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Abstract: The shape of concrete aggregate fine particles (fines), with particle sizes between 3 um and 250 pum,
produced by high-speed vertical shaft impact (VSI) crushing of 10 different rock types from quarries in Norway,
has been studied by both dynamic image analysis (DIA), which is a two-dimensional (2-D) method, and X-ray
computed microtomography (UCT) coupled with spherical harmonic (SH) analysis, which is a three-
dimensional (3-D) method. The 3-D uCT results serve as a check on the 2-D DIA results. The intent was to
evaluate the applicability of the 2-D DIA method to extract shape parameters that could represent the actual 3-D
shape of the VSI crushed concrete aggregate particles. The results show that the 2-D DIA method has problems
correctly measuring the shape of particles smaller than about 40 um due to too large of a pixel size and possibly
some particle flocculation. The findings of this paper show, however, that if a large enough number of particles
are analysed by the 2-D DIA method, a good but limited indication of the actual 3-D shape of the irregular
crushed aggregate fines larger than 40 um can be acquired and used for simple quality control in hard rock

quarries.
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1. INTRODUCTION



The interest in and need for increasing the use of crushed sand for concrete production are
steadily growing due to shortages of suitable natural sand, as explained in Refs. [1], [2], [3],
[4], [5]. However, natural sand, which may be weathered, differs from most fine crushed
aggregates (crushed sand) in its grading, particle shape and surface texture [1]. Compared to
natural sand, crushed fine aggregates incorporate significantly more fine® particles (also
interchangeably referred to as filler or powder or fines in this paper), have different particle
size distributions (PSDs), and tend to have particles that are more angular and often have
rougher surfaces [1]. This affects the performance of the crushed sand in concrete, especially
in terms of fresh concrete rheology (see [6], [7], [8], [9], [10], [11], [12], [2], [13]). Concrete
performance is significantly affected by the volume fraction and characteristics of the fines in
the crushed sand, including PSD, mineralogical composition, and shape [14].

Vertical shaft impact (VSI) rock-on-rock crushing is a popular technique used for improving
(i.e. making more equi-axed) the shape of crushed sand particles, as part of the last
comminution stage [16], [6], [17], [18]. VSI crushing seems to affect the particle size
distribution down to about 36 um [21], [22], [23]. The disadvantage is that it produces larger
amounts of fines than does the more common cone crusher technology [22], because the
dominant size reduction mechanism is attrition and impact [22]. Several VSI processing
variables affect the shape of the product particles, such as VSI rotor speed, cascade flow, and
influence of a closed circuit, as well as rock characteristics such as mineralogy, resistance to
fragmentation, and feed size [27]. The aggregate and concrete production industries therefore
need a fast, inexpensive, and reliable test method for product development and quality control
of the fine (also defined as <250 um) crushed aggregate particles.

Well-established test methods for aggregate shape are available for particles larger than about
1 mm [7], [28], [29], [30], but there is a lack of industrial test methods suitable for smaller
particles. The shape of the crushed concrete aggregate fines is usually described, for research
purposes, by the so-called F-shape parameter (see [2], [21], [22], [23], [31], [32]). The F-
shape parameter is defined to be the ratio between the maximum and minimum Feret

diameters Xemax and Xemin (Figure 1), which are the maximum and minimum distances,

! The particle size definition of concrete aggregate fines is diverse. According to EN 12620 [61], fines are all
material less than 63 um. ASTM standard C33 / C33M — 13 [62] has a similar limit of 75 pm. For practical
concrete purposes, however, it is most common to denote fines as all material less than 125 pm [63] or 250 um
[64].
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respectively, between pairs of parallel tangents in a 2-D particle image [33] (thus the shape
description is based on 2-D projections of actual 3-D particles). The parameters are
determined from analysis of 2-D microscope images of polished sections of particles cast in
epoxy. Typically, only about 100 to 200 particles are analysed in this test [21]. The smallest
reported particle size analysed by this test method was 36 um [23]. Particles smaller than 36
um were not analysed because it is a difficult task to mechanically divide them into narrow
size fractions. However, analysing wide size fractions requires analysing many more than
only 100 to 200 particles to get a statistical representation of the particle shape. Obtaining
such many-particle images would be laborious. This problem could be solved by the aid of
Automated Scanning Electron Microscopy (ASEM), which can be used to rapidly investigate
thousands of very fine particles. However, the results obtained would still be only 2-D images
[34], [35], [36] giving limited information on the actual 3-D shape of the irregular crushed
aggregate fines particles. It is also possible that these results could be biased by particle
orientation in the sample preparation process. Preparing samples for the ASEM is also still
laborious and time consuming and the method requires relatively sophisticated and expensive
analysis equipment (SEM or ASEM). This is why the ASEM method is at present not suitable

for everyday application within the aggregate and concrete production industries.

A new development within the last fifteen years is the use of X-ray computed
microtomography (LCT), coupled with spherical harmonic (SH) analysis, to mathematically
describe the full 3-D shape of particles and compute almost any geometrical property of the
particles in 3-D [37], [38], [39], [40], [41], [42], [43], [44], [45], [46], [47], [48], down to
particles with volume equivalent spherical diameters (VESDs) as low as 3 um [48]. The
VESD is defined as the diameter of a sphere with the same volume as the particle considered.
Cepuiritis et al. [48] have reported analysing samples containing up to 250 000 particles for
the powder size fraction of 20 um to 125 pm and up to 5500 particles in the size range < 20
pm. This latter number, 5500, can be easily increased by scanning more sections of a given
sample using more uCT scanning time and more computer hours for determination of the SH
coefficients. The drawbacks of the uCT and SH method are time consumption, which
including sample preparation time ranging from 2 h to about 24 h, and the relatively high cost

of the uCT scanning equipment.

An alternative method that only takes about 5 min to analyse a comparable number of

crushed aggregate powder particles, using less costly equipment and virtually no special
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sample preparation, is the Dynamic Image Analysis (DIA) method [48]. However, this
method can only provide a limited amount of information about particle shape using 2-D
measures. It still could be applicable for everyday quality control at crushed concrete sand
production quarries and concrete production units, if the method were able to yield crushed
aggregate powder 2-D shape parameters that can reliably describe their performance in fresh
concrete. The first preliminary comparison of the particle shape analysis by 3-D uCT SH and
2-D DIA of two concrete aggregate powder samples (particle size between 3 pum to 125 pm)
indicated that the methods ranked the shapes of the particles in the same order [48].

