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Abstract

Particle shape affects the mechanical behaviour of soil and is thus a parameter of interest in geotechnical engineering. Shape is com-
monly described by form, angularity and roughness. Form describes the overall aspect ratio, angularity the sharpness of the edges and
corners, and roughness the small surface irregularities. This work explores the characterisation of form and angularity of sand particles.
Our results show that focus variation microscopy principles can be implemented in a conventional compound microscope to measure
particle heights as small as 60 pm without having to observe a lateral view of the particle. The robustness of the procedure is demon-
strated by implementing it on sand-sized particles from six different sources. Importantly, the compound microscope employed by
the procedure is likely to be accessible to many soil laboratories. Heights measured using focus variation were used to assess particle
form. Contrary to assumptions in previous works, form varied significantly within a given soiltype and a narrow particle size range.
Regarding angularity, there is a systematic correlation between particle form and the angularity metric known as ’ellipseness’. Further-
more, while ellipseness is adequate to distinguish between angular and rounded particles, it cannot distinguish between sub-rounded and
well-rounded particles.
© 2024 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Particle shape has a significant influence on the mechan-
ical properties of soil and is thus an aspect of interest to
geotechnical engineers (Holtz and Kovacs, 1981; Cho
et al., 2006; Clayton et al., 2009; Shin and Santamarina,
2013). It is common to describe particle shape in terms of
three independent aspects: form, angularity, and rough-
ness. Form describes the overall aspect ratio, angularity
characterises the sharpness of corners and edges, and
roughness refers to the surface texture (Barret, 1980; Cho
et al., 2006; Clayton et al., 2009). The current work extends
the validity of a novel method that enables the three-

* Corresponding author.
E-mail address: LuisAlberto.TorresCruz@wits.ac.za (L.A. Torres-Cruz).

https://doi.org/10.1016/j.sandf.2024.101437

dimensional (3D) characterisation of the form of sand-
sized particles and explores the use of an existing ’ellipse-
ness’ parameter to quantify angularity.

Descriptors of form should ideally consider the 3D nat-
ure of particles. This requires the measurement of their
shortest (S), intermediate (/) and longest (L) dimensions
(Blott and Pye, 2008). S, I and L can then be used to com-
pute multiple form parameters (e.g. Wentworth, 1922;
Zingg, 1935; Krumbein, 1941; Corey, 1949;
Aschenbrenner, 1956; Sneed and Folk, 1958; Dobkins
and Folk, 1970; Clayton et al., 2009) and to plot the parti-
cle in a form characterisation diagram (e.g. Zingg, 1935;
Sneed and Folk, 1958). This 3D characterisation of particle
form is relevant to geotechnical engineers because 3D form
affects mechanical behaviour. For instance, bulky particles
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behave differently from platy particles (Clayton et al.,
2009).

In the case of sand-sized particles, their small dimen-
sions require the use of a microscope to perform particle
size measurements. There are several approaches available
to estimate two of the dimensions S, 7/ and L from the plan
view of a sand-sized particle as observed under a micro-
scope (Blott and Pye, 2008). However, the ’height’ of the
particle, which is parallel to the line of view, is hidden from
the observer and thus cannot be directly measured on a sta-
tic image of the plan view. Direct measurement of the
height thus requires rotating the particle to reveal a lateral
view (Clayton et al., 2009; Le Pen et al., 2013; Eddey et al.,
2019). While conceptually simple, this is a relatively time-
consuming process that is not often performed. In fact,
the practical difficulty of capturing the 3D form of particles
has led to the development of multiple two-dimensional
(2D) form descriptors (Wadell, 1933; Riley, 1941; Pye
and Pye, 1943; Cho et al., 2006; Clayton et al., 2009).

Notwithstanding the success of correlating 2D form
descriptors to mechanical behaviour (Cho et al., 2006),
efforts to develop methods capable of accounting for the
3D shape of particles have continued. For instance, laser
scanning can successfully reproduce the particle morphol-
ogy of gravel-sized particles (Lee et al., 2007; Mgangira
et al., 2013; Sun et al., 2014; Nie et al., 2018; Cruz-
Matias et al., 2019). However, limitations in resolution ren-
der the technique inapplicable to sand-sized particles.
Micro computed tomography (LCT) is a powerful tech-
nique that can successfully characterise the shape of
sand-sized particles (Fonseca et al., 2012; Alshibli et al.,
2014; Zhao et al., 2015; Zhou and Wang, 2016; Yu et al.,
2018; Zhou et al., 2018; Liang et al., 2021). Unfortunately,
the specialised equipment required by this technique places
it out of the reach of many researchers and practitioners.

