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The size and shape characterization of irregular particles is a key issue in many fields of science, which is often
associated with large uncertainties. We assess existing protocols and introduce new strategies for the study of
size and shape of irregular particles by performing a comprehensive characterization of 127 volcanic clasts
with diameters between 155 μm and 37 mm. Methods include caliper measurements, image analysis, laser
scanning and scanning electron microscope micro-computed tomography. Volume, surface area and various
shape descriptors including form factors (e.g. flatness, elongation), circularity measures and sphericity are
analyzed. First, existing procedures commonly applied by caliper and image analysis to determine 1D (i.e. particle
lengths in three dimensions) and 2D variables (e.g. particle projection perimeter and area) have been revised. A
new procedure based on particle projection area (PA protocol) for measuring particle lengths in three
dimensions is also proposed that is associated with the lowest operator-related errors with respect to existing
protocols. In addition, the effect of number of particle projections on the variables obtained through image
analysis is investigated. It was found that two to three perpendicular projections can be used to characterize
2D variables with a maximum error of b10%. Second, 1D and 2D variables calculated based on the new PA
protocol and image analysis are used to derive shape descriptors and investigate their variability and correlations.
Finally, both existing and new empirical correlations for the estimation of 3D particle parameters (i.e. volume,
surface area, sphericity) based on 1D and 2D variables are presented and benchmarked. It was found that
correlations that are based on 2D variables are associated with the lowest average error (~2.6–4.6%).

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Size and shape characterization of particles is of key interest in var-
ious fields of science and engineering, including soil and atmospheric
sciences, pharmaceutical and food processing, and advanced materials
development [1–13]. In volcanology, size and shape of particles play
an important role in various processes with large implications for the
assessment of hazards, such as dispersion and sedimentation of volcanic
particles [12,14–18], reaction of air-borne particles with gases and
water vapor in the eruption plume [19], threats to aviation and
public health [12,20–24] and geophysical monitoring such as satellite
retrievals [25,26].

In order to characterize particle shape several shape descriptors
have been introduced over the last few decades. Shape descriptors are
mathematical functions that require previous determination of dimen-
sional variables, such as values of length, diameter, perimeter, area or
volume. They are here categorized in 1D, 2D and 3D shape descriptors
based on the associated methods and variables. A well-known class of
1D shape descriptors called “form factors” that are defined based on
the particle lengths in three dimensions (i.e. form dimensions), which
. Bagheri).
can be measured rapidly using a ruler or a caliper. A common example
of form factors are flatness and elongation. 2D shape descriptors
are based on “2D variables”, which are determined through image
analysis of particle projections (also called shadowgraphs or silhou-
ettes) [7,9,12,27–32]. Examples of 2D variables typically determined
by image analysis are the projection perimeter, area, and diameters of
inscribing and circumscribing circles. Traditionally, projections are stan-
dard images taken by light microscopes and binoculars. Nowadays
modern techniques, such as laser scanning (LS) and computed tomogra-
phy (CT) can reconstruct external geometry of particles into 3D models
that can be used to generate a large number of virtual 2D projections.
Sphericity is the only 3D shape descriptor considered in this study,
which is defined as the ratio between surface area of a sphere with
the same volume as the particle and the surface area of the particle
[33]. Sphericity is a measure of the degree to which the shape of a
particle approximates that of a true sphere [33,34]. In order to calculate
sphericity particle volume and surface area need to bemeasured using a
3Dmethod, such as 3D laser scanning (LS) and scanning electronmicro-
scope micro-computed tomography (SEM micro-CT).

“Formdimensions” used for calculation of “form factors” (e.g.flatness,
elongation) consist of three length values, L, I and S, measured along
different, usually perpendicular, directions. Several protocols have
been established to determine L, I and S. According to the Standard
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(STD) protocol proposed by Krumbein [35], L corresponds to the lon-
gest dimension of the particle, I to the longest dimension perpendic-
ular to L, and S to the longest dimension perpendicular to both I and
L. In contrast, Blott and Pye [34] defined L, I and Swith respect to the
longest, intermediate and shortest edge dimensions of the Minimum
Bounding Box (MBB) enclosing the particle. The accuracy of these
procedures is, however, highly dependent on the ability of the oper-
ator to identify the directions along which form dimensions are to be
measured. In particular, errors mostly arise from the difficulty to
evaluate the perpendicularity relationship between L, I and S [34,
36] (STD protocol) and the proportions of the MBB (MBB protocol).

Similar to caliper measurements, image analysis is subject to
operator-dependent errors. In particular, results vary as a function of
the orientation and number of selected projections. The analysis of a
single randomly-selected projection clearly leads to incomplete results.
However, it is not yet clear howmanyprojections of an irregular particle
are needed in order to guarantee reliable characterization of size and
shape. Cauchy [37] showed that accurate calculations of the surface
area, SA, of a convex body (i.e. every line segment between two vertices
remains inside or on the boundary of the body) from the area of its
projections require an infinite number of projections. Laurentini [38]
reported that the volume, V, of any polyhedron of n faces can only be
reconstructed provided that n5 random projections are available.
In practice, however, the number of projections is often adapted to
the quantities to be measured. As an example, calculations of the
terminal fall velocity of volcanic ash particles are generally based
on one [7,12,17,18] or two [16] projections. Blott and Pye [34]
suggested the use of three perpendicular projections to estimate
particle sphericity from circularity measures, and Asahina and
Taylor [30] and Taylor et al. [9] used 31 and 65 projections, respec-
tively, to calculate the surface area of gravel-sized rock pieces.

1D and 2D variables can be easily obtained from caliper measure-
ments and image analysis. On the other hand, the determination of
volume, surface area and sphericity, which are hereafter indicated as
3D parameters, needs more sophisticated instruments (e.g. LS) that
are more time consuming and in most cases cannot be applied to a
large number of particles. Many studies can be found in the literature
that explore the possibility of obtaining 3D parameters from 1D and
2D variables [7,9,29–31,34,37,39–42]. However, a comprehensive in-
vestigation on this subject is still needed since most of previous studies
did not measure 3D parameters directly and/or their relationships with
1D and 2D were not analyzed in detail.

Shortcomings of existing strategies include i) the difficulty in identi-
fying the perpendicularity among L, I and S, which can generate large
operator-dependent errors and ii) the lack of quantification of the
dependence of image analysis on the number of irregular-particle
projection, which can also generate large errors. Finally, in order to
better characterize critical particle parameters (e.g. sphericity), which
can help describe important physical processes, such as particle trans-
port and sedimentation, a comprehensive study of shape of highly irreg-
ular particles is required. This should include simple (e.g. caliper) to
complex (e.g. LS and SEMmicro-CT) measurement strategies. The eval-
uation of 3D parameters (e.g. volume, surface area, sphericity) based
on 1D and 2D variables also needs to be investigated in more detail.