This paper presents studies of the shape of VSI crushed concrete aggregate fines from 10
different Norwegian rock types, each in three size fractions, using the 3-D puCT SH method
and 2-D DIA method. Previous studies on the same materials [49], [50] have focused on in
depth analysis of how the VSI crushing affects the 3-D particle shape of the fines, comparing
this effect to coarser particles from the same rock types, devising alternate shape description
parameters and studying particle size distribution and specific surface of the fine materials.
The purpose of this present study is then to evaluate the applicability of the 2-D DIA method
to extract shape parameters that describe the real particle shape by comparing to the actual 3-

D particle shape as determined by a combination of X-ray uCT and SH analysis.

2. MATERIALS AND METHODS

2.1. Materials

Fine aggregate powder materials used for the study were produced from 10 different blasted
and crushed rocks with a nominal size range of about 4 mm to 22 mm. The rock types were
chosen from 10 different quarries in Norway to represent a wide range of local geological
variety with respect to mineralogy and with respect to mechanical properties. This included
(Table 1) igneous (intrusive and extrusive), metamorphic, and sedimentary rocks that were
both mono- and multi-mineralic. Further processing included high rotor tip speed (70 m/s)
VSI crushing to generate fines and static air-classification of the crushed products into three
distinct size fractions with approximately the following dio to dgo ranges: 4 pm to 25 pm
(fine), 20 pum to 60 um (medium) and 40 um to 250 pm (coarse) (Table 1). The parameter dy

is the diameter where N % of particles, by mass, have a smaller diameter than dy.



The finest of the produced powder fractions (4 um to 25 um) included all the particles

smaller than 4 um generated during the crushing and
Table 1: Crushed rock fines used for the study.

afterwards extracted by air-classification. The particle size ranges produced were partly
overlapping because of the air-classification process, where the initial feed material is divided
into two products: coarse and fine. Separation in air-classification is characterized by a cut-
size, which is a border between these fractions. Due to various stochastic factors (air
turbulence, particle collisions), some fines get into the coarse product and vice versa, so that
an exact, non-overlapping border between particle sizes is not achieved. More details can be
found in [27]. In total, 30 different powder samples were produced (Table 2): three particle
size ranges for each of the 10 rock types. Mineralogical composition of the powders was
determined by quantitative X-ray diffraction (XRD) analysis on the 4 um to 25 um size
fractions (Table 2) [49].

The VSI crushing and air-classification experiments are described in Ref. [27]. Detailed
studies of the particle size distribution (PSD) and specific surface area of all the crushed fines

are presented in Ref. [49].
Table 2: Mineralogical composition of the various rock types used, determined with quantitative XRD.

2.2. Methods

2.2.1. DIA (2-D method)

The 2-D DIA technique approach used the “Fine Particle Analyser commercial equipment
(FPA) [51]. A powder sample was placed into a feeding funnel after which it was dispersed
by compressed air at 200 kPa. The powder fell under gravity and 2-D images of the free
falling particles were taken by a high-speed camera with an optical magnification such that
the pixel size in the digital images was 4.29 um (Figure 2). The 2-D projections were then
analysed by software provided by the equipment producer to compute a wide range of

" Commercial equipment, instruments, and materials mentioned in this paper are identified in order to foster
understanding. Such identification does not imply recommendation or endorsement by the National Institute of
Standards and Technology (NIST), nor does it imply that the materials or equipment identified are necessarily
the best available for the purpose.

5



statistical and geometrical parameters. At least 260 000 particles were analysed for each of
the samples. Particle size was described by the area equivalent circle diameter (DA =
diameter of a circle with an area equal to the area of the 2-D projection of the particle) and
the maximum and minimum Feret diameters Xgmax and Xemin. The parameter to describe the
irregular shape of the particles was then the ratio Xgmax/Xemin , defined as the 2-D L/W
(length/width) ratio. The 2-D L/W value can then be used to compare to the corresponding 3-
D L/W value defined in the uCT SH method, as discussed in Section 2.2.2 [48].

Figure 1: 2-D size parameters — maximum (Xgmax) and minimum (Xgmin) Feret diameters [33].

Figure 2: Screen-shot from the DIA image analysis software: displaying the captured 2-D shapes for some of the
T10-3 crushed filler particles in the DA range of 200 um to 250 um and L/W > 1.5.

The precision of the instrument for the average of various measured shape properties, for the
same sample analysed in replicate sequential runs, was determined to be well within + 1 %
standard deviation for each size subclass. A higher degree of variation (up to a standard
deviation of 1.9 %) was observed when several subsamples were obtained from the same
sample. The mean L/W ratios determined for different subsamples of the same powder type
varied by = 0.02.

2.2.2. X-ray uCT combined with spherical harmonic analysis (3-D method)

Combining X-ray pCT with SH analysis for particle size and shape measurements has been
discussed in [37], [38], [39], [40], [41], [42], [43], [44], [45], [46], [47], [48] and has been
applied to similar crushed aggregate materials in [48] and [52]. Samples of the crushed
powders were cast in epoxy at about 5 % volume concentration, (Figure 3) and the epoxy was
hardened without settling by curing under rotation. Dispersion of the particles in the epoxy
resin was obtained by vigorous manual agitation. Plastic tube moulds were used that had an
outer diameter of 3 mm for the fine powder fractions (4 um to 25 pm) and an outer diameter
of 6 mm for the medium (20 um to 60 pum) and coarse (40 pum to 250 pum) powder fractions.
The mixture of epoxy and crushed powder was sucked into the tubes with a small vacuum
pump. It was found to be advisable to use translucent plastic tube moulds, which enabled
visual monitoring and thereby control of the sample-filling process.



After hardening, the samples were scanned using pCT equipment, which gave 3-D images of
all particles within the limitation of the voxel size used. Particles down to the volume of 8 x 8
x 8 = 512 voxels were used for the shape analysis. This lower limit was employed since
particles with volumes smaller than 512 voxels, or about 8 voxels in each direction, do not
contain enough detail of the true particle shape to be worth computing SH coefficients. A few
percent of those particles analysed were automatically eliminated by error-correcting
software, usually because of touching particles that were interpreted as multi-particles. The
uCT equipment used was a Bruker Skyscan 1172 benchtop scanner, used for the 20 um to 60
pm and 40 um to 250 um size fractions, and a Zeiss XRM500 Versa instrument, used for the
4 um to 25 um size fractions. The image size, pixel size, smallest analysed particle sizes, and

number of analysed particles that generated valid SH coefficients are listed in Table 3.