Other methods that account for the 3D form of particles
estimate the height based on a plan view, the mass, and an
assumption regarding the shape of the particles (e.g. Kwan
et al., 1999; Clayton et al., 2009). These methods have the
advantage of being able to inspect multiple particles at
once, however, their disadvantage is that they produce a
single average indicator of form that does not reflect the
potential variability within the sample.

An alternative approach is the application of focus vari-
ation principles which has proven useful to perform 3D
form characterisations of gravel-sized particles (Masad,
2005). Additionally, preliminary results suggest that focus
variation microscopy has the potential to aid in the 3D
form characterisation of sand-sized particles (Eddey
et al., 2019). Focus variation microscopy exploits the lim-
ited depth of field (DoF) of an optical system to measure
distances that are parallel to the line of view. The DoF is
“the axial depth of the space on both sides of the object plane
within which the object can be moved without detectable loss
of sharpness in the image. ..” (1SO, 2020). This is essentially
the distance between the closest and farthest planes perpen-
dicular to the line of view that are in sharp focus.
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The very small DoF of specialised focus variation
microscopes makes them capable of detecting surface irreg-
ularities in the range of micro- and nanometres (e.g.
Scherer, 2007; Danzl et al., 2009; Jumelle et al., 2017).
Measurements on platinum tailings indicate that although
conventional compound microscopes have a larger DoF
than specialised focus variation instruments, their DoF is
still small enough that it is possible to use principles of
focus variation microscopy to measure particle heights
greater than 520 pm without directly observing a lateral
view (Eddey et al., 2019). This is a promising approach
because conventional compound microscopes are much
more affordable, and thus accessible, than pCT scanners
or specialised focus variation microscopes. However, the
focus variation approach has not been validated for parti-
cle heights smaller than 520 pum.

The second aspect of particle shape considered herein is
angularity, or its inverse roundness. The roundness index
(R) proposed by Wadell (1932) is based on the 2D projec-
tion of a particle and is often the basis of visual compara-
tors developed to expedite angularity assessments
(Krumbein, 1941; Powers, 1953; Krumbein and Sloss,
1963; Cho et al., 2006; Blott and Pye, 2008; ASTM,
2017). Roundness is defined as

R:ZDi/”

. (1)

where D, takes on the value of the diameter of curvature of
all the corners identified on the outline of the particle, # is
the total number of corners, and D, is the diameter of the
maximum inscribed circle within the outline of the particle
(Fig. 1). In this definition of roundness R, a ’corner’ is any

Fig. 1. Particle of East London Beach sand showing the diameters of the
maximum inscribed and minimum circumscribed circles (D;. and D,
respectively), and the curvature of the corners (D).
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such feature whose diameter of curvature does not exceed
D;. (Wadell, 1932). Roundness R, as defined by Eq. (1),
is independent of particle form. This was emphasised by
Blott and Pye (2008) who noted that while a perfect circle
yields R = 1, so does a rectangle whose ends consist of
semicircles. Conversely, a regular dodecagon, whose over-
all form closely resembles a circle, yields R = 0 because
its corners have a diameter of curvature D; = 0.

Previous researchers have noted that the calculation of
Wadell’s roundness is time-consuming and can be hindered
by subjective judgements of the location and curvature of
corners (Janoo, 1998; Blott and Pye, 2008; Le Pen et al.,
2013). To overcome these objections, the ellipseness (FE)
parameter was proposed as a simpler alternative to
Wadell’s roundness (Le Pen et al., 2013). Like Wadell’s
roundness, ellipseness is also based on a 2D projection of
the particle and is defined as

