Three dimensional shape analysis of concrete aggregate fines produced by VSI crushing
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Abstract: We studied the 3-D shape of concrete aggregate fines with particle sizes between 3 µm and 250 µm produced by high-speed vertical shaft  impact (VSI) crushing. Rock types from 10 different quarries, representing a wide range of local Norwegian geology with respect to mineralogy and mechanical properties, were examined. These included igneous (intrusive and extrusive), metamorphic, and sedimentary rocks that were both mono- and multi-mineralic. VSI crushing seemed to be able to affect the shape of crushed concrete aggregate fines for the whole analysed size range, independent of the mineralogical composition of the rocks included in the study. The change in average particle shape was somewhat lower for the particle size range smaller than about 15 µm, where there seems to be a greater influence of the crystallographic structure of the individual minerals. Particles of the rock type containing the highest mica content (5.5 %, by mass) had the least equidimensional shape. The most equidimensional shape, in a given particle size range, was found for both limestone rock types that were analysed. A new shape parameter, the micro-Flakiness Index (µFI), has been proposed to characterize the shape of the fine crushed concrete aggregate particles to enable practical use of shape parameters.
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1. INTRODUCTION

Vertical shaft impact (VSI) rock-on-rock crushing is a popular technique used for improving (i.e., making the particles more equi-axed) the average shape of crushed aggregate particles, especially as part of the last comminution stage at hard rock quarries for production of high quality crushed sands [1], [2], [3], [4], [5], [6], [7]. The industries that make the most use of crushed rock and sand, the concrete and asphalt industries, tend to find the flow of their suspensions before hardening to be greatly influenced by particle shape, with more equi-axed particles giving easier flow characteristics. This is why the definition of “improving” the particle shape is used for describing the effect of VSI crushing. The advantage of the VSI crusher in sand production is that it produces equidimensional particles in most of the size ranges where particle shape is easily measurable by common “macro-scale” test methods, i.e. down to about 1 mm [8], [9], [10]. The disadvantage is that it produces a larger amount of fines[footnoteRef:1] (also referred to as filler or powder in this paper) than does the more common cone crusher technology [11], [12], [13], [14], because the dominant size reduction mechanism is inter-particle attrition and impact [11]. [1:  The particle size definition of concrete aggregate fines is diverse. According to the European EN 12620 standard [95] fines are all material less than 63 μm. The US ASTM standard C33 / C33M – 13 [94] has a similar limit of 75 μm. For practical concrete purposes, it is, however, most common that all material less than 125 μm [76] or 250 μm [96] is referred to as fines.] 


Typically, the largest practical concern with respect to the application of crushed sand in concrete is the rheological performance of fresh mixes [3], [15], [16], [17], [18], [19], [20], [21], [22]. Studies with respect to the effect of different aggregate particle size ranges on the rheology of fresh concrete suggest that particle shape characteristics matter more as particle size decreases [23], [24], [25]. VSI is known to change aspects of particle shape. To fully understand how VSI crushing does this, and the complete range of particle shape changes it can make, it would be  necessary to understand the influence of all the variables involved  in VSI crushing (e.g., rotor speed, cascade flow, influence of a closed circuit, feed rock size and characteristics). In this paper, for a given set of VSI variables, we only look at the effect of VSI crushing on the shape characteristics of aggregate particles smaller than 1 mm.

Since VSI crushing creates a considerable amount of fines, this process increases the smaller portions of the particle size range specified for a given application. Therefore, it is also necessary to measure the average shape of the new fines actually produced, rather than only changes in the average shape of the powder particles in the specified particle size range. This is because, experimentally, it is impossible to distinguish, in the same size range, between the fine particles created during the process and those that were part of the original feed material.

A limited study of simple shape analysis of VSI processed crushed aggregate particles smaller than 1 mm has been performed by Bengtsson [26] and Bengtsson and Evertsson [11]. They have measured shape characteristics of sand particles crushed from tonalite rocks, which is an igneous, intrusive rock, of felsic composition. The sand particles were produced using either a cone crusher or a VSI.  The F-shape parameter is defined to be the ratio between the maximal and minimal Feret diameters xFmax and xFmin, which are defined by the maximum and minimum distance between parallel tangents in a 2-D particle image projection [27]. The xFmax and xFmin parameters are determined from analysis of 2-D images obtained by light microscope or scanning electron microscope (SEM) images, depending on the particle size, of polished sections of narrow particle fractions cast in epoxy. In these studies [11], [26],  a VSI was run at three different rotor velocities, i.e. low (45 m/s), medium (60 m/s) and high (75 m/s). The results showed [11], [26] that the VSI rotor needs a minimum rotor velocity in order to significantly change the average particle shape, compared to the cone crusher results, and a higher rotor velocity led to increased fines content and more equidimensional particles in the sand particle size range of 0.063 mm to 4 mm. Bengtsson [26] and Bengtsson and Evertsson [11] also demonstrated that sand particle shape, produced with the medium cone crusher chamber set at a value of 20 mm for the Closed Side Setting (CSS), was much less equidimensional compared to that produced at high rotor speed (75 m/s) in a VSI . The CSS is the minimum distance between the liner (the inner part of the cone crusher) and the concave (the external part of the cone crusher) at the discharge end of the crushing cavity (the space between liner and concave where crushing action itself takes place). 

In another study, Åkesson and Tjell [28] analysed the F-shape parameter of crushed aggregate fine particles in a size range of 0.036 mm to 1 mm, which were taken from eight different Swedish granite and gneiss rock types composed of various amounts of quartz, feldspar and mica. The analysed particles were produced by using particles of size between 4 mm and 8 mm to feed a VSI running at a rotor velocity of 60 m/s. The selection of materials for their study was based on varying the size of individual mineral crystals in the rock (micro to coarse grained) and mica content (2 % to 35 %, by volume). Their results showed that the VSI crusher had improved (in the sense defined above) the F-shape distribution and average of all the materials with particle size above 0.036 mm, except for one rock sample in the particle size range of 0.036 mm to 0.063 mm, compared to cone crushed powders using the same rock types. The rock type where there was no relative improvement in the 0.036 mm to 0.063 mm size range was the one with the highest mica content. From these results, Åkesson and Tjell [28] concluded that it may be possible to improve the shape of single quartz and feldspar free mineral grains while the shape of a single mica grain may not be improved by the VSI. This conclusion was supported by the fact that the relative improvement of the shape could be related to the concentration of the mica in the parent rock. 

