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Abstract

A concise and robust method for 2D particle shape evaluation and reconstruction is pro-
posed using the concept of the internal rolling of covering discs within the outline of a parti-
cle. By downscaling the covering disc size for capturing multiscale features, the calculation
of the Euclidean distance can effectively yield three indices for sphericity, roundness and
roughness. The geometric-based evaluations of particle morphology are dimensionless and
precisely distinguishable between shapes after calibration and validation against con-
structed particles and natural sands. A sphericity-roundness diagram is provided to visualize
the particle shape characterization, and a probabilistic density surface in the sphericity-
roundness diagram is then proposed to statistically represent the distributions of the particle
shapes. The concept of internal rolling is also utilized for particle shape reconstruction using
a limited number of balls to replicate the indices of sphericity, roundness and roundness
characteristic curve. The probabilistic density surface is duplicated for statistical particle
shape reconstruction, which provides an effective approach for numerical investigations of
the relationships between particle shapes and mechanical behavior. The effect of image
quality on 2D shape evaluation is also examined by using a minimum area per particle, and
the proposed method is intuitively extendable to 3D measurements using rolling covering
spheres.

Introduction

Particle shape is one of the most important inherent particle characteristics and is of interest to
many fields of science and technology, from pharmacology and food engineering, to geosci-
ence and geotechnical engineering. It has long been recognized that particle shape plays a
major role in fabric formation (along with particle ordering and packing density) and thus
influences the stress-strain behavior and strength properties of granular materials [1-3]. Defi-
nitions have been proposed for descriptive and quantitative representations of particle mor-
phology, and it is well established that an irregular particle shape can be decomposed into
three independent multiscale features: sphericity, roundness and roughness [4-10]. As
depicted in Fig 1, sphericity describes the macroscale form of the particle compared to an
inscribed or circumscribed sphere. Roundness refers to the mesoscale measurements of cor-
ners and edges obtained by quantifying the sharpness of angular protrusions for major surface
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Fig 1. Schematic illustration of sphericity, roundness and roughness of a particle.

https://doi.org/10.1371/journal.pone.0242162.9001

features. Roughness delineates the microscale surface texture, capturing asperities that affect
interparticle contact behavior.

Verbal descriptors and visual comparison charts have traditionally been used for manual mea-
surements of particle shape with subjective biases and tedious efforts [5, 6]. Recent developments
in imaging and computational techniques have facilitated the improvement of automated quanti-
fication methods for particle shape characterizations to remove the subjectivity inherent in the
chart methods. For quantitative analyses, more complicated and sophisticated methods than their
predecessors have also been employed to obtain accurate particle morphologies; these methods
include scanning electron microscopy (SEM), photometric stereo acquisition [11], optical inter-
ferometry [12], microfocus X-ray computed-tomography [13, 14], and fuzzy uncertainty texture
spectrum [15], along with the techniques of image segmentation, Fourier transformation, fractal
analysis, Gaussian regression filtering, spherical harmonic analysis, and other hybrid algorithms.
Nevertheless, there is a lack of a consistent approach for the quantification of particle shape, and
this results in numerous vague and nonunified concepts. Specifically, corners are typically mea-
sured for describing roundness, whereas corner identification still requires manual criteria or
mathematical functions with coefficients that lack physical meaning. The high scale-dependence
of roughness results in empirical representations, and direct measurements of roughness are cum-
bersome [2]. Technically, Fourier analyses for unrolled particle outlines fail to furnish physical
parameters for shape representation, and fractal dimensioning techniques have difficulties in dis-
tinguishing between particle shapes [16, 17]. Technologies for capturing three-dimensional parti-
cle shapes have been developed in recent decades to yield increasingly representative shape
descriptors, especially for irregular granular particles. However, a 3D shape analysis typically
requires sophisticated instruments and complex algorithms, and it is often difficult and inefficient
to perform 3D characterization and particle reconstruction. Additionally, 2D shape descriptors
have also been used to predict 3D geometrical features [1, 3, 14].
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In this study, an attempt is made to propose a geometry-based method for particle shape
evaluation without introducing complicated algorithms or coefficients. Sand particles are
taken as a typical example in the subsequent analyses to demonstrate the proposed method,
but the particle shape evaluation can be applied to an enormous variety of different granular
materials with extensive implications. This paper focuses on 2D analysis, and the internal roll-
ing method utilizes a covering disc to extensively occupy the area within the particle outline.
As the size of the covering disc varies, the occupied areas are analyzed for descriptions of sphe-
ricity, roundness and roughness. This approach can be easily formulated by calculating the
Euclidean distance, and it is critically analyzed for various irregular particles. The analyses are
conducted only regarding these areas due to the intuitive information inherent in a rough sur-
face and so that its fractured nature can be circumvented. The particle shape representation is
concise and robust, and a statistical analysis is conducted to obtain the distributions of the
descriptors. Additionally, a simple reconstruction method is also provided using the proposed
indices and characteristic curve in an accurate and reliable manner.