In order to address the issues and shortcomings mentioned above,
we have carried out a systematic study on 127 volcanic clasts between
155 μm–36 mm, which are good general case studies of irregular parti-
cles. Several methods for the characterization of our particles are used,
including caliper measurements, image analysis, LS and SEMmicro-CT.
First, existing procedures commonly applied to determine the variables
of shape descriptors are revised (i.e. 1D and 2D variables). In particular,
a new protocol, called projection area-based protocol (PA), is proposed
for themeasurement of form dimensions with low operator-dependent
errors. Second, 1D and 2D variables are used to calculate shape descrip-
tors (i.e. form factors, circularity, sphericity). Third, both new and
existing empirical correlations are benchmarked for applications
where 3D parameters are obtained indirectly from shape descriptors
and both 1D and 2D variables.

2. Samples

Selected particles are divided in two sample sets (Table 1) based
on the common size classification used in volcanology: lapilli
(2 mm b deq b 64 mm) and ash particles (deq b 2 mm), where deq, ob-
tained from LS and SEM micro-CT measurements, is the equivalent
spherical diameter defined as the diameter of the sphere with the
same volume V as the particle (deq ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

6 V=π3
p

).
Sample Set 1 consists of 115 lapilli-sized particles with

11 mm b deq b 36 mm collected from various tephra deposits, includ-
ing those of Chaitén (Chile, 2008), Llaima (Chile, 1957), Villarrica
(Chile, Chaimilla unit, 3500 BP), Cotopaxi (Ecuador, layer 2, 290 years
BP and layer 5, 1180 years BP [43]), Masaya (Nicaragua, Fontana Lapilli,
60 Ka [44]) and Stromboli (Italy, 2007). 65 particles of Sample Set 1 are
vesicular (opening diameter of the vesicles corresponding to 5–40% of
deq, with a mode around 10–25%) and 13 particles have non-vesicular
surfaces. The term “vesicle” here refers to surface vesicles only and
internal vesicles have not been considered. In addition, 37 particles
are also wrapped in Parafilm® (a self-sealing, moldable and flexible
wax film) to cover the surface vesicles and increase the population of
“non-vesicular” samples without changing their macroscopic shape
characteristics. LS 3D models of selected lapilli-sized particles are
shown in Fig. 1.

Sample Set 2 consists of 12 ash particles with 155 μm b deq b 930 μm
that includes 3 vesicular and 9 non-vesicular. Because of their small size,
these particles were investigated through SEMmicro-CT (Fig. 2) instead
of LS and image analysis. The small population of ash particles is due to
the fact that SEM micro-CT is a time-consuming technique [45], which
cannot be applied to a large number of particles [45]. Ash particles
were collected from the tephra deposits of Kīlauea (Hawaii, Mystery
Unit of Keanakakoi formation, 1790 AD), Chaitén (Chile, 2008) and
Masaya (Nicaragua, Fontana Lapilli, 60 Ka [44]).

3. Measurement methods

3.1. LS (laser scanner)

LS enables the external envelope of a particle to be reconstructed in
3D (Fig. 1). The lapilli-sized particles (Sample Set 1)were scanned using
theNextEngine Inc. desktop laser scannerwith accuracy of ~100 μmand
particle volume and surface area were calculated using the ScanStudio
HD Pro software (v.1.3.2) delivered with the apparatus. Samples were
glued onto a needle-shaped screw, fixed to a self-rotating and tiltable
stage, and rotated over 360°. Digital scans of the samples were taken
using increments of 45° to 60° depending on the irregularity of the par-
ticle shape. This preliminary scan was then inspected visually and com-
pleted by additional scans to improve the orientation coverage. The
successive scans were later aligned digitally and a mesh of the particle
surface was created. In most cases further cleaning and patching of
the mesh is necessary to reduce noise and remove artifacts. Acquisition
and post-processing took about 2 h on average for each particle. Our
preliminary test showed that particles with deq of 5mmare the smallest
particle size that can be reconstructed by our LS. In order to validate LS
measurements, an official table tennis ball (40 mm in diameter) ap-
proved by the ITTF (International Table Tennis Federation)was scanned
and its surface area and volume calculated from its 3Dmodel. The errors
were within 0.5% with respect to the analytical calculations.

3.2. Scanning electron microscope (SEM) micro-CT

SEMmicro-CT enables non-destructive 3D reconstruction and char-
acterization of small objects within the chamber of an SEM [46]. The



Table 1
Samples and methods used in this study.

Sample set Type No. deq Surface Measurement methods

1 Lapilli 65 11–36 mm Vesicular Caliper, image analysis and LS
Lapilli 13 15–21 mm Non-vesicular
Lapilli particles wrapped in Parafilm® 37 11–37 mm Non-vesicular

2 Ash 3 205–266 μm Vesicular Image analysis and SEM micro-CT
Ash 9 155–930 μm Non-vesicular
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technique uses the X-rays generated in the SEM chamber when the
electron beam is focused on a metal target. The object to be analyzed
is placed in front of the X-ray beamand step-wise rotated over an incre-
mental range of angular orientations. Shadow projections of the sample
are then collected by an X-ray sensitive camera and used to reconstruct
2DCT slices and 3Dmodels of the objectwith a resolution in the order of
1 to 3 μm (see Fig. 2).

SEM micro-CT analyses were carried out at the University of
Lausanne (Switzerland) using a CamScan MV2300 SEM equipped with
a Bruker SEM micro-CT attachment. This device consists of a Princeton
Instruments PIXIS XO X-ray camera and a computer-controlled
Fig. 1. LS 3D models of selected particles of Sample Set 1 (scale bar: 10 mm). Particles
k and l are Parafilm®-wrapped models of particles h and i, respectively. Particles a to
i are considered as vesicular and particles j to l are considered as non-vesicular. Source
of particles are as follows: a and c from Cotopaxi layer 5, b from Cotopaxi layer 2, d from
Villarrica Chaimilla unit, h from Llaima 1957, f and l from Chaitén 2008, e, i and g from
Masaya Fontana Lapilli.
motorized stage. The SEM was operated at 30 kV and 300 nA to maxi-
mize the penetration power of X-rays and to increase the signal-to-
noise ratio in the shadow projections. Depending on the density,
particles with diameters between 0.1 and 1.0 mm can be reconstructed
by using our SEMmicro-CT. In order to check the accuracy of themeth-
od, the form dimensions obtained from SEM micro-CT were compared
to the dimensions measured using an optical microscope. Results
showed a maximum of 3% deviation. For a detailed description of the
SEMmicro-CT technique and its applicability to volcanic ash, the reader
is referred to Vonlanthen et al. [45].

3.3. Caliper

Adigital caliperwith accuracy of 0.01mmwasused tomeasure form
dimensions of particles in Sample Set 1. Because of the impracticality
of manipulating small objects, caliper measurements could not be
performed on particles of Sample Set 2.