P,

E=i @)

where P, is the perimeter of the particle, and P, is the
perimeter of an ellipse with an area (A) equal to the area
of the 2D projection of the particle, and a major radius
(a) equal to half of the length of the longest line joining
two points on the particle perimeter and passing through
its centroid. Le Pen et al. (2013) noted that E approaches
a maximum value of 1 as the particle outline becomes more
ellipse-like. Conversely, E can in principle approach zero in
particles with a very jagged outline that leads to P, << P.
As there is no closed-form formula for the perimeter of an
ellipse P,, Le Pen et al. (2013) worked with the approxima-
tion presented in Eq. (3) originally proposed by

Ramanujan (1914).
2
a=b
3<a+b) (3)

10 + 4—3(@)2

a+b

P.~nla+b)| 1+

where b = A/rna is the minor radius of the ellipse.

The current paper contributes to the characterisation of
the form and angularity of sand-sized particles as follows.
We explore the ability of the focus variation microscopy
approach, previously used to measure particle heights as
small as 520 um (Eddey et al., 2019), to measure smaller
particle heights. We substantiate the robustness of the pro-
cedure by implementing it on particles from six different
sources in addition to iron filings which aided the valida-
tion of the method. We also use the focus variation
approach to perform 3D characterisations of particle form
and gain insights into its variability and correlation with
particle size. Regarding angularity, the paper explores the
correlation between ellipseness E and particle form as well
as the suitability of ellipseness E to characterise the angu-
larity of a variety of sand types.
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2. Materials and methods
2.1. Particle types

Seven particle types covering a variety of sources were
considered herein and are listed in Table 1. The East Lon-
don Beach sand and Ballito Beach sand are sea sands that
originate from the South African provinces of Eastern
Cape and KwaZulu-Natal, respectively. The crushed
quartz sand is a commercial product typically used as a
swimming pool filter. The platinum tailings were collected
from a mine in the South African province of North West.
The Vaal River sand was collected ~15 km upstream from
the town of Parys, South Africa. The glass beads are com-
mercially available for use as an additive in reflective
paints. The iron filings were sourced from a metal work-
shop. Fig. 2 presents micrographs of all the particle types
except the iron filings which, as described below, were used
exclusively to aid the validation of the focus variation pro-
cedure. All particles passed the 2.36 mm sieve and were
retained in the 75 pm sieve. Additional intermediate sieves
facilitated the selection of particle sizes that were approxi-
mately uniformly distributed within this size range.

2.2. Experimental setup

A Nikon Optiphot-Pol optical compound microscope
(Fig. 3) like the one used in Eddey et al. (2019) was used
to examine all particles. A universal epi-illuminator acces-
sory provided a bright and uniformly illuminated view of
the particles. The microscope field of view was digitised
with a 2592 x 1944-pixel complementary metal-oxide—semi
conductor (CMOS) sensor which had square pixels with
side e = 2.2 pm. The NIS-Elements 4.0 version D software
was used to capture the micrographs and perform measure-
ments. Table 2 summarises the magnification, numerical
aperture and depth of field DoF of the four objectives fitted
to the microscope. The magnification of each objective was
enhanced by the 10x magnification of the ocular lens to
yield total magnifications of 50x, 100x, 200x and 400x.
The depth of field DoF is a key feature because the success-
ful implementation of a focus variation approach to mea-
sure particle height requires a limited DoF. Several
equations exist in the literature to compute the DoF
(Goodwin, 2015). Herein we use Eq. (4) proposed by
Inoué and Spring (1997).

A-n n

DoF =5+ 3 wi (4)
where 4 is the wavelength of the illuminating light, n is the
lowest refractive index of the media between the objective
and the sand particle, NA is the numerical aperture of
the objective, M is the magnification of the objective, and
e is pixel spacing. Herein, DoF calculations adopted
n = 1 (air) and a characteristic value of A = 0.55 um.

Prior to their inspection under the microscope, particles
were placed one at a time on a prismatic base. The larger
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Table 1

Number of particles used for different aspects of the experimental programme.
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Material type Number of particles used for:

Validation of focus variation procedure Form assessment Assessments of roundness and ellipseness Total®
East London Beach sand 50 50 15 65
Ballito Beach sand 50 50 15 65
Crushed quartz sand 70 150 10 180
Platinum tailings 57 162 10 179
Vaal River sand 20 70 0 90
Glass beads 20 20 10 30
Iron filings 19 0 0 19
Total 286 502 60 628

Note: a) Because some particles were used for more than one purpose, the total number of particles per material type is not equal to the addition of the

Tow.

particles were moved by hand, but smaller particles
required the use of tweezers and a hand lens.