Internal rolling method for particle shape evaluation

To illustrate the particle shape evaluation, 2D microscope images of Ottawa sand are obtained
for this study using a high-definition digital camera with a charge-coupled device (CCD)
image sensor manufactured by SangNond, and a patch of one typical grain with a spatial reso-
lution of approximately 1500 pixels/mm is selected as an example, as depicted in Fig 2A.
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Fig 2. An example of particle shape evaluation: (a) microscope photograph of an Ottawa sand grain; (b) particle boundary, maximum inscribed circle and index
of sphericity; (c) internal rolling by a given covering disc; (d) normalised covered area against normalised disc area; (e) roundness characteristic curve and index
of roundness; (f) sphericity-roundness diagram.

https://doi.org/10.1371/journal.pone.0242162.9002
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Through digital image processing for a 2D projection of the particle profile, a binary particle
silhouette is obtained for shape analysis. The particle outline is then extracted, and the maxi-
mum inscribed circle is determined and described using a Euclidean distance map (providing
distance from each pixel to the closest outline), as shown in Fig 2B. Referring to the overall
form of the particle by measuring the degree of conformity to a sphere/circle [12], the index of
sphericity I is defined as:

Ig=— (1)

where A is the particle area, and Aj is the area of the maximum inscribed circle. The value of Ig
equals 1 for a circle and tends toward 0 for extremely irregular shapes. The index of sphericity
avoids the use of particle perimeter, which is essentially more sensitive to image resolution. In
this example, the I of the Ottawa sand grain is 0.78, compared to the sphericity with a range of
0.6-0.81 for Ottawa sand [16] and to the mean aspect ratio between 0.77 and 0.79 for Ottawa
sand [18]. A validation against other descriptors in terms of sphericity is presented in a later
section.

The measurement of roundness has been used to quantify the sharpness and curvature of
the corners and edges since 1932 [4]. The widely used definition coined by Wadell [4] requires
the evaluation of the average radius of curvature for all convex portions of the particle contour.
However, the difficulties in corner identification lead to the measurement having reduced
robustness, although methods using computational geometry were developed by introducing
filtering techniques, inevitable corner thresholds and cutoff amplitudes [10, 17]. Therefore, a
new method incorporating the internal rolling of covering disc is introduced in this study to
intuitively describe the roundness of a particle.

A circular covering disc, which is not larger than the maximum inscribed circle, is placed
and arbitrarily rolled within the particle outline. The maximum area covered by the internal
rolling of the covering disc is recorded as A,. When the covering disc has the same area as the
maximum inscribed circle (i.e., A, gic = A;), the covered area is always A, = A, and the evalua-
tion of sphericity in Fig 2B is reproduced with an extreme covering disc. As the size of the cov-
ering disc is downscaled, the covered area increases with more rolling possibilities. Fig 2C
shows a covering disc with A, 4;,./A; = 0.81, and the covered area ratio A,/A = 0.93 is higher
than the value of I.

Note that the area of the covering disc can vary across a range of 0<A,_ 4 <Ap, and the
resulting covered area is in the range A>A,>Ar. The decrease in the ratio of the covered area
to the normalized area of the covering disc is presented in Fig 2D, and the ultimate point
approaches the index of sphericity. Note that the light blue point in the plot indicates the case
with a specific covering disc, as shown in Fig 2C. To remove the influence of sphericity, the
curve is then normalized in Fig 2E, where (A,—A;)/(A—Aj) declines from 1 to 0. Taking the
residual area produced by the maximum inscribed circle as a reference, the normalized cover-
ing area represents the ratio of the increased area to the residual area after the internal rolling
of a given covering disc is completed. The geometric interpretation indicates that the increased
area includes all corners with larger curvature values than those of the covering disc. There-
fore, the normalized curve in Fig 2E is termed as the roundness characteristic curve (RCC),
and the first integral is defined as the index of roundness:

le - A[ dAx,disc

I, = 2
e @)
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Similarly, I, varies between 0 and 1, yielding lower values for more angular particles. The
index of roundness for the Ottawa sand grain is 0.78, compared to the roundness values of
0.75 and 0.78 for Ottawa sand 20-30 [19, 20]. It is also worth noting that the internal rolling
process can be realized efficiently and effectively through Euclidean distance mapping without
introducing any subjective parameters.