3.4. Image analysis

For each particle, image analyses were performed on 1000 random
projections that were extracted from the 3D models obtained from LS
and SEM micro-CT. The size of each projection is 1000 × 1000 pixels,
which corresponds to spatial resolution of 11 to 36 μm/px for the parti-
cles of Sample Set 1 and nominal spatial resolution of 0.2 to 1 μm/px for
those of Sample Set 2. Random projections were analyzed using the
ImageJ software [47] to extract 2D variables that include the perimeter,
P, circle equivalent diameter, d2D, area, A, diameter of the largest
inscribed circle, Di, and diameter of the smallest circumscribed circle,
Dc (see Fig. 3). Other than these variables, there are other variables
that can be obtained from image analysis, such as minimum and maxi-
mum caliper lengths of the projection (i.e. lmin and lmax). lmin and lmax

can be considered as equivalent to L, I or S depending on the particle ori-
entation in the projection (see Section 5.1.1 formore details). Therefore,
they can be used as alternatives for measuring form dimensions since
they are associated with less operator-dependent errors compared to
those obtained by caliper.

A dedicated FORTRANcodewas developed tomerge the data obtain-
ed from calipermeasurement, image analysis, LS and SEMmicro-CT and
to calculate all shape descriptors. The statistical analysis on the output
data from the code was done by the R statistical package [48].

4. Measurement of particle volume and surface area

Depending on the instrument used for measuring volume and
surface area of an irregular particle different values might be obtained.
In particular, surface area of an irregular porous object is a function of
scale and depends on the considered measurement strategy [9]. For ex-
ample, gas-adsorption methods measure particle surface area down to
molecule level while LS and SEM micro-CT work at much higher scales
(0.1–1.0% of deq) [7,12,27]. As a result, surface area and related parame-
ters, such as sphericity, obtained with LS and SEM micro-CT cannot be
compared with those obtained from gas-adsorption methods. In this
study, in order to have a reference value for 3D parameters, i.e. particle
volume (and eventually deq), surface area (SA) and sphericity (ψ, see

image of Fig.�1


Fig. 3. Variables determined for a particle projection using ImageJ [47]. The projection
shown in thisfigure is a projection of particle a in Fig. 1 that is also itsmaximumprojection
area. For each particle in Sample Sets 1 and 2, up to 1000 projections in random orienta-
tions of the particle are created from the particle 3D model and analyzed by ImageJ [47].
A ≡ projection area, P ≡ projection perimeter, d2D ≡ circle equivalent diameter, lmin ≡
minimum caliper length, lmax ≡ maximum caliper length, Di ≡ diameter of the largest
inscribed circle and Dc ≡ diameter of the smallest circumscribed circle.

Fig. 2. SEM micro-CT models of the volcanic ash particles of Sample Set 2 (scale bar:
100 μm). Particles a to c are considered as vesicular and particles d to l are considered as
non-vesicular. Source of particles area as follow: b, d, f, g, h, i and k from Kīlauea Mystery
Unit of Keanakakoi formation; a, c, j and l fromMasaya Fontana Lapilli; and e from Chaitén
2008.
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Table 3 for definition), values obtained from LS and SEM micro-CT are
used.

5. Results

5.1. Measuring strategies

5.1.1. Form dimensions: the new projection area (PA) protocol
In order to reduce the operator-dependent errors associated with

both the STD and MBB protocols, a new approach based on projection
area (PA) is introduced for the measurement of form dimensions
(i.e. L, I, S). Unlike the STD and MBB protocols, the PA protocol does not
require L, I and S to be measured perpendicularly to each other. Instead,
they aremeasured on two specific projections of the particle, namely the
projections with maximum and minimum areas. L and I are defined as
the largest and smallest dimensions measured on the maximum-area
projection, and S corresponds to the smallest dimension measured in
theminimum-area projection. A sketch illustrating the dimensions asso-
ciated with the STD, MBB and PA protocols is shown in Fig. 4.

In order to test the operator-dependency of the PA protocol, three
different operators measured form dimensions of particles shown in
Fig. 1 through both the MBB and PA methods by using a digital caliper
(Table 2). The application of the MBB protocol with caliper is described
by Blott and Pye [34] and shown in Fig. 4b. In contrast, the application of
the PA protocol is based on the maximum and minimum projections
visually identified by different operators (Fig. 4c). Maximum and
minimum dimensions were then measured with a digital caliper. We
did not consider the STDmethod since it is already proven to be highly
operator dependent [34,36]. Results show that the PAmethod is associ-
ated with lower operator-dependent errors (1.3–2%) than the MBB
method (2.4–5.3%).

In addition, the accuracy of both protocols has been evaluated based
on comparison between the caliper measurements and reference form
dimensions (Table 2). For the MBB protocol, references consist of the
edge dimensions of the Minimum Bounding Box calculated using the
MATLAB toolbox [49]. For the PA protocol, references are calculated
from the maximum and minimum area projections among 1000 ran-
dom projections created from 3D models. In order to do so, lmin and
lmax of the maximum projection area of the particle are assigned as
L and I, respectively, and lmin of theminimumprojection area is assigned
as S. The average error between measurements and references ranges
between 2.8% and 4.6%, with a maximum of 15.1% (for L) for the MBB
protocol, and between 1.2% and 2.4%, with a maximum of 4.9% (for I)
for the PA protocol.

The ability of the PA protocol to account for commonmorphological
quantities has been tested in two ways. First, the particle spherical
equivalent diameter, deq, obtained from LS and SEMmicro-CTwas com-
pared to the averaged geometrical diameter of the equivalent ellipsoid,
dG ¼

ffiffiffiffiffiffiffiffi
L I S3

p
, (i.e. an ellipsoid with same tri-axial dimensions as the parti-

cle form dimensions). Second, the particle surface area, SA, obtained
fromLS (Sample Set 1) and SEMmicro-CT (Sample Set 2)was compared
to the surface area of the equivalent ellipsoids, SAellip.. Taylor et al. [9]
used the following approximate solution for calculating SAellip. that is
associated with relative error of 0.1% compared to exact results:

SAellip:≈4 π
LIð Þλ þ LSð Þλ þ ISð Þλ

3−k 1−27 LIS Lþ I þ Sð Þ−3� �
" #1=λ

ð1Þ

image of Fig.�3
image of Fig.�2


Fig. 4. Schematic illustration of different protocols used tomeasure formdimensions (L, I and S) of particle a in Fig. 1 (dimensions are inmm). (a) The Standard (STD) protocol proposed by
Krumbein [35]; (b) The Minimum Bounding Box (MBB) of Blott and Pye [34] determined using the MATLAB toolbox of Korsawe [49]; (c) Form dimensions inferred from the Projection
Area (PA) protocol. Top and bottom projections are the maximum and minimum area projections, respectively.
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where λ = 1.5349, k = 0.0942. Fig. 5 shows the ratios of SAellip. to
SA, and of dG to deq as boxplots. In each boxplot the ends of the bars
represent the smallest and the largest measurements. The box height
indicates the first and the third quartiles and the horizontal in the box
line is the median (second quartile) of the measurement. The outliers
(outside 1.5 times the interquartile range above the upper quartile
and bellow the lower quartile) are shown by circles, however, they
are not considered for discussion. The number at the bottom of each
boxplot is themean of the distribution. Fig. 5 shows that ratios obtained
from the PA protocol are closer to unity and have narrower maximum
deviations than those obtained from the MBB protocol. This trend
is confirmed by the Pearson correlation coefficient, r, between SAellip.

and SA, and between deq and dG. Using the MBB protocol, r values are
0.981 between SA and SAellip., and 0.987 between deq and dG, while
they are 0.994 and 0.989, respectively, using the PA protocol.