Once ready for inspection under the microscope, parti-
cles were analysed for at least one of the following pur-
poses: 1) validation of the focus variation procedure, 2)
assessment of form, 3) assessment of roundness R and
ellipseness E. Table 1 indicates the number of particles
analysed for each purpose. The description of these proce-
dures follows.

2.3. Validation of the focus variation procedure

The objective of the focus variation procedure is to
determine the height of the particle as it sits on the pris-
matic base without having to observe a lateral view. The
particle height is the vertical distance between the surface
on which the particle sits and the uppermost tip of the par-
ticle. For this purpose, the coarse and fine focus knobs of
the microscope were used to move the stage vertically to
an initial position in which only the uppermost part of a
particle was in focus. That is, a position in which any fur-
ther lowering of the stage resulted in the whole particle
going out of focus (Fig. 4a). Subsequently, the fine focus
knob was operated to move the stage upwards causing
increasingly lower portions of the particle to come into
focus (Fig. 4b to Fig. 4c) until the particle itself was out
of focus but the horizontal surface on which it rested was
in sharp focus (Fig. 4d). The natural texture of the surface
underlying the particle facilitated the determination of the
stage position at which such surface came into sharp focus
(Fig. 4d). The vertical displacement of the stage that shifted
the focus from the upper tip of the particle to the surface of
the prismatic base was termed D 4, and was equated to the
height of the particle. All focus adjustments were based on
visual inspection of the images which introduces some
uncertainty due to subjectivity.

The vertical displacement of the stage was measured
using one of two approaches. Initially, the measurement
relied on the microscope’s built-in fine focus knob which
had divisions corresponding to displacements of 1 pm.
However, to eliminate reliance on the specific characteris-
tics of the microscope, this measurement approach was

replaced by a standalone dial indicator with a 1 um resolu-
tion (Fig. 3). The verticality of the dial indicator was
ensured with the aid of a spirit level.

To validate the particle height inferred from the focus
variation procedure (D /), the prismatic base was turned
on its side to measure particle height directly from two
mutually orthogonal lateral views. Particles were placed
close to a corner of the prismatic base to facilitate unob-
structed lateral views. In principle, the heights inferred
from the two lateral views should be equal but in practice
some discrepancies are unavoidable. Accordingly, the
smaller and larger of these measurements were termed
Dy ; and Dy,, respectively, and their mean value was ter-
med Dy.

Inspection of lateral views required fixing the particle to
the prismatic base to prevent the particle from falling upon
rotation of the base. This was done in one of two ways. For
the iron filings, one face of the prismatic base was covered
with a magnetic adhesive tape. The magnetic attraction
between the iron filings and the tape effectively fixed the
particle. For all other particle types, a thin layer of solid
or liquid adhesive spread thinly with the finger on the pris-
matic base created the bond between particle and base. By
using both approaches it was possible to investigate
whether the thickness of the adhesive layer was detrimental
to the accuracy of the particle height measurements using
the focus variation procedure. Some of the smallest parti-
cles were positioned on the base by first placing the particle
on a sheet of clean paper, then applying the glue on the
base and finally gently pressing the glue-covered face of
the base against the particle.

2.4. Assessments of form

Assessments of form required the determination of the
particle dimensions S, 7 and L. There are multiple ways
to determine these dimensions (Blott and Pye, 2008) and
the approach adopted herein assumes that the particle
height as measured by the focus variation procedure
(D) is one of the three required dimensions. Following
previous works (Clayton et al., 2009; Le Pen et al., 2013;
Eddey et al., 2019; Wang et al., 2020), the two remaining
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Fig. 2. Micrographs of: (a) East London Beach sand; (b) Ballito Beach sand; (c) crushed quartz sand; (d) platinum tailings; (¢) Vaal River sand; and (f)

glass beads.

dimensions were taken to be equal to the diameters of the
maximum inscribed (D;) and minimum -circumscribed
(D) circles in the plan view of the particle (Fig. 1). D45
D;., and D.. were then assigned to S, / and L ensuring that
S < I < L. Because particles tended to lic on their most
mechanically stable position when placed on the prismatic
base, it was generally the case that D, = S, D, = I, and
D..=L.

