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Abstract: The properties of bulk materials are influenced by geometrical features of grains such as
size, size distribution and shape. However, size is an ambiguous parameter for non-spherical particles.
Therefore, the influence of the shape of a particle on its size, as described by various measuring
methods and estimators using the main particle dimensions, was studied here. Granulometric
analyses of mineral raw material samples containing regular and irregular grains were performed
as part of the research. The measurements were made using two methods: the dynamic image
analysis and the optoelectronic analysis. The main dimensions of the particles in 2D and 3D space
were measured. Particle shape descriptors were determined based on the measurements: circularity
and sphericity. Particle size distributions were also determined as a function of the minimum and
maximum Feret diameters (for the 2D method) and the shortest and longest dimensions of particles
recorded by the 3D method. The distribution of grain shapes according to Zingg classification was
used for the 3D method. The results of the study were discussed in the context of comparing both of
the measuring methods and selecting the most appropriate one to assess particle (ir)regularity.

Keywords: particle shape analysis; 2D and 3D measurement methods; dynamic image analysis;
optoelectronic method

1. Introduction

The shape and size of particles plays an important role in the behavior of granular
materials in various engineering applications. Therefore, the characterization and proper
quantification of particle geometry are essential for understanding the properties of granu-
lar materials.

The assessment of the sizes and shapes of irregular particles, especially flatness, is
a key issue in many fields of science. According to two standards, EN 933-3:2012 [1]
and EN933-4:2008 [2], flat grains are classified as those for which the ratio of the largest
dimension (length) to the smallest dimension (thickness) is equal to or larger than 3. Flatness
affects the strength of particles as such and that of the structures formed by them [3–14].
The flat shape of particles causes disturbances in their flow in liquids or gases, which affects
the speed and stability of the movement of grains in liquid medium [15,16]. This translates
into indicators of sharpness of grain separation in such media, e.g., in hydraulic and
pneumatic separators or jigs, and also affects the rate of grain sedimentation in thickening
processes [17–19]. There are also many studies in which their authors show the influence of
the shape of grains on the results of measurements of their size using various measurement
techniques [20–23].

The particle size and shape are the basic physical parameters that characterize bulk
materials. At the same time, the shape of a grain is a conventional concept, since it can be
determined in different ways according to different classifications or using different shape
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factors and measurement techniques [24–30]. Although there is an extensive literature on
the subject, no common optimal method of classifying shapes of mineral grains has been
selected [31,32].

Contemporary tools used to determine the geometric properties of particles include
vision systems with computer image analysis, often supported by artificial intelligence
techniques [33–35]. They use, among others, such measurement techniques as optical
microscopy, dynamic image analysis (DIA), the optoelectronic method, scanning electron
microscopy (SEM), X-ray micro-computed tomography (micro-CT) and laser scanning (LS),
which offer various possibilities for measuring the sizes and shapes of particles. Each of
these techniques generates information about the object that is characteristic of the specific
measuring method. They enable 2D or 3D imaging, which significantly differentiates
information on particle geometry, morphology and surface texture [36–51].

2. Materials and Methods
2.1. Purpose and Scope of the Research

Measurements of particle sizes and shapes were made on mineral samples of chal-
cedonite using two different measuring methods: dynamic image analysis (2D) and op-
toelectronic analysis (3D). The samples contained regular (Reg) and irregular (Irr) grains
classified using slotted sieves in a narrow grain class of 6.3–8 mm. There were two feeds
(Feed Reg and Feed Irr) and two pairs of four products of their enrichment in a hydraulic
jig (I–IV Reg and I–IV Irr). The method of their enrichment and the impact of this process
on the physico-chemical properties of the grains was not the subject of this study. This
method has been discussed in earlier publications by the authors [52,53]. The population
of measured and analyzed grains in the tested samples was comparable: about 1500.