The use of the new PA protocol can reduce operator-dependent er-
rors for measuring form dimensions of irregular particles (Table 2)
and can also provide better estimation of particle volume and surface
area (Fig. 5). The PA protocol is also much easier to apply since it is
not necessary to maintain the perpendicularity between projections or
measured dimensions. The only subjectivity associated with the PA
protocol is the choice of maximum and minimum particle projections.
In the following sections form dimension of particles are obtained by
Table 2
Comparisons of the MBB [34] and PA protocols for measuring form dimensions of particles s
measurements and values in table are mean of their readings. Deviations shown at bottom of ca
in the last row are relative errors between average of caliper readings and MATLAB toolbox [4

ID MBB [34]

Mean caliper MATLAB [49]

L I S L I

a 25.9 15.0 11.0 25.1 14.8
b 19.6 16.7 13.3 19.5 15.8
c 25.2 21.2 9.2 25.1 20.8
d 21.9 16.8 14.9 19.0 16.1
e 24.7 19.0 12.2 21.7 20.9
f 34.5 22.0 15.4 33.0 22.9
g 26.2 18.8 13.5 26.3 18.6
h, k 19.7 16.2 11.2 20.2 16.5
i, l 30.2 24.2 16.6 30.6 24.2
j 32.2 26.1 13.0 32.7 25.4
Max. dev. oprs. % 6.5 7.4 4.6
Avg. dev. oprs. % 2.4 5.3 2.7
Max. Error % 15.1 5.8
Avg. error % 4.6 2.9
applying the PA protocol on 1000 random orientation projections.
Through this procedure, we make sure that the presented results are
not biased by possible operator-dependent errors that might arise
from using the caliper.
5.1.2. Image analysis: effect of particle orientation and number of projections
The particle 3D model (obtained from LS or SEM micro-CT) enables

the generation of several hundreds of randomly oriented projections.
This allowsus to determine easily the influence of the number of projec-
tions, N, on widely-used 2D variables and shape descriptors: the circle
equivalent diameter, d2D, the Riley circularity [50], φRiley, and the Cox
circularity [51], φCox (Fig. 6). The definitions of circularity measures
are presented in Table 3. The average values of d2D, φRiley and φCox

were calculated for each particle for N = 1, 2, 3, 10, 20, 50, 100 and
1000. Values that averaged over 1000 projections, shown by overscores
(i.e. d2D, φRiley, φCox), were used as references for the values averaged
overN b 1000. ForN=1 theprojectionwithmaximumareawas select-
ed since it is themost possible orientation of the particlewhen its image
is taken by microscopes (due to higher stability in such orientations)
among other possible orientations. The minimum and maximum area
projections were used for N = 2, and three perpendicular projections
were selected for N=3 (the first being themaximum area projection).
hown in Fig. 1 (Dimensions are in mm). Three different operators (oprs.) made caliper
liper readings are the deviation between readings of different operators. Errors presented
9] for the MBB [34]; and caliper readings and image analysis for the PA.

PA

Mean caliper Image analysis

S L I S L I S

10.5 25.9 15.0 10.6 26.7 14.7 10.7
13.8 20.1 16.8 13.3 20.4 17.6 13.6
9.4 26.0 20.8 9.3 26.1 21.1 9.5

14.5 22.5 15.4 14.5 22.6 16.0 15.1
12.6 26.1 19.0 12.5 26.2 18.9 12.7
16.0 34.5 22.6 15.4 34.8 22.5 16.1
13.6 27.3 19.1 13.6 27.3 18.8 13.7
11.0 20.5 16.5 11.0 21.2 16.5 11.1
18.2 30.9 24.2 17.8 31.1 23.8 17.6
13.5 32.9 25.4 13.4 32.8 25.7 13.6

5.0 4.4 3.9
1.5 1.3 2.0

4.7 3.4 4.9 4.5
2.8 1.2 2.4 2.0

image of Fig.�4


Fig. 5. Box plot showing the variability of ratios of dG and SAellip. calculated from the form
dimensions (L, I and S) to deq and SA obtained from LS and SEMmicro-CT measurements.
Each boxplot shows the distribution of the corresponding ratio within all particles of
Sample Sets 1 and 2. Form dimensions were measured using a digital caliper following
either the MBB [34] (black boxes) or the PA protocol (white boxes).
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For N N 3, the three perpendicular projections were completed by
randomly selected projections.

Fig. 6 shows that the average of deviations decreases as the number
of projections increases. For N= 1 the deviation of the median is +12%
for d2D, +4% for φRiley⁎, and +1% for φCox⁎ (compared to the value
averaged over 1000 projections N = 1000, dotted horizontal line). For
N = 2 the deviation of the median remains constant for φCox⁎, while it
significantly decreases forφRiley (+2%) andd2D (−1%).Whiskers shrink
significantly with increasing N (~20% for N = 1, 5–8% for N = 3, and
~2.5% for N = 50).

In summary, a single projection (N=1) is not sufficient to estimate
d2D, but it can estimate φRiley andφCox with error distributions centered
around zero. Using a large amount of projections (N N 10) significantly
improves the results. However, acquisition and post-processing time in-
creases when a large number of projections is considered. Using two
projections that include minimum and maximum projections (N = 2)
or three perpendicular projections (N = 3) can be considered as the
best compromise between time and accuracy.

5.2. Shape descriptors of Sample Set 1 and 2

In the previous section, 1D variables (i.e. form dimensions) of sam-
ple particles were obtained through PA protocol and 2D variables by
image analysis. In this section various shape descriptors are calculated
and the shape characteristics of our sample particles are investigated.
In particular, shape descriptors considered in this study are those that
are most used in transport and sedimentation studies [52] and are
divided in 1D, 2D and 3D descriptors (Table 3). 1D shape descriptors
are typically called form factors since they are defined based on form
dimensions (i.e. L, I, S). Form factors considered here include:
(i) elongation and flatness [53], (ii) Krumbein intercept sphericity [54],
(iii) Corey shape factor [55], (iv) Sneed and Folk maximum projection
sphericity [1], (v) Aschenbrenner working sphericity [39], (vi) Wilson
and Huang shape factor [14]. 2D shape descriptors include circularity
measures (i.e. Cox circularity [51] and Riley circularity [50]) that are
based on 2D variables obtained through image analysis. Finally, the
sphericity [33] that is related to the particle volume and surface area
(obtained from LS and SEM micro-CT) is considered as a 3D shape de-
scriptor. There are other types of shape descriptors, such as roundness,
irregularity, convexity indexes and surface texture descriptors that are
not considered in this study since we are mainly interested in shape
descriptors related to transport and sedimentation behavior of particles.

