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Particle Size Distribution under the microscope
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ABSTRACT: Particle size distribution (PSD) is a fundamental aspect of all branches of soil mechanics. In
unsaturated soil mechanics, for example, it may be used for estimating the SWCC. Over the last few decades
questions have been raised about the reliability of widely accepted methods. A number of authors have suggested that the assessment of fine grained soils is far less reliable than that of coarse grained soils. The most
widely used technique throughout the world makes use of the hydrometer. British Standard BS 1377-2 now
recommends the pipette method as being slightly more accurate. Both hydrometer and pipette rely on Stokes’
law to assess PSD and usually give similar results. Evidence has been reported for possible agglomeration of
particles while the sedimentation process is taking place. Such agglomeration would challenge the reliability
of results for both the hydrometer and pipette methods. This study deals with microscopic observations which
show that agglomeration can be a serious problem for clayey soils. Agglomeration may take place at different
rates for different individual soils. Agglomeration may take place at such a rate that current procedures are
likely to give unreliable results, particularly for soils with a significant clay fraction.
1 INTRODUCTION
PSD (the relative amounts, by mass, of particles present according to size.) is one of the most fundamental and important aspects of soil assessment. While
there appears to be wide acknowledgement that
coarse textured soils present little difficulty for PSD,
there is far less confidence in the reliability for fine
grained soils. For many years the standard procedure
world-wide for assessment of fine soils has used the
hydrometer. More recently some countries have
adopted the pipette, which is considered to have the
potential for slightly superior accuracy and repeatability (Elfaki et al. 2016). Also “the application of
Stokes Law is more direct and less complicated than
for other methods” (Coats and Hulse 1985). Both of
these techniques rely on the same theoretical underpinning of Stokes’ Law.
In the 1980s and 1990s machines capable of automated particle size analysis of powders became
available; these employ techniques such as Laser
Scattering, Single Particle Optical Sensing and
Magnetic Sensing Zone detection. They have found
wide acceptance for industrial powder analysis. The
speed at which tests can be completed and the fine
gradation and consistency of results has led many
researchers to examine their suitability for soils
analysis. Almost all of these tests have suggested

that automatic particle sizers cannot be considered
reliable for soils with significant fines fraction.
Attempts have been made to assess the reasons
for the apparent unreliability of the standard sedimentation procedures to assess fines fraction, and
clay fraction in particular. Savage (2009) pointed to
assumptions including sphericity of soil particles,
incomplete dispersion at the time of testing and
small particles being carried down by larger particles
during the settlement process. Savage suggested an
alternative way of estimating clay fraction, but gave
no experimental or observational justification. Examination of precipitate after settlement has confirmed some of Savage’s suggested shortcomings
(Stott et al. 2016).
Nettleship et al. (1997) suggested aggregation of
clay particles during the settlement process. They
did give experimental justification for this suggestion, and their investigation deserves serious consideration. They examined pure kaolinite with a maximum particle size slightly larger than 1 µm. They
compared hydrometer and centrifuge results for settlement after treatment with dispersant. The results
suggest significant aggregation of sub-micron sized
particles over the duration of the sedimentation tests.
This investigation of aggregation of sub-micron clay
particles, while of considerable theoretical interest,
appears to have little immediate application to the
practical problem of the hydrometer or pipette tests.

Standard tests generally consider all particles smaller than 2 µm (or in some cases 5 µm) to be clay, and
usually do not attempt to extend analysis to particles
smaller than 1 µm. They also usually deal with natural soils, rather than pure kaolinite.
The work of Savage, Nettleship, and others seems
to have had little effect on the acceptance of sedimentation procedures as the standard for fines fraction determination. For example, the Geotechnical
Engineering Bureau of the New York State Department of Transport published their revised procedure
for the Hydrometer test in August 2015 (NYDOT
2015). Considerable research into the reliability of
the hydrometer is referred to in this document, yet
only a few, minor adjustments to the standard procedures are recommended. It is stated that these recommendations make very little difference to the results obtained in the Hydrometer test. Statements
like those of Keller and Gee (2006) “particle size
data must be treated as an empirical estimate … hydraulic methods work best for coarse-textured (low
clay) structure-less soils”, however, suggest that
major changes may be needed for reliable assessment of high-clay content soils.
2 IMAGING OF CLAY PARTICLES
In order to gain understanding of clay particles and
their possible behavior in sedimentation tests, images of soil particles are commonly made by scanning
electron microscopy. Scanning electron microscope
(SEM) images have the advantage of high magnification, great depth of focus, and high definition.
Preparation for SEM imaging, however, involves
processes which take the soil particles far from their
state in the hydrometer. Nettleship et al. (1997), for
example show SEM images of clay which they used
in their sedimentation tests. Preparation for SEM
imaging involved dispersion in propanol, drying,
and coating with gold. The propanol treated, dried,
gold-plated specimens in their SEM images may
bear little resemblance to hydrated clay particles in
aqueous suspension - as in the hydrometer or pipette
test.
The optical microscope is able to examine aqueous suspensions but suffers from the disadvantage of
relatively low magnification and small depth of focus for high-powered objectives. Aqueous suspensions also present the problem of Brownian motion
for particles of the order 1 µm and smaller. For examining suspensions of natural soil there is also the
problem of distinguishing clay particles from very
small silt particles, which are generally considered
to range in size down to about 1 µm. The first of
these problems has, to some extent, been addressed
by using a digital camera, which allows digital magnification to supplement optical magnification and
allows the use of less powerful objective lenses with