In this research work, we proposed a new approach for comparing grain size dis-
tributions and grain shapes determined by different measuring methods. The approach
consisted of comparing grain size distribution estimators and grain shape descriptors
suitable for a given measuring method: 2D class estimator for the dynamic image analysis
and 3D class estimator for the optoelectronic method. Thus, the aim of the study was
to compare the effectiveness of identifying grains that are substantially different in their
geometries (regular and irregular) with these two measuring methods using appropriate
evaluation indicators. Two well-known shape descriptors based on the main dimensions of
grains were used for this purpose: circularity (2D descriptor) and sphericity (3D descriptor).
The circularity descriptor was used to describe the shapes of the grains measured by the
dynamic 2D image analysis, while the sphericity descriptor was used to describe the shapes
of the grains measured by the 3D optoelectronic method. Functional dependencies between
the estimators and coefficients of determination R2 were established to study the correspon-
dence of these descriptors. The distribution of grain shapes defined according to Zingg
classification was determined for the 3D measuring method. In addition to comparing the
distributions of grain shapes, the distributions of their sizes were also compared based on
their shortest and their longest dimensions. The minimum and maximum diameters (dFmin,
dFmax) were used for the 2D measuring method and the particle width (b) and length (a) for
the 3D method. Span was the estimator of the grain size distribution, which is a measure
of the width and skewness of the distribution [47]. The results of the measurements were
presented in the form of cumulative particle size distributions and particle shape expressed
by volume (Q3-particles volume density distribution).

2.2. Shape Descriptors

To characterize the shape of a particle, shape descriptors are used—mathematical
functions using previously measured dimensions (dimensional variables) of particles such
as length, diameter, circumference, surface area or volume. These functions can be divided
into 1D, 2D and 3D shape descriptors depending on the variables and measuring methods
used [54]. The 1D class of shape descriptors are simple and well-known shape factors, such
as the flatness, elongation or the proportionality factor, which can be easily measured. The
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2D shape descriptors are based on 2D variables determined by analyzing the images of
particle projections. Examples of 2D variables include projection circumferences, surface
areas and diameters of incircles and circumcircles of particles, or the circularity shape
factor. The 3D shape descriptors describe the 3D space of a particle. An example of such a
descriptor is sphericity based on the principal dimensions of particles, such as the volume,
surface area, minimum circumscribed sphere, maximum inscribed sphere and the 3D
convex hull [45,55–60].

Two shape descriptors were used in this study: the 2D circularity and the 3D sphericity.
Conventionally, the sphericity is defined as the ratio between the surface area of a sphere
of the same volume as the particle and the surface area of the particle [61]. It therefore
quantifies to what extent the shape of the particle is similar to the shape of the sphere. It is
therefore a subjective method of measuring the sphericity of particles. While the volume of
particles can be calculated using Archimedes’ weight method, determining the surface of
the particles—especially irregular ones with rough surfaces—can be problematic [62]; in this
case, the surface area is also usually underestimated. This is why Krumbein has proposed
his own measure of sphericity—this measure is based only on the triaxial dimensions of
the particle [25]:

S =
3

√
c·b
a2 (1)

where c, b and a—c the intermediate, shortest, and longest dimension of the ellipsoid axial
dimensions, respectively.

Other authors agreed with this measure while Bullard and Garboczi argued that the
sphericity should be based either on the relation of the limiting spheres or on their triaxial
dimensions [45].

Figure 1 shows the spatial dimensioning of the grain according to the determinations
of its main dimensions, used to calculate the sphericity factor S.
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Figure 1. The determination of the basic grain dimensions.

The definition of the circularity of a particle, originally proposed by Cox [63], compares
the particle’s surface area to its circumference. If the surface area and circumference do not
change, the circularity is constant. Thus, as the value of the circularity factor decreases,
the particle becomes more irregular. The circularity factor C was defined in this study as
the ratio of the total surface area of the particle to the Crofton parameter, according to
the formula:

C =
4πD

P2
c

(2)

where D—the particle’s surface area; PC—the normalized measure of the number of edges
of 0◦, 45◦, 90◦ and 135◦ in the object (Crofton parameter).
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2.3. Measurement Methods
2.3.1. 2D Imaging

