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INTRODUCTION

The growth of plants is determined among others
by the physical state of the soil environment. The
density and porosity of soils determine the possibility
of water binding, air movement, penetration of plant
roots, etc. (e.g. Arvidsson 1998; Carter 1990; Bro-
gowski 1990; Hakansson and Lipiec 2000; Keller
Hakansson 2010; Lipiec et al. 1991; Turski et al. 1974;
Raczuk 1987; Wojtasik 1988, 1989; Uziak et al. 2005).

The majority of researchers treat soil as a whole
in physical terms. Scarce studies concern particular
groups of soil grains, i.e. granulometric fractions (Ra-
czuk 1987; Turski et al. 1974; Uziak et al. 2005; Bro-
gowski 1990; Keller and Hakansson 2010). This re-
sults from a very strenuous procedure of extracting
particular granulometric fractions from soils.

This paper provides the verification of coefficients
for the calculation of particle density, bulk density, and
total porosity based on the texture of soils proposed by
Brogowski (1990). The results obtained by research teams
of the Departments of Soil Sciences from the Maria
Curie-Sk³odowska University in Lublin, Warsaw Uni-
versity of Life Sciences – SGGW, and University of
Agriculture in Kraków (Uziak et al. 2005) were involved
in the verification. The research concerned the chemical,
physical-chemical, and physical properties of granulo-
metric fractions separated from loess soil, as well as
soils from mountainous areas and central Poland. The
research was financed by the Institute of Agrophysics
of the Polish Academy of Sciences in Lublin.

MATERIALS AND METHODS

Due to the abundance of numerical material, the
paper only provides some of the results concerning
particle density, bulk density, and total porosity.
It presents results of the analyses of the physical
properties of granulometric fractions of soils with
a varied genesis of soil materials, namely: heavy boulder
clay (G¹bin), loamy boulder sand (Zamoœæ, Ostro³ê-
ka district), formation of the old Vistula River terrace
(Kazuñ), and modern alluvial formation (Wilanów-
Warszawa). All of the soils are Endoeutric Cambisols.

The soils were separated into granulometric fractions
by means of the Atterberg’s method by all of the three
research teams. The soil was boiled for a period of 30
minutes with no addition of a peptiser. The procedure
was selected due to the behaviour of organic compounds
in the natural state. Peptization causes the dissolution
of organic compounds present in the clay fraction.
Boiling and mixing with a rotary stirrer was performed
until the complete extraction of the clay fraction
<0.002 mm. The extraction was compared (verified)
by means of performing analyses of the soil using the
Cassagrande’s method modified by Prószyñski. Fractions
>0.002 mm were extracted with no further boiling,
only mixing with a stirrer for a period of 10 minutes, until
complete extraction of a given fraction. The fractions were
dried in a dryer at a temperature of 70–75oC.

Particle density was determined by the picnometric
method in two repetitions. Bulk density was determined
by means of the bulk method using glass scaled
cylinders with a volume of 100 cm3. After filling
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a cylinder was weighed, and bulk density was calculated.
The determination was performed in an average of
three or four repetitions, particularly in the case of
fine fractions <0.02 mm. The fractions are composed
of clay minerals and humus with varied morphological
structure. It is very difficult to press it to the natural
state encountered in soils.

The determined densities provided the basis for the
calculation of total porosity of a particular fraction.

Based on the obtained results, coefficients were
determined for the calculation of particle density, bulk
density, and total porosity (Brogowski 1990). The
obtained results for Polish mountainous soils and
Lublin loess soils suggested that the verification of
the coefficients is only required for soils developed
from loesses (Table 5).

Example of calculation of particle density of soil
with determined grain structure:

The soil’s grain structure in horizon Ap of soil
developed from heavy loam (G¹bin, Table 1).

