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Abstract
The mechanical ASTM sieve analysis and roundness measurement methods are traditionally used for characterization of the glass beads utilized in traffic markings. In recent years, the computerized optical testing of the glass beads is gaining more attention. However, the relationship between the mechanical and computerized methods is not yet clear. In this study, the size and roundness measurement parameters of computerized optical equipment are evaluated using X-ray computed microtomography (X-ray CT). X-ray CT gives 3-D shape information for the glass beads that can be used as “ground truth” to evaluate shape findings by other, less exact methods. To provide a baseline evaluation of the measurements using the computerized optical equipment, three types of samples were prepared using various glass bead sizes and shapes as judged by the mechanical sieve and roundometer. The mathematical analysis of X-ray CT data indicated that the size measurement parameter Xcmin, the shortest chord out of the measured set of maximum chords, accurately measures the size of the glass beads relative to traditional sieve analysis.  Among the roundness parameters, the ratio of Xcmin to X Femax (longest Feret diameter) provides the best 2D estimate of the intended roundness of the glass beads. In addition, it was determined that the existing cutoff values were overestimating the intended roundness of the glass beads, which allowed some of the non-round particle to be considered round. Based on the analysis of X-ray CT data, more accurate cutoff values for the roundness parameters were determined. 

Background

The mechanical roundness results from the roundometer give some information about the roundness of the particles. However, exact shape information cannot be extracted from the roundometer results. The computerized optical scanning data gives more information on shape, from which roundness parameters can be built. However, this information on shape is based on image analysis of 2-D projections of 3-D particles. A 2-D vs. 3-D correspondence is almost never exact, but it does always work better for near-spherical objects [1]. In fact, only for spherical particles is the correspondence exact between 2-D projections and 3-D geometry. Shape determination from 2-D projections of 3-D particles is inherently biased for non-spherical particles, which is an important fact to remember when using 2-D information to determine the non-round vs. round quality of particles.

Goal and Objectives 

The focus of this study is to evaluate the parameters of the computerized optical methods for size and roundness measurement of traffic marking glass beads using X-ray computed microtomography.  In this respect, the “best” or most “robust” choice of 2-D size and shape parameter will be explored. The true 3-D shape and size results from X-ray computed tomography (CT) [2] will be used to critique the mechanical and computerized optical results and better understand their similarities and differences and the 2-D optical shape parameters will be compared with the true 3-D shape results. In addition, the critical or cutoff value for a shape parameter used for discriminating round from non-round, as used by 2-D optical scanning, will be evaluated. Finally, the sensitivity of the critical value for various size classes of the glass beads will be examined. 

scope of the study

Samples of three types of glass beads were scanned using X-ray CT. The size distribution and roundness of the glass beads were computed by analyzing the 3-D collection of X-ray CT images and the 2-D projections of 3-D images.  The measurements were compared with the mechanical and computerized optical measurements to select the best parameter for size and roundness measurement and to evaluate the robustness of the 2-D measurements of computerized optical methods.  The sensitivity of the roundness parameters to the cutoff values was also investigated.  Qualitatively similar but quantitatively different results were found for all three types, so a limited subset of results will be presented – see [3A] for detailed results.
X-ray CT Sample Preparation
Samples of glass beads were prepared by combining various sizes of round and non-round glass beads to create 70 % round Type 1 (about 0.3 mm), 80 % round Type 3 (about 1 mm) , and 90 % round Type 5 (about 2 mm) glass bead samples as specified in AASHTO M 247. The properties of the glass bead samples were similar to those used in an interlaboratory study for the evaluation of mechanical and computerized methods [3,3A]: Type 5 (C), Type 3 (P), and Type 1 (Y). The glass beads were spread out on an adhesive polymer sheet with some attempt at dispersion. The sheets were then rolled up into tubes approximately 50 mm long and 10 mm to 20 mm in diameter, depending on the size of particles in the sample. The tubes were stood upright in the NIST X-ray CT scanner to be scanned. 