The 2D measurements of particle size and shape were carried out using a vision system
employing the dynamic image analysis (DIA) technique. The principle for operating the
vision system consisted of filming moving particles followed by computer-aided analysis of
their images (the shape and size of each particle separately) using dedicated software. The
Analysette 28 ImageSizer granulometer (Fritsch GMBH, Germany) was used for the study.
This device generates a stroboscopic effect using a pulsing light source, a high-speed video
camera and interchangeable optical systems. The vision system captures images of particles
in motion at speeds of up to several hundred objects per second. The measurement was
performed on dry particles falling gravitationally in front of the camera lens (Figure 2). This
was performed as a free fall, so the orientation of the particles was random. Their actual
shapes and grain size distribution could be determined from different perspectives. Thanks
to this method of measurement, about ten thousand images per minute were analyzed. The
large number of filmed particles produced reliable and representative measurement results
with a high level of confidence. This measurement technique is based on ISO 13322-2.
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2.3.2. 3D Imaging

Accurate data on the volume and surface area of particles are currently provided by 3D
techniques—e.g., laser scanning (LS), computed tomography (CT)—which make it possible
to reliably reconstruct the external geometries of particles. However, these are complicated
and inefficient methods for the online estimation of particle size distributions and shapes.
They are based, among others, on numerical algorithms using the concept of principal
component analysis (PCA) and the empirical cumulative distribution function (ECDF),
or convexity and concavity descriptors [64,65]. It is also a problem to extract effective
quantitative parameters of a shape from such detailed 3D images of particles. In general,
three main methods for the qualitative description of such detailed characteristics of 3D
particles can be distinguished: direct calculations for a set of image voxels, calculations
using the spherical harmonic function, and calculations based on the local curvature on a
reconstructed triangular surface mesh [66].

The complexity of these methods encourages the search for simplified, fast and easy-
to-use 3D methods, though they often generate approximate information on the 3D shapes
of grains. The optoelectronic method used in this study is such a 3D measurement tech-
nique. It uses one of the oldest methods of describing grain shapes: Zingg classification,
which divides grains into spheres, disks, rods and blades [27]. Zingg has proposed the
approximation of grains using the triaxial ellipsoid, and the classification of shapes based
on the relations between the three dimensions of mutually perpendicular grains on the
coordinate axis.

www.fritsch-international.com/particle-sizing/fritsch-knowledge/dynamic-image-analysis/
www.fritsch-international.com/particle-sizing/fritsch-knowledge/dynamic-image-analysis/
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The 3D measurements of particle size and shape were carried out using an optoelec-
tronic AWK 3D analyzer (Figure 3). These measurements were based on the principle of
scatter of infrared light flux by a particle moving within the measuring space. The measur-
ing space consists of two separate measuring probes, each containing a photodiode and a
detector which are perpendicular to each other. This is how the particle passing through the
measuring space is measured in two perpendicular directions, while the third dimension is
determined on the basis of the time-of-passage of the particle through the measuring space.
The particle passing in front of the detector absorbs light and the change in the intensity of
the light flux reaching the detector is reflected in the amplitude of the electrical signal. The
electrical impulse is then converted from electric units to metric units by an A/D converter,
which corresponds to the size of the passing particle, and the precisely measured number
of impulses is converted into the number of particles measured. The optical transducer
consists of a photodiode (1) illuminating the optical system (2) which forms a parallel light
beam (3) with a thickness of several hundred micrometers (Figure 4). The measuring space
is contained between the optical systems (2) and (4). The optical system (4) focuses the
radiation of the scattered beam (3) on the photoelement (5). If a grain passes through the
measuring space, it will cause radiation to dissipate and change the intensity of the current
flowing through the photosensitive element. The change in intensity will be proportional
to the size of the falling grain.
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Figure 4. The optical transducer of the AWK 3D Analyzer (source: www.kamika.pl/Analizator_P_
AWK3D (accessed on 20 January 2022)).

