Therefore V12 = 340.546, which implies that VESD = 8.664. The surface area of this particle is given, for d = R1, by
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which yields a value of 250.543. The value of SV is then equal to 0.9413. This value is at the high end of Fig. 2. Depending on the size class it belonged to, it would have a probability of occurrence of between 10 % and 30 %. The numerical values found for the particle shown in Fig. 10 were: V = 340.5644, SA = 249.9678, and VESD = 8.664, which were within a few parts in a thousand of the analytical results.
By the definitions of L, W, and T, for this model particle L = 8 + 3 = 11 (along axis), W = 8 (perpendicular to axis through center of diameter 8 sphere), and T = 6 (perpendicular to axis and to W, through center of diameter 6 sphere). So L/T = 1.83, W/T = 1.33, and L/W = 1.375. These values are all contained in the middle of the real particle distributions as seen in Fig. 7, so that this model particle matches the real particles, at least in terms of gross overall shape. If it were more less rounded, its value of SV would be smaller than 0.9413. 
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Figure 10: VRML image of simulated overlapping spheres, diameters equal 8 and 6, with the center-to-center distance equal to 4 (units are arbitrary).

The minimum resolution of the X-ray CT instrument used in this paper is in principal 0.5 (m/voxel, so that the smallest particle whose shape could be accurately measured by this instrument would be approximately 5 (m to 10 (m since 10 or more voxels in one dimension is enough to acquire the 3D shape sufficiently accurately [1]. As was stated above, there is a significant mass of particles smaller than 20 (m. To measure the shape of smaller particles requires different measurement techniques. One could conceivably use focused ion beam techniques (FIB) [36] to study the shape of smaller particles, say about down to 200 nm in size. Samples would be prepared in a similar way to what was used in this paper. The lower cutoff of 200 nm comes from the 10 voxel limit times 20 nm per voxel, which is the minimum practical size for FIB at present [37].
Given a large enough database of real particle shapes, there are methods for generating random particles that are statistically similar to the real particles [38,39]. This could be useful for generating large numbers of new particles for other algorithms, including DEM algorithms.
Over 130 000 individual particles have been scanned by X-ray CT and mathematically analyzed using spherical harmonic series. Each particle is represented by an accurate, analytical mathematical function, which means that any particle quantity that can be calculated by integrals over the volume or surface of the particle can be calculated. A 3D VRML image of each particle exists or can be quickly created, and a database of geometrical quantities, including the principal moments of inertia, have been generated. Any future work on measuring or simulating the properties of JSC-1A should take into account this quantitative 3D shape information. In particular, mechanical simulations could make good use of the calculated moment of inertia tensors. 

It would be interesting to repeat this exhaustive 3D particle shape characterization on real lunar regolith material. Since the particles have to be embedded in epoxy or some other kind of stabilizing medium, this method is probably destructive. However, only a few grams of the material would be needed. 

Finally, there has been recent work using nanoindentation to measure the Young’s modulus of mineral particles [40-44]. The same procedure can probably be successfully applied to lunar regolith samples, since this parameter for the particles would be useful in mechanical simulations and in interpreting experimental results.
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