Fraction % of Coefficient Result
diameter frac-
(mm) tion
1–0.5  5.7 x 0.0275 = 0.1567
0.5–0.25 14.7 x 0.0270 = 0.3968
0.25–0.1 35.6 x 0.0265 = 0.9434
0.1–0.05 15.4 x 0.0260 = 0.4004
0.05–0.02  8.6 x 0.0250 = 0.2150
0.02–0.005  8.6 x 0.0245 = 0.2107
0.005–0.002  4.2 x 0.0235 = 0.0987
<0.002  7.2 x 0.0232 = 0.1670

Result 2.59

The result obtained by the picnometric method
amounts to 2.58 (Table 2).

Such accuracy can be considered sufficient for the
general description of the basic soil parameters.

RESULTS

The texture of the selected soils is considerably
varied. Sand grains (1–0.1 mm) constitute the dominant
fraction in the soils, except for the alluvial soils from
Warszawa-Wilanów. The second fraction in quanti-
tative terms are grains with a diameter of 0.1–0.02 mm,
and the third one – clay fraction <0.002 mm. The lowest
contribution in the mass of the studied soils is
reached by grains with a diameter of 0.02–0.002 mm.
This research additionally divides fraction 0.02–0.005
mm into two sub-fractions, namely: 0.02–0.01 mm
and 0.01–0.005 mm (Table 1). The fraction was divi-
ded due to the high morphological diversity of grains
(Table 3 and 4). The morphological parameters of gra-
ins have a particularly substantial effect on the bulk
density of soil (Photos 1–6). T
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TABLE 2. Particle density of granulometric fractions of soils

1 Lack of grains with a diameter of 1–0.5 mm, and trace of grains with a diameter of 0.5–0.25 mm
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TABLE 3. Bulk density of granulometric fractions of soils
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TABLE 4. Total porosity of separate granulometric fractions of soil

 1 Lack of grains with a diameter of 1–0.5 mm, and trace of grains with a diameter of 0.5–0.25 mm
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PHOTO 3. Morphology of grains 0,02–0,01 mm in diameter,
C horizon, 75–100 cm, G¹bin, magn. 4000x

PHOTO 4. Morphology of grains 0,005–0,002 mm in diameter,
C horizon, G¹bin, magn. 10 000x

PHOTO 5. Morphology of grains <0,002 mm in diameter,
C horizon, 70-90cm. Kazuñ Polski, magn. 3000x. In centrum of
phot. visible mineral from zeolitic group – chabasite

PHOTO 6. Morphology of grains <0,002 mm in diameter,
C horizon 70–90 cm. Kazuñ Polski magn. 10 000x. Porous
structure of the zeolite phillipsite
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in grains with a diameter of 0.1–0.02 mm, the chemical
weathering process is evident, as well as the deve-
lopment of new minerals with lower density varying
from 2.57 to 2.60 g·cm–3 (Photo 2) was confirmed.
The photograph shows a clear structure of illite and
a hexagonal kaolinite crystal, as well as feldspar
weathering into those two secondary minerals.

Particle density in the sub-group of fractions with
a diameter of 0.02–0.01 mm is similar to that of the
fraction with a diameter of 0.05–0.02 mm, except for
sandy soil (Zamoœæ). Fractions with a diameter of
0.02–0.01 mm extracted from sandy soil show
considerably lower specific density than the rema-
ining soils. This results from a considerably higher abun-
dance of humic compounds in these fractions in com-
parison to fractions with the same diameter in the
others soils studied.

Fractions with a diameter of 0.01–0.002 mm are
distinguished by particle density lower than that of
fraction >0.01 mm. The fractions extracted from par-
ticular soils show relatively high variability (Fig. 1)
in comparison to fractions with a larger diameter. This
results from the varied content of humic compounds
as well as the mineralogical composition. In fractions
with a diameter of <0.01 mm, the content of quartz
considerably decreases, and the content of opal silica
SiO2·nH2O with a density of 1.9–2.4 g·cm–3 and illite
with a density of 2.56 g·cm–3, as well as various
variations of montmorillonite with a density of 1.80–
2.55 g·cm–3 increases. The content of humic compo-
unds particularly increases up to several percent.
The highest particle densities of fractions with
a diameter of 0.01–0.002 mm are reached in the case
of grains of soil developed from boulder clay (G¹-
bin), and the lowest from loamy sand (Zamoœæ) (Ta-
ble 2).