The theoretical mechanism of impact comminution used by the VSI suggests that cleavage during crushing could be expected to take place in most solids over the plane of least surface energy, which are the individual mineral grain boundaries of the crushed rock materials [29]. This mechanism seems to form the foundation for the common opinion of aggregate and concrete production engineers regarding how the shape of very fine aggregate particles will be affected during rock crushing. Lagerblad, et al. [30] have argued that, below a certain size, the particles from crushed rocks are mainly free minerals. The type of free minerals depend on the rock type, and the mineral grain size of the rock determines the particle size when free minerals appear. Lagerblad, et al. [30] have also stated that at small particle sizes, the shape of the particle depends on the crystallographic structure of the individual mineral and the most troublesome minerals are those of the mica group as the crystal structure as such is quite layered. However, this statement has been only partly experimentally verified for the mentioned free mica particles, which are known to result from cleavage of thin layered sheets and are thought to be easily warped. This is why it is also believed that they might not be easy to crush, because the flaky sheets may deflect in the crushing chamber instead of being crushed, and their actual size and shape in the crusher product should then be similar to their mineral size and shape in the parent rock [31]. This has been partly confirmed experimentally by several researchers [32], [33], who have found that for some rock types it is indeed possible to observe a peak of the free mica content between 250 μm to 500 μm or 125 μm to 250 μm crushed filler sizes that corresponds to the approximate mineral size in the parent rock texture. It must, however, also be noted that enrichment in the free mica particles was also found for grains ≤ 63 μm [32], [33], and in fact some free mica grains were found also among the rest of the analysed particles.  This suggests that some shaping of the mica particles is actually possible, as the chipped off pieces of the free mica particles probably end up in the ≤ 63 μm particle size group and cause the observed enrichment.  In the reported studies [32], [33], no attempts to systematically study the shape of the free mica grains has been reported.

A new development within the last fifteen years is the use of X-ray computed tomography (CT), 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 [34], [35], [36], [37], [38], [39], [40], [41], [42], [43], [44], [45]. This technique has been successfully applied to obtain differentiable mathematical functions describing the actual 3-D shape of crushed rock aggregate powders as small as a Volume Equivalent Spherical Diameter (VESD) of 3 µm [45]. Performing 3-D shape analysis will avoid any 2-D artefacts, since image analysis only deals with 2-D projections of the particles.

This paper presents detailed studies of the 3-D shape of VSI crushed concrete aggregate fines from 10 different Norwegian rock types, each in three fractions, using the µCT SH method. The goal is to develop an approach for quantitatively describing the shape of crushed concrete aggregate fines that will help to assess the effect of different rock types on shape and, eventually, the effect of shape on fresh properties of concrete.






2. MATERIALS AND METHODS

2.1. Materials

Fine aggregate powder materials used for this study were produced from 10 different blasted and crushed rocks with the nominal size range of about 4 mm to 22 mm. The rock types, used for concrete aggregate production, were chosen from 10 different quarries in Norway to represent a wide range of local mineralogy and mechanical properties. This included (Table 1) intrusive and extrusive igneous, metamorphic, and sedimentary rocks that were both mono- and multi-mineralic. Further processing included high rotor speed (70 m/s) VSI crushing to generate fines and static air-classification of the crusher products into three distinct size fractions with approximately the following d10 to d90 ranges: 4 µm to 25 µm (fine), 20 µm to 60 µm (medium) and 40 µm to 250 µm (coarse) (Table 1). The parameter dN is the particle size at which N percent, by mass, of the particles have sizes less than dN. The finest powder fraction (4 µm to 25 µm) included all the particles smaller than 4 µm generated during the crushing, where particle size was defined by the air-classification process. Air classification uses air to classify a product by size and shape. By accelerating air inside a chamber and adding crushed sand or other mineral feed into the chamber, one can use the counteracting gravitational and/or centrifugal forces versus the drag force of the air to create a classification of particles by their combined shape, weight and density [46]. The initial or original material is divided into two products: coarse and fine. Classification is characterized by a particle cut-size, which is the border between these fractions [47]. Due to various stochastic factors (e.g., air turbulence, particle collisions, variations in feed moisture), some fines get into the coarse product and vice versa [47]. Over recent decades a number of air classifiers have been developed and a comprehensive overview of different types of air classification equipment is provided in [47]. In total, 30 different fine powder samples were produced (Table 1): 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 of the 4 µm to 25 µm size fractions (Table 2) [48].

The VSI crushing and air-classification experiments are described more fully in [10].The experiments were performed under controlled conditions at full scale test facilities and are thus representative of real production facility processes. The air classification consisted of three consecutive classification steps of initial ≤ 2 mm feed materials.  Detailed studies of the particle size distribution (PSD) and specific surface area of all the crushed fines were presented in [48].
[bookmark: _Ref391557892]
[bookmark: _Ref414389433]Table 1: Crushed rock fines used for the study.
	Rock type designation
	Rock name
	Rock type
	Mono- or multimineralic
	Crushabilitya
	 Los Angeles valueb
	Crushed rock fines fraction

	
	
	
	
	
	
	Fine
	Medium
	Coarse

	
	
	
	
	[%]
	[%]
	4 µm to 25 µm
	20 µm to 60 µm
	40 µm to 250 µm

	T1
	Mylonitic quartz diorite
	Metamorphic
	Multimineralic
	23
	12
	T1-1
	T1-2
	T1-3

	T2
	Gneiss/ granite
	Metamorphic/ igneous (intrusive)
	Multimineralic
	41
	20
	T2-1
	T2-2
	T2-3