For sample types 5, 3, and 1, the number of glass bead particles scanned in each sample type was 16,375, 29,769 and 634,980 and the mass of particles were 50.7 g, 34.96 g, and 15.24 g, respectively. The mass of particles was computed by adding up the volumes of all the particles contained in a sample type and multiplying this sum by the density of glass, 2200 kg/m3.

Analysis of X-Ray Images

Spherical Harmonics

The X-ray CT gives a large 3-D structure built up out of many thousands of 2-D slices. Once this gray scale structure is segmented into two phases, the glass beads become white and the background (air or polymer sheet) becomes black. A computer program is then run that identifies individual particles and computationally pulls them out of the structure for analysis [4]. The 3-D voxel data for a single particle is used to generate the function r((,(),which is the distance from the center of volume of the particle to the surface in the direction given by the spherical polar angles ((,(), which are similar to latitude and longitude. For a sphere, r((,() = R, the radius of the sphere. For a non-spherical object, r((,() varies with the spherical polar angles. Spherical harmonic functions [4,5] are then used to create a smooth approximation to the function r((,(), Once this process is done, an analytical mathematical function exists that accurately represents a random-shaped particle. Using this function, one can compute any geometric quantity of the particle like volume, surface area, or moment of inertia [4-7]. 

 Shape (roundness) Analysis in 2D
Shape analysis is a general term for mathematically determining the shape of a particle, in 3-D. This report focuses on particles that are mostly close to spherical (round), so all that needs to be known about the particle shape is how much it varies from a spherical shape. This approach is called roundness analysis. However, the mathematical parameters used in roundness analysis come from general shape analysis. It will first be useful to look at some of the roundness parameters to be used in 2-D, to understand what they give for exact shapes.

L(2D) is defined as the longest surface point to surface point distance on the 2-D shape, and is equivalent to the longest Feret diameter, which has been denoted in [3,3A] as XFemax. These two terms will be used interchangeably, with L(2D) used more often for simplicity of notation. W(2D) is defined as the longest surface point to surface point distance that is also perpendicular to L(2D). W(2D) can be the same as the Xcmin definition (see [3,3A]), but is generally not so. In the definition of Xcmin as given in [3,3A], there is no guarantee that it is perpendicular to XFemax = L(2D). Two 2-D roundness parameters are defined as Xcmin/L(2D) (= b/l parameter [3,3A]) and the W(2D)/L(2D) ratio. Another 2-D roundness parameter is the 2-D sphericity, used by the optical scanning instruments used in [3,3A]:
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where A is the area of the 2-D particle projection and P is its perimeter. Before this study, the cutoff value between round and non-round for Xcmin/L(2D) = b/l was 0.83, and the similar value for SPHT2D was 0.9. The cutoff values were chosen to give good agreement with roundometer results [3,3A].
Consider ellipses, with long axis = 2a and short axis = 2b. For ellipses, it is simple to see that the Xcmin/L(2D) and W(2D)/L(2D) ratios are the same as the usual aspect ratio for the ellipse, b/a. The intuitive aspect ratio and the computed ratio are the same for ellipses. To compute the value of SPHT2D for an ellipse, a formula is required for the perimeter of a regular ellipse. The exact result for the perimeter of an ellipse involves elliptic integrals [8-9].  Instead, a high-order approximate expression using Pade approximants [9] is used. The perimeter formula is given in terms of h = (a-b)2/(a+b)2:
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The small extra accuracy arising from calculating the exact formula with elliptic integrals was not deemed to be worth the additional mathematical effort. 
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Figure 1: The Xcmin//L(2D) = W(2D)/L(2D) = b/a aspect ratios and the SPHT2D parameters plotted vs. the exact aspect ratio of an ellipse. 