FIGURE 1. Particle density of
granulometric fractions of soil

Particle density of granulometric fractions
of soils

The particle density of granulometric fractions
depends exclusively on the mineralogical composition
of the soil material and content of organic matter in
the grains. The particle density of the analysed fractions
decreases from grains with a diameter of 1.0–0.1 mm
to clay grains <0.002 mm. This is related to a gradual
change in the mineralogical composition. Moreover,
along with a decrease in the diameter of fractions,
the content of organic matter in them increases, with
the average particle density of approximately 1.4 g·cm–3.

Particle density of soil grains with a diameter of
1–0.02 mm. In Polish geomorphological conditions,
soil grains with a diameter of 1–0.02 mm are predo-
minantly composed of quartz SiO2 with a density of
2.65 g·cm–3 with a slight addition of other primary
minerals (e.g. feldspars) with similar density. Moreover,
the composition of this group of grains includes scarce
amounts of organic remains humified to a low degree.
Therefore, a decrease in the diameter of fractions is
accompanied by an increase in the content of organic
matter. As a result, the particle density gradually and
very inconsiderably decreases in the fractions.

A mean particle density of fraction 1–0.1 mm
determined for all of the soils and their horizons amounts
to 2.63 g·cm–3 with extreme variations from 2.58 to
2.67 g·cm–3 (Table 2). The mean particle density of
the fraction with a diameter of 0.1–0.02 mm amounts
to 2.57 g·cm–3, varying from 2.51 to 2.65 g·cm–3.
A slight decrease in the density of the fraction with
a diameter of 0.1–0.02 mm in relation to grains with
a diameter of 1–0.1 mm amounts to an average of
only 2.1%, and is approximately proportionate to an
increase in the content of organic compounds. Moreover,
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FIGURE 2. Bulk density
of granulometric fractions
of soils

The clay fraction of the analysed soils (<0.002 mm)
shows the lowest particle density among all of the
soil fractions. The fraction is composed of varied clay
materials (Brogowski and Mazurek 1981, 1990) and
high content of humic compounds. The mean particle
density of the clay fraction of the analysed soils amounts
to 2.40 g·cm–3, with individual values varying from
2.18 g·cm–3 in sandy soil to 2.60 g·cm–3 in soil developed
from heavy boulder clay (Table 2). The density of the
fraction in comparison to the fraction with a diame-
ter of 1–0.1 mm is lower by 8.9% on the average,
with values for the analysed soils varying from 1.1 to
17.1%. This is related to the mineralogical composi-
tion (Brogowski and Mazurek 1981; Brogowski 1990)
and content of organic matter in this group of frac-
tions (Oko³owicz and Brogowski 1996).

Due to the high stability of particle density of
particular groups of granulometric fractions, coefficients
were developed for the calculation of this property of
soils based on the texture, with no need to perform
strenuous determinations of soil density. The coefficients
developed before (Brogowski 1990) were verified in
this paper based on more extensive research material
(Uziak et al. 2005). An example of calculation of
specific density is provided in the “Materials and
methods” section.

Bulk density of granulometric fractions of soils

The bulk density of both whole soil and separate
granulometric fractions depends on a number of factors.
The factors include among others the mineral
composition, content of organic matter, morphology
and size of soil grains, spatial distribution of grains
and aggregates, etc. (Photos 1–6).

Fraction 1–0.1 mm, due to the round shapes and
large diameter, shows the highest bulk density value
(Table 3 and Photo 1). The mean bulk density of the
fraction of all of the analysed soils amounts to 1.62 g·cm–3

for individual values varying from 1.48 to 1.72 g·cm–3

(Fig. 2). The highest bulk density occurs in the case
of sand fractions extracted from sandy soil, and the
lowest from the soil of the old terrace of the Vistula
River. The density of the fraction usually slightly and
gradually increases down the soil profiles. This may
result from a decreasing content of organic matter
down the soil profiles.