The analyzer therefore makes it possible to measure the sizes and shapes of grains.
Each particle is measured simultaneously in three dimensions, where a is the length of
the particle, b is width and c is thickness. The software then analyzes the relationships
between the three dimensions of each particle and classifies its shape according to Zingg’s
characteristics as spheres, disks, rods or blades. Based on this classification, the flatness
coefficient—as the ratio of dimensions (c/b)—and the elongation coefficient (b/a) are

www.kamika.pl/en/AWK_3D
www.kamika.pl/Analizator_P_AWK3D
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determined. These coefficients group particle shapes according to the following proportions:
disks (b/a > 2/3 and c/b < 2/3), spheres (b/a > 2/3 and c/b > 2/3), blades (b/a < 2/3
and c/b < 2/3) and rods (b/a < 2/3 and c/b > 2/3). The volumetric distribution of the
particle shapes is presented graphically on the matrix generated by the analyzer’s software
(Figure 5).
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3. Discussion
3.1. Assessment of Grain Size Distribution

To assess the distribution of grain sizes measured by the dynamic 2D image analysis
and by the 3D optoelectronic analysis, the shortest and longest grain dimensions recorded
by both the measuring methods were used—these were the minimum Feret diameter (dFmin)
for the 2D method and the width (b) for the 3D method. The longest grain dimensions were
represented by the maximum Feret diameter (dFmax) for the 2D method and the length (a)
for the 3D method. The results of the measurements in the form of the grain size curves for
the two feeds and their enrichment products (I–IV) are shown in Figures 6 and 7. The grain
size distributions of the feeds measured using sieves as the reference method are also given
(Figure 6c). For description of particle size, the sieve diameter (dsiev) was used in this case.
In order to compare the results obtained with the 2D and 3D methods, common particle
dimensions corresponding to the given measurement method were marked on the X-axes
a/dFmax/b/dFmin/dsiev.

The analysis of the grain size composition curves indicated that the consistency of
the results for both the methods was different, depending on the defined grain dimension.
The grain size distributions measured by the two methods were more consistent if the
shortest grain dimensions are compared (Figure 6). At the same time, this was consistently
higher for measurements of irregular grains. This is due to the fact that one of the three
dimensions of an irregular grain is definitely shorter than that of a regular grain. In this
case, the dynamic 2D image analysis method correctly identified the smallest dimensions
of particles statistically more often due to their large population, approaching the results
recorded by the 3D method (Figure 6b). Errors in identifying the shortest dimension of
a free-moving particle by the 2D method were statistically greater for the population of
regular grains, and in this case, the 2D method underestimated the share of fine grains
(Figure 6a,c). The analysis of curves in the coarse grain range and the comparison with
the research range of the grain class (6.3–8 mm) prepared using the sieves showed that
both the methods, using the shortest grain criterion, registered grains as longer than 8 mm
(Figure 6a,c). The grain sizes were overestimated because there were no grains with a
shortest dimension of more than 8 mm in the test samples containing grains sized from

www.kamika.pl/Analizator_P_AWK3D
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6.3 to 8 mm. It should be noted that the optoelectronic method overestimated the share
of such larger grains to a much greater extent. Comparing the characteristics of the grain
size distributions in the samples containing regular and irregular grains, using the shortest
grain dimension (dFmin, b) criterion, it can be seen that the 3D optoelectronic method
correctly registered regular grains over the entire grain size range as smaller in relation
to regular grains (Figure 6c). This is also confirmed by the averaged smaller values of the
characteristic grains, as summarized in Table 1. The dynamic 2D image analysis method
correctly recorded the sizes of irregular grains as smaller than regular ones, but only within
the range of fine grains. In the range of coarse grains (above dv 70%), it erroneously
overestimated their sizes in relation to regular grains. This problem has been discussed in
an earlier publication by the authors [53].
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Table 1. The averaged characteristic grain sizes for the test samples and their standard deviations.

3D 2D 3D 2D

b, Width Fmin a, Length Fmax

Q3 [%] Reg Irr Reg Irr Reg Irr Reg Irr

dv10 [µm] 4603 ± 134 4172 ± 103 5593 ± 34 4807 ± 61 10,195 ± 428 10,502 ± 208 8842 ± 87 8664 ± 99

dv50 [µm] 7038 ± 242 6805 ± 161 6984 ± 26 6963 ± 29 14,675 ± 686 15,206 ± 505 11,570 ± 174 11,509 ± 180