Figure 1 shows the analytical results plotted against the intuitive ellipse aspect ratio, b/a. When b/a = 0.90, which is the nominal cut-off considered for round vs/ non-round glass beads, the SPHT2D parameter is still close to unity, since it is very flat near b/a = 1. The shape of the graph in Fig. 1 leads one to the conclusion that the SPHT2D parameter may not be very useful for discriminating the shape of ellipse-shaped objects from spheres, since it is very flat in the area of interest for glass beads.

Another kind of non-round particle that is often encountered in these kind of glass beads is formed from two touching spheres that have been fused together. This can be idealized by two just-touching spheres, with radii R1 and R2, giving the exact value of the SPHT2D parameter, for x = R2/R1, where R1 > R2:

[image: image4.wmf]2

2

2

)

1

(

1

)

1

(

2

1

2

x

x

x

x

D

SPHT

+

+

=

+

-

=

              (3)

When R1 = R2, which is the case of two equal-size spheres that are just slightly welded together, SPHT2D = 0.5. The Xcmin/L(2D) construction clearly also gives, for this case, 0.5, so the two parameters are equal for this case and equally useful. For the general case, the Xcmin/XFemax construction will simply give R1/(R1+R2), where R1 > R2.  Both formulas are plotted in Fig. 2. The two curves, plotted vs. x, are not much different from each other, so both are probably equally useful as roundness parameters for this class of shape. The W(2D)-L(2D) construction will give the same formula.
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Figure 2: The exact shape parameters for aspect ratio construction and for SPHT2D for the case of two touching spheres, with radius R1 > radius R2 and x = R2/R1.
Shape (Roundness) Analysis in 3D
Several shape parameters in 3-D are defined next. One construction, of the many possible, that has been found useful is the length-width-thickness computation for each particle, as defined in ASTM D4791. The length (L) is defined as the largest straight-line surface-to-surface distance on the particle. The width (W) is defined similarly, except that it must be perpendicular to the length. The thickness (T) is also defined similarly, except that it must be perpendicular to both the length and the width. The spherical harmonic-based mathematical approximation of the particle can be used in a simple algorithm to find approximations for L, W, and T by searching for pairs of surface points that satisfy the length and direction criteria [5]. This is a well-defined and unique way to obtain three orthogonal lengths from an irregular body, but these three measures do not necessarily represent the particle shape as a whole. In the rest of this paper, the notation L(3D), W(3D), and T(3D) will be used for these quantities. 
The sphericity, SPHT3D, in 3-D, can be defined in an equivalent fashion as the 2-D definition used by the optical scanners as: 
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which equals unity for a sphere and is always less than one for any other convex shape. A related quantity is the volume equivalent spherical diameter, VESD, which for a given particle is the diameter of the sphere with equal volume.
Since the complete mathematical function for each particle scanned in the X-ray CT has been generated, it is relatively straightforward to compute the average 2-D projection [10]. For a sphere, all projections are the same – a circle with the same diameter as the sphere. For non-spherical particles, each projection is in principle different from each other. All the 2-D parameters were calculated from the X-ray CT results by taking an average over projections in nine directions that covered the range of angles possible, approximating the tumbling that the particles received in the optical scanners. Presumably, the results in these devices are averaged over several orientations of each particle, so the process is equivalent. The 2-D projection consists of the exact outline of the 3-D shape in the direction of view. Details of these algorithms are given elsewhere [18, 19]. The 2-D parameters were computed exactly like the computerized optical equipment software did, except for the 2-D perimeter, which difference is explained next.

As a simple check that the 2-D projections are measuring the same quantities as the 2-D optical scanners, the values of Xcmin(10), Xcmin(50), and Xcmin(90), where Xcmin(S) means that S % by mass of all the particles have values of Xcmin <  Xcmin(S), have been computed. This is a simple way of approximately characterizing the complete distribution of Xcmin values for each class of particle. The good agreement between the computerized optical equipment [3,3A] and the X-ray CT and spherical harmonic results, shown in Table 1 below, give evidence that the projection algorithm used gives a 2-D shape that is closely similar to that captured by the optical scanners.

