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Abstract: Particle size distribution is one of the most significant factors determining physical soil
properties. Laser diffraction analysis (LDA) is an alternative method to the traditional hydrometric
methods (HM) used to determine particle size distribution in soils. However, significant differences
in fraction content are found in relation to the applied methods of a particle size test. Above all,
measurements performed by LDA for clayey soils usually produce different results to those based on
Stokes’ equation. Methodical problems, such as an appropriate method of dispersing the sample and
the selection of LDA calculation theory, also play a significant role in fine soils. This paper contains
the results of analyses of Neogene clays from Poland, which are characterized by differentiation with
regard to the content of clay fraction particles. In this article, the validity of using laser diffraction
analysis (LDA) for the identification and characterization of clayey sediments with common genesis
is assessed. The possibility of finding reliable pedotransfer functions to the convert LDA results to a
hydrometric analysis is discussed.

Keywords: particle size analysis; hydrometric method; Stokes’ equation; laser diffraction analysis
(LDA); clay soils; shape anisotropy

1. Introduction

Particle size distribution (PSD) determines physical and mechanical soil properties. The proportion
of grains and particles of a particular fraction (gravel, sand, silt, clay) is also an essential criterion for
their classification.

One of the modern methods, an alternative to traditional hydrometric methods (HM), used in
granulometric analyses is laser diffraction analysis (LDA) [1]. The strengths of this technique are the
simplicity of use, the rapidity of measurements, the broad measurement range (from 0.01 µm to several
millimeter), and high reproducibility [2].

The principle of LDA is the detection of the diffraction pattern created by the particles illuminated
by laser light. This diffracted pattern is mainly dependent on the particles size in the sample to
be investigated. However, the use of LDA to determine the PSD of soil has also some limitations.
Primarily, substantial distinctness in measurement techniques causes difficulties in the interpretation
and comparison between the results obtained by LDA and the standardized HM [1,2]. This is relevant
when PSD is used as the basis for soil classification.

The biggest discrepancies are observed in the finest clay particles, e.g., [3–8]. The discussion
concerns inter alia—the standardization of the methodology for sample pretreatment. Particularly
important in the case of clay soils, is the method of dispersing particles and stabilizing suspension [9–11].
In addition, the obtained calculation of the particle size distribution is significantly influenced by the
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selection of a computational model adopted for the approximation of the scattered image of a laser
beam after passing through a sample. For clays with sizes close to the wavelength of a laser beam,
Mie theory would be desirable, requiring consideration of a particle’s optical parameters, such as
the refractive index for liquids and the absorption coefficient [11–14]. Due to the difficulty in the
selection of these values, especially the light absorption coefficients for various particles and soil
grains, Fraunhofer theory, which only takes into account the occurrence of light diffraction at the
edges of particles and grains, is often recommended for natural soils [15–17]. Technical parameters of
analyzers, such as a measuring range, especially the lower limit of the size of detected particles and the
wavelength of laser light, also affect the results [2].

Regardless of the difficulties described, the LDA method is successfully used and positively
verified to study the lithological variability of sediments, e.g., Palaeolithic clay-with-flints [17] or
quaternary sediments, such as loess loams, glacial fluvial deposits, river sediments, and clays [18].
However, in each case, there is a clear indication to interpret the results individually, depending on the
type and the genesis of sediment.

In this paper, the tests results of a hydrometric analysis and LDA for natural clayey sediments,
particularly the impact of shape anisotropy, are discussed.

2. Materials and Methods

The tested material is a natural clayey soil, characterized by high contents of clay particles.
Such Neogene sediments occur in a large area of Poland [19,20] with significant lithological diversity
(Table 1).

Table 1. The parameters of Neogene clays from the region of Poznan, Warsaw, and Bydgoszcz (after:
[20–22] and the degree of their expansivity (according to [23])).