dv90 [µm] 10,028 ± 261 9203 ± 211 8364 ± 56 8521 ± 178 22,118 ± 753 23,210 ± 732 16,896 ± 763 17,335 ± 778
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When the longest grain size (dFmax, a) is used to describe the grain size distribution,
the discrepancy in the results between the measuring methods is very large (Figure 7).
The underestimation of the share of grains measured by the longest dimension in the 2D
method was statistically greater compared to the 3D method, which recorded the third
dimension. This is due to the fact that grains filmed in random positions do not always
show their longest dimension. Nevertheless, the size of the largest recorded grains was
comparable in both methods and was about 24,500 µm. This behavior is consistent with
the measurement statistics of a large population of particles. The above argumentation
and the results achieved prove that the choice of a grain dimension estimator has a major
impact on the characteristics of the measured grain size distribution. The use of the shortest
grain dimension revealed differences in the grain size distributions of regular and irregular
grains for both the measuring methods, while the use of the longest dimension as the
estimator made it impossible to identify these differences within the same measuring
method (Figures 6c and 7c).

Comparing the standard deviations of the measured characteristic grains dv10, dv50,
dv90 in the tested samples for both the methods (Table 1) and the graphic course of the
grain size curves (Figures 6 and 7), it can be clearly seen that the dynamic 2D image
analysis method was more accurate; its standard deviations were characterized by lower
values compared to those obtained by the optoelectronic method, both for regular and
irregular grains.

The Span statistical index was used to determine the spread of the grain size distribu-
tions in the test samples. It was calculated based on the sizes of the characteristic grains d
(percentiles of the grain size distribution dv10, dv50 and dv90). It give information on the
width of the distribution and its skewness; the higher the value of the index, the wider the
grain size distribution. With the same grain size ranges in the test samples, a lower Span
value indicates greater deviations from the normal distribution (distribution skewness).

Span =
dv90 − dv10

dv50
(3)

Table 2 summarizes the averaged Span indexes for the grain size distributions accord-
ing to the shortest and longest dimensions of regular and irregular grains obtained by the
2D and the 3D methods. The higher index values showed wider grain size distributions
obtained by the 3D optoelectronic method for both regular and irregular grains. Particu-
larly large differences between the measuring methods were observed for distributions
according to the shortest dimension (b, dFmin). As a rule, wider grain size distributions are
obtained in measurements of irregular grains, except for grain size measurements using the
3D method according to the shortest dimension. In this case, the distributions of irregular
grains were narrower than those of regular ones. This shows that the third grain dimension
available in the 3D method made the identification of flat grains more accurate due to the
precise recognition of their shapes.

Table 2. The averaged Span values for the particle grain size distributions obtained by the 2D and
the 3D methods.

3D 2D 3D 2D

b, Width Fmin a, Length Fmax

Reg Irr Reg Irr Reg Irr Reg Irr

Span 0.77 0.74 0.40 0.53 0.81 0.84 0.70 0.75

3.2. Evaluation of Grain Shapes

The shape factors dedicated to each of the measuring methods were used to compare
differences in the shapes of regular and irregular grains. The circularity shape descriptor
was used to assess the shapes of grains measured by the dynamic 2D image analysis
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method and the sphericity was used to assess the shapes of grains measured with the 3D
optoelectronic analyzer. Although both the factors belong to different classes of descriptors
(C—class 2D, S—class 3D), they share common qualitative and quantitative information on
the roundness of particles. In general, for particles of an elongated or flattened shape, the
sphericity and circularity values decrease, and for ideally round particles, their values are
equal to 1.

The comparison of the distribution curves of the shape factors of regular and irregular
grains shown in Figure 8 and the numerical values of these factors in the selected percentiles
of the distribution (Table 3) clearly show differences in the shapes of these grains. The
values of the shape factors for irregular grains were significantly lower than the values of
the factors for regular grains in both the measuring methods. It should be noted, however,
that the 3D optoelectronic method—using the 3D class descriptor (sphericity)—better
differentiated shapes of regular and irregular grains than the dynamic image analysis
method using the 2D shape descriptor. The sphericity factor values for regular grains
were smaller by about 12% than for regular grains, on average. This difference persisted
over the entire range of the distribution of the factor (Figure 8b). The difference in the
case of the circularity factor calculated for regular and irregular grains measured by the
dynamic image analysis method was clearly smaller—about 3.5% on average. In addition,
this difference was not constant over the whole distribution range of the circularity factor
(Figure 8a). This means that the efficiency of differentiating grain shapes using the 2D
method and the circularity factor depends on the grain flatness.
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Table 3. The averaged particle shape factors obtained by the 2D and 3D methods and their stan-
dard deviations.