	T3
	Quarzite
	Metamorphic
	Monomineralic
	49
	25
	T3-1
	T3-2
	T3-3

	T4
	Anorthosite
	Igneous (intrusive)
	Multimineralic
	28
	14
	T4-1
	T4-2
	T4-3

	T5
	Limestone
	Sedimentary
	Monomineralicc
	45
	22
	T5-1
	T5-2
	T5-3

	T6
	Limestone
	Sedimentary
	Multimineralicc
	36
	18
	T6-1
	T6-2
	T6-3

	T7
	Dolomite
	Sedimentary
	Multimineralic
	98
	92
	T7-1
	T7-2
	T7-3

	T8
	Basalt
	Igneous (extrusive)
	Multimineralic
	18
	11
	T8-1
	T8-2
	T8-3

	T9
	Aplite
	Igneous (intrusive)
	Multimineralic
	40
	20
	T9-1
	T9-2
	T9-3

	T10
	Granite/ gneiss
	Igneous (intrusive)/ metamorphic
	Multimineralic
	54
	29
	T10-1
	T10-2
	T10-3

	a Determined according to the French standard NF P18-579 (1990) [49], [10] .

	b The Los Angeles standard values according to EN 1097-2 [50] have been approximated from the crushability testing results using the correlation relationship available in [51].

	c According to the XRD analysis results (Table 2) T5 and T6 have 95-97 % carbonate minerals. However, while has 97 % limestone (CaCO3), T6 has 74.5 % limestone (CaCO3) and 20.5 % dolomite minerals (CaMg(CO3)2) and thus cannot be considered monomineralic.
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Table 2: Mineralogical composition of rock types T1-T10 determined with quantitative XRD [48].
	Rock type
	Mylonitic quartz diorite
	Gneiss/ granite
	Quartzite
	Anorthosite
	Limestone
	Limestone
	Dolomite
	Basalt
	Aplite
	Granite/ gneiss

	Rock type designation
	T1
	T2
	T3
	T4
	T5
	T6
	T7
	T8
	T9
	T10

	Tested fraction
	4 µm to 25 µm

	Mineral or group of minerals
	Mass %

	Quartz
	27.9
	20.9
	90.0
	6.5
	2.3
	2.5
	1.1
	8.9
	36.2
	17.8

	Carbonate minerals
	4.4
	-
	3.6
	10.6
	97.7
	95.0
	95.0
	8.3
	-
	5.0

	Epidote minerals
	8.4
	-
	-
	24.4
	-
	-
	-
	7.6
	-
	-

	Feldspar minerals
	37.7
	63.9
	3.9
	33.1
	-
	0.4
	0.6
	26.5
	58.2
	58.8

	Sheet silicates (micasa)
	1.3
	3.7
	1.5
	-
	-
	1.1
	-
	5.2
	2.7
	5.5

	Sheet silicates (other)
	6.7
	4.4
	-
	20.4
	-
	0.4
	0.7
	0.0
	0.0
	3.7

	Chlorite
	11.3
	1.4
	1.0
	2.6
	-
	0.6
	1.6
	20.2
	1.7
	0.5

	Inosilicate minerals
	1.0
	3.9
	-
	2.3
	-
	-
	1.1
	11.0
	1.2
	8.7

	Iron oxide minerals
	-
	-
	-
	-
	-
	-
	-
	3.5
	-
	-

	Other minerals
	1.3
	1.9
	-
	0.2
	-
	-
	-
	8.8
	-
	-

	a Biotite and muscovite.
	
	
	
	
	
	
	
	
	
	




2.2. X-ray µCT combined with spherical harmonic analysis (3-D method)

Combining X-ray µCT with spherical harmonic (SH) analysis for particle size and shape measurements was introduced in [34], [35], [36], [37], [38], [39], [40], [41], [42], [43], [44], [45] and has been applied to similar crushed aggregate materials in [45] and [52]. Sample preparation involved casting samples of the crushed powders in epoxy at about 5 % volume concentration and allowing hardening without segregation. After hardening, the samples were scanned using μCT equipment and complete three-dimensional renderings of the digitized particle size and shape were obtained 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 analysis. This lower limit is employed since smaller particles are hard to distinguish from background noise in the μCT-scanning, and not enough of details of the particle geometry can be obtained for these smaller particles. The μCT equipment used was a benchtop scanner (Skyscan[footnoteRef:2]* 1172 by Bruker), used for the 20 µm to 60 µm and 40 µm to 250 µm size fractions, and an XRM500 Versa instrument (Carl Zeiss X-ray Microscopy) for the 4 µm to 25 µm size fractions.  The image size, pixel size, smallest analysed particle sizes and number of analysed particles are listed in Table 3. The resulting 3-D image, made by stacking the many 2-D images of the sample, 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 [36]. Once the particles are disstingusihed from the background, they are computationally  extracted and used to generate spherical harmonic (SH) coefficients that define the particle [34]. . Using SH 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 particle surface and volume [34], [53], [54].  There can be errors in the surface area due to “ringing” effects in the actual SH coefficients themselves, akin to the Gibbs’ phenomenon in 2-D Fourier series [53], [54], but these errors for random particles are small. [2: * 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.] 


To describe an average particle “size” we then used the volume equivalent sphere diameter (VESD), which is the diameter of a sphere with the same volume as a given particle.  To give a measure of particle shape, the length (L), width (W), and thickness (T) can be defined (ASTM 4791 [55]). L is defined as the longest surface-surface distance on the particle, W is defined similarly, but it must be perpendicular to L, and T is the longest surface-surface distance that is perpendicular to both L and W [36]. Therefore, T  W  L. These dimensions are in principle different from the 3-D equivalents of the 2-D Feret diameters. The two independent aspect ratios, L/T and L/W, are then an estimate of the average aspect ratio of a particle, since L, W, and T define a rectangular box that just encloses the particle. The mean L/W ratios for different subsamples of the same powder type varied in the range of ± 0.02.
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Table 3: µCT and SH analysis – pixel size, smallest analysed particle size, image size and number of analysed particles.
	Fraction
	4 µm to 25 µm
	20 µm to 60 µm
	40 µm to 250 µm

	Average pixel size used for the µCT scanning [µm]
	0.32
	1.71
	3.87

	Smallest analysed particle size (VESD of a 512 voxel particle) [µm]
	3.18
	16.97
	38.41