Localization
Clay

Content
Liquid
Limit

Plasticity
Index

Surface
Area

Expansive
Index

Swelling
Pressure Expansivity

Cl [%] wL [%] IP [%] S [m2/g] εP [%] Ps [MPa] According to
[23]

Poznań
Mean value 34 68 46 >200 20 0.8 High

Min-Max 30–60 40–140 24–90 no data 5–35 0.2–4.0 Medium- V. high

Warszawa
Mean value 60 77 45 no data 5.6 0.08 Medium/High

Min-Max 13–90 35–116 17–73 no data 1.5–13.2 0.02–0.3 Low-V. high

Bydgoszcz
Mean value 49 86 58 >200 20–30 0.2–0.6 High

Min-Max 30–84 45.6–148 30–99 250–330 5–57 0.07–1.9 Medium-V. high

Comparative tests were carried out for 10 samples from Bydgoszcz. These soils are classified
as ClV—clay with very high plasticity [24]. These are sodium montmorillonite clays, which are
characterized by medium, high, and very high expansivity. Particle distribution was tested by the
LDA and hydrometric (aerometric) method (HM). The areometric tests of clays were carried out in
accordance with the standard [3]. LDA tests were carried out using a Fritsch Analysette 22 MicroTec
device, equipped with a green laser (wavelength λ = 532 nm) and an infrared laser (λ = 940 nm).
The full measuring range of the device is 0.08–2000 µm. After performing a preliminary series of
tests of the grain size in the full measurement range, due to the lack of larger particles and grains in
the tested soils, the measurement was limited to the range of 0.08–45 µm, with only the green laser.
The Fraunhofer theory was used to calculate the PSD of investigated soils.

The dispersion of soil particles was carried out by a built-in ultrasonic module with a maximum
power of 60 W and a wave frequency of 36 kHz. For samples containing clay particles, sodium
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hexametaphosphate, calgon or sodium pyrophosphate are usually used, e.g., [5,8,17], to stabilize the
suspension. Earlier studies of Neogene clays [14] have shown that the addition of a dispersant has
a significant impact on the results of particle distribution. The addition of sodium pyrophosphate
initially (after 2–3 minutes) improved the dispersion of particles in the samples tested. In all the
samples, the percentage of clay (<2 µm) increased significantly, compared to the maximum amounts
for tests using only ultrasonic dispersion. However, with a longer duration of the test (after 5 minutes),
a decrease in the number of fine particles, as well as a significant increase in the number of particles
with a diameter in the range of 10–20 µm, was noted. This indicates the possibility of a coagulation
process in the suspension and the instability of the samples with the dispersant. Therefore, tests for
Neogene clays were performed in two variants: with ultrasonic dispersion and, additionally, with
sodium pyrophosphate at the concentration of about 1.5 g/L of soil suspension.

3. Results and Discussion

3.1. Comparative Tests of HM and LDA

An important practical problem, for example, in the soil classification, is a significant difference
in LDA results concerning particle size distribution in relation to hydrometric methods. It refers
especially to clay particle content.

For this reason, to compare the results of both methods, the empirical determination of the
LDA equivalent of the limits of each fraction is used. For the clay fraction, the values proposed in
the literature range from 3.5 to 8 µm [9,14,25]. The relationship between the content of particles of
diameters dHM < 2 µm, determined by the areometric method (HM) and the percentage of particles
obtained by the LDA method for consecutive values of diameters, was compared, and then goodness
of fit was analyzed. The maximum values of the coefficients of determination were obtained for the
diameter dLDA = 4.6 µm for the samples tested without sodium pyrophosphate (R2 = 0.72) (Figure 1a),
and dLDA = 4.4 µm for the soils tested with a dispersant (R2 = 0.44) (Figure 1b).
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(b) dLDA < 4.4 μm for the samples with sodium pyrophosphate. 
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relation between the percentage content of the boundary values of diameters, especially between clay 
and silt fractions (2 μm), in reference to each individual genetic soil types (Table 2). 
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Figure 1. The correlation between the percentage of clay particles from hydrometric analyses (dHM <

2 µm) and particle diameters from laser diffraction analysis (LDA) with the maximum values of the
coefficient of determination: (a) dLDA < 4.6 µm for the samples tested without sodium pyrophosphate;
(b) dLDA < 4.4 µm for the samples with sodium pyrophosphate.