In this section, first variability range of shape descriptors of our sam-
ple particles is presented. This gives insights both into shape character-
istics of volcanic particles and into the influence of surface vesicularity
on the variability of shape descriptors. Second, through a correlation
matrix, we investigate how the shape descriptors are related together
and explore the possibility of estimating one shape descriptor from
another.

5.2.1. Variability
Variability of all the shape descriptors listed in Table 3 is shown

in Fig. 7 for both vesicular and non-vesicular particles. 1D shape descrip-
tors cannot be used to distinguish between vesicular and non-vesicular
particles since they are formulated based on form dimensions, which
are not sensitive to vesicularity. Fig. 7a shows that particles of Sample
Set 1 have elongation between 0.51 and 0.91 and flatness between
0.40 and 1.00. According to the classification terminology suggested
by Blott and Pye [34], the particles of Sample Set 1 can be classified as
“moderately elongate” to “not elongate” and “moderately flat” to “not
flat”. Out of all 1D shape descriptors, the working sphericity of
Aschenbrenner [39], FAc, has the lowest variability and the highest
mean value, whereas Corey [55], FCr, and Wilson and Huang [14], FWH,
shape descriptors have the lowest mean values. The Riley circularity,
φRiley, shows the same range of values for both non-vesicular and vesic-
ular particles. On the other hand, both sphericity, ψ, and Cox circularity,
φCox, show different values for vesicular and non-vesicular particles
with a very narrow overlapping. Sphericity of non-vesicular particles
varies between 0.77 and 0.90 while for vesicular particles sphericity is
on average 18% less than non-vesicular particles and varies between
0.53 and 0.80. This is due to the fact that vesicular particles have higher
surface area compared to non-vesicular particles of the same volume
and, as a result, their sphericity is lower (according to sphericity defini-
tion in Table 3).

Fig. 7b shows the variability of shape descriptors for Sample Set 2.
Form factors have a wide range of variability between 0.25 and 0.90.
Particles of Sample Set 2 have elongation between 0.33 and 0.86 and
flatness between 0.34 and 0.88. They can be classified as “very elongate”
to “not elongate” and “very flat” to “not flat”. Similarly to Sample Set 1,
values of ψ and φCox are different for non-vesicular and vesicular parti-
cles. Sphericity of non-vesicular particles in Sample Set 2 varies between
0.50 and 0.86 while for vesicular particles sphericity is in average 33%
less than non-vesicular particles and varies between 0.43 and 0.46. In
general, all the shape descriptors of Sample Set 2 have lower average
values than those of Sample Set 1.

5.2.2. Correlation between shape descriptors
Correlation matrix between various shape descriptors of Table 3 is

shown in Fig. 8. The diagonal elements are symbols of the shape descrip-
tor listed in Table 3. The scatter plots between shape descriptors are
shown under themain diagonal and the corresponding Pearson's corre-
lation coefficients, r, are shown above themain diagonal. As an example,
a strong linear correlation in the scatter plot between FKr and FWH can be
seen, which is also reflected in the correlation coefficient of 0.99
between these variables.

1D shape descriptors are either affected by the particle elongation or
by their flatness. FCr, FSF and FAc are highly correlated with each other
(r = 0.93–1.00) and all of them have high correlation coefficients
with the particle flatness (r = 0.76–0.91). A similar situation exists
between FKr, FWH and particle elongation. The correlation matrix
shows that, as we go from 1D shape descriptors to 2D and then to 3D
shape descriptors, the relation between shape descriptors of different
dimensions weakens so that there is almost no correlation between
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Fig. 6. Influence of number of projectionsN on the deviation of on the average of (a) circle equivalent diameter d2D, (b) the Cox circularityφCox [51], and (c) the Riley circularityφRiley [50].

For each parameter x (i.e. d2D,φCox,φRiley) the deviation x* is calculated asx� ¼ ∑
N

i¼1
xi
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 !�
xwhere x is the average over 1000 projections. Each boxplot shows the distribution of

the deviation x* for all particles in Sample Sets 1 and 2.
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1Ddescriptors and sphericity. Among1Ddescriptors, FKr has the highest
correlation coefficient with the sphericity and, as shown in Fig. 7, its
range of variability is also very close to that of sphericity. But in any
case, the correlation between FKr and sphericity is not significant as it
can be seen from their scatterplot. Strong correlations between φRiley

and most of 1D descriptors, in particular FKr and FWH, exist. This can be
explained by looking at the formulation of φRiley (=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Di=Dc

p
) that is

defined based on 2D variables that are constrained by 1D variables. In
fact, Dc and Di are constrained by L and S, respectively, and as a result
φRiley can be roughly approximated by

ffiffiffiffiffiffiffi
S=L

p
. Interestingly, the correla-

tion between φRiley and φCox is not very strong (r= 0.68) although both
of them are introduced asmeasures of circularity. Finally, the sphericity,
ψ, has very strong correlation with φCox, whereas there is almost no
correlation between the particle sphericity and φRiley. In the next section
we discuss inmore detail the relationship between sphericity and circu-
larity measures.

Various shape descriptors are measured for both sample sets. All
shape descriptors (Fig. 7), imply that the ash particles of Sample Set 2
are more irregular compared to particles of Sample Set 1. This indicates
that, at least for the sample sets characterized in this study, shape of
volcanic particles is a function of size and irregularity increases with
decreasing size. A more definite conclusion could be made if a larger
number of ash-size particles were characterized. The decrease for the
shape descriptors shown in Fig. 7 between ash and lapilli-size particles
is around 5–42%.
5.3. Indirect evaluation of 3D parameters based on 1D and 2D variables

In this section we investigate how results obtained in previous sec-
tions can be used for indirect evaluation of 3D parameters (i.e. volume,
surface area and sphericity). First, we benchmark existing strategies
and then we introduce new strategies that are associated with smaller
relative errors and uncertainties. Volume, surface area and sphericity
of 3D models (obtained from LS or SEM micro-CT) are considered
as the reference values for benchmarking estimations of 1D- and 2D-
based strategies.

5.3.1. Existing strategies

5.3.1.1. Volume. In order to estimate particle volume indirectly from 1D
or 2D variables, the equivalent spherical diameter of the particle, deq,
should first be estimated. The most used techniques for estimating deq
from 1D variables is to average the particle form dimensions either
arithmetically, dA= (L+ I+ S)/3, or geometrically,dG ¼

ffiffiffiffiffiffiffiffi
L I S3

p
. Asmen-

tioned earlier, estimating deq by dG is equivalent to estimating particle
volume by volume of the equivalent ellipsoid. For estimating deq from
2D variables, a commonmethod is to use the circle equivalent diameter

that is averaged overmultiple projections,d2D [9,29–31,42]. However, in
some applications only a single projection of the particle obtained from
microscope is used to estimate d2D [7,17,18]. Therefore, in addition to

d2D,we also consider the circle equivalent diameter of particles obtained
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Fig. 7.Distributions of the shape descriptors listed in Table 3 for the particles of (a) Sample
Set 1 and (b) Sample Set 2. φRiley and φCox are obtained by averaging φRiley and φCox over
1000 projections. The number at the bottom of each boxplot is the mean of the distribu-
tion. Regarding 1D shape descriptors, no distinction could be made between particles
with vesicular and non-vesicular surface texture since they are formulated based on
form dimensions (L, I and S) that are not sensitive to vesicularity.