Fraction 0.1–0.02 mm shows considerably lower
bulk density, resulting from its specific morphology.
As a result of weathering, scarce grains composed of
feldspars develop relatively complex shapes composed
of clay minerals – illite and kaolinite (Photo 2). The
mean density of the fraction from all of the analysed
soils amounts to 1.49 g·cm–3 for individual values
varying from 1.31 to 1.64 g·cm–3 (Table 3). On the
average, it is lower than that of sand grains by 8.1%.

Fraction 0.02–0.002 mm has a specific morpholo-
gical structure, showing bulk density considerably
lower than that of the fractions discussed above. In
this group of fractions, a substantial decrease in bulk
density occurs from fraction with a diameter of 0.02–
0.01 mm, with the mean density from all of the analy-
sed soils amounting to 1.25 g·cm–3, to fraction with a
diameter of 0.005–0.002 with mean density of only
1.08 g·cm–3 (Fig. 2, Photo 3 and 4). The fraction shows
the lowest density, lower than that of fraction <0.002
mm. This results from its mineralogical composi-
tion. The predominant clay mineral in the fraction is
illite (Brogowski and Mazurek 1990). The mineral is
composed of plates developing a specific “card ho-
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FIGURE 4. Comparison of
particle densities of soil
determined by picnometric
method and calculated using
the soil texture data

FIGURE 5. Comparison of
bulk densities of soil
determined by traditional
method and calculated using
the soil texture data

FIGURE 3. Total porosity of
the separate granulometric
fractions of the soils
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use” with low bulk density and high porosity. The mean
bulk density of the fraction with a diameter of 0.02–
0.002 mm is lower than the density of sand grains by
27.5%, with values for particular groups of grains
varying from 22.8 to 33.3%. Such a considerable de-
crease in bulk density of these groups of fractions is
related to the morphology of the grains.

Fraction <0.002 mm is predominantly composed
of loamy minerals with a specific morphological struc-
ture and considerable content of organic matter. In
spite of this, it shows higher bulk density than the
fraction with a diameter of 0.005–0.002 mm. This
may result from the difference in the mineral composition
of the fractions. In Polish geographical-geological
conditions, fraction 0.005–0.002 mm is predominantly
composed of illite and kaolinite – minerals with platy
structure. Clay fraction <0.002 mm is particularly
composed of minerals with a relatively loose structure,
easier to pack in a volume unit. Only in scarce cases,
minerals with “reticular” structures may occur in the
fraction (Photo 6), composed of philipsite from the
group of zeolites. The bulk density of fraction <0.002 mm
varies in particular soils and genetic horizons from
1.0 to 1.32 g·cm–3, with the mean value amounting to
1.11 g·cm–3. The value is lower than the density of
sand grains by 31.5%.

Due to a certain level of stability of bulk density
in particular groups of fractions, coefficients were
developed permitting the calculation of this parame-
ter based on the accurately determined texture (Table 5).
The calculation of bulk density is performed by means
of a method similar to that for calculating particle
density, only using coefficients adopted for this density
(Table 5).

Total porosity in granulometric fractions
of soils

This property results from the two discussed
densities: particle density and bulk density. Values of
these parameters decrease along with a decrease in
the diameter of soil grains. As a consequence, total
porosity increases gradually along a decrease in the
diameter of grains (Table 3 and Fig. 3).

Fraction 1.0–0.1 mm shows the lowest porosity,
rarely exceeding 40% (Table 4). The mean porosity
of all of the analysed sand fractions from four profiles
amounts to 38.5%, with individual values varying
from 35.1 to 45.5% (Table 4). The highest total porosity
occurs in the case of sand grains extracted from the
formation of the old terrace of the Vistula River, and
the lowest from boulder sand.