Table 1: Xcmin (10), (50), and (90), X-ray CT results vs. optical scanning result [3,3A].

	Particle diameter, mm
	Sample 1 (Y)
	Sample 3 (P)
	Sample 5 (C)

	
	X-ray CT
	Optical
	X-ray CT
	Optical
	X-ray CT
	Optical

	Xcmin(10)
	0.207
	0.205
	0.890
	0.895
	1.200
	1.207

	Xcmin(50)
	0.316
	0.309
	1.058
	1.065
	1.507
	1.510

	Xcmin(90)
	0.537
	0.529
	1.153
	1.183
	1.615
	1.665

	Total number of particles in X-ray CT
	634 980
	
	29 769
	
	16 378
	


Comparison with Mechanical Sieve Analysis

During sieving, the glass beads, under some kind of mechanical forces, pass through the square openings in the wire mesh in each screen. Since the actual movement of real particles through these square holes is not being computed, assumptions have to be made to generate a sieve analysis from the X-ray CT results, even though the results are essentially exact and in 3-D. Four different assumptions were used to compute the sieve analysis results for the X-ray CT particles: (1) the 3-D length, L(3D), had to pass the nominal sieve opening, (2) the 3-D width, W(3D), had to pass the nominal sieve opening, (3) the 3-D thickness, T(3D), had to pass the nominal sieve opening, and (4) the value of Xcmin as computed from the X-ray CT results had to pass the sieve opening. By comparing to the averages obtained from mechanical sieve analysis, these assumptions were evaluated as to their accuracy. The results are first presented separately for each size parameter used to compute the sieve analysis, so as to compare mass retained to the actual number of particles and the particle number fraction retained on each sieve, and to see the differences between the four assumptions. The results for the size class in Sample 3 are presented and are typical of the two other glass bead types.

In Table 2, the sieve analysis data for Sample 3 are summarized and direct comparison to the average ILS data is made. It appears that the sieve analysis computed with T(3D) and with Xcmin come closest to the mechanical sieve analysis results for Sample 3, although the W(3D) data is also nearly as close as the T(3D) data. This is an interesting point, as usually width is thought to be the best sample dimension to use for predicting sieve analyses [11] and has been successfully used before with respect to sieve analysis and laser diffraction results [12]. The error bars shown in the last column are one standard deviation computed for the interlaboratory results. The parameter Xcmin should only work well for particles that are close to being spherical, since 2-D projections of 3-D particles have lost information in the projection process. But for these glass beads, which are close to being spherical and only have a fairly small percentage of non-rounds mixed in, computational sieve analysis using Xcmin appears to work reasonable well judging by its agreement to experiment. The last two columns also contain the 2-D roundness parameters, showing the percentage of particles with values greater than the cutoff values shown. Remember that for Sample 3, 80 % of the particles were designed to be round. Table 2 shows that the apparent percentage of round particles changes with sieve size – more discussion of this point will come later in this report.

Table 2: Summary for Sample 3, comparing L(3D), W(3D), T(3D), Xcmin, and round-robin experimental values for percent mass retained

	Sieve #
	Sieve size, mm
	% Mass Retained
	% Round

	
	
	L
	W
	T
	Xcmin
	Sieve Analysis
	 (Xcmin/XFemax = 

(b/1) > 0.83)
	 (SPHT > 0.9)