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

	Mean number of particles analysed
	43 930
	1 562 151
	953 821




3. RESULTS AND DISCUSSION

3.1. Shape characteristics determined by 3-D µCT scanning and spherical harmonic analysis

Figure 1 illustrates mean L/W ratios for all the different rock types and powder fractions, plotted against the mean VESD of the bins for which they have been determined. Particles larger than 12 µm and 150 µm have not been included in Figure 1a and Figure 1c, respectively, because for some of the ten rock types there were less than 100 particles in the bins outside these sizes, which did not allow for a statistically valid result. An important observation from the plots in Figure 1 is that the mean shape characteristics for each rock type are essentially the same over all the separate size bins, within an uncertainty of about 5 %. The results from Figure 1 also show that the relative ranking of the shape of crushed aggregate particles from different rock types seems to be about the same over each of the three particle size ranges. 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). This justifies the potential usefulness of mean shape parameters, which are a single number representing the whole analysed powder sample over a fairly wide particle size range.

The L/W ratios in Figure 1 also show that the shape of the aggregate particles of different rock types are somewhat more similar for particles bigger than about 15 µm equivalent size (VESD), since there is a lower range of variation for the L/W ratios of different rock types for particles bigger than about 15 µm VESD. It also appears that the particles below about 15 µm in size have slightly higher values of the L/W ratios than do the larger particles. Higher values of L/W means less equidimensional particles. This fact suggests that, as the particle size decreases, it is more difficult to affect shape characteristics by the means of VSI crushing. At small particle sizes, it is possible that shape depends more on mineral grain shape than on the VSI crushing process [30], [28]. The same trend can also be seen from analysing the L/T and W/T ratios of the particles when plotted in the same manner as seen in Figure 1 (not included in the paper). 

It can also be seen in Figure 1 that the relative ranking of the particle shapes among the various rock-types, though the same within one of the three size ranges, is different between the three analysed particle size ranges, i.e. 4 µm to 25 µm, 20 µm to 60 µm or 40 µm to 250 µm. For example, the most equidimensional shape, or with L/W value closest to unity, was found for the T6 crushed fines, for all three particle size fractions studied. On the other hand, the least equidimensional shape, or highest mean L/W value, was either T3 or T10, depending on which particle size fraction is considered. Remember that the different particle size fractions were produced by means of air-classification. Air classification can affect the distribution of particle shapes among the three different particle size ranges produced from the same rock type, because the path of movement of a particle in the air-classification chamber is affected also by its shape [47], [56], [57], [58], [59], [60]. As a result, certain shapes of particles can preferentially be enriched in either of the two air classification products at either side of the cut-point. This could then be the reason why particles of the same rock-type that belong to the same size-bin, but are obtained from different nominal size-fractions, have somewhat different mean L/W ratios. See, for example, the size range of  40 µm to 65 µm VESD in Figure 1b and Figure 1c, which is present in both figures, where the mean L/W ratios for particles of the same equivalent size are systematically higher for the finer (20 µm to 60 µm) fractions in Figure 1b. Johansson and Evertsson [58] have performed air-classification experiments with quite similar VSI crushed aggregate powders and also observed that the less spherical particles are more likely to end up with the fine product of the classification. They explained this by the fact that the drag on the particles, which affect the results of the air-classification, depends on the particle shape.
[image: ]
[bookmark: _Ref410152727]Figure 1: 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 µm  to 25 µm size fractions (shown to 12 µm, see text); (b) 20 µm to 60 µm size fractions; (c) 40 µm to 250 µm size fractions (shown to 150 µm, see text). The lines merely connect the data points and serve as a guide to the eye.

The relation between the mean 3-D shape parameters (L/T, L/W and W/T) of the different rock types is presented in Figure 2. The data in Figure 2 show that the different shape parameters of the crushed aggregate fractions produced by VSI crushing are mutually related, which is illustrated by the relatively high squared linear correlation coefficients R2, all greater than 0.9 and most close to 1. This implies that the VSI crushing process similarly affects flatness and elongation, reducing both at the same time, since elongation relates more to the L/W ratio and flatness relates more to the W/T ratio.

[image: ]
[bookmark: _Ref410152970]Figure 2: Relation between shape parameters L/T, L/W and W/T, as determined by 3-D µCT scanning and SH analysis.

3.2. Form models

Shape classification concepts developed by sedimentary petrologists will be used to better interpret the particle shape differences among the VSI crushed fines. In sedimentary geology, the lengths of three orthogonal axes D1 ≥ D2 ≥ D3 have been used to quantify particle shape since 1930 [61]. The triaxial dimensions D1, D2, D3 are widely used in the sedimentary geology literature but are defined slightly different than the previously defined L, W, T (see section 2.2.2) that are used to characterise aggregate shape in the construction industry [53]. D1 is defined to be the length of the longest line segment that can be drawn between any two surface points. D2 is the longest dimension of the maximum projected area of the particle that is also perpendicular to D1, and D3 is the longest dimension perpendicular to both D1 and D2 [62]. L is defined to be the particle's longest axis and is thus equal to D1. W is the longest axis perpendicular to L and need not bear any relation to the maximum projected area. D2 must also be perpendicular to L, but is constrained to lie in the plane of maximum projected area, so D2 ≤ W. Finally, T is the longest axis that is perpendicular to both L and W. Even though there are slight differences in the definition, it has been demonstrated by Bullard and Garboczi [53] that the triaxial dimensions D1, D2, D3 are essentially numerically identical to the L, W, and T dimensions. Thus only the L, W, and T dimensions are used in further discussion, since they arepractically equivalent to the D1, D2 and D3 dimensions, and because these were the parameters actually determined for the particles analysed in the paper.

Particle shape analysis usually incorporates three geometrical descriptions: form, roundness, and surface texture. These are in principle distinct and separately definable properties [63]. The three concepts are qualitatively illustrated in Figure 3. While shape may also have different meanings for the same person, the two concepts recognized by Griffiths [64] and Sneed and Folk [65] are maintained in the discussion below. Shape is taken to include roundness (=smoothness) and surface texture, and form is used, following the proposal by Sneed & Folk [65], to approximate the gross overall shape of a particle, and is independent of roundness and surface texture [66].