2.5. Assessments of roundness and ellipseness

The investigation into a potential effect of form on
ellipseness E relied on a particle outline idealised as shown
in Fig. 5. The idealised outline is essentially a rectangle
with four rounded corners exhibiting the same diameter
of curvature (D) which can vary from 0 to D;.. The round-
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Fig. 3. Experimental setup.

Table 2

Characteristics of each objective lens.

Objective Objective Numerical Depth of Field (um)
Magnification Aperture

5 0.10 59

10 0.25 9.7

20 0.40 3.7

40 0.65 1.4

ness R, major radius « and perimeter P, of the idealised
outline are given by

Rzgc (5)
w—D)Y +(h—=D)+D

oD + D+ .

Py =2(w— D) +2(h— D) + nD (7)

where w and £ are the width and height of the rectangle,
respectively (Fig. 5).

Adopting the ratio A/w to characterise the overall form
of the idealised particle outline, the effect of form on E
can be investigated by deriving an expression for E as a
function of 4/w. However, the authors found this analytical
approach intractable and opted instead for a numerical
approach in which, for a given roundness R, the ellipseness
E of the idealised outline was computed for 121 discrete
values of (w, /). These discrete values resulted from consid-
ering all possible (w, &) combinations that emerge when w
and / can take on 0.1 and on all integer values from 1 to
10. This yielded a maximum and minimum /A/w ratio of

10/0.1 = 100 and 0.1/10 = 0.01. For each (w, /&) combina-
tion, roundness values of R =0, 0.5, and 1 were considered.
The results, discussed below, enabled the investigation of
the relationship between E and the form ratio /i/w.

Moving from idealised outlines to real particles, the
angularity metrics R and E were computed by implement-
ing Egs. (1) and (2), respectively, on the plan view outline
of 60 particles selected from five material types as shown
in Table 1. All particles passed the 1180 pm sieve and were
retained in the 600 um sieve. The fractal nature of particle
outlines implies that the measured perimeter P, depends on
the level of magnification, with higher magnifications yield-
ing ever-increasing estimates of P, (Orford and Whalley,
1983). To mitigate the possible variability that can be intro-
duced by this effect, all R and E measurements were con-
ducted at the same total magnification of 50x.

3. Results and discussion
3.1. Validation of the focus variation procedure

Fig. 6 compares the particle heights inferred from the
focus variation procedure D, to the mean of the particle
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Fig. 4. The focus variation procedure from (a) the start of the procedure with the uppermost part of the particle in focus; to (d) the end of the procedure

with the base in focus.

heights measured from two lateral views Dj;. Excellent
agreement is observed between the two approaches for all
material types. The results include only two particles with
D 4, < 100 um which reflects the difficulty of handling small
particles. However, the smallest D 4,is of ~60 um which we
suggest is the lower bound of applicability of the proce-
dure. This lower bound is similar to the sand-silt boundary
typically adopted in soil classification systems. Considering
that the largest Dy is of 1175 um, the results support the
validity of the method for particle heights 60 pm < D4~
< 1200 um. This range represents a significant reduction
of the lower bound of application validated in previous
investigations which was 520 um < D, < 1200 pum
(Eddey et al., 2019). While our results do not modify the
validated upper bound of the procedure (1200 um), we
do not anticipate difficulties in larger particles if they
remain small enough to be inspected with a compound
microscope.

A previously proposed method to assess particle form
relied on estimates of the volume equivalent minor dimen-
sion of a scalene ellipsoid (S,) (Clayton et al., 2009). As
this suggests, the method idealises particle geometry as a
scalene ellipsoid, i.e. an ellipsoid whose three principal axes
have different sizes. Although, the scalene ellipsoid method
provides a single average value of S/L for a sample of mul-
tiple particles, its validation involved measurements on 36
individual particles for which S,,, was compared to the
D;. measured on a lateral view (Clayton et al., 2009).
Fig. 6 includes this dataset and shows that its scatter
around the 1:1 line is significantly larger than that of the
measurements performed using the focus variation proce-
dure. It follows that focus variation can better estimate
the height of the particle than the scalene ellipsoid proce-
dure can estimate the D;. of a side view.

