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1 INTRODUCTION 
 
Particle shape has a significant effect on the mechan-
ical response of soils (Cho et al. 2006, Clayton et al. 
2009, Altuhafi et al. 2016). Generally, particle shape 
is conceptualised as having three independent com-
ponents: 1) form describes the overall proportions of 
the particle; 2) angularity refers to the sharpness of 
the corners; and 3) surface texture refers to the 
smaller scale irregularities (Barret 1980). The current 
paper focuses on particle form, whose characterisa-
tion requires measurement of the smallest (S), inter-
mediate (I), and largest (L) dimensions of the particle. 

The practical difficulties of measuring all three of 
these dimensions has often led to the adoption of 2D 
form descriptors that can be readily calculated from 
the silhouette or outline of a particle (see Clayton et 
al. 2009 for a summary of 2D form descriptors). Alt-
hough 2D form descriptors are useful and relatively 
easy to calculate, information is lost when one of the 
particle dimensions is neglected. For example, 
whether the particle is bulky or flat. Accordingly, full 
characterisation of particle form requires measure-
ment of S, I, and L. 

Direct measurements of S, I, and L using a ruler or 
calliper are possible for gravel-sized particles. For 
sand-sized particles, direct measurements are not fea-
sible and micrographs of the 2D outline of the particle 

are generally used to capture two of the three dimen-
sions (S, I, and L) required to characterise form. Di-
rect measurement of the third dimension involves ro-
tating the particle to observe a lateral view. This 
results in a lengthy process as the particle must be 
fixed to a base so that it doesn’t fall off during rota-
tion. An alternative method is to use X-ray micro 
computed tomography (μCT) to make a full 3D re-
construction of particle geometry (e.g. Fonseca et al. 
2012, Zhao & Wang 2016). Although this is a power-
ful method that allows detailed assessments of parti-
cle morphology, its disadvantage is that μCT facilities 
are not readily accessible to many geotechnical re-
searchers and practitioners. 

Another technique that can aid in particle form 
characterisation is focus variation microscopy. In this 
technique, the depth of a particle is determined with 
an optical system that has a limited depth of field 
(DoF). The DoF is the distance between the plane that 
is closest to the lens and which appears in sharp focus, 
and the plane that is farthest away from the lens and 
is simultaneously in sharp focus. Using focus varia-
tion, the lens initially focuses on the horizontal sur-
face on which a particle rests (surface A in Fig. 1). 
Due to the limited DoF of the system, the particle is 
out of focus at this point. Subsequently the particle 
and the lens are moved relative to each other until the 
surface of the particle that is closest to the lens comes  
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into sharp focus. The relative displacement of the lens 
and particle defines the particle depth. Focus varia-
tion has been used to characterise the form of particles 
ranging in size from 4.75 mm to 150 mm (Masad 
2005). However, its potential to quantify particle 
form in sand-sized particles seems to remain unex-
plored. 

The objective of this paper is to explore the poten-
tial of the focus variation technique to characterise the 
form of sand-sized particles. Although specialised fo-
cus variation microscopes are commercially availa-
ble, a common optical microscope was used herein. 
This was with the purpose of determining the viability 
of the method using only equipment that is commonly 
available at most research facilities. 

 
 

2 MATERIALS AND METHODS 
 
This study used a Nikon Optiphot-Pol optical micro-
scope fitted with an objective lens that has a 50x mag-
nification power and a numerical aperture of 0.75. 
The ocular lens applies an additional 10x magnifica-
tion for a total magnification of 500x. Epi-illumina-
tion was used to observe all particles. Images were 
captured with a 2592 x 1944 pixel CMOS sensor. The 
commercial software NIS-Elements was used to make 
measurements on the captured images. 

A steel cube with sides of 10 mm served as a sup-
port for all investigated particles (Figure 1). The steel 
cube was easily turned on its side to enable observa-
tion of the lateral view of the particles. This allowed 
comparisons between the depth of the particles meas-
ured by focus variation and by direct measurement on 
the lateral view. 