FORM
ROUNDNESS
SURFACE TEXTURE

[bookmark: _Ref413094223]Figure 3: A particle outline (heavy black solid line) with its component elements of form (light solid red lines, two approximations shown), roundness (dashed blue circles) and texture (dotted black circles) identified [66]. 

As illustrated in Figure 3, form in this case is defined by the three dimensions of a particle based on ratios between the proportions of the long (L), medium (W), and short (W) axes of the particle, which can be used to define the smallest circumscribing ellipsoid or box. A more spherical form is obtained by a particle with nearly equal particle dimensions, L = W = T. Roundness is a measure of the sharpness of the edges and corners of a particle or the degree to which the contour of a particle fits the curvature of the largest sphere that can be contained within the particle (inscribed sphere). Surface texture can be understood as the topography of the surface of a particle on length scales much smaller than the form dimensions, and it is essentially independent of both form and roundness [66], if it can be defined at much smaller length scales. If the length scales of the form dimensions are close to the length scale of the roughness, then these are no longer independent quantities.

Zingg [67] was the first to propose a classification system for particle form based on the three orthogonal axis (L, W, T). He noted that only two independent ratios can be obtained from these three parameters. The values of these two ratios completely define the form within this model. Based on this observation, he introduced a diagram (Figure 4a) where the flatness ratio p = T/W is plotted against the elongation ratio q = W/L and defined four shape classes on the basis of an arbitrary fixed 2/3 ratio. These shapes are called I disc; II sphere/cubic; III blade (flat and elongated); and IV rod (Figure 4a). The II class can be a sphere or a cube, since both are equidimensional under the definition we are using for form. The drawback of the simple system by Zingg [67] is, however, that the obtained particles classes are very wide and not suitable for distinguishing between particles of a comparably similar shape.

Other mathematical interpretations of the form have also been devised. Wadell [68], [69], [66], argued for using the sphere as a reference form (Ψ), and considered that the deviations are best represented by ratios of the particle volume to the volume of the circumscribing sphere:

	
,
	[bookmark: _Ref413240037](1)

	where
Vp = volume of the particles;
Vcs = volume of the circumscribing sphere.

	


Wadell’s [68], [69] definition is, however, sensitive to both roundness, as well the form, because rounding the edges of a cube changes Wadell’s sphericity, but not its form, as defined by the L/W value [66]. Therefore, it is not equivalent to the form as defined by Zingg [67], but includes some aspect of roundness. The difference between the approaches of Zinng [67] and Wadell [68], [69] for describing particle shape was reduced by Krumbein [62], [66].  He [62], [66] derived an equation (Equation (2)) for estimating Wadell’s [68], [69] sphericity from measurements of the three orthogonal axes of a particle. The principal assumption of the derivation was that the rock particle could be approximated by an ellipsoid. Krumbein’s definition of sphericity, which he denoted as intercept sphericity, is then the cube root of the volume ratio of the ellipsoid, defined by three axes equal to L, W, and T, to the volume of the circumscribing sphere, which has diameter equal to L [62], [66]. In contrast to Wadell’s [68], [69] interpretation, Krumbein’s [62] intercept sphericity is a function of the form only, as has been defined [66]. 

	
,
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Krumbein [62] also recognized that lines of equal intercept sphericity plot as hyperbolic curves on Zingg’s [67] diagram (Figure 4a) [66], but later Aschenbrenner [70], [66] recognized that another parameter was needed to describe variations in the form for particles of equal sphericity. He [70] introduced a shape factor F that had a range of 0 to infinity and that could also be plotted on the Zingg’s [67] plot (Figure 4a):

	
.
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If the shape factor F is greater than 1.0, then L/W is greater than W/T, so the shape is more prolate (rod-shaped). If the shape factor is less than 1.0, then L/W is less than W/T, and the shape is more oblate (disc-shaped) [71]. Williams [72] provided a transformation of Aschenbrenner’s [70] shape factor to range from +1 to -1. 

In addition to the above form descriptions, other parameters have been devised to estimate form from the three orthogonal axes (L, W, T). For example, Barrett [66] has listed 12 and Rodriguez et al. [73] have listed 11 different parameters describing particle form, which have been derived from L, W, and T. The most applicable form description parameter can also be chosen based on performance based criteria. For example, Hofmann’s shape entropy, SH, (see Equation (4)) [74] has attracted attention recently for its ability to correlate well with particle setting velocity [75], [76]:

	
,
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where



However, Mclean [77]  has argued that the most widely used method for designating particle form is still the first classification method by Zingg [67], because of its simplicity and ease of use and interpretation. 

3.3 Modelling form with µCT SH data

The data from Figure 2 were plotted in Figure 4b, Zingg’s diagram [67], along with hyperbolic curves of Krumbein’s intercept sphericity [62] and Achenbrenner’s shape factor [70]. In addition, mean flatness and elongation ratio data from some previous studies [43], [45], [52] of µCT and SH shape analysis of different types of similar-sized mineral powders have been summarized in Table 4 and also incorporated in Figure 4b. 
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[bookmark: _Ref413177107][bookmark: _Ref414388981]Figure 4: Zingg's diagram [67], showing the relationship between the axial ratios W/L and T/W, Krumbein’s intercept sphericity I [62] and Aschenbrenner’s shape factor F [70]; (a) general particle shape classification chart, after [61]; (b) relationship between the mean axial ratios of the particles from this study and mean axial ratios obtained from previous studies on similar-sized mineral particles according to Table 4. The data in (b) are numbered according to the labelling scheme of Table 4.