Another method for the transformation between LDA and HM results is the use of the empirical
relation between the percentage content of the boundary values of diameters, especially between clay
and silt fractions (2 µm), in reference to each individual genetic soil types (Table 2).
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Table 2. Exemplary transfer function for HM and LDA percentage of particle below 2 µm.

Sediments/Number of Samples Transfer Functions Source

Sicilian Basin / 228 samples ClHM
1 = 1.91ClLDA

2 [8]
Mariahout / 158 samples ClLDA = 0.316ClHM – 0.232 [14]

Lower Saxony / 16 samples ClHM = 3.089ClLDA – 2.899 [18]
Poland / 223 samples ClLDA = 0.453ClHM + 5.898 [6]
Europa/ 400 samples ClHM = 0.92ClLDA + 0.69 [25]

1 ClHM: clay content (d < 2 µm) by hydrometric method (HM). 2 ClLDA: clay content by laser analysis (LDA).

The research carried out for Neogene clays from Bydgoszcz leads to the determination of the
relation between the clay fraction content, which is obtained by hydrometric (ClHM) and laser (ClLDA)
methods. The equations for samples with ultrasonic dispersion (Equation (1)) and for samples with
ultrasonic and sodium pyrophosphate pretreatment (Equation (2)) are expressed as follows:

ClHM = 1.21·ClLDA + 30.00 (1)

ClHM = 0.60·ClLDA + 38.20 (2)

After the substitution of the ClLDA values into Formula (1), for samples with ultrasonic dispersion
only, and in to formula (2), for samples with ultrasonic and sodium pyrophosphate pretreatment,
the goodness of fit results (ClHMcal) versus HM results are presented in Figure 2a,b, respectively.
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Figure 2. The correlation between the clay content from HM (ClHM < 2 µm) and the ClHMcal, values
calculated on the basis of LDA results (ClLDA < 2 µm): (a) calculated by Equation (1) for samples
without a sodium pyrophosphate pretreatment; (b) calculated by Equation (2) for samples tested with
a sodium pyrophosphate.

The difference in the percentage of clay fraction in HM and LDA is mainly suggested as an effect
of the assumption of the spherical shape of particles, which is used in calculations of the particle size
distribution, both in LDA and HM.
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3.2. Influence of Particle Shape Anisotropy for LDA and HM Results

The shape of soil particles can be anisotropic, so, in fact, an equivalent spherical distribution of
material is obtained, which has varied consequences for HM and LDA methods.

In LDA, the basis for determining the volume of clay particles is the diameter of the plate’s
cross-section, which is treated in the calculations as the diameter of the sphere. The error associated
with the assumption of the sphericity of particles depends on the degree of anisotropy, which is
usually variable for soil particles of different sizes and is difficult to eliminate backwards in the
calculation algorithm. The effects of the shape influences for the LDA of particle size distribution are
usually estimated based on image analysis from a transmission electron microscope (TEM) [26–28].
The particles’ orientation during the flow through the measurement cell in LDA, which cannot be
assumed as random [27], is also essential for the adequacy of the obtained results.

To minimalize the effect of shape anisotropy, various estimations of shape factors are considered
and are theoretically or experimentally verified. For example, the equivalent circular area is indicated
as the most comparable value for particle distribution for standardized rod particles [27]. In the case of
platy particles, such as clay minerals, the highest adequacy is obtained when the results are related to
the surface area [28]. For particles with a known aspect ratio (a ratio of thickness to their diameter) a
volume equivalent disc can also be the most accurate representation [29]. However, this applies to
cases of relatively homogeneous soils, when most particles have the shape of very thin plates, with
similar thickness. In natural sediments, particles are characterized with a varied anisotropy of shape,
as in the case of Neogene clays (Figure 3).
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For the tested soils, LDA results, calculated as an area dependent, are more relevant to those
obtained by HM, than volume LDA, but exhibit varied accuracy for particular samples (Figure 4a,b).Geosciences 2020, 10, 55 6 of 9 
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Figure 4. The comparison of cumulative percentage of particle size distributions for two exemplary
samples (a) and (b) of Neogene clays from Bydgoszcz, calculated as volume and area dependent from
LDA and HM results.