Two types of particles were investigated: iron fil-
ings and platinum tailings. The depth of the particles 
ranged from 500 μm to 1200 μm. Table 1 indicates 
the number of particles investigated for each material 
type and the purpose of the measurements. The iron 
filings were used exclusively to validate the focus 
variation technique. To achieve this, one face of the 
cube was covered with magnetic tape. The attraction 
between particle and magnetic tape allowed rotation 
of the cube for inspection of the lateral view without 
the particle falling off. The platinum tailings (Figure 
2) served both to aid in the validation of the method 
and to illustrate how it can be used to characterise par-
ticle form. Since it was not possible to fix the tailings 
to the cube by magnetic forces, a small amount of a 
solid adhesive (glue stick) was applied to the steel 
cube. The layer of adhesive was spread as thinly as 
possible onto the cube to prevent the thickness of the 
glue from altering the measured particle depth. 

To increase the contrast between particle and 
background, and to create some features on the back-
ground that facilitated the focusing procedure, a grid 
printed on white adhesive paper covered the face of 
the cube on which the particles rested. For the iron 

filings, the grid was placed on top of the magnetic 
tape and for the tailings, it was placed directly on the 
cube. 

 
Table 1. Measurements made on iron filings and tailings ________________________________________________ 
Particle    No. of   Purpose 
Type     particles    ________________________________________________ 
Iron filings*  21     Method validation 
Tailings**   12     Method validation 
Tailings    19     Form characterisation ________________________________________________ 
*    Fixed with magnetic tape. 
**  Fixed with solid adhesive. 

 

 
Figure 1. Setup to measure particle depth using focus variation. 

 

 
Figure 2. Platinum tailings at 240x magnification. Image cap-
tured with scanning electron microscopy. 

 
To validate the focus variation technique, a particle 
would be placed on the steel cube and under the mi-
croscope (Figure 1). The grid was then brought into 
sharp focus by moving the stage of the microscope up 
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and down using the coarse and fine focus knobs. The 
fine focus knob has a scale with divisions that corre-
spond to 1μm stage displacements. Once the grid was 
in focus, the reading on the fine scale knob was rec-
orded. The stage was then moved downwards with the 
fine focus knob to bring different elevations of the 
particle into sharp focus. This continued until the up-
permost surface of the particle was in sharp focus. 
That is, until the entire particle was about to be out of 
focus. At this point, the reading on the fine focus was 
once again recorded. The depth of the particle was 
calculated as the difference between the two readings 
on the fine focus knob (DΔf). The steel cube was then 
rotated to measure the depth of the particle on two 
lateral and orthogonal views (DL1 and DL2). 

To characterise the form of the tailings, DΔf was 
measured as described above. This value typically 
corresponds to the S dimension as particles tend to lie 
with their centre of mass as low as possible. Dimen-
sions L and I were defined as the diameter of the larg-
est circle that could be inscribed within the outline of 
the particle (Dic), and the diameter of the smallest cir-
cle that could fully circumscribe the outline of the 
particle (Dcc), respectively (Clayton et al. 2009, Le 
Pen et al. 2013). 

 
 

3 RESULTS AND DISCUSSION 

3.1 Validation of the method 

Figure 3 compares DΔf with the average of DL1 and 
DL2 (DL) for both iron filings and tailings. The data 
plots tightly around to the identity line indicating ex-
cellent agreement between the two methods and the 
suitability of the focus variation technique to measure 
the depth of the particles. Importantly, the validation 
of the method is equally good regardless of whether 
the particles are fixed onto the steel cube by magnetic 
means, as was the case of the iron filings, or using 
solid adhesive, as was the case of the tailings. 

Figure 4 allows a better assessment of the magni-
tude and distribution of the discrepancies between DΔf 
and DL. The method has no bias to over- or underes-
timate particle depth, as DL - DΔf takes on both posi-
tive and negative values, and has an average of 0.1 
μm that is very close to zero relative to the scatter in 
the plot. The average over- and underestimations are 
close to 5 μm, with maximum values close to 14 μm. 
There is no apparent correlation between DL - DΔf and 
DL. 