greater depth of focus (Stott & Theron 2016). The
problem of identification has been addressed by labelling clay particles with C16H18N3SCl, widely
known as Methylene Blue (MB), which preferentially exchanges places with exchangeable cations in
clay minerals, while it does not significantly stain
particles with very low cation exchange potential
like silt or sand (Chiappone et al. 2004).
3 OBSERVED AGGLOMERATION
It appears that in many clayey soils, vast numbers of
extremely small particles with high cation exchange
capacity (CEC) and high specific surface area
(SSA), play a role in binding soil particles together.
These particles are minute and usually invisible under the light microscope. Staining with methylene
blue (MB) makes these structures visible, as in Figure 1. Staining may obscure the details of the agglomeration, and after identifying that clays are involved it can be advantageous to examine samples
without staining.
The electrostatic properties of clay particles are
the distinguishing feature which set them apart from
other soil components. It is well known that there
are electrical forces of attraction and repulsion between clay particles. It appears that when clouds of
small clay particles surround other particles they can
draw them into agglomerations. Hydrometer theory
assumes that particles remain dispersed for the duration of the test. This raises the question of how
quickly agglomeration takes place, and whether it is
likely to affect the reliability of hydrometer results.

Figure 1. Typical agglomeration in a clayey soil. The clouds of
very small (< 0.1 μm), high CEC clay particles, which are
holding many particles of various sizes together, are almost invisible without MB staining. Scale bar 30 μm x 2 μm.

4 TIME AVAILABLE FOR AGGLOMERATION
BS 1377 part 2: 9.4 Sedimentation by the pipette,
and 9.5 Sedimentation by the hydrometer method
call for mechanical shaking or mechanical stirring,
which is followed by an unspecified lapse of time. In
this lapse, a sieving and drying process takes place,
after which resulting material may be added to the
sedimentation cylinder. The cylinder is then placed
in a water bath for at least one hour and then it is
shaken before the settlement procedure begins.
ASTM D 422-63 (which was withdrawn in 2016)
calls for mechanical or pneumatic stirring and then
dilution and transfer to the sedimentation cylinder.
The cylinder is then to stand in a water bath for a
minimum of one hour. Repeated inversion is called
for just before the test begins.
It appears, therefore that at least one hour is likely
to pass after high-energy mechanical agitation has
been applied before the sedimentation procedure
starts. Agitation by repeated inversion of the cylinder is likely to produce a fairly uniform distribution
of particles throughout the settlement cylinder, but
may be inadequate to break up agglomerations
which have already formed. After the start of the
test, readings for both of the above standards continue for several hours without any kind of agitation.
5

OBSERVATIONS

5.1 Preliminary observations
No two soils were markedly similar. Some were apparently well dispersed after treatment with dispersant and mechanical stirring; some were not, having
particles which remain completely coated with clay,
apparently unaffected by chemical and mechanical
dispersion. All soils examined had some extremely
small, high CEC, high SSA clay particles which appear to be effectively transparent and either do not
show on microscope images, or else show as indistinct pinkish shadows. With the addition of a small
amount of Methylene Blue they become visible as
blue, cloud-like structures. With the addition of
more MB they become darker and eventually
opaque. Some of the soils contained extremely
small, high CEC, high SSA clay particles which
were visible without staining. They were usually
yellow or black. On addition of MB it appears that
the “invisible” particles absorb the dye immediately,
the black second and the yellow third, suggesting
that the invisible have the highest CEC and the yellow the lowest. Identification of clay type and quantity by XRD was found to be very difficult. It appears that the high CEC soils tested probably
contained interlayered complexes of montmorillonite and illite.