3D 2D

Sphericity (S) Circularity (C)

Q3 [%] Reg Irr Reg Irr

10 0.47 ± 0.020 0.42 ± 0.013 0.80 ± 0.0037 0.75 ± 0.0064
50 0.63 ± 0.015 0.55 ± 0.014 0.85 ± 0.0013 0.83 ± 0.0030
90 0.85 ± 0.024 0.74 ± 0.012 0.89 ± 0.0011 0.87 ± 0.0016

By comparing the standard deviations of the calculated shape factors at the charac-
teristic points of the distribution (10%, 50% and 90%) for both the measuring methods
(Table 3), as well as the graphic course of their distributions (Figure 8), the greater mea-
suring accuracy of the dynamic 2D image analysis method was confirmed. Its standard
deviations were characterized by lower values compared to those obtained by the 3D
optoelectronic method.

The nature of the relationships between the factors was examined in order to confirm
the legitimacy of using different classes of shape factors to directly compare irregularities of
grains measured by different measurement techniques (2D and 3D). The regression analysis
comparing the shape factors showed a strong correlation (expressed by the coefficient of
determination, R2) and a linear relationship, which confirmed the possibility of their direct
comparison and, on this basis, of finding differences in grain shapes (especially in flatness).
The relationship between the shape factors took the form of the following equations: for
regular grains: Circularity = 0.697 + 0.226 × Sphericity ± 0.010 (R2 = 0.97); for irregular
grains: Circularity = 0.596 + 0.386 × Sphericity ± 0.016 (R2 = 0.96).

The sphericity factor used to compare the shapes of regular and irregular grains mea-
sured by the optoelectronic method, as shown by other authors [67], generally differentiated
particles of different shapes well. However, it cannot distinguish shapes when the product
of the shortest (b) and the intermediate (c) dimensions of the particle is similar. In this case,
a flat disk can have the same value as an equiaxial rod. It is therefore good practice to
use the sphericity (S) factor, as used in this research, in combination with a Zingg shape
classification matrix (Figure 5). This is how the optoelectronic analyzer used in this research
presented the shapes of particles, among other differences.

Figures 9 and 10 summarize the percentages of regular and irregular particles in the
individual groups of shapes and Table 4 shows the averaged values. The analysis of the
graphic and numerical results clearly reveals differences in the shapes of the measured
regular and irregular grains. Irregular grains classified as spheres were definitely less
numerous (6.5%) than regular grains assigned as spheres (20.4%) and, similarly, there were
more blade-shaped grains (37.9%) among irregular than among regular grains (22.3%).
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Table 4. The shares of grains of specific shapes determined by the 3D optoelectronic method.

Shape Feed Reg % Feed Irr %

Sphere 20.4 6.5

Disc 20.5 22.0

Rod 36.8 33.7

Blade 22.3 37.9

4. Conclusions

Based on the results of this research, the dynamic 2D image analysis method turned
out to be more accurate compared to the 3D optoelectronic method. The 2D measurements
of grain sizes, both regular and irregular, as well as the calculated shape factors, were
burdened with smaller standard deviations than in the 3D method.

The choice of the grain size estimator had a major influence on the grain size distribution
measurement outcome. The shortest grain size allowed for the effective differentiation of
grain sizes between regular and irregular grains, in contrast to, for example, the longest
grain dimension—the use of which makes it impossible to identify regular and irregular
grains. The 3D method has turned out to be a more effective method for measuring the
sizes of irregular particles; it more accurately sized large irregular grains based on their
shortest dimension. Unlike the 2D method, it did not overestimate the sizes of large irregular
particles. It seems, therefore, that measurements of the sizes and shapes of irregular (strongly
flat) grains should be carried out, as far as possible, by the 3D technique. The use of the
dynamic 2D image analysis technique for this purpose, as evidenced by the above studies,
makes it possible to reliably find differences in the geometries of these grains and to obtain
representative results—provided, however, that a large population of particles is ensured.