Figure 3: Sample preparation for uCT scanning; (a) 5 % volume of crushed powder on top of epoxy resin prior
to dispersion; (b) homogeneous mixture of crushed powder dispersed in epoxy; (c) plastic tube mould and a

hardened sample prior to pCT scanning.

The resulting 3-D image, made by stacking many 2-D images, is a gray-scale image that
needs to be segmented to produce the final 3-D image. In the segmented 3-D digital image,
details below the voxel size have been lost, and it is possible that the volume of the particles
in the image could be a little smaller or a little larger than reality, due to the choice of
threshold used in the segmentation process. However, for larger particles whose volumes
could be easily experimentally measured, this technique did give an accurate value (1 % to 2
% uncertainty) of particle volume [39]. There can be errors in the SH coefficients due to
“ringing” effects in the actual SH coefficients, akin to the Gibbs’ phenomenon in 2-D Fourier
series [53], [54], but these errors for random particles mainly affect derivatives on the particle
surfaces, used in surface area and curvature computations. Since the shape parameters used in
this paper, including volume, do not make use of surface derivatives, the ringing affects were
neglected. SH functions [55] were generated using the X-ray puCT data for each of the
analysed particles. By using these functions, one can compute any geometric quantity of the
particle, which can be defined by integrals over the volume or over the surface or any other
algorithm using points on the particle surface or within the particle volume, since the SH

approach gives an analytical, differentiable mathematical form for the surface [55], [53], [54].



The VESD was used to describe the average particle “size” and was computed from the SH
analysis as defined in Ref. [55]. To give a measure of particle shape, the length (L), width
(W), and thickness (T) can be defined (ASTM 4791 [56]). These are also quite similar to the
set of three orthogonal distances used in sedimentary geology [53], [57]. L is defined as the
longest surface-surface distance on the particle, W is defined similarly, but the line segment
that defines W must be perpendicular to the line segment that defines L, and T is the longest
surface-surface distance whose line segment is also perpendicular to both L and W. All these
dimensions are computed from the SH analytical form for each particle [39]. Of course, after
determining L and W, the direction, but not the length, of the T line segment is fixed. The
two independent aspect ratios, L/T and L/W, can be used to calculate a characteristic aspect
ratio of a particle, since L, W, and T define a rectangular box that just encloses the particle.
The average over many particles of the value of the 3-D L/W can be compared to the
corresponding many-particle average of the 2-D L/W value defined by the DIA method [48].
The mean L/W ratios for different subsamples of the same particle type varied by + 0.02 for
both 2-D and 3-D measurements [48]. Note that the same X-ray uCT data could also have
been analysed with a principal components analysis (PCA) method [58], [59] which would
produce similar measures of particle dimensions. However, the results of the analysis of Refs.
[58], [59] would not be identical to the L, W, T computations herein, since different
algorithms are used to define these lengths. The principal axes of each particle, as determined
by PCA, are not necessarily aligned with the axes defining L, W, and T. For this paper, since
only ratios of L, W, and T are used as shape parameters, the PCA analysis may have been
sufficient. If other shape parameters were needed, for example, those involving the curvature,

the extra data that can be calculated from the SH analysis would be essential.

Table 3: uCT and SH analysis — pixel size, smallest analysed particle size, image size and number of analysed

particles.

3. RESULTS AND DISCUSSION

3.1. Shape characteristics as determined by 3-D uCT scanning and spherical harmonic
analysis method
Figure 4 illustrates the mean 3-D L/W ratios for all the different rock types and powder

fractions, as determined by X-ray uCT and SH analysis, plotted against the mean VESD of
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the bins for which they have been determined. Particles larger than 12 um and 150 um have
not been included in Figure 4a and Figure 4c, respectively, because for some of the ten rock
types less than 100 particles fell in the bins above these sizes, which did not allow for a
statistically valid result. An important observation from the plots in Figure 4 is that the mean
shape characteristics, for each rock type, varied by less than 5 % over all the separate size
bins. Another observation from results on Figure 4 is that the relative ranking of the mean
values of L/W for different rock types seems to be preserved across the bins of the 8 um to
120 pum size range when the size fractions (fine, medium and coarse) are considered
separately. This is, however, less obvious in the case of the bin range of about 4 um to 8 um
in Figure 4a and 120 um to 150 um in Figure 4b. For the case of the particles larger than 120
pm, the changes in the overall ranking of the shape might be attributed to the fact that only
slightly over 100 particles were included in each bin, which might give a less statistically
representative mean shape parameter of the bin. A bin was only analysed if there were at least
100 particles in it. In the case of particles smaller than 8 pum, the number of particles in one
bin was at least an order of magnitude higher. However, as was discussed in [50], for these
particles the influence of the crystallographic structure of the individual mineral on particle
shape seems to be more influential than the VSI shaping process. These two observations
were also found to be true in identical plots that used the L/T or the W/T ratios as shape
description parameters (not included in the paper) [50]. This justifies the usefulness of mean
shape parameters, which can be thought of as a single number representing the whole

analysed powder sample over a fairly wide particle size range.

Figure 4: Mean L/W ratios of the analysed crushed powders, with the x-axis corresponding to the VESD of the
median size of a bin: (a) 4 um to 25 um size fractions (shown to only 12 um, see text); (b) 20 um to 60 um size

fractions; (c) 40 um to 250 um size fractions (shown to only 150 um, see text).

The relation between the mean 3-D shape parameter ratios (L/T, L/W and W/T) of the
different rock types is presented in Figure 5. The data in Figure 5 show that the different
shape parameters are related, which is shown by the relatively high values of the squared
linear correlation coefficients, R? (all greater than 0.9 and most close to 1). Aschenbrenner’s
[60] shape factor F, determined from the mean values of the particle dimension, only varies
from 0.87 to 1.02, with an average value of 0.95 and only one value exceeding 1.0 [50]. This

suggests that most of the particles are quite equi-dimensional and not particularly prolate



(rod-shaped) or oblate (disc-shaped) [61]. It also means that it is reasonable to use only one
of the determined ratios between the three orthogonal axes (L, W, T) in order to rank the
different crushed powder samples in terms of their actual 3-D particle form. The 3-D L/W
parameter was chosen in order to relate more closely to the 2-D L/W ratio as determined by
the DIA method [48].

Figure 5: Relation between shape parameters L/T, L/W and W/T, as determined by 3-D uCT scanning and SH

analysis.