The analyses of both sphericity and roundness are therefore coupled with the internal roll-
ing method, and the magnitudes of Is and I are essentially unique and independent; these two
indices serve as reliable descriptors for quantitative shape evaluation. A sphericity-roundness
(S-R) diagram is therefore provided in Fig 2F to investigate the distributions of Is and I. The
regularity of the particle shape decreases nonlinearly with the distance to the right-top point
for a sphere/circle in the S-R diagram.

Calibration and validation

To calibrate the proposed particle shape evaluation method, nine idealized geometric particles
are purposely constructed in Fig 3A with various shapes, verifying the high robustness of the
internal rolling method. The roundness characteristic curves (RCCs) with corresponding val-
ues of I and I, are collectively provided in Fig 3B, and the sphericity-roundness (S-R) diagram
is plotted in Fig 3C. The circle (Particle a: I = 1 and I = 1) serves as the extrema of both
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Fig 3. Calibration of particle shape evaluation: (a) constructed geometries: Particles a~i; (b) RCCs for Particles a~i; (c) S-R diagram for Particles a~i; (d) typical
sands: Particles j~r; (e) RCCs for Particles j~r; (f) S-R diagram for Particles j~r.

https://doi.org/10.1371/journal.pone.0242162.9003
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sphericity and roundness. The I of the regular triangle (Particle b) is very close to the theoretical
value of v/37/9, and its Iy equals 0.5, corresponding to the isosceles-right-triangle shaped RCC.
Theoretically, an Iz =0.5 and an isosceles-right-triangle shaped RCC are features of all regular poly-
gons, so these can be treated as a reference (also seen in Fig 2E). The Reuleaux triangle (Particle c)
gives higher I and I values than those of Particle b, and this is attributed to the curved edges. Par-
ticles d and e have comparable I values, whereas their I values are very different, and the penta-
gram is apparently more angular. It is interesting to see that the I, values of capsule shapes (e.g.
Particle f) remain at 1 since the shrunken maximum inscribed circle could cover all of the particle
area, and I becomes the main descriptor for the form of the particle. On the other hand, Particles
g-i are created with Iz<0.2, and the spikes represent the corners of irregular particles. Is generally
decreases with the spike length, and I seems to decrease with the number of spikes. The con-
structed ideal shapes are distributed widely in the S-R diagram, and the proposed RCC and S-R
diagram can precisely describe the sphericity and roundness of essentially any 2D solid particle.

In terms of the soil mass, individual grains of 7 typical sands, glass beads [21] and lunar reg-
olith [22] are randomly selected for comparison purposes (Fig 3D-3F). The glass bead (Particle
k) exhibit a very circular shape with Is = 0.92 and I = 0.89, and most natural sands are located
in the zone of Ig>0.5 and Iz>0.5 in the S-R diagram. The Columbia grout sand (Particle p) is
the most angular sand, and the Toyoura sand (Particle o) is the most eccentric among the typi-
cal sands. By contrast, the lunar regolith (Particle r) is an irregular agglutinate from soil 10084,
and its indices (Is = 0.32 and Iz = 0.49) appear to bear out the irregular shape with sharp cor-
ners [22]. The calibration tends to indicate that natural sands formed by weathering are mostly
granular with Ig>0.5 and Ir>0.5, especially under conditions of erosion and transportation
due to waves and wind. However, considering the high irregularity of particle shapes, the full
S-R diagram is useful for representation.

For validation against existing particle shape evaluation techniques, the proposed method is
implemented on the comparison roundness chart for pebbles [5]. The 81 particles are classified
into 9 bins with different roundness values (Rk;94;) ranging from 0.1 to 0.9, and these bins
were manually evaluated by Wadell’s definition [4]. The boundaries of all particles are redrawn
with their maximum inscribed circles, and the computed indices of I and I are also presented
for the particles in Fig 4.