While Fig. 6 enables an initial assessment of the preci-
sion of D 45, a more rigorous assessment requires acknowl-
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Fig. 5. Idealised particle outline to investigate the relationship between ellipseness E and overall particle form.
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Fig. 6. Relationship between D, and D 4, and between D;. and S.

edging that measurements of particle height from lateral
views also have limited precision. Fig. 7 illustrates this by
plotting the difference between the two particle height mea-
surements based on lateral views (Dy, — Dy ;) against the
mean particle height D;. Although D;; and D;, should
be identical, experimental errors result in discrepancies
with a mean value of ~3 pm which occasionally approach
25 pum. In the absence of additional measurements, it is rea-
sonable to interpret D;; and Dy, as a best estimate of the
limits of the range within which the real, but unknown,

particle height falls. Accordingly, the error (¢) of D, was
computed according to Eq. (8). Essentially, ¢ was taken
as zero when D,/ fell between D;; and D,,, positive when
focus variation overestimated particle height (D,r> Dy>),
and negative when focus variation underestimated particle
helght (DAf< DLI)-

DAf — Dy D < DA/'
e=+<¢0 Dy < Dar < Dpp (8)
DAf — Dy DAf < Dy
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Fig. 7. Discrepancies between particle heights measured on two different lateral views.

Fig. 8a shows the error ¢ against the mean particle
height D; for the entire dataset. The ¢ values exhibit a sym-
metric distribution of data points around the ¢ = 0 line
with a resulting mean and standard deviation of u, = 0.04-
um and o, = 4.6 um, respectively. The mean overestimation
(3.9 um) is virtually identical to the mean underestimation
(-3.8 um). These metrics show that the focus variation pro-
cedure is an unbiased estimator of particle height. Fig. 8a
also shows that there is no systematic correlation between
¢ and D;, and that the measurement errors of the iron fil-
ings are similar to the errors of the remainder of the data-
set. The latter observation suggests that the thin layer of
glue used to secure the non-magnetic particles to the pris-
matic base did not compromise the precision of the focus
variation procedure. It is likely that the errors are at least
partly due to the uncertainties introduced by operator sub-
jectivity when performing the focus variations.

Because the DoF depends on the characteristics of the
objective (Eq. (4), Table 2), it is of interest to explore
whether the objective used has an effect on ¢. Fig. 8b sug-
gests that there is a slightly increased potential error ¢ at
smaller magnifications. This is consistent with the fact that
greater magnification typically corresponds to greater
numerical aperture and thus a reduced DoF (Eq. (4),
Table 2). It follows that for optimal results, the focus vari-
ation procedure should be implemented with the highest
magnification possible.

Fig. 9 presents the absolute value of ¢ normalised by the
mean particle height D;. For reference, Fig. 9 also includes
curves that consider an error ¢ of one and three times the
standard deviation o,. As expected, the potential for large
relative errors increases as particle height decreases. How-

ever, 98 % of the entire dataset exhibits normalised abso-
lute errors < 5 %. As noted earlier, this precision is
encouraging as it surpasses that of a previously proposed
method (see comparison to Clayton et al. (2009) in
Fig. 6). However, whether the precision of the focus varia-
tion procedure is acceptable for geotechnical purposes
depends on whether its use leads to measurements of form
that can be successfully correlated to the engineering beha-
viour of soils. For it is such behaviour which is the ultimate
concern of geotechnical engineers. Notwithstanding, the
establishment of correlations between form and engineer-
ing properties falls beyond the scope of the current work.