Table 3
Shape descriptors measured for each particle. Shape descriptors are categorized based on
the classification proposed by Blott and Pye [34] and, therefore, might differ from that of
original papers (for more details please refer to Blott and Pye [34]).

Formula Notes

Form factors (1D)
e = I/L Elongation [52]
f = S/I Flatness [52]

FKr ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
I S=L23

q
Krumbein intercept sphericity [53]

FCr ¼ S=
ffiffiffiffiffi
L I

p
Corey shape factor [54]

FSF ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
S2=L I3

q
Sneed and Folk maximum projection sphericity [1]

FAc ¼ 12:8
ffiffiffiffiffiffi
f 2e3

p
1þ f 1þeð Þþ6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ f 2 1þe2ð Þ

p Aschenbrenner working sphericity [39], is sphericity
of a tetrakaidekahedron derived from its flatness
and elongation

FWH = (I + S)/2 L Wilson and Huang shape factor [14] for estimating
drag coefficient of irregular volcanic particles

Circularity measures (2D)
φCox = 4 π A/P2 Cox circularity (Cox [51] called it roundness)

φRiley ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi
Di=Dc

p
Riley circularity (Riley [50] called it inscribed
circle sphericity)

Sphericity (3D)
ψ = π deq

2 /SA Sphericity [33]
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from their maximum area projection, max(d2D), as another common
estimator for deq.

In Fig. 9 ratios of dA, dG, max(d2D) and d2D to the reference deq versus
particle sphericity for both sets of particles are shown. Interestingly, all
ratios are greater than one, which indicates that in all cases deq is
overestimated (up to 80%) by parameters based on 1D or 2D variables.
On average the overestimation of dA is 16%, of max(d2D) is 26% and
values of both dG and d2D are on average 12% higher than deq. However,
if more particles with sphericity lower than 0.5 existed in our sample,
the average of overestimation could be higher. The general trend in
Fig. 9 shows that the overestimation is strongly dependent on the parti-
cle sphericity so that, as the particle sphericity increases, the overesti-
mation decreases. For each parameter a non-linear curve is fitted and
their coefficients of determination, R2, are shown on the plot. Slope of
fitted curves indicate that ratios of dA and max(d2D) to deq are more
affected by the particle sphericity than those of dG and d2D.

5.3.1.2. Surface area (SA). The common method for estimating SA from
1D variables is the surface area of an ellipsoid with the same form
dimensions as the particle, as shown in Eq. (1) [9,16,40]. Taylor et al.
[9] found that the SA of crushed granite rocks obtained from X-ray
CT are on average 10% higher than SAellip.. In the case of volcanic parti-
cles, Dellino et al. [16] directly used SAellip. for estimating surface area
of lapilli-sized particles (2–64 mm) whereas Ersoy et al. [28] found
SAellip. to be inadequate for estimating surface area of volcanic ash
(deq b 125 μm).

Among approaches based on 2D variables, Cauchy's theorem [37] is
the most used method for estimating particle surface area [9]. Cauchy
[37] proved that the actual surface area of a convex body is equal to
four times the average of projected areas:

SACauchy ¼ πd2D
2 ð2Þ

A particle is convex if every line segment between two vertices re-
mains inside or on the boundary of the particle. Later, Underwood
[56] proved that for non-convex bodies Cauchy's method is the mini-
mum bound. Therefore, any deviation between results obtained by
Cauchy's method and actual surface area of particles can be interpreted
as a non-convexity measure.

In this study, both SAellip. and SACauchy are calculated for particles of
Sample Set 1 and 2 and compared against reference SA (Fig. 10). Data
points of SAellip./SA are scattered around 1.0 with a weak correlation
with the particle sphericity. The fitted curve for SAellip./SA indicates
that in most cases when the particle sphericity is less than 0.8, SAellip.
underestimates surface area and when sphericity is greater than 0.8, it
overestimates surface area. On the other hand, the ratio of SACauchy/SA
is always less than 1.0, which is a sign of non-convexity of volcanic
particles [56].

5.3.1.3. Sphericity. Results presented in Figs. 7 and 8 show that the parti-
cle sphericity is sensitive to surface vesicularity and, therefore, 1D shape
descriptors are not good candidates for estimating particle sphericity.
2D shape descriptors, on the other hand, are sensitive to the particle
vesicularity and therefore are better candidates for the estimation
of sphericity. In particular, the Cox circularity [51],φCox, has a strong cor-
relation with the particle sphericity (Fig. 8). Using circularity measures
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Fig. 8. Correlationmatrix of shape descriptors listed in Table 3 for both sample sets. φRiley and φCox are obtained by averagingφRiley andφCox over 1000 projections. Data corresponding to
particles with vesicular and non-vesicular surface are shown by dark and light colors, respectively.
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for estimating the sphericity is also suggested by Blott and Pye [34].
They proposed that the Riley circularity [50], φRiley, is the best to be
used for estimating the particle sphericity since it is simple to calculate
and its estimation is in agreement with another circularity index pro-
posed by Wadell [57].
Fig. 9. Ratios of dA (= (L + I + S)/3), dG (¼
ffiffiffiffiffiffiffiffi
L I S3

p
), max(d2D) and d2D to deq versus

sphericity, ψ. deq and ψ are obtained from LS and SEM micro-CT measurements. For each
parameter, a power-law curve is fitted and the associated coefficient of determination,
R2, is shown.
Fig. 11 shows the variation of sphericity obtained from LS and SEM
micro-CT with respect to φRiley and φCox obtained by image analysis. In
Fig. 11, φRiley points are scattered and have a weaker correlation with
the particle sphericity. Compared to φRiley , φCox is less scattered and
has strong positive correlation with the particle sphericity. However,
Fig. 10. Ratios of SAellip. (Eq. (2)) and SACauchy (Eq. (3)) to SA versus sphericity, ψ. SA and ψ
are obtained from LS and SEMmicro-CT measurements. For each parameter, a power-law
curve is fitted and the associated coefficient of determination, R2, is shown.
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Fig. 11. The variation of Cox circularity [50], φCox, and Riley circularity [50], φRiley, obtained
by image analysis versus sphericity,ψ, obtained fromLS andSEMmicro-CTmeasurements.
φRiley and φCox are obtained by averaging φRiley and φCox over 1000 projections.
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in general, none of circularitymeasures is good for estimating sphericity
of both vesicular and non-vesicular particles, since φRiley overestimates
sphericity of vesicular particles and φCox underestimates sphericity of
non-vesicular particles. The best estimations for sphericity are φRiley
for non-vesicular particles and φCox for vesicular particles.
5.3.2. New strategies
In previous section it was shown that existing strategies for estimat-

ing particle volume and surface area could be improved if particle sphe-
ricity is taken into account. Sphericity can be best constrained when the
Table 4
Summary of new correlations obtained in the present study for estimating 3D parameters
from 1D and 2D variables. Presented notes in this table indicate how the equations are
combined together in order to perform the error analysis shown in Fig. 12. All 2D-related

parameters (e.g. d2D, SACauchy, φRiley, φCox) needed for error analysis of Eqs. (6⁎), (7⁎), (9),
(10⁎) and (11⁎) are obtained from a single projection (i.e. themaximumprojection area).