	12
	1.70
	10.47
	0.01
	0.00
	0.00
	0
	0.0
	0.0

	14
	1.40
	6.23
	0.96
	0.29
	0.41
	0
	57.7
	71.6

	16
	1.18
	26.52
	17.40
	6.32
	5.56
	6.46 ± 2.42
	71.6
	91.4

	18
	1.00
	42.80
	56.10
	56.55
	57.91
	58.80 ± 3.20
	84.8
	91.5

	20
	0.85
	10.49
	21.23
	31.18
	31.04
	30.35 ± 1.52
	83.0
	91.7

	25
	0.71
	3.37
	4.13
	4.45
	3.34
	4.30 ± 0.85
	85.3
	84.8

	Pan
	< 0.71
	0.11
	0.16
	1.21
	1.74
	
	78.3
	61.3


Shape Results

The shape or roundness results will now be studied in more detail. The twin goals are to see if there are “best” values of the parameters that will reproduce the roundometer results, and to compare parameters against each other to see if any one is preferred. The shape parameters used in 3-D to analyze the X-ray CT data mostly involved the L(3D), W(3D), and T(3D) parameters. Note that using these three independent parameters, there are only two independent “aspect ratios” for each particle. In the section below, all three possible aspect ratios are used, defined in such a way as to be less than unity: W(3D)/L(3D), T(3D)/L(3D), and T(3D)/W(3D). Averaging over several 2-D projections, the 2-D equivalents, L(2D) and W(2D), to define W(2D)/L(2D) were computed, along with Xcmin in order to define Xcmin/L(2D), which is equivalent to the b/l parameter computed by the optical scanners in 2-D [3,3A]. Finally, both SPHT2D and SPHT3D were computed. All of these parameters were computed for every particle and for a varying cutoff value. That is, the mass fraction of particles with shape parameter less than or equal to a given value was computed and plotted vs. cutoff value. 

An intuitive feel for how the non-roundness determinations depend on the cutoff values used can be obtained by looking at the plot of the cumulative distribution functions for each shape parameter. Figures 3 and 4 show the results for Sample 1. The fraction of particles with shape parameter values less than a cutoff value (so non-round), is plotted against the cutoff value. These plots must start at zero at a cutoff value of zero, and increase to unity as the cutoff value approaches the value for a sphere = 1. The horizontal line represents the targeted fraction of non-round particles as determined by the roundometer. When a distribution function crosses that horizontal line, the value of the cutoff at that point, found by dropping vertically to the x-axis, is that value that would be needed to make the fraction of non-round particles, as judged by that particular shape parameter, to be the same as that used in the sample preparation.
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Figure 3: Showing the non-round fraction of the Sample 1 glass beads as a function of the cutoff value used, for four of the seven different 3-D and 2-D shape parameters. 
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Figure 4: Showing the non-round fraction of the Sample 1 glass beads as a function of the cutoff value used, for three of the seven different 3-D and 2-D shape parameters. 

Qualitatively, considering the shapes of Figs. 3 and 4, it is clear that three of the shape parameters, SPHT2D, SPHT3D, and T(3D)/W(3D) (plotted in Fig. 4) are much steeper than the other four parameters (plotted in Fig. 3) near the nominal value corresponding to the percentage of non-rounds that were incorporated into the samples. This steepness means that small errors in the cutoff value used will produce large errors in the percent of non-round particles determined. That is not a good quality to have in a shape parameter. The four shape parameters displayed in Fig. 3, T(3D)/L(3D), W(3D)/L(3D), W(2D)/L(2D), and Xcmin/L(2D), are significantly less steep near the nominal value and so are worthy of further consideration. But there is no reason,  based only on Fig. 3, to choose between them. 

However, the parameter W(3D)/L(3D) can be eliminated based on the following single example taken from the real particles examined in the X-ray CT. Figure 5 shows a 3-D picture of one of the particles from the type 5 sample. From the picture, it is quite clearly non-round. It is clear that the particle is similar to a flat disk or pie, with one wedge-shaped “piece” cut from it. Its values of L and W are therefore close to each other, giving it a value of W(3D)/L(3D) close to unity. Its actual values of L-W-T (normalized by T) in 3-D are: 2.52-2.39-1.0. Using W(3D)/L(3D) as the determination of roundness, this ratio is 0.948. Using T(3D)/L(3D) or T(3D)/W(3D) as the roundness parameter would give 0.397 and 0.418, respectively, which would not be considered round. Therefore, on this basis the use of W(3D)/L(3D) is rejected, as it would improperly classify some clearly non-round particles as round.