In terms of the index of sphericity, the values of I for all 81 particles are compared those
obtained with three other commonly used descriptors of sphericity, namely, the area sphericity
[23], circle ratio sphericity [1] and aspect ratio [24], and their definitions are listed respectively:

A
S, =— 3A
A AE ( )
A
Se= 4]+ 3B
=\x (38)
D, .
AR = =2 (30)
DF,max

where Ag is the area of the minimum circumscribed circle; Dg i, and Dp .« are the minimum
and maximum Feret diameters, respectively. The Feret diameter or caliper diameter measures
the perpendicular distance between parallel tangents touching opposite sides of the particle out-
line [25]. Note that S, denotes circularity [26]; I is thus identical to S¢*/S; and the definition
of AR is similar but slightly different from the elongation [26], width to length ratio sphericity
[7], and aspect ratio [27]. The comparisons between the sphericities are shown in Fig 5A-5C. It
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(@) Rx1941= 0.1 (b) Rx1941=0.2 (c) Rk1941=10.3

Fig 4. Indices of sphericity and roundness for particles from Krumbein [5].
https://doi.org/10.1371/journal.pone.0242162.9004

is obvious that the results of I are generally in good agreement with all three descriptors of
sphericity, especially for Sc.
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Fig 5D collectively plots all RCCs in the nine bins for evaluating Iz. The RCCs have similar
trends for particles from the same bin in Fig 4, and the profile tends to deviate from the diago-
nal line and approach the extrema based on the circles’ coordinates as the value of Ri;94;
increases from 0.1 to 0.9. The profile of the RCC above the diagonal line again indicates the
reference value of I, ..r = 0.5 from regular polygons. The comparisons of Iz and Rij4; are
provided in Fig 5E, showing a notable positive correlation. A simple relationship can thus be
used to correlate the I and R values based on Wadell’s concept, and this relationship is given
as Ir = R/2+0.5 (depicted in Fig 5E). The minimum value of I from Krumbein’s chart verifies
the narrowed zone in the S-R diagram for natural sands, as shown by the red frame in Fig 5F.
It is noteworthy that the pebble shapes in Krumbein’s chart are mainly convex. Defining the
convexity (C) as the ratio of the particle area to the convex hull of the particle, the magnitude
of Cfalls in 0.92 ~ 0.99 for all particles in Fig 4. It is predictable that lower values of Is and I
are attainable outside of the narrowed zone for particles with less convexity, as can be seen in
Fig 3 for Particles e, h, i and r. Therefore, the definition of I in this study extends the distribu-
tion of roundness based on Wadell’s concept, and the proposed S-R diagram is useful for
highly general and broadly applicable particle shape characterizations.

Statistical evaluation of sphericity and roundness

The intrinsic natural variability of geomaterials results in variations in Ig and I from particle
to particle. A statistical evaluation for a type of granular matter is essentially necessary to
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Fig 5. Validation of particle shape evaluation: (a) comparisons between Is and S,; (b) comparisons between Is and S¢; (c) comparisons between Is and AR; (d)
RCCs; (e) comparisons between I and Rkjoa5; (f) particles in S-R diagram.

https://doi.org/10.1371/journal.pone.0242162.9005
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obtain the valid distributions of shape descriptors. To achieve a statistically representative eval-
uation of particle shape, populations of greater than 30~50 particles are required [28, 29]. In
this study, a total of 633 particles are randomly recognized from microscope images of Ottawa
sand for statistical analysis, and a patch of particle assemblies is shown in Fig 6A.

After the fast process of the proposed shape evaluation, a kernel smoothing technique is
applied to obtain a continuous statistical variable, and the probabilistic density curves (PDC)
for both I and I are then presented in Fig 6B and 6C. The total area under the density curve
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Fig 6. Statistical evaluation of particle shape: (a) a patch of microscope photograph for Ottawa sand; (b) PDC of I; (c) PDC of I; (d) PDS in S-R diagram.
https://doi.org/10.1371/journal.pone.0242162.9006
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is 1, and the PDCs appear to be follow nonnormal distributions. The peak of each PDC repre-
sents the maximum likelihood score (MLS) of the distribution, and Ig s = 0.78 and I mis =
0.8 are obtained from the PDCs.

Despite the independent definitions of Is and Iy, the properties of particle assemblies are
not statistically independent, and a probabilistic density surface (PDS) is more reasonable than
PDC:s to reveal the distributions in the sphericity-roundness (S-R) diagram (Fig 6D). From the
PDS, the MLS values are Ig s = 0.78 and I prs = 0.79. Contours with certain probabilities
are also shown in Fig 6D, indicating that 10%, 50% and 90% of particles fall within these zones.
It needs to be emphasized that the PDS in the S-R diagram is more statistically representative
of particle shape evaluation than of unique values of sphericity and roundness.