Hydrometric methods (HM) used to determine the particle size distribution of fine-grained soils
use Stokes’ law, which describes a resistance force of a sphere moving in a fluid. For ideal soil particles
of spherical shape, Stokes’ equation is valid for diameters from about 0.2 µm, because Brownian
motion may be significant for smaller particles [30]. For natural soils, according to procedure described
in [3], the least size of the particle is limited to about 1 µm. An assumption about a spherical shape of
particles causes the significant differences as it goes against the results taking into account their actual
anisotropy, especially in the case of the finest particles [31,32].

To compensate for the influence of shape in sedimentation methods, the platy shape of clay
minerals is most often described by an ellipsoid, formed by the rotation of an ellipse, around a short
axis of the particle, e.g., [26,33,34]. For such a solid, the aspect ratio (E) is introduced as the relation of
the shorter axis of the particle (b) to the longer axis (a), i.e., E = b/a.

The relationship between the equivalent sphere diameter (d), sedimenting at the same velocity as
the ellipsoid describing the plate-shaped particle, is illustrated in Figure 5a:
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Figure 5. (a) Relation of the diameter (d) to the longer axis of ellipsoid (a) in relation to the aspect ratio
(E) (after: [34]); d—diameter of equivalent sphere particles, a – major axis of an ellipse, b—minor axis
of an ellipse, E—aspect ratio (E = b/a). (b) Exemplary particle size distribution curves: 1—by HM,
2—after transformation for an aspect ratio E = 0.1 and d/a = 0.38 (after [35]).
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Depending on the value of the shape factor (E), the equivalent diameter of the spherical particle (d)
determined from Stokes’ equations will be a part of the dimension of the longer axis (a) of the ellipsoid,
e.g., for E = 0.1 this relation according to Figure 5a is d/a = 0.38. For a particle size distribution curve,
this means a translation of a granulometric curve towards larger diameters. An illustration of the
particle size distribution transformation of an exemplary clay sample is shown in Figure 5 (b). In the
case of this sample, the hydrometric determination for E = 1.0 (curve 1 in Figure 5b) showed a content
of 56% of clay fraction particles (d < 2 µm). For the assumed shape factor E = 0.1 (curve 2 in Figure 5b),
the particle, corresponding to 56% of the content, has the diameter of d = 5.2 µετηom.

4. Conclusions

The application of laser diffraction analysis (LDA), which could replace the time-consuming
hydrometric method (HM) of clayey soils, has been verified to date on various types of natural
sediments. According to the investigations presented in this article, the usefulness of LDA for Neogene
clays, which are widespread in Poland, was confirmed. However, on the basis of comparative studies,
significant differences in the results obtained by the LDA method were found in relation to the results
obtained by the areometric method (HM). The main reason for this phenomenon is seen in the shape
anisotropy of clay particles.

The particle diameters of particles in the LDA method are determined in relation to their potential
volume, which is calculated on the basis of an optical diffraction image at the edges of the particle
cross-section. Therefore, their dimensions are usually overstated. In the case of HM analysis, the
anisotropic platy shape of clay minerals causes a reduction in the size of the determined equivalent
diameters in relation to the actual dimensions of the cross-section. As a solution that allows obtaining
comparable results, it is proposed, for each of the soils individually, to introduce a clay fraction limit at
a higher value for LDA method. For Neogene clays, the maximum values of correlation coefficients are
obtained between the diameters dHM = 2 µm and dLDA = 4.6 µm or dLDA = 4.4 µm, depending on the
method of sample pretreatment.

Another solution is to find the transforming functions for the boundary fraction values (Cl =

2.0 µm). As indicated by the research, it is not possible to establish common transformation equations
applicable to all soils. This is a significant practical limitation of LDA in the particle size analysis of the
soils. Additionally, the method of sample pretreatment, for example, the type of a chemical dispersant,
also influences the results of analysis. For tested sodium montmorillonite clays, different dispersants
should be tested for the best stability of suspension.

The theoretical recalculation of hydrometric particle size distribution, considering the ellipsoidal
shape of clay particles, can also give satisfying effects in the transformation to LDA results. The accuracy
of calculations, including the aspect ratio (E) for platy particles, mainly depends on the uniformity of
the particles’ shapes in the sample.
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