Fraction 0.1–0.02 mm shows slightly higher po-
rosity in comparison with sand grains. The mean
increase in porosity of the fraction is higher than in
the case of the sand fraction by 9.6%. No impact of

FIGURE 6. Comparison of the
total porosity of soils
calculated by the traditional
method and calculated using
the soil texture data
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mmni

stneiciffeoC

cificepsfonoitaluclacrof
ytisned

-aluclacrof
klubfonoit

ytisned

-aluclacrof
latotfonoit

ytisoropytlisni
slios

sliosrehtoni

5.0–1
52.0–5.0
1.0–52.0
50.0–1.0

20.0–50.0
500.0–20.0

200.0–500.0
200.0<

5720.0
0720.0
5620.0
0720.0
0820.0
5420.0
5320.0
2320.0

5720.0
0720.0
5620.0
0620.0
0520.0
5420.0
5320.0
2320.0

4810.0
6710.0
7610.0
6510.0
0510.0
2310.0
5210.0
7110.0

033.0
843.0
073.0
543.0
214.0
654.0
094.0
025.0

TABLE 5. Coefficients for the calculation of specific density,
bulk density, and total porosity of soil based on texture
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genetic horizons or grain structure of the soil material
on the degree of porosity is observed in this fraction,
except for the soil profile developed from sand (Fig. 3).
Fractions <0.1 mm extracted from sandy soil show
considerably lower porosity than the same fractions
extracted from soils with heavier texture.

Fraction 0.02–0.002 mm shows a further gradual
increase in total porosity along with a decrease in the
diameter of the analysed grains (Table 4, Fig. 2). The
fractions show evident variability of porosity depending
on the texture of soils, similarly as in fractions 0.1–0.02 mm
(Fig. 3). Mean porosities for the fraction with
a diameter of 0.02–0.01 mm amount to 50.4%, for
fraction 0.01–0.005 mm 51.9%, and for fraction 0.005–
0.002 mm 55.3%. The mean value for all of the frac-
tions in a range of 0.02-0.002 mm amounts to 52.5%
(Table 4 and Fig. 3).

Fraction <0.002 mm shows somehow higher total po-
rosity than the fraction with a diameter of 0.005–0.002 mm
(Table 4 and Fig. 3). The mean porosity of the fraction
for all of the analysed soils amounts to 53.2%, with
individual values varying from 41.3 to 58.5%, whereas
the mean porosity of fraction 0.005–0.002 mm amounts
to 55.3%. The differences are inconsiderable, but
show an evident impact of the diverse composition
of clay minerals on the physical state of the fraction,
and indirectly also on the soils. Fractions 0.005–0.002
mm usually show the predominance of minerals from
the group of illites, and fractions <0.002 mm minerals
from the group of montomorilonite (Brogowski and
Mazurek 1981). The minerals vary in terms of grain
morphology and are therefore varied in terms of density
and porosity.

In relation to the determined correlation between
fraction diameter and total porosity, coefficients were
also developed permitting direct calculation of total
porosity with the avoidance of the determination of
densities (Table 5). Total porosity can be calculated
from the determined particle and bulk density, or with
the application of coefficients presented in Table 5.
The calculation is performed similarly as in the exam-
ple provided in the methodology section.

DISCUSSION

The study evidenced that particle density and bulk
density of separate granulometric fractions of various
types of soils is to a certain degree correlated with
their diameter (Fig. 1 and 2). The correlation was used
in the study for the development of coefficients for
each of the fractions permitting the calculation of both
particle density and bulk density of soil (Table 2 and
3) (Brogowski 1990). The determination of these two
values provides the basis for calculating the total

porosity of soil. Based on the density results, coefficients
were also developed for the direct calculation of total
porosity from the texture with the avoidance of
calculating particle and bulk density (Table 5).