Table 4: Mean axial ratios obtained from some previous studies on similar-sized mineral particles as the VSI crushed powders analysed in the present study.
	No in Figure 4b
	Mineral material type
	Method of final size formation
	Analysed particle size range
	Mean flatness ratio p=T/W
	Mean elongation ratio q=W/L
	Reference with additional data

	
	
	
	 [µm]
	
	
	

	1
	Granite/ gneiss rock
	Natural
	3/20
	0.65
	0.63
	Cepuritis, et al. [45]

	2
	
	
	20/125
	0.80
	0.68
	

	3
	Limestone rock
	Milling
	3/20
	0.54
	0.81
	

	4
	
	
	20/125
	0.70
	0.96
	

	5
	Slagb
	
	10/80
	0.46
	0.81
	n/aa

	6
	Cementc
	
	10/100
	0.66
	0.63
	n/a

	7
	Basaltic volcanic rock (lunar regolith simulant JSC-1A)
	
	20/38
	0.59
	0.85
	Garboczi, et al. [43]

	8
	
	
	38/75
	0.75
	0.57
	

	9
	
	
	155/300
	0.95
	0.70
	

	10
	Granodiorite rock
	Cone crushing
	100/200
	0.79
	0.53
	Garboczi, et al. [52]

	11
	
	
	200/635
	0.72
	0.76
	

	a additional reference is not available; data has been obtained as part of unpublished shape characterization research at National Institute of Standards and Technology (NIST) by one of the authors.

	b finely ground granulated blast-furnace slag, meets ASTM C 989 [78] specification, from Alabama, US.

	c portland cement, ASTM Type I, meets ASTM C150 [79] specification, from South Carolina, US.



It can then be seen from Figure 4b, in light of the variability of the data from Table 4, that surprisingly similar mean shape characteristics have been obtained for all the VSI crushed powder particles, no matter the rock type or size fraction. The plots suggest that most of the particles have the Achenbrenner’s [70] shape factor F slightly lower than one. In fact, a calculation of Equation (3) gives a result in the order of 0.87-1.02, with an average value of 0.95 and only one value exceeding 1.0. This suggests that most of the particles are quite equidimensional and not particularly prolate or oblate. Figure 4b also shows that the difference in terms of the mean sphericity of the different crushed powder particle samples is not great. Expressed in numbers, the Krumbein’s intercept sphericity [62], according to Equation (2), varies over the range of 0.66 to 0.75.
[bookmark: _Ref414388923]
The above observation from Figure 4 concerning the relatively high degree of shape similarity of the 30 different particle types is somewhat surprising because 10 different rock types included in the study have significantly different mineralogical composition (Table 2), with very different rock texture expected. It can also be seen from Figure 1 that for the finest and medium analysed particle size ranges (Figure 1a and Figure 1b), the rock type T10, with the highest content of mica (see Table 2), had the least equidimensional shape. This to some extent supports the previous observation by Åkesson and Tjell [28], who suggested that it is in general impossible to improve the shape of single mica grains with VSI crushing. The most equidimensional shape in the studied particle size range was found for the two analysed limestone rock types, T5 and T6. 

3.4 Micro Flakiness Index (µFI)

Flakiness Index (FI) is the shape parameter that is most often used for describing crushed rock particle shape in routine quality control in the concrete and aggregate industries [73], [80]. The value of FI is determined by sieving the particles through a special sieve type with rectangular (“bar-sized”) sieve openings. The method has only been standardised (EN 933-3 [81]) for particles coarser than 4 mm, even though it has been reported to be successfully applied for particles down to 1.25 mm in size by using a set of custom sized bar-sieves [15]. However, the method is not suitable for finer materials. This is due to difficulties inducing the finer materials to pass through the slots of the bar sieves, which is also due to the great amount of particles in relation to the area of the sieve compared to when analysing coarser particles [82]. The FI value of the particles in the size range of 1.25 mm to 32 mm (typical maximum aggregate size for ready-mix concrete production purposes) is determined on the aggregate fractions denoted di/Di, where di is the lower size bound of the range and Di is the upper one, defined by the openings of square mesh sieves (Table 5). Each size fraction di/Di is then screened through a bar sieve with a bar width opening of Di/2 and a length that is much larger than any possible particle. 

The flakiness index for a tested aggregate fraction is calculated as the mass (M1) of particles with at least one dimension less than Di/2 (i.e. particles passing the bar sieve), summed over all sieves used and expressed as a percentage of the total dry mass of the tested particles (M2):

	
.
	[bookmark: _Ref412732489](5)
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Table 5: Sieves used for flakiness index (FI) determination of concrete aggregate particles larger than 1.25 mm.

	 
	Regular sieves of square openings
	Corresponding bar-sieve (slot size)

	
	Lower aperture size, di
	Upper aperture size, Di
	Ratio of di to Di
	Di/2

	
	[mm]
	[mm]
	[1]
	[mm]

	Standard set of sieve combinations according to [81]
	31.5
	40
	0.79
	20

	
	25
	31.5
	0.79
	15.75

	
	20
	25
	0.80
	12.5

	
	16
	20
	0.80
	10

	
	12.5
	16
	0.78
	8

	
	10
	12.5
	0.80
	6.25

	
	8
	10
	0.80
	5

	
	6.3
	8
	0.79
	4

	
	5
	6.3
	0.79
	3.15

	
	4
	5
	0.80
	2.5

	Custom set of sieve combinations used by Cepuritis [15]
	3.15
	4
	0.79
	2

	
	2
	2.5
	0.80
	1.25

	
	1.6
	2
	0.80
	1

	
	1.25
	1.6
	0.78
	0.8



The most obvious drawback of the FI parameter is its inability to distinguish between disc-like particles (flat) and blade-like particles (flat and elongated) (see Figure 4a, classes I and III) that belong to the same di/Di size group. This is because the slot length will always be much larger than the length of a particle when a particle is passing through. As a result, both flat and flat and elongated particles will both be ranked simply as flaky because both will fit through the slot sieves. To see this more clearly, choose a sieve range of di and Di = 1.25·di (di/Di = 0.8). Suppose one has two rectangular parallelepipeds, both with W = 1.2·di and T = 0.6·di, and one has L = 1.1 W and the other has L = 2 W.  Both particles fall into the chosen sieve range, since di < W < Di  = 1.25 di. Both particles would pass through the bar sieve, since T = 0.6 di < 0.5·Di = 0.625·di. The particle with L/W = 1.1 would be thought of as flat, while the particle with L/W = 2 would be both flat and elongated.