The regression analysis performed for the circularity and sphericity descriptors
showed a strong linear correlation between them (R2 > 0.96). Therefore, the correctness of
the new approach—consisting of the use of different classes of shape descriptors adapted
to the spatial class of the grain sizing by the specific measuring method—in unifying the
results of measurements of grain shapes obtained by various measuring methods (2D and
3D) has been confirmed.

The methodology for the classification of grain shapes according to Zingg, used by
an optoelectronic analyzer working in the infrared light range and dimensioning grains in
an indirect way, enabled the effective identification of conventional grain shapes and their
assignment to one of the four 3D spatial groups. The dynamic 2D image analysis method,
unlike the 3D optoelectronic method, records physical images of particles. Therefore, it al-
lows a more detailed analysis of the geometries of particles—in particular, the morphologies
of their surfaces—using various estimators of the form and surface of the particles.
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ceedings of the VI Konferencja, Kruszywa Mineralne–Surowce–Rynek–Technologie–Jakoś, Szklarska Poręba, Poland, 26–28 April
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40. Ersoy, O.; Şen, E.; Aydar, E.; Tatar, İ.; Çelik, H.H. Surface area and volumemeasurements of volcanic ash particles using micro-

computed tomography (micro-CT): A comparison with scanning electron microscope (SEM) stereoscopic imaging and geometric
considerations. J. Volcanol. Geotherm. Res. 2010, 196, 281–286. [CrossRef]

41. Mills, O.P.; Rose, W.I. Shape and surface area measurements using scanning elektron microscope stereo-pair images of volcanic
ash particles. Geosphere 2010, 6, 805–811. [CrossRef]

42. Asahina, D.; Taylor, M. Geometry of irregular particles: Direct surface measurements by 3-D laser scanner. Powder Technol. 2011,
213, 70–78. [CrossRef]

43. Garboczi, E.; Liu, X.; Taylor, M. The 3-D shape of blasted and crushed rocks: From 20µm to 38mm. Powder Technol. 2012, 229, 84–89.
[CrossRef]

44. Ersoy, O. Surface area and volume measurements of volcanic ash particles by SEM stereoscopic imaging. J. Volcanol. Geotherm.
Res. 2010, 190, 290–296. [CrossRef]

45. Bullard, J.W.; Garboczi, E.J. Defining shape measures for 3D star-shaped particles: Sphericity, roundness, and dimensions. Powder
Technol. 2013, 249, 241–252. [CrossRef]

46. White, D.J. PSD measurement using the single particle optical sizing (SPOS) method. Geotechnique 2003, 53, 317–326. [CrossRef]
47. Altuhafi, F.; O’Sullivan, C.; Cavarretta, I. Analysis of an Image-Based Method to Quantify the Size and Shape of Sand Particles.

J. Geotech. Geoenviron. Eng. 2013, 139, 1290–1307. [CrossRef]
48. Bowman, E.; Soga, K.; Drummond, W. Particle shape characterization using Fourier descriptor analysis. Geotechnique 2001,

51, 545–554. [CrossRef]
49. Sukumaran, B.; Ashmawy, A. Quantitative characterization of discrete particles. Geotechnique 2001, 51, 619–627. [CrossRef]
50. Garboczi, E.; Hrabe, N. Particle shape and size analysis for metal powders used for additive manufacturing: Technique description

and application to two gas-atomized and plasma-atomized Ti64 powders. Addit. Manuf. 2020, 31, 100965. [CrossRef]
51. Bay, B.K.; Smith, T.S.; Fyhrie, D.P.; Saad, M. Digital volume correlation: Three-dimensional strain mapping using X-ray tomogra-

phy. Exp. Mech. 1999, 39, 217–226. [CrossRef]
52. Gawenda, T.; Saramak, D.; Nad, A.; Surowiak, A.; Krawczykowska, A.; Foszcz, D. Badania procesu uszlachetniania kruszyw

w innowacyjnym układzie technologicznym. In Proceedings of the XIX Konferencja Kruszywa Mineralne Surowce-Rynek-
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