The extensive material concerning research on
fractions of Polish mountainous soils and soils developed
from loesses (Uziak et al. 2005) provided the basis
for concluding that the coefficients for the calculation
of density and porosity developed before cannot be
applied in the case of these loess soils. Therefore,
following the verification, separate coefficients were
introduced for this group of soils (Table 5). It should
also be emphasised that the coefficients are not
applicable to tropical soils. The determinations for
chestnut soil (Kastanozem) from Thailand show
completely different densities for particular fractions
and whole soil. The particle density of such soils does
not exceed 2.2 g·cm–3, and the bulk density 1.2 g·cm–3

(the results are not shown in this study). This results
from a different mineralogical composition. The soils
may contain gibbsite Al(OH)3 with a density of
2.35 g·cm–3 and opal – SiO2·nH2O with a density
depending on the number of particles of bound water,
varying from 1.90 to 2.5 g·cm–3 (the maximum num-
ber of water particles in opal amounts to 5, which
constitutes 34% of water in the mineral). Moreover,
soils of the type developed from basalt may contain
minerals from the group of zeolites with a mean density
of 2.2 g·cm–3.

The results of the comparative research concerning
the density of whole soils and calculated from the de-
veloped coefficients are very similar (Tables 2–4, Fig.
4–6). The highest level of similarity concerns results
of particle density (Fig. 4). The variability coefficient
does not exceed 5.3%. Somewhat higher differences
occur between the determinations and calculations
concerning bulk density (Table 3 and Fig. 2), and the-
refore also porosity (Table 3 and 4, Fig. 5 and 6). The
variability coefficients do not exceed 11.5%. In the case
of the determination of bulk density by means of the
traditional method, substantial differences also occur.
Inaccuracies in the determination of bulk density of
soil result from sampling soil in the field by means of
cylinders with a particular volume.

It should be emphasised that the developed coeffi-
cients for the calculations of the discussed physical pa-
rameters based exclusively on texture will largely faci-
litate more extensive physical description of soils with
no relatively strenuous field and laboratory research.

We kindly request anyone using the developed
coefficients, as well as persons conducting research
by means of traditional methods, to submit any comments
regarding the achievements of our method. We would
like to thank you in advance for sending your
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Obliczanie gêstoœci fazy sta³ej, gêstoœci objêtoœciowej i porowatoœci gleby
w oparciu o sk³ad granulometryczny

Streszczenie: Niniejsze opracowanie dotyczy weryfikacji wspó³czynników zaproponowanych przez Brogowskiego (1990) do
obliczania gêstoœæ fazy sta³ej, objêtoœciowej oraz porowatoœci ogólnej, w oparciu o sk³ad granulometryczny. Zweryfikowane i uzu-
pe³nione wspó³czynniki do wyliczenia gêstoœci fazy sta³ej, objêtoœciowej i ca³kowitej porowatoœci pozwalaj¹ na uzyskanie wiarygod-
nych wyników, mieszcz¹cych siê w granicach b³êdów analitycznych. Proponowane obliczenia gêstoœci i porowatoœci ca³kowitej gleb
mog¹ s³u¿yæ do ogólnej charakterystyki gleb. Natomiast nie mog¹ zast¹piæ œcis³ych badañ naukowych nad stanem fizycznym gleb.

S³owa kluczowe: gêstoœæ fazy sta³ej, gêstoœæ objêtoœciowa, porowatoœæ ogólna, sk³ad granulometryczny

comments to the address of the Department of Soil
Environment Sciences of the University of Life Sciences
in Warsaw.

CONCLUSIONS

1. The particle density and bulk density of particular
granulometric fractions of soils decrease with a
decrease in their diameter.

2. The total porosity of granulometric fractions of
soils gradually increases along a decrease in their
diameter.

3. The verified and supplemented coefficients for the
calculation of particle density, bulk density, and
total porosity based on soil texture  permit obtaining
credible results within the range of analytical
errors.

4. The proposed calculations of density and total
porosity of soils are applicable to the general
description of soils. They cannot, however, replace
exact scientific research on the physical state of soils.

5. The discussed properties of granulometric fractions
(particle density, bulk density, and total porosity)
depend on the mineral composition, grain morpho-
logy, and content of organic matter.
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