3.2. Shape characteristics as determined by 2-D DIA method

Figure 6 shows the mean 2-D L/W ratios, determined by the DIA method, plotted against the
mean DA (area equivalent circle diameter) of each bin in the various size ranges. The range
of equivalent particle sizes is wider for the DIA method in Figure 6 than for the
corresponding results obtained by the uCT SH method in Figure 4. One reason for this is
because for the analysis by the 2-D DIA method no minimum limit of pixels was set in order
to analyse the shape of a particle. This means that particles down to a single pixel size of 4.29
pm have been analysed for all the fractions. The second reason is that, in general, a much
larger number of particles were characterised by the DIA measurements, especially for the 4
pm to 25 um powders. Therefore, 2-D L/W statistically confident values were able to be
obtained for the smaller size bins in the 4 um to 25 pum size range and for the larger bins in
the 40 um to 250 pum size range. Results were not calculated for these two bins for the pCT
results, since the number of particles in these bins analysed by pCT was below 100, which

did not allow for a statistically valid result (see the discussion above).

Figure 6: Mean L/W ratio of filler fractions as determined by 2-D DIA method; x-axis corresponds to the equal
area circle diameter (DA) of the median size of a bin; (a) 4 um to 25 um fractions; (b) 20 um to 60 pm
fractions; (c) 40 um to 250 pum fractions. The small illustrations on the top right corners of the plots show

enlargements of the small DA data.

3.3. Relation between the shape parameters determined by the 2-D and 3-D methods

The results from Figure 4 and Figure 6 show that in the particle size range above about 40
pm VESD or DA the mean L/W ratios vary in a relatively narrow range of approximately 1.3

to 1.7, with the 2-D values being slightly higher. For particles with VESD < 40 um, the 3-D
10



method results stay within the same range, while the 2-D L/W values indicate two sharp
peaks at the small size end of the graphs (see Figure 6) for most of the analysed powder
samples. These peaks occur at a DA value of about 17.5 pum, which is between the 15 um and
20 um bins, and then again at the 5 um and smaller DA bin. The first peak at 17.5 pum is more
pronounced and has a higher absolute value for the two finest particle size fractions (4 um to
25 pum and 20 um to 60 pum), as can be seen from Figure 6a and Figure 6b, i.e. in the case
when more of the very fine particles were actually present in the analysed samples. The
height of the second peak is at mean L/W = 3.4 for all three particle size ranges.

The two observed peaks in the DIA measurements also affect the mean value of the L/W
ratios calculated for a whole particle sample, weighted by mass fraction. This is illustrated in
Figure 7 where mean L/W ratios for all the samples are compared for the 2-D and 3-D
methods. The mean 3-D L/W ratios (Figure 7a) are similar in magnitude for the three
different particle size ranges. However, the mean 2-D L/W ratios in Figure 7b are only
similar for the two smaller particle size ranges and are much lower for the coarsest particle
size range. One must also note that a direct comparison of the relative results in Figure 6 and
Figure 7 might be difficult, in particular for the results of the 4 um to 25 um size range. This
is because only bins where there were more than 100 particles were included in the plots in
Figure 7. For example, bins with particles larger than about 80 um were not included in
Figure 6a, but these particles were included in the calculation of the mean L/W ratios
weighted by the mass fractions presented in Figure 7. Because of this weighting, these large

particles would have a large effect on the mean L/W ratios.

Figure 7: Mean L/W ratio of the different crushed powder fractions; (a) 3-D uCT SH method results; (b) 2-D
DIA method results.

Some random 2-D projections were extracted from the T5 rock type 4 um to 25 pm size
fraction (T5-1) in order to visually observe the DIA particle projections at the first peak,
between 15 um and 20 um. The purpose was to evaluate whether any reason for the increased
equi-dimensionality could be seen visually. Only particles with 15 pm < DA <20 um and 2.3
< L/W < 3.0 were randomly chosen (see Figure 8). The T5-1 sample was selected as it has
the highest peak of the L/W values for particles between 15 um and 20 um VESD (see Figure
6a). The same exercise was repeated for the 3-D uCT method results from the same T5-1

powder particles of the corresponding equivalent size. However, the range of the L/W ratios
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of these particles went from 1.6 to 2.4, because no particles of a higher L/W ratio than 2.4
had been registered and very few with L/W exceeding 1.6. This is shown in Figure 9 where
some examples of 3-D images (created with Virtual Reality Modelling Language, VRML) of
the actual particles based on the SH method of approximating the shape [43], [55] are shown.
A comparison of Figure 8 and Figure 9 shows that the level of detail for the actual
appearance of the particle shape, achievable with the 2-D and 3-D methods for these very fine
particles, is quite different. Artefacts affecting the determined shape parameters, such as
touching multi-particles for example, can be made from the high resolution 3-D images in
Figure 9. On the other hand, the level of detail in Figure 8 is too limited to determine the
actual reason for the L/W peaks observed in Figure 6. By the naked eye, it appears that the 2-
D images in Figure 8 are a bit more angular than the 3-D images in Figure 9. However, the
low number of pixels per particle in Figure 8 does not provide enough shape detail in order to

confidently describe the angularity with mathematical parameters.

Figure 8: Some 2-D images captured by the DIA equipment (T5-1 crushed fines sample; 15 um < DA < 20 um;
2.3<L/W <3.0).

Figure 9: 3-D VRML images of random particles based on the results from pCT scanning and spherical
harmonic analysis (T5-1 crushed fines fraction; 10 um < VESD < 20 um; 1.6 < L/W < 2.4).

The reason for the two DIA peaks in the mean L/W plot for DA < 40 um (see Figure 6) is the
formation of particle flocs due to inter-particle attractive forces of different types, such as
adhesion and non-bonded van der Waals forces [62], [63], [64], [65], [66], [67]. These forces
can be strong enough so that the flocs were not broken up by compressed air flow in the DIA
equipment during the measurements. The preparation method for the uCT particle samples
allows for proper de-flocculation (see Section 2.2). This means that during the DIA
measurements, the very small particles could be adhering to the bigger ones and to each
other. As the particle size gets smaller, the formation of the flocs has a larger effect on the
measured particle shape. For example, two circular images, each of diameter D, with L/W =
1, when just barely attached to each other as in a floc, will now be a particle with L/W = 2.
During the DIA measurements, the build-up of very small particles in the corners of the high-
speed camera lens, when the 4 um to 25 um size fractions were analysed, was visually
observed. This means that the particles were adhering to the glass and to each other and had
to be wiped away after the measurement. One of the many digital images taken by the high-

12



speed camera during measurements on the T5-1 powder sample (Figure 10) illustrates this

phenomenon.