There exist other industrial test methods that allow for separate determination of the amount of flat and elongated particles, such as EN 933-4 [83] and ASTM D4791–10 [55], which are performed by using manual proportional calliper devices. However, these methods are only defined for particles larger than 8 mm or 9.5 mm, respectively, and the manual measurements required are tiresome, which prohibits their use on a daily basis for quality control of aggregates. Due to the fast, easy and cheap measurement of a considerable number of particles, FI remains the most popular method for concrete aggregate shape characterisation. Perhaps the reason for the wide acceptance of the test is an indication that the degree of elongation is relatively similar for most concrete aggregate particles that are used for practical applications. If the degree of elongation differed greatly among commonly-used concrete aggregates, which would not affect the FI value, the FI value would not have proven to be useful to practitioners.

The possibility of using the FI value as a single parameter for describing the impact of the shape of coarser concrete aggregate particles (2 mm to 8 mm) on rheological properties of fresh concrete mixes has been investigated in a recent study by Cepuritis et al. [23]. It was demonstrated that changing the FI value of different aggregate particles by 3 % to 50 %, in the particle size fractions 2/5 mm and 5/8 mm, for concrete aggregate from actual production plants, was linearly related to the slump-flow values of a series of concrete mixes when the FI value of one size fraction was varied at a time. The investigated concrete mixes had a water to cement ratio value equal to 0.44, a maximum aggregate size of 8 mm and cement paste matrix content of 438 l/m3. The cement paste matrix is defined as all fluids, such as water and liquid admixtures, and all particles with size ≤ 0.125 mm, which includes cement and fine mineral filler particles, following the approach in [84], [85]. It was noted that the impact of the FI value increased as the particle size decreased. The general correlation relationship [23] indicated that an increase in the FI value of the aggregate by 1 % resulted in the reduction of the slump-flow value by 1.9 mm and 2.4 mm for 2/5 mm and 5/8 mm fractions, respectively.

[bookmark: _Ref412731971]It is nevertheless interesting to compare the particle shape rankings on the micro-scale, as determined for the crushed filler particles by the µCT and SH, to the typical shape variation on the macro-scale for crushed sand and stone aggregate particles. As discussed above, the shape of the latter is most frequently described with the FI parameter. Thus in order to come up with a comparable shape factor for the analysed filler particles, a computational micro-flakiness index (µFI) definition is proposed. This includes extending the series of the standardised di/Di fractions for determination of the FI (Table 5) [81] down to the micrometer-scale size suitable for analysing crushed aggregate powder particles. The principle of such an extension is provided in Table 6, where sieves down to 2.54 µm are included, as applicable for particles of the current study. However, the extension could be continued to obtain sieve sizes for even smaller particles, as needed. This sieve set, according to Table 6, was used to define a computational µFI index test by following the same principles as defined in [81]. The first step includes using W from the µCT and SH analysis results for computational particle sieving in order to decide which particles belong to the square opening sieve mass fractions di/Di (di < W < Di). This is justified because particle width (W) is the critical dimension in sieve analysis, since all particles in a size range need to have a width smaller than the maximum opening of the largest sieve through which they pass [86]. This is because two of the dimensions for a particle must be smaller than the diagonal width of the square sieve opening in order for the particle to pass through. If W of the particle fits through the sieve, then the T will as well, since by definition it is smaller than the W and is orthogonal to it. L can still be larger than both W and T [40]. Using W as a size parameter from CT and SH analysis of both natural and crushed aggregates from 2.36 mm to 38 mm has shown a good overall relation to traditional sieving results [87]. The second step of the computational µFI test is analysing the obtained di/Di fractions by using the T parameter to decide if the particle can fit through the slot (Di) of the corresponding bar sieve (Table 6). L of the particle is assumed to be parallel to the long axis of the sieve bar. Finally the micro-flakiness index (µFI) is calculated according to Equation (5).














Table 6: index (µFI) determination of concrete aggregate particles down to 2.54 µm in size. The di/Di ratio is set to be always equal to 0.8.
	Virtual sieves of square openings
	Corresponding virtual bar-sieve (slot size)

	Lower aperture size, di
	Upper aperture size, Di
	di/Di
	Di/2

	[µm]
	[µm]
	[1]
	[µm]

	4000.00
	5000.00
	0.8
	2500.0

	3200.00
	4000.00
	0.8
	2000.0

	2560.00
	3200.00
	0.8
	1600.0

	…
	…
	…
	…

	1638.40
	2048.00
	0.8
	1024.0

	1310.72
	1638.40
	0.8
	819.2

	1048.58
	1310.72
	0.8
	655.4

	…
	…
	…
	….

	90.07
	112.59
	0.8
	56.3

	72.06
	90.07
	0.8
	45.0

	57.65
	72.06
	0.8
	36.0

	…
	…
	…
	…

	7.74
	9.67
	0.8
	4.8

	6.19
	7.74
	0.8
	3.9

	4.95
	6.19
	0.8
	3.1

	…
	…
	…
	…

	3.96
	4.95
	0.8
	2.5

	3.17
	3.96
	0.8
	2.0

	2.54
	3.17
	0.8
	1.6



Results of the computational µFI determination were also used to investigate whether it was possible to find a simpler definition of flaky, based only on the particle form measurements (L, W, T), that would map to that defined by the more complicated sieve-bar analysis [81]. This would render the results obtained under the FI definition more directly comparable to the other test methods, e.g. ASTM D4791–10 [55] and classification systems, e.g. the system by Zingg [67] because of using the same particle geometry parameters. A more computationally simple description of flaky particles that is based on their W and T is the flatness ratio p = T/W proposed by Zingg [67]. According to Zingg’s [67] arbitrary interpretation, if T ≤ p·W, a particle is classified as flaky for p < 2/3 (see Figure 4a). It was then attempted to find such a value of p so that this simpler definition would match the µFI definition down-scaled from the original FI definition of EN 933-4 [81]. 