3.2. Assessments of form

Fig. 10 presents the results of particle form assessments
on diagrams of /L vs S/I as proposed by Zingg (1935) with
superimposed contours of S/L. The results are presented on
three different plots to minimise clutter. The cuboids on the
corners of the Zingg diagrams provide a qualitative guide
to interpret the results. Across all soiltypes, particles with
S/L < 0.2 are relatively rare. These are particles that would
exhibit plate-like, bladed or rod-like geometries. Further-
more, the glass beads (Fig. 10c) are the soiltype that plots
the closest to the equant corner (S/I = I/L = 1), which is
consistent with the approximately spherical geometry of
the beads. Except for these commercially manufactured
glass beads, all material types show significant scatter,
which implies substantial variations in their form ratios
S/I, I/L, and S/L. This highlights the importance of assess-
ing form on multiple individual particles as opposed to
adopting a single average form descriptor for a given mate-
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(2019).

rial type as has been suggested previously (Kwan et al.,
1999).

It is often of interest to determine whether there are any
significant correlations between form and particle size (Le

Pen et al., 2013; Wang et al., 2020). Exploring such a cor-
relation requires adopting an unambiguous definition of
particle size. The issue is not straightforward because, as
highlighted by the form analyses, the irregular geometries
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of particles cannot be described by a single dimension. Pre-
vious studies have characterised particle size using the
apertures of the sieves between which a particle is retained
(Le Pen et al., 2013; Wang et al., 2020). However, this
amounts to discretising a variable that is in effect continu-
ous. We suggest that having measured S, 7, and L, this dis-
cretisation can be avoided by adopting a Pythagorean
definition of particle size (P) as shown in Eq. (9).

P=VS+1P+1? (9)

None of the material types investigated herein exhibited
significant correlations between the form ratios S/I, I/L,
and S/L; and P. To illustrate the lack of correlation
Fig. 11 presents the S/L vs P data of the sub-rounded East
London Beach sand and the angular crushed quartz sand.
This is in general agreement with previous researchers
reporting only weak correlations between particle shape
parameters and alternative definitions of particle size (Le
Pen et al., 2013; Wang et al., 2020). Fig. 11 also shows that
for a given soil and at any given particle size P, the form
ratio S/L can vary significantly. For example, the crushed
quartz sand exhibits approximately 0.25 < S/L < 0.7 over
most of the P domain considered. In fact, none of the six
material types whose forms were assessed herein yielded
results that supported the notion that form ratios (S/I, 1/
L or S/L) are approximately uniform for a given particle
size. This observation is at odds with the scalene ellipsoid
method (Clayton et al., 2009) which assumes that, for a
given soiltype and within a limited particle size range, par-
ticle form is approximately constant.

3.3. Assessments of roundness R and ellipseness E

Fig. 12 shows the ellipseness values computed for the
idealised particle contour presented in Fig. 5. Each data
point represents one of the 121 ellipseness computations
performed for a given roundness. The results are symmetric
around the #/w = 1 line because a rectangle with a height-
to-width ratio of, for instance, m:n yields the same E as a
rectangle with the inverse ratio n:m. More intuitively, rotat-
ing the shape by 90° does not affect the calculation of E.

It is clear from Fig. 12 that overall form, as charac-
terised by the height-to-width ratio A/w, affects ellipseness
assessments since, for a given roundness R, there is a sys-
tematic and unique correlation between £ and A/w. It is
also evident that although both R and E are indicators of
angularity, they are not uniquely correlated. Furthermore,
although particles with #/w < 0.1 and A/w > 10 are not com-
mon in soils, this domain of the graph is instructive as it
shows that the curves corresponding to different R values
converge to similar E values. The implication is that for
extreme values of i/w, the parameter E is similar for parti-
cles that have very different values of R.

Fig. 13 shows comparisons between R and FE for real
particles of five different soiltypes. Roundness values span
virtually the entire theoretical range 0 < R < 1. Conversely,
all particles fall within the range 0.84 < E < 1. The parti-
cles fall along a swath of the graph, rather than along a
line, which is consistent with the non-unique correlation
between R and E identified in Fig. 12.

The crushed quartz sand and the platinum tailings are
largely indistinguishable from each other in terms of both
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roundness (R < 0.2) and ellipseness (0.84 < E < 0.94). This
is consistent with the fact that both soils originate from a
rock-crushing process that confers the particles a high
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angularity (Fig. 2c and 2d). Considering that these are
angular particles, the range 0.84 < F < 0.94 may seem sur-
prisingly high. However, this range is similar to that of
angular ballast obtained from rock crushing for which
0.84 < E < 0.98 was reported (Le Pen et al., 2013).