A similar problem as shown in Figure 10 was noticed for all the other 4 um to 25 pm samples
analysed, with an exception of the T9-1 and T10-1 samples, which do not indicate these
peaks in Figure 6a. Another study [49] on the PSD and specific surface area of the same
materials showed that T9-1 and T10-1 were the two coarsest (having virtually none of the
very small particles < 5 um equivalent size) samples in the nominal 4 um to 25 um particle
size range. This implies a smaller flocculation potential as the dominance of the electrostatic
forces decreases with increased particle size [62], [63], [64], [65], [66], [67]. It can also be
noted that previous studies on the same [49] and similar materials [48] with respect to their
PSD measurements revealed that the DIA method generally had limited ability for detecting
particles smaller than about an equivalent size of 30 um. This would imply that the number of
particles counted below this size is reduced, as they form larger particles by either adhering to
each other or to larger grains. Quantitative studies on the ability of certain crushed rock fines
materials to form flocs is an interesting further research direction for better understanding the
limitations of the DIA method.

Figure 10: A digital image taken by the high-speed camera during DIA measurements of the T5-1 crushed
powder sample. The red outlines around the dark grey spots indicate detected projections of crushed powder
particles that were used for the shape analysis. The light grey background represents the screen in front of which
the particles are falling and the dark grey layer on the left side indicates build-up of very small particles in the

corner of the high-speed camera lens.

In a previous study [48], we analysed SEM (Scanning Electron Microscope) micrographs of
crushed aggregate powders originating from some of the same rock types as studied in this
paper.

Figure 11 illustrates some micrographs obtained for the T1 and T2 rock type crushed powder
particles of about 20 pum to 100 pm in size. From these micrographs, the existence of much
smaller particles adhered to the surface of larger particles can be observed. Adhering small
particles could affect both shape and size analysis depending on the method of analysis.
When a layer of smaller particles is formed on a larger particle, the shadow dimensions of the
large particle are increased and the L/W ratio could also be increased as was discussed

previously.
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Figure 11: SEM micrographs of crushed aggregate powders with possible smaller (1 um to 10 um) particles
adhered to larger (20 um to 100 pum) particles; (a), (b) T1 rock type; (c), (d) T2 rock type [48].

The two-peak structure in the DIA data occurs for values of DA below about 30 um. At a
pixel size of 4.29 um, this size corresponds to about 7 pixels. In the 3-D X-ray CT data, the
size of particles analysed was restricted to being greater than about 8 voxels. Therefore, the
DIA peak structure is generated for particles that probably should not be analysed for shape,
because of having too few pixels for valid results. The peak for DA below 5 um, however,
can probably be further explained by the 4.29 um pixel size, since in this size range the value
of W for most particles will almost always be one pixel, while the length L is determined by
how many particles are adhered to each other. For the data sets that had very few particles
registered for DA below 5 um, T9-1 and T10-1, the peak at a DA value of 5 um in Figure 6a
was absent. Therefore, if we want to make 2-D vs. 3-D comparisons for the particles below

about 20 um in size, a different way of creating the 2-D projections needs to be carried out.

In order to understand whether the 2-D and 3-D methods are able to rank the different
crushed powder samples in the same relative order with respect to their mean L/W ratios, and
because of the issues discussed in the last paragraph, it was decided to use only the data
obtained from analysing particles with VESD or DA > 40 um. This decision excluded the
peaks in Figure 6. A plot of the 2-D vs. 3-D mean L/W data for particles with VESD or DA
> 40 um in the size fractions 40 pum to 250 um is presented in Figure 12. As can be seen from
Figure 12, a reasonably good agreement between the two methods is achieved, within
uncertainty. This is also illustrated by the relatively high squared linear correlation coefficient
R? equal to about 0.8. However, the relation from Figure 12b also indicates that the 2-D mean
L/W values are on the average about 10 % higher than the corresponding 3-D values. In
Figure 12b, the correlation line was constrained to go through the origin, to better compare
the 2-D and 3-D L/W ratios, since ideally both sets of measurements independently go
through the origin. When evaluating the results in Figure 12, it might seem that the indicated
error bars are large, and this would then reduce the practical meaning of this correlation
between the 2-D and 3-D shape parameters. However, this is misleading, due to the scale of
the axes of the plot in Figure 12, i.e. the results only include particles of very similar shapes

where the mean L/W ratios vary in the range of +/- 0.07 units or about +/- 5 %. Thus, as this
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correlation seems to work in the very narrow range of particle shapes, it is expected to be

even more applicable to study particles where the shapes vary over a wider range.

Figure 12: Correlation between mean L/W ratios of the crushed fines particles of 40 um to 250 pum size fractions
as determined by 2-D DIA and 3-D pCT SH methods. The error bars represent the estimated repeatability of the
test method, determined by analysing several sub-samples of the same powder type; (a) unrestrained linear
regression; (b) linear regression constrained to pass through the origin.

When evaluating the results from Figure 12, one has to also take into account that the DIA
shape results are based on image analysis of 2-D projections of 3-D particles. A 2-D vs. 3-D
correspondence is almost never exact with the exception of perfectly spherical particles [68].
In addition, one has to bear in mind the different sample preparation and measurement
principles of the two test methods and how the L/W shape parameters were determined. This
is because L/W ratios determined by both 3-D and 2-D methods (Figure 4 and Figure 6) are
based on different assumptions. L/W ratios determined by the 3-D method (Figure 4) are
based on a real 3-D model of a particle, by defining a rectangular box with dimensions L, W,
and T that just encloses the particle (see Section 2.2). This means that the three dimensions
are mutually orthogonal and L > W > T. Therefore, L/T > L/W. L/W ratios determined by the
2-D method (Figure 6) are determined on a random 2-D projection of a particle described by
the maximum and minimum Feret diameters Xrmax and Xgmin. As explained in Section 2.2, the
Feret diameters are defined by the maximum and minimum distance between parallel
tangents in a 2-D particle image (Figure 1), which are tangent only at points of positive
curvature and which may not touch other parts of the particle image. These maximum and
minimum distances are defined by line segments that are usually not orthogonal to each

other.