[image: image9.png]



Figure 5: A 3-D image of particle number 5-b-01604 from the Sample 5 particles. The numbering system was one used internally in the X-ray CT work.

Three of the original seven shape parameters are worthy of further consideration, W(2D)/L(2D), Xcmin/L(2D), and T(3D)/L(3D). W(2D)/L(2D) and Xcmin/L(2D) are not much different from each other, so that Xcmin/L(2D) will be considered to be the only 2-D shape parameter and T(3D)/L(3D) as the only 3-D shape parameter still to be studied.

Now that the overall appearance of the shape parameter distribution functions have been shown, the investigation can now become more quantitative to examine how the cutoff values for the various shape parameters vary and what they depend on. Table 3 contains the value of the cutoff that gave the exact experimental percent of non-rounds (by mass) for each sample type, using all particles found in that sample type. The experimental values come from the sample preparation as described earlier. The two shape parameters of most interest as mentioned above are shown in bold in Tables 3 and 4.

Table 3:  Roundness cutoffs using various parameters

	5 (10 % non-rounds)
	3 (20 % non-rounds)
	1 (30 % non-rounds)

	Parameter
	Cutoff value
	Parameter
	Cutoff value
	Parameter
	Cutoff value

	W(3D)/L(3D)
	0.858
	W(3D)/L(3D)
	0.896
	W(3D)/L(3D)
	0.895

	T(3D)/L(3D)
	0.796
	T(3D)/L(3D)
	0.838
	T(3D)/L(3D)
	0.819

	T(3D)/W(3D)
	0.928
	T(3D)/W(3D)
	0.937
	T(3D)/W(3D)
	0.948

	SPHT3D
	0.842
	SPHT3D
	0.839
	SPHT3D
	0.818

	W(2D)/L(2D)
	0.866
	W(2D)/L(2D)
	0.899
	W(2D)/L(2D)
	0.885

	Xcmin/L(2D)
	0.848
	Xcmin/L(2D)
	0.871
	Xcmin/L(2D)
	0.852

	SPHT2D
	0.935
	SPHT2D
	0.937
	SPHT2D
	0.918


Note that in Table 3 there are different values of the cutoff value for each sample type (size class) and each shape parameter. Based on the target roundness of the three glass bead types, it is clear that using a nominal cutoff value of 0.83 for the Xcmin/L (2D) parameter will not give correct results. 

By taking the range found for the cutoff values for each roundness parameter, the range of non-round fractions that would have been found using this range of cutoff values can be computed. This is an illustration of the sensitivity in the non-roundness computed fraction to the actual cutoff value used. For example, for the T(3D)/L(3D) shape parameter, the cutoff values that gave the correct results for each sample were 0.796, 0.838, and 0.8185 or a range of 0.796 – 0.838. So the percent of non-rounds were computed for each sample using all three values, giving a range of results. Results for all the samples and all seven shape parameters are shown in Table 4. 

Table 4: For each roundness parameter, the range found over the three sample types is shown, as well as the range of non-round fractions that would be obtained using this range

	Roundness Parameter
	Range of Cutoff Values
	Non-Round Fractions

	
	
	Sample 5 (C)
	Sample 3 (P)
	Sample 1 (Y)