Particle shape reconstruction

Particle shape representation and reconstruction are becoming increasingly important for
numerical investigations of particle morphology and its effects on micro-macro mechanical
behavior [1, 30-32]. Clumps, clusters and polyhedrons have typically been used in discrete ele-
ment modeling to represent a realistic shape, along with developed overlapping or skeletoniza-
tion algorithms (e.g. [26, 33-35]). Particle reconstruction using clumps is arguably the most
computationally efficient method owing to its domain overlapping filling, while the approach
of replicating a single particle with over 100 balls (spheres or discs) is currently infeasible due
to its excessive computational cost [36].

In this study, a particle shape reconstruction method is proposed for representing particles
with identical indices of sphericity and roundness and roundness characteristic curve (RCC),
using a limited number of balls. For a given pair of indices with Is = 0.78 and Ir = 0.79 (derived
from the maximum likelihood score (MLS) of Ottawa sand), the RCC is first produced from
either experimental measurements or mathematical estimations (e.g. y = 1 — x/®/(1=1)), as
shown in Fig 7A. A small number of balls is assigned to fulfil the particle representation, and
an example with ny,; = 8 is illustrated in Fig 7. The RCC is used to distribute the ball sizes with
Ay and to determine the areas distributing to the particle (Apan,cne). Fig 7B lists the balls in
order of their sizes and area contributions. The smaller balls are then successively added to a
random possible ball in the clump at a random available position. The balls’ center distance is
determined by the radii of two balls and the contributing area of the smaller ball. Eventually,
the particle with eight balls is reconstructed randomly, and its Is, Iz and RCC are replicated, as
depicted in Fig 7C. A validation is then conducted to evaluate the reconstructed particle shape
using the internal rolling method. The comparable RCCs are shown in Fig 7D with R* = 0.99,
and the indices of both I and Iy are perfectly reproduced with less than a 2% error rate. Gener-
ally, 5~10 balls are recommended to obtain a good representation of particle shape, whereas
with a smaller number of balls, it is still possible to satisfy I with less accuracy in terms of the
Ir and RCC.

Additionally, the RCC reconstruction method can also incorporate the PDS of the descrip-
tors to statistically replicate particle shapes in an efficient and extensible process. When the
inputs of I and Iy, are statistically designated according to the PDS in the S-R diagram from
Fig 6D for Ottawa sand, the assembly of clumps is automatically generated, representing realis-
tic granules. Nine examples are randomly selected and delineated in Fig 7E, and 100 particles
are rapidly reconstructed with an almost identical PDS compared to that measured from the
microscope images (Fig 7F). The RCC reconstruction turns out to be an effective tool for gen-
erating numerous particles with realistic shape distributions in a precise and robust manner
for numerical simulations of granular materials. It should be noted that the proposed recon-
struction method cannot replicate all morphometric features of particles, and reconstructed
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for 100 reconstructed particles.

https://doi.org/10.1371/journal.pone.0242162.9007

particles with identical indices of sphericity and roundness might exhibit different behavior
than those of real particles. Further investigation with a corresponding numerical study is
required to validate the applicability of the proposed method for modeling the mechanical fea-
tures of granular materials.

Discussion
Effects of image quality on shape evaluation

For image-based analyses of particle shapes, image quality is a critical factor that affects the
evaluation. Numerous indicators have been proposed to quantify the image resolution of a par-
ticle including the pixels per minimum Feret dimeter [18], circumscribed circle diameter [10],
particle lengths and perimeter [37]. This study utilizes the area-based analysis owing to its
uniqueness and less sensitivity (compared to the scale-dependent perimeter and the direction-
dependent diameter), and the area per particle (APP) is suggested to represent the image qual-
ity for particle shape analysis. By comparing existing studies, it can be seen that the square root
of the APP is somehow equivalent to the particle length.

The effects of v/APP on the particle shape indices Is and I are shown in Fig 8 for the 9
sand particles from Fig 3D. Acknowledging the acceptable 2% error rate, the minimum image

quality yields vV APP, ., ~ 200 pixels, which agrees well with the previous criteria [10, 37].
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Evaluation of roughness

Roughness describes the microscale features of the particle surface. Measurements from con-
ventional image photogrammetry, however, are fairly cuambersome [2], and values of rough-
ness are scale dependent and highly sensitive to image resolutions. Filtering techniques have
typically been adopted to remove roughness features and obtain a smoothed particle boundary,
which is then used for the evaluation of sphericity and roundness. To extend the aforemen-
tioned approach, the proposed rolling method for shape evaluation is also applicable to the
description of roughness by both internal and external rolling of a small covering disc that can
capture features of asperities for roughness. Therefore, the schematic of roughness evaluation
is illustrated in Fig 9A, and the index of roughness Ir,ygh is defined as:

A
IR Rough <1 ( 4)

ough = —
V ARough,disc X

where Aggugh,disc is the area of the roughness covering disc, which is 1% area of the maximum
inscribe circle; and Aggygh is the area between boundaries formed by both internal and external
rolling of the roughness covering disc. The variation in Igoygh relative to the image quality
V/APP for the Ottawa sand particle in Fig 9B shows that the value of Igqygh is still stable for
V/APP > 200 pixels, despite the relatively high amount of errors. This method for evaluating
roughness seems to be intuitive with explicit physical meaning. However, the limitation caused
by the image quality constraint is questionable, and further study is required to segment the
noise of digital images from the roughness features.

Extension to 3D shape evaluation and reconstruction

This study focuses on 2D particle shape evaluation using the proposed internal rolling method
for quantitative characterizations of sphericity, roundness and roughness, as well as the 2D
particle reconstruction method utilizing the RCC and PDS in the S-R diagram. Although the
2D method remains the most effective and accurate approach, 3D morphological analysis is
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https://doi.org/10.1371/journal.pone.0242162.9009

increasingly performed to fully represent particle characteristics [2, 14, 38-40]. For this reason,
the proposed method in this study is essentially generic and adaptable; it can be easily extended
to 3D analyses for both evaluation and reconstruction using the volumetric information and
the concept of internal rolling spheres (Eq 5). This extension will soon be conducted in further
studies.

Isp = — (SA)

1 Vx - V] d Vx‘sphere

Iy = 5B

= g (58)
VR h

I = = <1 5C

fough 3D VRough,sphere x V= ( )

where I 51, is the index of sphericity for 3D particles, V is the particle volume, and V7 is the vol-
ume of the maximum inscribed sphere; I 5p is the index of roundness for 3D particles, V., is
the maximum covered volume by internal rolling of the covering sphere with a volume of V,,
spheres IRough,3p 18 the index of roughness for 3D particles, Vrough,sphere iS the volume of the
roughness covering sphere, which is 1% volume of the maximum inscribe sphere; and Vrougn
is the volume between boundaries formed by both internal and external rolling of the rough-
ness covering sphere.
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Summary and conclusions

An internal rolling method for particle shape evaluation is proposed in this study using various
sizes of covering discs within the 2D particle outline. The concept of internal rolling is intui-
tive, rigorous, and valid for capturing all three multiscale features, as summarized below:

1. Sphericity. When the covering disc is identical to the maximum inscribed circle, the ratio of
its occupied area to the particle area is defined as the index of sphericity, which measures
the degree of conformity to a sphere.

2. Roundness. When downscaling the covering disc from the maximum inscribed circle to 1%
of its area, the covered area increases with the decrease in the disc area, and the normalized
relation is obtained as a unique roundness characteristic curve. The integration of the
roundness characteristic curve (RCC), obtained by evaluating the corners at different scales,
is thus defined as the index of roundness.

3. Roughness. The smallest covering disc with 1% of A;is again used for both internal and
external rolling along the particle boundary, and the trimmed area representing the asperi-
ties is then taken for the evaluation of roughness.

The descriptors yielded from the rolling method are both concise and independent, fur-
nishing geometric-based evaluations of particle morphologies. They are dimensionless, and
the normalized values are capable of precisely distinguishing between shapes. Nevertheless, the
measurements are also concise and robust, and they do not introduce complicated algorithms
or empirically-based coefficients.

After the implementation of the internal rolling method for shape evaluation is completed,
a sphericity-roundness diagram is provided to visualize the particle shape characterization,
and a probabilistic density surface in the sphericity-roundness (S-R) diagram is then suggested
to statistically represent the distributions of the particle shapes.

Particle shape reconstruction is effectively realized by utilizing the concept of internal roll-
ing and the proposed PDS in the S-R diagram. A limited number of balls are required to repli-
cate the indices of sphericity, roundness and RCC well. The indices-based reconstruction
method will promote the investigation of the relationships between particle shape and
mechanical behavior using discrete element simulation methods.

By examining the effects of image quality on 2D shape evaluation, it is found that the square
root of the area per particle should be larger than 200 pixels to guarantee the precision of the
descriptors for particle shape. The proposed method is also extendable to 3D measurements
due to its good interpretation of basic physical information for quantitative shape analyses.
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