Eq. Formula Type Notes

Spherical equivalent diameter (deq)
(3) 0:928 dG

0:887 dG
non‐ves:
ves:

�
1D

(7) dG/1.022 ψ−0.29 1/2D ψ from Eq. (6)
(7*) dG/1.022 ψ−0.29 1/2D ψ from Eq. (6⁎)
(8) d2D=1:022 ψ−0:29 2D ψ from Eq. (6)

(9) max (d2D)/1.119 ψ−0.37 2D ψ from Eq. (6⁎)

Surface area (SA)
(4) 0:995 SAellip:

1:094 SAellip:

non‐ves:
ves:

�
1D

(10) π deq
2 /ψ 2D ψ from Eq. (6), deq from Eq. (8)

(10*) π deq
2 /ψ 2D ψ from Eq. (6⁎), deq from Eq. (9)

(11) SACauchy/1.044 ψ−0.44 2D ψ from Eq. (6)
(11*) SACauchy/1.044 ψ−0.44 2D ψ from Eq. (6⁎)

Sphericity (ψ)
(5) π deq

� �2
=SA

π deq
� �2

=SA
non‐ves:
ves:

(
1D deq from Eq. (4) and SA from Eq. (4)

(6) φRiley
φCox

non‐ves:
ves:

�
2D φRiley and φCox are obtained by

averaging
φRiley and φCox over 1000 projections

(6*) φRiley
φCox

non‐ves:
ves:

�
2D φRiley and φCox are obtained from a

single projection (i.e. the maximum
area projection)
characteristics of the particle surface are considered, e.g. vesicularity. As
a result, new strategies are separately introduced for each category of
vesicular and non-vesicular particles (Table 4 and Fig. 12). First, we
provide correlations based on only 1D variables, as they are the simplest
to obtain. Then we investigate how accurate 3D parameters can be
estimated by using various combinations of 1D and 2D variables.

5.3.2.1. Evaluation of 3D parameters based on 1D variables only. Sphericity
cannot bewell constrained only based on 1D variables as vesicularity re-
quires a 2D or 3D shape descriptors (Fig. 8). Therefore simple linear
curve fitting is the most straightforward solution for estimating deq
from dG, and SA from SAellip.:

deq ¼ 0:928 dG
0:887 dG

non‐vesicularparticles
vesicularparticles

�
ð3Þ

SA ¼ 0:995 SAellip:
1:094 SAellip:

non‐vesicular particles
vesicular particles

�
ð4Þ

The best estimation of sphericity based on 1D variables is derived
from the sphericity definition summarized by Eqs. (3) and (4):

ψ ¼
π 0:928 dGð Þ2

.
0:995 SAellip:

� �
π 0:887 dGð Þ2

.
1:094 SAellip:

� � non‐vesicularparticles
vesicularparticles

8<
: ð5Þ

The relative error associated with Eqs. (3) to (5) are shown with
boxplots in Fig. 12. The lowest average error is for deq and the highest
is for sphericity. In summary, maximum error by neglecting outliers is
less than 10% for estimating deq and less than 20% for estimating SA
andψ. It is important tomention thatmost outliers in the corresponding
boxplot of Eq. (5) are related to vesicular particles.

5.3.2.2. Evaluation of 3D parameters based on 1D and/or 2D variables.
Figs. 9 and 10 showed that estimating deq and SA from 1D and 2D
variables is highly correlated with sphericity. Therefore, if we want to
estimate 3D parameters from 1D and/or 2D variables we should start
with the sphericity. In the previous section, Eq. (5) is presented for esti-
mating particle sphericity only based on 1D variables that is associated
with maximum error of less than 20% and outliers with errors up to
50%. However, in Figs. 8 and 11 it was shown that sphericity could be
estimated better from 2D circularity measures than from 1D shape
descriptors. In particular, φRiley gives the best results for sphericity of
non-vesicular particles, while φCox is best for estimating sphericity of
vesicular particles (Fig. 11), which is:

ψ ¼ φRiley
φCox

non‐vesicular particles
vesicular particles

�
ð6Þ

where vesicular particles are, as mentioned in Section 2, those cov-
ered with vesicles with opening diameter of the corresponding to
5–40% of deq, with a mode at around 10–25%, otherwise they are
considered as non-vesicular. For error analysis of the correlations
presented in this section two scenarios are considered: when
1000 projections are used, N = 1000, and when only the maxi-
mum area projection of the particle is used, N = 1, for calculating
2D variables (in latter case the boxplot label is marked by “⁎”). For
Eq. (6), sphericity estimations have an average error of 4.6% while
the average error of Eq. (6⁎) (see the definition in Table 4) is 7.6%
(see Fig. 12). In any case, the maximum errors associated with
Eqs. (6) and (6⁎) are lower than that of Eq. (5).

For estimating deq the following equations can be written based on
curve fits found in Fig. 9:

deq ¼ dG
1:022 ψ−0:29 ð7Þ
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Fig. 12. Distribution of relative errors for estimating spherical equivalent diameter, deq, surface area, SA, and sphericity, ψ, of particles by using Eqs. (3)–(11) (See Table 4 for details).
Relative error, Error %, is defined as (estimation− reference) × 100/reference, where reference values for deq, SA and ψ are obtained from LS and SEMmicro-CT measurements. Numbers

at the bottom of boxplots are the absolute mean of Error% (¼ Error%j j).
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deq ¼ d2D
1:022 ψ−0:29 ð8Þ
deq ¼ max d2Dð Þ
1:119 ψ−0:37 ð9Þ

In Eqs. (7) and (8) ψ is estimated from Eq. (6) and in the case of
Eqs. (7⁎) and (9), where only a single projection is considered to be
available for calculating 2D variables, ψ is estimated from Eq. (6⁎).
Fig. 12 shows that the lowest average error of 1.9% for estimating deq
of particles of Sample Sets 1 and 2 is obtained by using Eq. (8). The as-
sociated average error of Eq. (7) is 2.6% that is not significantly higher
than that of Eq. (8). In the case of Eq. (7⁎) (see the definition in
Table 4), where just a single projection of the particle is used for esti-
mating ψ, an average error of 2.8% is obtained that is comparable to
that of Eq. (7). The highest estimation error is associated with Eq. (9)
that is on average 5.5%. This can be explained by the fact that in
Eq. (9) bothmax(d2D) and sphericity are calculated from a single projec-
tion. However, an average error of 5.5% is a significant improvement
compared to the average error of 26% found when deq is directly esti-
mated by max(d2D) (see Fig. 9).