	W(3D)/L(3D)
	0.8575 – 0.8955
	0.0999 – 0.1173
	0.1777 – 0.2002
	0.256 – 0.3006

	T(3D)/L(3D)
	0.796 – 0.838
	0.100 – 0.1136
	0.1763 – 0.2003
	0.2787 – 0.3216

	T(3D)/W(3D)
	0.928 – 0.9475
	0.09945 – 0.1922
	0.1547 – 0.2874
	0.2105 – 0.2994

	SPHT3D
	0.818 – 0.842
	0.062 – 0.100
	0.130 – 0.217
	0.299 – 0.406

	W(2D)/L(2D)
	0.866 – 0.899
	0.1000 – 0.1137
	0.1738 – 0.2005
	0.2762 – 0.3231

	Xcmin/L(2D)
	0.8475 – 0.8705
	0.1001 – 0.1105
	0.1772 – 0.1999
	0.2931 – 0.3446

	SPHT2D
	0.918 – 0.937
	0.0727 – 0.1059
	0.1298 – 0.1990
	0.3007 – 0.4085


The results listed in Tables 3 and 4 clearly imply that there is no one value of the cutoff for T(3D)/L(3D) or for Xcmin/L(2D) that will give the correct value of non-roundness for all three different size classes. However, suppose one was forced to estimate what the “best” value of a constant would be, which minimized the total error across the three samples for Xcmin/L(2D). If one minimized the sum of the errors in each of the three samples, one would get 0.8556, which gives an error of 3.8 % for Sample 5, an error of -7.4 % for Sample 3, and an error of 3.7 % for Sample 1. These errors are calculated assuming that the experimental roundometer results are exact. If these errors are acceptable, one might be able to recommend this cutoff value for the Xcmin/L(2D) parameter. But this cutoff value really does depend on particle size, as will be shown more clearly later in this report. The same calculation done for the T(3D)/L(3D) parameter would give 0.8160, which gives an error of 6.5  % for Sample 5, an error of -6.1  % for Sample 3, and an error of -0.3  % for Sample 1. 

Figure 6 shows how Xcmin/L(2D) and T(3D)/L(3D) relate for the Sample 5 particles tested in the X-ray CT scans by plotting the 2-D parameter against the 3-D parameter (the other samples gave similar results).  In this way of plotting the data, we are thinking of the 3-D parameter as being correct, and seeing how well the 2-D parameter can predict its value.  This kind of graphical analysis will better show how the 2-D and 3-D parameters relate. A line has been fit through each cloud of points, which has a slope of well less than one. However, the fitted slopes and intercepts are fairly consistent for all three samples. One can understand why Xcmin/L(2D) is usually greater than T(3D)/L(3D) especially at lower values by considering a single example. Consider a prolate ellipsoid in 3-D with L = 10, and T = W = 1. Then T(3D)/L(3D) = 0.1. However, if a 2-D projection was taken along the long axis, then Xcmin/L(2D) = 1, which would make the average over several views be greater than 0.1.
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Figure 6 : Xcmin/L(2D) plotted vs. T(3D)/L(3D), for Sample 5 particles

To investigate the robustness of the Xcmin/L(2D) shape parameter, it is informative to compare the results for the Sample 1 particles vs. a sample that was totally made up of particles that had been declared to be “non-round” by the mechanical roundometer. The average particle size was similar, roughly 0.3 mm. The sample that was made up of these particles was denoted Sample A. An X-ray CT sample was made for the Sample A particles, similar to those used for the other samples. A total of 5217 particles (1.2 g) were extracted from the X-ray CT images. The ratio Xcmin/L(2D) was calculated. 

In Fig. 7, the mass fraction of particles with Xcmin/L(2D) less than a cutoff value was plotted vs. the cutoff value for Sample A and for the Sample 1 (Y) particles. The two sets of particles are enormously different in terms of shape as measured by the 2-D parameter Xcmin/L(2D). The vertical dashed line is drawn at a cutoff value of 0.83, the nominal value used in the optical studies. The intersection of this line with the two curves shows that fraction of particles with values of Xcmin/L(2D) less than 0.83: about 0.25 for the Sample 1 particles and about 0.80 for the Sample A particles. The horizontal line is drawn at 0.3, since Sample 1 was designed to contain 30 %, by mass, of particles that were judged to be non-round by the Roundometer. The cutoff value at which the Sample 1 particles achieve 30 % is at about 0.85, while the Sample A particles achieve 30 % non-round with respect to this parameter at a cutoff value of about 0.66. Clearly the Sample A particles are much more “non-round” than are the Sample 1 particles, as the case should be, and the parameter Xcmin/L(2D) clearly shows that difference.
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Figure 7: Showing the non-round mass fraction of the Sample 1 glass beads and the Sample A glass beads, as a function of the cutoff value used, using the 2-D shape parameter Xcmin/L(2D). The horizontal dashed line shows the 0.3 (30 %) line marking the mass percent of non-rounds that should be contained in the sample, as determined by the roundometer and sample preparation. The vertical dashed line is drawn at a cutoff value of 0.83, which was used in the round robin optical scanning results.