The only way to be able to directly compare 3-D X-ray UCT results to 2-D optical scanning
results, for individual particles and without algorithmic differences, is to use an algorithm
that computes the 2-D projections from the 3-D results. This algorithm was developed to
compute the projection of a particle, with origin at the centre of mass, onto the z = 0 plane.
For a particle projected in the orientation as it was scanned in the X-ray uCT scanner, the z-
direction is the direction perpendicular to the direction of scanning or parallel to the original
plastic tube sample. However, different projections can be computed by first rotating the
particle [53], [54] then computing the z = 0 projection. The algorithm is composed of several

simple steps, illustrated by Figure 13. Because of the SH analysis, the particle surface is
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represented analytically by the function r(0,0), where 6 and ¢ are the usual spherical polar
coordinates. The angle 0 is taken from the z axis, and the angle ¢ is taken from the positive x
axis, and is positive in the counter-clockwise direction. Figure 13 shows a slice through a
particle, taken along a direction ¢. The axes are as shown. For the chosen value of ¢, the
distance from the z-axis to the 3-D particle surface, for a given value of 0, is r(6,¢) sin(6), as
is shown in Figure 13. The maximum of this quantity is found over the range 0 < 6 < and is
defined as R(¢), one point on the outer edge of the 2-D projection.. The collection of these
lengths defines a function R(), which is the outline of the projection of the particle in the z =
0 plane. The function R(¢) is periodic and has no sharp edges or points, so can be used to
compute a Fourier series in cosine and sine, in the same way as the 3-D X-ray UCT data made
possible a spherical harmonic series, resulting in an analytical and continuous curve for the

projection [55].

Figure 13: Slice through a particle, taken along a direction ¢.

Next, the maximum and minimum caliper distances (Feret diameters) are computed,
illustrated in Figure 14, which is a 2-D projection of a particle like that shown in Figure 13.
The circle in Figure 14a shows a region of the projection that has positive curvature, along
with defining axes and the definition of R(¢). All the points of positive curvature of R(¢),
within some resolution limit (a few hundred points) are computed and saved using a grid of
points in ¢. Caliper lines can only touch a planar object at points of positive curvature, where
they are tangent lines. These positive curvature points are then checked to see if a line tangent
to any of these points touches the projection in another place. Figure 14b shows a line
segment that is tangent to a point of positive curvature that if extended does touch another
part of the projection. This point is not saved. If the tangent line does not touch another point
of the projection, which case is shown in Figure 14c, then this positive curvature point is
saved. Pairs of all the tangent line slopes of this collection are compared and are treated as
caliper pairs if their slopes are within 1 % of each other, making them parallel. The distance
between each pair of lines is determined, using ordinary geometric formulas, and the
minimum and maximum distances are found. These are then the minimum and maximum
caliper distances (Feret diameters) for this projection, and their ratio can be directly compared
to the DIA results.

Figure 14: A 2-D projection of a particle like in Figure 13.
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The optical DIA scanner captures only a single projection of each particle and it is assumed
by the manufacturer that there is no preferential orientation of particles during the particle
dispersion process by the suspending compressed air used. By analysing a large enough
number of randomly oriented particles the two measurement methods should yield similar

mean L/W ratios.

A comparison of particle characteristics, as determined from the 3-D shape analysis and from
the 2-D projections of the 3-D uCT SH particle models, has been compiled for five T5-3
particles in Table 4. Shape characteristics of the five particles were first determined over the
whole SH model surface in 3-D and then from 2-D projections in the z = 0 plane of the very
same 3-D particle models. The data in Table 4 illustrate that for a limited number of particles,
there indeed is no direct relationship between the actual 3-D L/W ratio and an L/W ratio of a
random 2-D projection of the actual 3-D shape. Moreover, the L/W ratios as determined in 2-
D from the Feret diameters (caliper distances; see column 7 in Table 4) can either be
considerably increased (see particles No. 1 and No. 2 in Table 4) or decreased (see particles
No. 4 and 5 in Table 4) compared to the actual 3-D values (see column 3 in Table 4),
depending on the particle orientation during the imaging of the 2-D projections. It can then be
anticipated that the relatively good correlation of the 3-D and 2-D data observed in Figure 12
will prevail, only if a large enough number of particles with no preferential orientation is
analysed allowing for a good statistical representation of the particle shape characteristics. It
can also be anticipated that fewer particles need to be analysed by the 3-D method to achieve
this representation. This is because analysis by the 3-D method provides the true L/W ratio
for each particle, while many different values can be obtained from the same particles in 2-D,
depending on the actual orientation with respect to the plane of projection. To better
understand this point, consider a collection of identical shape but different size tri-axial
ellipsoids, all with their axis lengths in the ratios 1:1.5:3,sothat L=3, W=15,and T=1. A
3-D determination of L/W results in 3/1.5 = 2, while looking at slices, L/W will range from

1.5 to 3, depending on how the ellipsoid is projected into a plane.

Table 4: Comparison of some particle characteristics of the T5-3 fines as determined from the 3-D shape
analysis (columns 2-5) and from the 2-D projections of the 3-D uCT SH particle models (columns 6-8). The 2-D

projections in column 8 come from column 4 VRML images.

17



Figure 15 illustrates the mean L/W ratios obtained from the 2-D projections of the 3-D
particle models for all the different rock types and powder fractions, plotted against the mean
DA of the bins for which they have been determined. These projections were obtained from
random rotation of the original 3-D particles as imaged in the X-ray uCT. These L/W results
can then be directly compared to the 2-D DIA results in Figure 6 and the 3-D results in Figure
4. It can be seen from Figure 15 that the two sharp peaks in the L/W ratios observed in Figure
6 at the particle size of about 17.5 pum (between bins of equivalent sizes 15 um and 20 pm)
and then again at the very small particle size bin described with the DA of slightly below 5
pum, are absent in the data extracted from the 3-D particle models. This would confirm that
the reason for the appearance of the two peaks seems to be mainly connected to the pixel size
of the high-speed camera in the DIA method, rather than flocs since any attached small
particles seem to be small compared to the minimum DIA pixel size (see Figure 11). A
comparison of Figure 4, Figure 6 and Figure 15 shows how the mean L/W ratios changed
depending on the method of analysis. The mean L/W ratios of the 2-D projections of the 3-D
particles, shown in Figure 15, had values (1.40 to 1.80) that were much closer to the DIA-
determined 2-D L/W ratios (also 1.40 to 1.80, shown in Figure 6). The mean 3-D L/W ratios
from the 3-D analysis, shown in Figure 4, ranged from 1.30 to 1.55. We wish to emphasize
that these accurate results, especially for the smallest particles, were only made possible by

directly computing the 2-D projections from the actual 3-D particles.

Figure 15: Mean L/W ratio of filler fractions as determined from the 2-D projections of 3-D uCT SH results, x-
axis corresponds to the equal area circle diameter (DA) of the median size of a bin; (a) 4 um to 25 pum fractions;

(b) 20 um to 60 um fractions; (c) 40 um to 250 um fractions.