Particle surface area is estimated from several methods. The first
method is to use the sphericity definition (Table 3) to calculate surface
area based on sphericity and deq:

SA ¼ πd2eq
ψ

ð10Þ

The second option is to use curve fits shown in Fig. 10 for improving
the estimations of SAellip. and SACauchy. However, SAellip. estimations can-
not be improved by sphericity since the correlation between SAellip./SA
and sphericity is very weak. On the other hand, SACauchy/SA has a strong
correlation with sphericity and using sphericity as the second parame-
ter can significantly improve estimations of Cauchy's method:

SA ¼ SACauchy

1:044 ψ−0:44 ð11Þ
In Eqs. (10) and (11), ψ is estimated from Eq. (6) and deq
from Eq. (8). For Eqs. (10⁎) and (11⁎) (see the definitions in Table 4),
i.e. where a single projection is considered, ψ is estimated from
Eq. (6⁎) and deq is calculated from Eq. (9) since it is originally derived
based on a single projection. Fig. 12 shows that results obtained from
Eq. (11) have the lowest average error, i.e. 2.7%. On the other hand,
Eq. (11⁎) is associated with an average error of ~25% and maximum
error of 60%. After Eq. (11), Eq. (10) is associated with the lowest
value of average error (3.8%). If only a single projection is used for
calculating 2D variables, Eq. (10⁎) with an average error of 8.3%
performs significantly better than Eq. (11⁎).

All equations shown in Fig. 12 and theway they are implemented for
error analysis are summarized in Table 4. The objective of presenting
various correlations in this study is not just to evaluate which is the
most reliable model, but also to provide useful information for applica-
tions where particle characterization is limited to a few number of
inputs, such as 2D variables obtained only from a single projection. In
such applications, the error analysis presented in Fig. 12 clarifies the
uncertainty associated with different methods. It is important to note
that the obtained correlations (especially correlations based on 1D/2D
and 2D variables) might be also used for characterization or firsthand
estimations of size and shape of irregular and non-volcanic particles
especially if they are non-convex particles.

6. Discussion and conclusions

Size and shape of 127 irregular volcanic particles of various origins
and textural properties were characterized using caliper, LS, SEM
micro-CT and image analysis. This is the first study that characterizes
size and shape of volcanic particles in a wide range of size (155 μm to
36 mm) and based on a wide range of measurement strategies. Particles
characterized in this study are also good general case studies of irregular
particles and, therefore, all results have fundamental implications for the
description of particle transport and sedimentation in various environ-
ments, e.g. particle fallout and dispersal during volcanic eruptions, river
sedimentations and aerosol dispersal. Based on our results the following
conclusions can be drawn for the characterization of irregular particles:

• The PA (projection area) protocol introduced in this study formeasur-
ing formdimensions (i.e. L, I, S) is associatedwith the lowest operator-
related errors with respect to existing protocols and associated form

image of Fig.�12


152 G.H. Bagheri et al. / Powder Technology 270 (2015) 141–153
dimensions perform better for both the correlation and estimation of
particle volume and surface area. In addition, the PA protocol is much
easier to apply since it is not necessary tomaintain the perpendicular-
ity between projections or measured dimensions.

• Theuse of two (i.e.minimumandmaximumarea) or three perpendic-
ular particle projections for measuring 2D variables was found to be
the best compromise between analysis time and accuracy (maximum
error compared to when 1000 projections are used is b10%).

• Particle sphericity ψ represents an important parameter for indirect
evaluation of particle volume and surface area based on 1D and 2D
variables (Figs. 9 and 10). As a result, if indirect and reliable evalua-
tions of particle volume and surface area are needed, particle spheric-
ity should be evaluated first. However, none of existing 1D shape
descriptors (e.g. Aschenbrenner working sphericity [39], Sneed and
Folk maximum projection sphericity [1]) have strong correlations
with the sphericity (Fig. 8). If only 1D variables are available, Eq. (5)
can be used for estimating sphericity that is associated with average
error of 7.2% and maximum errors up to 20% (Fig. 12). More accurate
sphericity estimations can be achieved by using 2D circularity
measures (i.e. φRiley and φCox) since they are highly correlated with
sphericity (Figs. 8 and 11). A new correlation based on circularity
measures and vesicularity of particles, Eq. (6), was found that could
estimate sphericity of particles with an average error of 4.6% (Fig. 12).

• The best strategies to evaluate 3D parameters indirectly (i.e. volume,
surface area, sphericity), are those based on 2D variables with average
errors of 2.4–4.6% (Fig. 12). Estimations of 3D parameters based on 1D
variables only are associated with higher average errors (between
3.1–7.2%) and, if used, maximum errors up to 50% have to be consid-
ered. Out of all correlations found for estimating 3D parameters
from 1D and 2D variables, those related to sphericity have highest av-
erage errors. We can conclude that sphericity is the most challenging
parameter to be estimated from 1D and 2D variables. Correlations
summarized in Table 4 and associated uncertainties shown in Fig. 12
provide various solutions and fundamental insights for applications
when 3D parameters need to be evaluated indirectly.

• Based on a correlation matrix (Fig. 8), it was found that all the form
factors (i.e. 1D shape descriptors) are strongly correlated with either
elongation or flatness. Therefore, they can be replaced with each
other in order to reduce number of shape descriptors for characteriz-
ing particle shape.

Nomenclature
A Projection area [L2], see Fig. 3
Di Diameter of the largest inscribed circle [L], see Fig. 3
Dc Diameter of the smallest circumscribed circle [L], see Fig. 3
dA Arithmetic average of form dimensions (=(L+ I+ S)/3), [L]
deq Spherical equivalent diameter (=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6 V=π3

p
), [L]

dG Geometric average of form dimensions (=
ffiffiffiffiffiffiffiffi
L I S3

p
), [L]

d2D Circle equivalent diameter [L], see Fig. 3
d2D d2D averaged over 1000 projections [L]
e Elongation, see Table 3
f Flatness, see Table 3
FKr Krumbein intercept sphericity [50], see Table 3
FCr Corey shape factor [55], see Table 3
FSF Sneed and Folk [1] maximum projection sphericity, see

Table 3
FAc Aschenbrenner working sphericity [39], see Table 3
FWH Wilson and Huang shape factor [14], see Table 3
L, I, S Form dimensions [L], see Fig. 4
lmin Minimum caliper length [L], see Fig. 3
lmax Maximum caliper length [L], see Fig. 3
max(d2D) d2D of maximum projection area of the particle [L]
N Number of projections used for averaging 2D variables
P Projection perimeter [L], see Fig. 3
r Pearson's correlation coefficient
SA Surface area [L2]
SACauchy Surface area obtained based on Cauchy's theorem [37] [L2],
Eq. (2)

SAellip. Ellipsoid surface area [L2], see Eq. (1)
V Volume [L3]
φCox Cox circularity [51], see Table 3
φCox φCox averaged over 1000 projections
φRiley Riley circularity [50], see Table 3
φRiley φRiley averaged over 1000 projections
ψ Sphericity, see Table 3
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