The East London Beach sand and the Ballito Beach
sand are also largely indistinguishable from each other
in terms of both of roundness (0.2 < R < 0.8) and ellipse-
ness (0.94 < E <'1). This is expected given commonalities
in the formation processes of beach sands. As for the
glass beads, they predominantly exhibit R > 0.8, which
distinguishes  them  from  the beach  sands
(0.2 < R < 0.8). However, in terms of ellipseness, the
glass beads remain indistinguishable from the beach
sands (0.94 < E < 1). These results suggest that while
both R and E are suitable for distinguishing between pre-
dominantly angular and predominantly rounded parti-
cles, only R can distinguish between sub-rounded and
well-rounded particles.

4. Conclusions

This work extended the validation of a focus variation
procedure that exploits the limited depth of field of com-
pound microscopes to measure the height of a particle
without having to inspect a lateral view. The resulting mea-
surements of particle height enabled the quantitative
assessment of the form of six sand-sized material types.
The procedure relies on simple tools (essentially a com-
pound microscope and a dial indicator) to which many
geotechnical researchers and practitioners are likely to have
access. The procedure was validated by using adhesives or
magnetic attraction to fix particles to a prismatic base.
Additionally, the suitability of the ’ellipseness’ parameter
which had been previously proposed to assess angularity
was also explored. Our results support the following
conclusions:

a. For particle heights varying between 60 and
1200 pum, there is excellent agreement between the
particle height as estimated from the focus varia-
tion procedure and particle height directly mea-
sured on lateral views. The particle height
measurements are unbiased and exhibit an error
distribution that has a standard deviation of
4.6 um. There is no systematic correlation between
the error and the particle height. Relative errors
were smaller than 5 % for 98 % of all measure-
ments. To minimise errors, the focus variation pro-
cedure should be implemented with the largest
possible magnification as this yields a narrower
depth of field that favours precision.

b. Successful measurements of particle height in sand-
like materials from six different sources prove that
the focus variation method is sufficiently robust to
be applied across a wide variety of sand types.



A.W. Bezuidenhout et al. Soils and Foundations 64 (2024) 101437

1 —
a East London Beach sand

I @ Crushed quartz Sand

0.8 r
[m] @
 tes, : s = ®
A =] ‘ =]
06 | ™ oags T 8 g e o E Y f o
G A = . B m
=] o = s . |
§ L ® T g mo” o :. a o
-‘A ﬂ (=] .fl @A A ml
04 | I A
mlg WA B
B,EE @ r.l % %,
i =] =] mA a (5]
AT m i AT
o
0.2 af L m A A
B I. m]
G = A
0 1 1 1 1 1 1 1 1 1 1 1 1 1 J
0 500 1000 1500 2000 2500 3000 3500

Pythagorean size P (um)

Fig. 11. Form ratio S/L against Pythagorean particle size P for East London Beach sand and crushed quartz sand.

0.98

o
©
1)

Ellipseness E

©
X}
~

0.92

0.9
0.01 0.1 1 10 100

Height-to-width ratio h/w

Fig. 12. Influence of the height-to-width ratio on ellipseness calculations for the idealised particle outline in Fig. 5.

c. There is significant variability of the form ratios S/I, d. The overall form of a particle outline influences its
I/L, and S/L amongst particles from the same type of ellipseness E. Particles with very different values of
sand. This variability remains even when considering Wadell’s roundness R can yield very similar values
particles of similar size. This result contradicts of E if the height-to-width ratio of the particle outline
assumptions that have been adopted in previous stud- exceeds 10. Although R and E are both indicators of
ies. The sands considered herein did not exhibit a cor- angularity, these two parameters are not uniquely

relation between particle form and particle size. correlated.
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e. While, in principle, £ can vary between 0 and 1, Aschenbrenner, B.C., 1956. A new method for expressing particle

experimental results yielded 0.84 < E < 1. These mea-
surements included highly angular particles in which
these values may appear unusually high. Both
Wadell’s roundness R and ellipseness E were able to
distinguish between predominantly rounded and pre-
dominantly angular particles. However, only R was
able to distinguish between sub-rounded and well-
rounded particles.
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