Figure 5 presents the absolute difference between 
DL and DΔf as a percentage of DL. The average differ-
ences, as indicated by the line of best fit, are smaller 
than 1%, and the maximum differences are smaller 
than 2.5%. These values are deemed to be sufficiently 
low for an accurate characterisation of particle form. 
As expected, the percentage differences increase as 
particle depth decreases. In other words, as particle 

depth becomes smaller, the average over- and under-
estimations of approximately 5 μm (Figure 4), be-
come more important relative to the measured quan-
tity. 
 

 
Figure 3. Relationship between DL and DΔf. 

 

 
Figure 4. DL - DΔf versus DL. 

 

 
Figure 5. Relationship between the absolute value of DL - DΔf 
expressed as a percentage of DL, and DL. 
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3.2 Form characterisation of the platinum tailings 

The form of 19 platinum tailings particles was char-
acterised by measuring their particle depth using the 
focus variation technique (DΔf) and also measuring 
Dic and Dcc on their 2D outline. Generally, DΔf, Dic 
and Dcc corresponded to dimensions S, I, and L, re-
spectively. When this was not the case, the corre-
spondence between these two sets of values was rear-
ranged to ensure that for every particle S ≤ I ≤ L. 

Figure 6 presents two form ratios, S/I and I/L, plot-
ted against I. The values of both ratios are relatively 
high, with S/I varying predominantly from 0.7 to 1 
and I/L varying predominantly from 0.5 to 0.8. In 
both cases the ratios cover approximately half of their 
possible domain which extends from 0 to 1. There is  
no systematic correlation between the form de-
scriptors and I. 

The overall trends in particle form are investigated 
by plotting the data in I/L vs S/I space as proposed by 
Zingg (1935) (Figure 7). Figures of four cuboids that 
are representative of the corners of the Zingg diagram 
are included in Figure 7 to aid in the interpretation of 
the data. All points fall on the upper right quadrant of 
the graph indicating a predominance of bulky or 
equant particles. This is in good agreement with the 
form of the particles observed in Figure 2. 
 

 
Figure 6. Form parameters a) S/I and b) I/L plotted against the 
intermediate particle size (I). 

 
Figure 7. Form parameters corresponding to platinum tailings 
plotted on a Zingg diagram. 

 
 
4 CONCLUDING REMARKS 

 
The current paper explored the potential of the focus 
variation technique to aid in the form characterisation 
of sand-sized particles. Although focus variation has 
been previously used to characterise the form of 
gravel-sized particles, it appears that its use on sand-
sized particles had remained unexplored. Specialised 
focus variation microscopes are commercially availa-
ble however, this study used a conventional optical 
microscope capable of 500x magnification available 
in most research facilities. 

The method was validated with particle depths that 
ranged from 500 μm to 1200 μm. Iron filings and plat-
inum tailings were used to conduct the validation. In 
both cases there was excellent agreement between the 
particle depth inferred from the focus variation tech-
nique (DΔf) and the particle depth measured by direct 
observation of the lateral views (DL). The average ab-
solute values of DL - DΔf, expressed as a percentage 
of particle depth, were smaller than 1%, and the max-
imum values were smaller than 2.5%. The overall av-
erage of DL - DΔf was relatively close to zero (0.1 μm), 
indicating that the focus variation technique does not 
systematically under- or overestimate particle depth. 
In absolute terms, the average difference between DL 
and DΔf was of 5 μm, and the maximum differences 
observed were of 14 μm. 

The focus variation technique, combined with 
measurements on the 2D outline of particles, was 
used to characterise the form of platinum tailings. The 
results show that the form of the tailings is independ-
ent of particle size and that the particles are predomi-
nantly equant. These results illustrate the potential of 
the focus variation technique to provide insights into 
the variability of the form of soil particles. 

The described focus variation technique is a relia-
ble and relatively simple tool to characterise the form 
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of sand-sized particles. Given its simplicity, the 
method has the potential of being widely adopted by 
the geotechnical community, thus enabling a more 
comprehensive description of particle form. 
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