Dependence of Roundness Cutoff on Particle Size (Sieve class)

It was mentioned previously that the computed results for Xcmin/L(2d) appeared to depend on sieve number (particle size). The ILS experimental data also shows this behavior. Therefore, it was of interest to compute the non-round mass fraction for the X-ray CT data for different sieve classes. For each sample type, two sieve size classes were chosen, the two that contained most of the particles. The mass fraction of non-rounds was computed for various values of the cutoff in terms of Xcmin/L(2D. Results are shown for Sample 3 – the other samples were qualitatively similar.
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Figure 8: Showing the mass fraction of non-rounds vs. the cutoff value used to define the mass fraction, for the Sample 3 particles. The non-round data is computed separately for particles retained on the #18 sieve, the #20 sieve, and all the particles averaged together. 

Figure 8 clearly shows that there is not only variation in the cutoff value that makes the 2-D results agree with the roundometer, but that there is also some degree of variation in the shape of the curves. This is an interesting result that might indicate some processes (e.g. melting together, chipping) at work that act to make non-round particles more or less common at different size classes.

Images of Non-Round Particles for Different Samples
For each sample (1, 3, 5, and A), images of a few non-round particles were selected in order to qualitatively illustrate the range of non-round particles that can be encountered. Results will only be given for Sample 1, which contained the smallest particles and 30 % of the particles by mass were judged to be non-round by the roundometer. Table 5 gives the approximate particle size in terms of the VESD, and the shape in terms of several shape parameters. The number label for each particle is from an internal numbering system for the X-ray CT data, and has no special significance. The images are approximately to the same scale, but magnified for easier viewing.

Table 5: Sample 1 “non-round” particles – three with Xcmin/L(2D) < 0.475, and four with Xcmin/L(2D) = 0.600

	Bead #
	VESD (mm)
	SPHT3D
	Xcmin/L(2D)
	T(3D)/L(3D)

	37
	0.163
	0.62
	0.454
	0.35

	13601
	0.113
	0.50
	0.446
	0.27

	31891
	0.159
	0.53
	0.470
	0.27

	9633
	0.117
	0.64
	0.600
	0.42

	14526
	0.421
	0.71
	0.600
	0.51

	29021
	0.246
	0.68
	0.600
	0.54

	50211
	0.204
	0.64
	0.600
	0.41
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Figure 9: Showing 3-D images of several of the Sample 1 particles that were judged to be significantly non-round by the Xcmin/L(2D) parameter.  

DISCUSSION AND CONCLUSION
Of the three 2-D shape parameters considered, Xcmin/L(2D), which is equivalent to b/l parameter that is currently calculated by the computerized optical equipment, worked  best for predicting the mechanical roundness analysis and seems to be adequate for making distinctions between round and non-round particles, as judged by the roundometer. However, this is only true because the majority of the glass beads are mainly near-spherical particles.  It was also concluded from this study that a single cutoff value for the Xcmin/L(2D) parameter is not adequate to classify all the glass beads into round and non-round categories. The cutoff value seems to depend on particle size as determined by the different sieve classes. In general, the values of 2-D and 3-D shape parameters are not analytically related for the glass bead particles. However, there are reasonable empirical correlations between them that are obviously useful. 
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