The last question to be addressed is that of potential particle orientation in the various L/W
measurements. The question of particle orientation does not apply to the 3-D measurements
of L and W, since shape characteristics are determined over the actual surface of the 3-D
particle. However, as was seen in Table 4, the orientation of a particle has a large effect on
the shape of the 2-D projection, so any preferred spatial orientation in the actual 3-D particles
could affect the mean 2-D L/W ratio values. This applies to both the DIA method and the 2-D
projections from the X-ray uCT SH method.

One way to assess any orientation effects in the DIA results is to take the actual L, W, and T

values as measured by X-ray uCT SH, and use these to generate, via numerical simulation,
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sets of completely randomly oriented ellipsoids with their semi-axes matching the actual L,
W, and T values. The 2-D projection of a randomly oriented ellipsoid with axes (c > b >a) is
an ellipse with axes (A > ®). If we make ellipsoids with the same aspect ratios, as given by L,
W, and T, as the real particles, then we can use the techniques of Ref. [69] to see what will
happen with the average 2-D projections. By using ellipsoids, we can easily perform
extensive averages over many projections. Therefore, the 3-D uCT measurements of (L, W,

T) for each particle measured were used to create an ellipsoid with axes (c=L, b=W, a=T).
Each ellipsoid was rotated to a random orientation, and the 2-D ratio f = % was calculated

from the length of the ellipsoid axes and the Euler angles defining the orientation [69]. The
average value of g is an estimate for the average projected 2-D L/W value. The average
ellipse L/W was calculated from the population of particles, and the entire calculation was
repeated 20 times. The standard deviation in the calculated mean was always less than 0.01.
Table 5, in the “DIA (L/W)” and “Ellipsoid (L/W)” columns, shows the results of this
analysis. Excellent agreement is seen between these two datasets. Therefore, there are
probably no preferred directions in the suspending airstream in the DIA method, since the
generated ellipsoids were totally randomly oriented, implying that the particles in the DIA

method were also totally randomly oriented.

We next consider the X-ray UCT data. 2-D projections were prepared from each particle as it
was oriented in the original sample. The mean values of the 2-D L/W ratio were computed
and are presented in Table 5 in the “uCT (L/W), as scanned” column. In most cases, this data
is significantly higher than either the ellipsoid or DIA data, implying that there could have
been some degree of particle orientation as the particles, embedded in liquid epoxy, were
sucked into the plastic tubes, due to viscous forces. The 3-D particle models were then
randomly rotated, and the mean L/W ratios re-computed. This data is presented in Table 5, in
the “uCT (L/W), random angle average” column, and is now found to agree much more
closely with the ellipsoid and DIA data. We conclude that there were indeed particle
orientation effects on the 2-D projections of the 3-D shape data. These effects can be

removed by randomly orienting the 3-D particle models before computing 2-D projections.
Table 5: Comparison of measured and calculated shadow (L/W) ratios for particles of 40 pum to 250 pm
fractions using dynamic image analysis (DIA), uCT particles suspended in epoxy with and without orientation
averaging, and ellipsoids having major axes equal to the major axes calculated from the uCT particles. The last

column indicates the number of uCT particles used in the calculation.
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Figure 16 presents the final comparison between the 2-D DIA results and the 2-D X-ray uCT

SH results, with random rotations of each particle. The regression line was forced to go

through the origin. The trend line equation isy = 0.9793 - x, where X is the mean L/W ratio

obtained from the 2-D projections of the randomly-oriented 3-D uCT SH particle models and

y is the mean L/W ratio, as obtained by the 2-D DIA method. This slope of this trend line is

very close to unity, as it ideally should be, if all particle orientation effects are removed and a

sufficient number of pixels per particle size (about eight or more) is used.

Figure 16: Linear regression constrained to pass through the origin between mean L/W ratios of the crushed

fines particles of 40 pm to 250 um fractions as determined by 2-D DIA and from the 2-D projection of the

randomly-oreiented3-D pCT SH particle models. The error bars represent the estimated repeatability of the test

method, determined by analysing several sub-samples of the same powder type, and the slope of the regression
line is 0.98.

4. CONCLUSIONS
The following conclusions can be drawn from this study:

There are problems correctly detecting separate particles and measuring their shapes
for grains smaller than about 40 pum of equivalent diameter in the DIA measurement
method. This is due to the rather large pixel size used in the DIA method, 4.29 pum.
Using a smaller pixel size would allow the shape of smaller particles to be accurately
measured. Thus the actual resolution of the 2-D DIA method is an order of magnitude
lower than for the 3-D puCT SH approach, which was demonstrated to be able to
investigate particles down to a VESD value of about 3 um;

The available level of particle shape detail is much higher for the 3-D uCT SH
approach than is obtainable with the 2-D DIA method used;

The outcome of any method based on particle shape measurements taken from 2-D
projections of irregular 3-D particles, is dependent on the particle orientation during
the imaging process, while particle orientation during the 3-D uCT SH does not affect
the 3-D result. This means that significantly fewer particles need to be analysed by the
3-D uCT SH method in order to obtain a representative average result, since no
averaging over projection direction is needed. No particle orientation effects were
seen in the DIA method, while there was some particle orientation in the plastic tube

samples used in the X-ray HCT method, due to viscous forces when the epoxy-particle
20



mixtures were sucked into the tubes. These particle orientation effects on the
computed 2-D projections was overcome by randomly orienting the particles before
2-D projections were made;

If enough particles larger than DA = 40 pum are analysed by the 2-D DIA method, a
good limited indication of the actual 3-D shape of the irregular crushed aggregate
fines particles can be acquired. At this size, there are enough pixels across each
particle, for a pixel size of 4.29 um, to achieve valid shape measurements. For this
size particle and larger, the effects on the computed shape of much smaller particles
sticking onto the particle, as was seen in Figure 11, was insignificant. The DIA
method could potentially be recommended when quick results are needed for quality
control purposes of the shape of the crushed fine particles down to about 40 um in
size at the crushed aggregate quarries. We emphasize that this point could only be
concluded since the DIA method was checked against the more accurate 3-D uCT SH
method. For more complete information, especially at smaller particle sizes, the 3-D
MCT SH method with an appropriate scanner resolution is recommended instead of
the DIA method;

While the mean shape of 2-D projections do empirically correlate reasonably well
with 3-D measurements, at least in terms of the L/W ratio, the two measurements are

not the same and the correlation is only empirical.
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Table 1: Crushed rock fines used for the study.