5.2 Observation procedure
A range of clayey soils were successively prepared
as for hydrometer analysis. All specimens consisted
of clayey soil of medium to high plasticity from
housing and roads projects in Central South Africa.
Various dispersing agents have been specified by
standards organisations and compared by several researchers (Rodrigues et al. 2011, Kaur & Fanourakis
2016). Specimens were treated with three of the
more common agents, sodium hexametaphosphate +
sodium carbonate (widely known as “Calgon”), sodium silicate + sodium oxalate, and sodium pyrophosphate). All except one of the cases illustrated
were dispersed with Calgon. After the mechanical
stirring and dilution stage, a suspension was sampled
by placing a drop on a microscope slide and covering with a cover slip. The slide was examined for
signs of agglomeration and photographs were taken
where this was apparent. Evaporation around the
cover slip leads to movement of the suspension and
observation was limited to a few minutes for most
slides; a new slide was then prepared and examined
in turn. This procedure was continued for about forty
minutes for each suspension. Some slides were
treated with MB, others were not. Most of the illustrations have little or no MB, since the stain tends to
obscure details, particularly when printed in black
and white. Of the samples tested three were chosen
for illustration. The third of these samples was unusual, in that evaporation-induced movement was
minimal for more than 20 minutes, allowing agglomeration to be observed rather than inferred.
5.3 Thaba Nchu sample
Figure 2 shows the first slide of the sequence for an
expansive clay soil from Thaba Nchu in the central
Free State. Most of the fine silt particles appear to be
clean and many clay size particles are well dispersed, but one of the silt particles is completely
covered with clay particles, which were probably not
dispersed by the chemical and mechanical dispersion
procedure. Its hazy yellow border appears to be
made up of very small, high CEC clay particles.
Figure 3, taken about ten minutes later, shows an
agglomeration of clay-size particles, possibly with a
silt core. Figure 4, taken after a further ten minutes,
show a large, tenuous agglomeration forming. A
very small addition of MB has allowed the presence
of small, high CEC clay particles to be just discernible. Figure 5 shows an agglomeration of clay-size
particles, many of which are in the form of rings of
four to seven clay particles. A ring appears to be
about to join the agglomeration at its upper right.
This photograph was taken about thirty-five minutes
after mechanical stirring.

5.4 Limpopo sample

Figure 2. Thaba Nchu specimen soon after dispersion. Scale
bar 30 μm x 2 μm

Figure 3. Thaba Nchu specimen approximately 10 min after
dispersion. Scale bar 30 μm x 2 μm

Figure 6 shows the first slide in the sequence of a
very expansive clay from Limpopo Province. Some
of the silt particles are clean and many clay-size particles are well dispersed, but at least one silt particle
is completely covered with clay and there are several
groups of two or more clay particles joined together.
There is also a nebula of small, high CEC particles
forming at the upper centre.
Figure 7, which was taken about 10 minutes later,
shows an agglomeration of about 30 µm. Figure 8,
taken after a further 20 minutes, shows an agglomeration of about 60 µm. The majority of the particles
visible in the agglomeration are clay-size and probably kaolinite; some particles appear to be silt.
In one unusual case, a slide was observable for
about 20 minutes before movement due to evaporation became severe. The dispersant used for this
sample was sodium oxalate + sodium silicate. It was
possible to photograph agglomeration taking place
on a significant scale. No MB had been added to the
slide since it was the first in a series, so the role of
high CEC clay in the process could not be observed,
but the movement indicates the electrical forces acting between the particles. Figures 9 to 14 illustrate
the progress of agglomeration. Some of the more
recognizable groups of particles have been circled to
facilitate tracing their paths into the agglomeration.

Figure 4. Thaba Nchu specimen approximately 20 min after
dispersion. Scale bar 30 μm x 2 μm

Figure 6. Limpopo specimen shortly after dispersion. Scale bar
30 μm x 2 μm

Figure 5. Thaba Nchu sample approximately 35 min after dispersion. Scale bar 30 μm x 2 μm

Figure 7. Limpopo specimen approximately 10 minutes after
dispersion. Scale bar 30 μm x 2 μm

Figure 8. Limpopo specimen approximately 30 minutes after
dispersion. Scale bar 30 μm x 2 μm

Figure 9. Botshabelo sample approximately 10 minutes after
dispersion. Scale bar 30 μm x 2 μm

Figure 10

Figure 11

Figure 12

ous before testing which soils might disperse well
enough, and resist agglomeration for long enough, to
allow some measure of confidence in hydrometer results. It would appear to be unwise to accept hydrometer results without some kind of examination
of the compatibility of the procedure to the particular soil.
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Figure 14. Shortly after this photograph was taken, movement
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impossible. Scale bar 30 μm x 2 μm
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