Nnumerically, it was found that using p = 0.564 provides the best fit for all the analysed 30 powder samples. This is illustrated in Figure 5 where the µFI values obtained by the computation sieving and by the simple definition of T ≤ 0.564·W are related to each other. The good agreement is illustrated by the relatively high squared linear correlation coefficient of R2 = 0.98. Even though the value of p = 0.564 gives results that agree closely with the µFI results (see Figure 5), a detailed analysis of which particles of a particular sample are classified as flaky, according to both approaches, reveals that there are a significant number of particles that are classified differently between the two definitions. Thus the closely-agreeing flakiness indices (Figure 5) are based on a somewhat different subset of particles. Still, the simple definition is more clear theoretically, as it looks at the actual geometry of given particles where each flaky particle is similar in some way and not on the particle classes of the µFI definition derived from EN 933-3 [81]. The fitted value of p = 0.564 also suggests that the definition of flaky particles by Zingg [67] should actually yield more particles classified as flaky when compared to the definition of the FI from EN 933-3 [81]. This is because Zingg [67] had defined that all particles with p < 2/3 ≈ 0.66 are classified as flaky, not p < 0.564. The definition of flaky particles from ASTM D4791–10 [55] (T ≤ 0.5·W) should then yield the least amount of particles classified as flaky, in comparison to EN 933-3 [81] (T ≤ 0.564 ·W) and Zingg’s diagram [67] (T ≤ 0.66 ·W). 
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[bookmark: _Ref413869307]Figure 5: Correlation between the computational µFI following the principles of [81] and the simple definition of T ≤ 0.564·W (all 30 samples, same size ranges and number of particles as in Figure 1).

This is because some particles will pass the criterion of T ≤ 0.564 ·W and T ≤ 0.66 ·W, but will not pass the criterion from ASTM D4791–10 [55] of T ≤ 0.5·W.

Results of the computational µFI measurements have been compiled in Figure 6. They indicate a relatively large variation of shapes, if the µFI concept is used to interpret the µCT and SH data. From practical experience of concrete aggregate production, a good quality coarse (particle size ≥ 4 mm to 8 mm) crushed aggregate is expected to have a FI on the order of 10 % to 15 %. Using coarse aggregate with a FI value higher than 35 % is sometimes prohibited [88]. A typical FI value for particles with size less than 8 mm, obtained from Norwegian natural sand and gravel sources, is on the order of 2% to 3 % [9], while an FI value of about 5 % to 8 % is typical for high quality crushed sand production among Norwegian aggregate producers. In fact, analysis of shape in terms of the FI value for aggregate particles from 1.25 mm to 25 mm in size, produced during VSI crushing of the same feed material used to generate the crushed powders studied in this paper, indicated flakiness indices lower than 8 % for all of the rock-types in the analysed size range (Figure 7) [10]. It can then be seen from a comparison of Figure 6 and Figure 7 that if the analysed crushed fines were of a coarse aggregate size their equidimensionality would be evaluated as relatively poor and some might even get rejected, if the same evaluation principles as for coarse aggregates [88] were applied. It can also be concluded that while there exists a clear indication that VSI crushing is able to influence and improve the equidimensionality of small filler particles (Figure 4b) the improvement is considerably smaller than that observed for particles larger than about 1 mm in size, as seen by comparing Figure 6 and Figure 7. We investigated whether the flakiness index shape characteristics obtained for the 1.25 mm to 25 mm particles (Figure 7) related to the shape of the particles of the same rock type but in the 3 µm to 250 µm size range (Figure 6). However, no simple linear, power, logarithmic or exponential relation was found, indicating that formation of particle shape during VSI crushing is governed by different factors for the particles larger than 1 mm and those in the filler particle range below 250 µm.
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[bookmark: _Ref410163625]
Figure 6: Micro-flakiness (µFI) indices of the crushed fine particle fractions after the VSI crushing experiments.

[image: ]

[bookmark: _Ref412745200][bookmark: _Ref406447821]Figure 7: Flakiness index (FI) of the coarse product rock materials after the VSI crushing experiments to generate the analysed crushed fines [10].


4. CONCLUSIONS

VSI crushing is able to affect the shape of crushed concrete aggregate fines down to a particle size of about 3 µm, independent of the very different mineralogical composition of the 10 rock types included in this study. This indicates that it is indeed possible to improve the shape of fines, where improvement means to make more equi-dimensional. Three size fractions of fines for each of the 10 rocks were analysed. The shape improvement was less effective for particles smaller than about 15 µm, where influence of the crystallographic structure of the individual mineral seems to be more influential. Filler particles of the rock type containing the highest mica content indicated the least equidimensional shape, supporting that mica contributes to irregular shape of fines. The most equidimensional shape among the studied particle size range was found for both limestone rock types studied.

Rather similar particle forms in terms of the classification system typically used by sedimentary petrologists (Zingg’s diagram [67]) were found for all the VSI crushed particles analysed. The variation of the particle form was relatively higher if a shape classification parameter used within the concrete industry for coarse particles, the flakiness index (FI), was instead used. An equivalent parameter for the fines was developed: the computational micro-flakiness index (µFI), which is quite similar to the FI but defined for smaller particles and is only accessible computationally when a 3-D characterization of the particle shape is available. In this paper, the 3-D particle shape characterization was carried out via X-ray µCT and spherical harmonic mathematical analysis. The µFI values indicated that VSI crushing improves the equidimensionality of particles coarser than 1 mm [10] much more than for the filler particles smaller than 250 µm as analysed in this study.

For a given sample of VSI crushed aggregate fines, of the same rock type, uniform particle form characteristics, defined in terms of particle aspect ratios, were found for the entire size range of 3 µm to 250 µm. This means that it may be possible to find mean shape description parameters that can model the influence of the particle shape of the whole particle size range on the rheological properties of filler modified cement paste and concrete. 





[bookmark: _GoBack]5. FUTURE WORK

Further work will involve applying the 3-D µCT and SH method for the detailed analysis of the particle shape of crushed fines produced from the rock types used in this study as a result of blasting and cone crushing. This should allow for an even better understanding of the ability of the VSI crushing to improve the equidimensionality of aggregate particles down to the equivalent size of about 3 µm. The VSI crushed aggregate fines produced for the research reported in this paper will be used for further studies that will  improve understanding of the influence of particle shape and mineralogy on the rheological properties of fresh filler modified cement pastes.
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