g Crushed rock fines fraction
S| E
2| >
- — [72]
TOC(I; Rock Mono- or § é i i
ype Rock type | multimineral | & | € Fine Medium Coarse
designati name . | <
on 1c ©|g
3
[% [ [%| 4umto25 | 20 umto 60 | 40 um to 250
| pm pm pm
Mylonitic - .
T1 |quartz :\é'e“"morph 'C\"“'t'm'”era" 23| 12| T11 T1-2 T1-3
diorite
. Metamorph . .
T2 Gr';‘;'istséd ic/ igneous Eﬂu't'm'”era" a1 20| T21 T2-2 T2-3
9 (intrusive)
T3 |Quarzite | oamOrPn | Monomineral | 4o o5 | 13 T3-2 T3-3
T4 Anorthosi I_gneou_s Multiminerali 28 | 14 T4-1 T4-2 T4-3
te (intrusive) |c
Ts Ie_lmeston iedlmentar :\élconommeral 45 | 22 T5-1 T5-2 T5-3
T6 Ie_lmeston iedlmentar I(:ﬁlultlmlnerall 36 | 18 T6-1 T6-2 T6-3
T7 | Dolomite iemmentar mutaminerall | o5 | g2 | 7171 T7-2 T7-3
Igneous Multiminerali
T8 Basalt (extrusive) | 18 | 11 T8-1 T8-2 T8-3
. Igneous Multiminerali
T9 Aplite (intrusive) | c 40 | 20 T9-1 T9-2 T9-3
Igneous
T10 Gra}nltlc (|ntru5|ve)/_ Multiminerali 54 | 29 T10-1 T10-2 T10-3
gneiss metamorphi | ¢
C

# Determined according to the French standard NF P18-579 (1990) [51], [27].
® The Los Angeles values according to EN 1097-2 [52] have been approximated from the crushability testing
results using the correlation relationship available in [53].
¢ According to the XRD analysis results (Table 2) T5 and T6 have 95 % to 97 % carbonate minerals. However,
while T5 has 97 % limestone (CaCQOs), T6 has 74.5 % limestone (CaCO3) and 20.5 % dolomite minerals

(CaMg(CO3),) and thus cannot be considered monomineralic.
? The material was obtained from a natural gravel deposit and consisted of a mix of mainly gneiss and granite

rock types.
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Table 2: Mineralogical composition of the various rock types used, determined with quantitative XRD.

g | g o 2
=l 213 % % gl=]g|5
Rock type g5/ 21 |€|8|28|5|8|35|=3
5| .2 S o IS I [<) m < 5
s g|o&|3|3]|° :
p o O
Rock type designation | T1 | T2 | T3 | T4 | T5 | T6 | T7 | T8 | T9 | T10
Tested size fraction 4 umto 25 pym
Mineral or group of Mass %
minerals
Quartz 27.9|209|900| 65|23 |25|11|89 (362|178
Carbonate minerals 4.4 - |36 (106(97.7]/95.0|/95.0| 83| - |50
Epidote minerals 84 | - - (244 - - - |76 - -
Feldspar minerals 37.71639|39|331| - | 04|06 |26.5|58.2|58.8
Sheet silicates (micas®) | 1.3 | 3.7 | 15| - - |11] - | 522755
Sheet silicates (other) 6.7 | 44| - (204 - |04 |07]00]|0.0]|37
Chlorite 11314 |10|26| - |06]|16|20.2| 17|05
Inosilicate minerals 10 39| - |23 - - | 1111012 | 87
Iron oxide minerals - - - - - - - |35 - -
Other minerals 13 (19| - |02 - - - |88 - -

2 Biotite and muscovite.



Table 3: uCT and SH analysis — pixel size, smallest analysed particle size, image size and number of analysed

particles.

Fraction 4 pmto 25 20 umto 60 | 40 um to 250
pm um pm

Average pixel size used for

the uCT scanning [um] 0.32 171 3.87

Smallest analysed particle

size (VESD of a 512 voxel 3.18 16.97 38.41

particle) [um]

Image size [pixels] ca. 900 x 968 | 2000 x 2000 | 2000 x 2000

Mean number of particles 43930 1562 151 953 821

analysed
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Table 4: Comparison of some particle characteristics of the T5-3 fines as determined from the 3-D shape analysis (columns

2-5) and from the 2-D projections of the 3-D uCT SH particle models (columns 6-8). The 2-D projections in column 8

come from column 4 VRML images.

3-D UCT SH results 2-D projections of 3-D SH models
Images of the actual particles based on the SH Outline of the 2-D
N | VES method of approximating the shape created DA projections of the 3-D
0 D) L/ with VRML L/ particles in the
W As scanned, Another characteristic W | direction of z-axis and
m positive z-axis view [um the measured Feret
[um] facing the viewer ] caliper distances
1 2 6 7 8
] -
1
i
i
1 103. 116. | 1.4
' 6 3 6
2. | 61.3 52.1 18
9
3.1 791 67.9 L7
0
4. | 401 30.2 11
3
68.7 | 1.4
5 | 822 4 5
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Table 5;: Comparison of measured and calculated shadow (L/W) ratios for particles of 40 um to 250 um

fractions using dynamic image analysis (DIA), UCT particles suspended in epoxy with and without orientation

averaging, and ellipsoids having major axes equal to the major axes calculated from the uCT particles. The last

column indicates the number of uCT particles used in the calculation.

2-D 2-D projections of 3-D data
uCT
CT L/W), — Number of
Rock Type DIA (L/W) (LKN), as r(andOZn Ez:l?\j\c;)'d particles
scanned angle analysed
average
Tl 1.53 1.55 1.53 1.52 190736
T2 1.57 1.61 1.58 1.56 130904
T3 1.52 1.71 1.63 1.60 38930
T4 1.51 1.53 1.52 1.50 117824
T5 1.46 1.52 1.50 1.49 91545
T6 1.44 1.47 1.45 1.43 126120
T7 1.55 1.62 1.60 1.59 100208
T8 1.49 1.59 1.55 1.52 50441
T9 1.50 1.57 1.55 1.53 57249
T10 1.57 1.60 1.57 1.55 49864
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3-D uCT & Spherical Harmonics crushed aggregate fine particle
(60 pm - 100 um) models and 2-D projections of the models

Graphical abstract
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Highlights:
= The 2-D DIA method is unable to measure shape of particles smaller than 40 um.
=  Main limitation of the 2-D DIA method is the pixel size and particle flocculation.
= The 2-D DIA method shows satisfying results for particles larger than 40 um.

The 2-D DIA method is applicable for simple quality control at hard rock quarries.
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