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Abstract: Effect of moisture content on soil den-
sity — compaction relations during soil compact-
ing in the soil bin. There are presented results of
investigations carried out in the soil bin on fine-
grain loamy soil at three moisture contents (8, 12,
and 16%). The soil in the bin was compacted by
1-, 2-, 4-, and 8-runs of wheel (with 140, 180 and
220 kPa tire inflation pressures) over the same
track under the load 2011, 3600 and 5199 N at
speed 0.23, 0.82 and 1.41 m-s~’. The investiga-
tions aimed at determination of dependence be-
tween soil density and its compaction within
range of investigations carried out under artifi-
cial conditions of the soil bin. The investigations
enabled to determine changes in the soil density
and compaction in the wide range of variability
of measurement conditions. Changes in moisture
content of soil subjected to mechanical processing
affected soil density more than soil compaction.
A statistically significant dependence between
soil compaction and density was obtained, with
correlation coefficient r = 0.843.
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INTRODUCTION

Field operations result in changes in
the soil state that is characterized by
changes in soil consolidation [Bulinski
and Niemczyk 2009]. The soil density
is a basic property that is characteristic
for soil consolidation [Swietochowski et
al. 1993, Paluszek 2011]. Soil density is
an intermediate index of soil compaction
and porosity, with respect to their mutual

relations [Reynolds 2008, Bulinski and
Sergiel 2013]. These relations are con-
siderably shaped by moisture content;
it affects the soil susceptibility to ac-
tion of mechanical forces. Bulinski and
Powatka [2014] carried out field inves-
tigations under natural conditions on the
effect of soil consolidation on changes in
soil compaction. They obtained a regres-
sion dependence between the soil bulk
density and soil compaction. The authors
found that direct connecting of the soil
density and its compaction were difficult
and should be reserved with many condi-
tions that limited the application range of
worked out model of determination coef-
ficient R? = 50%. It might indicate that
the obtained scatter of measuring points
did not allow for better fitting of the
model and was connected with the effect
of other factors, that were not considered
in the obtained dependence. However,
the correlation coefficient between these
variables (r = 0.88) indicates a distinct
interdependence of both properties. It
was found [Alexandrou and Earl 1998,
Szeptycki 2003] that moisture content
affected the stress intensity and the range
of its propagation.

The carried out investigations aimed
at determination of dependence between
soil density and compaction under re-
peatable conditions of the soil bin.
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MATERIAL AND METHODS

The investigations were carried out in
the soil bin filled with fine-grain loamy
soil, at three moisture contents (W): 8,
12 and 16% (percentage by weight). The
loosened soil was consolidated by 1-, 2-,
4-, and 8-runs (Kr) of tractor front wheel
with tire 7.50-20 executed over the same
track at three speeds (V): 0.23, 0.82 and
1.41 m-s™L. The wheel was loaded with
force (G) in the range 2011-5199 N.
Three tire inflation pressures were used
(P): 140, 180 and 220 kPa. The soil den-
sity was measured in each variant with
Eijkelkamp probe with containers of
volume 100 ¢cm?, while soil compaction
was measured with cone penetrometer
of diameter 20.27 mm and apex angle
30°. The measurements were repeated
three times for the layer 0-300 mm. Dry
soil density was determined after drying
samples at temperature 105°C.
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RESULTS AND DISCUSSION

All results of measurements were ana-
lyzed to check, whether the used con-
solidation variants caused statistically
significant diversification of soil density.

Considering values of mean dry soil
density in the profile under track at three
wheel loadings (Fig. 1), one can find that
soil density changed with an increase in
moisture content. At the least moisture
content (8%) the soil density varied,
depending on wheel load, from 1212.3
(at the least load) to 1290.9 kg-m™
(at the highest load); in relation to the
soil loosened state (with no passages) it
corresponded to an increase from 13.6 to
21%. An increase in soil moisture content
to 12% caused a change in soil density
from 1264.9 to 1375.6 kg-m™3, respec-
tively (in relation to soil initial state from
18.6 to 29%). At moisture content 16%,
the wheel passages caused the strongest
soil compaction. Mean dry soil density at
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FIGURE 1. Changes in dry soil density (Gogs) at various loading (G) and moisture content (W)
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wheel load of 2011 N increased to 1349.8
kg-m~3, while at the highest load (5199
N) — to 1478.1 kg-m~3. When these val-
ues are related to not compacted soil, an
increase in soil consolidation amounts to
26.5 and 38.6%, respectively. Comparing
the extreme value one can find, that an
increase in soil moisture content from 8
to 12% caused an increase in soil density
(depending on the wheel load) from 5 to
8%; when soil moisture content increase
from 12 to 16%, the mean soil density
values for particular wheel loadings in-
creased from 6.9 to 7.6%.

Considering mean soil density values
obtained after various number of com-
pacting passages (Fig. 2), one can find
a systematic increase in soil consolida-
tion with moisture content.

The analysis of measurement results
showed that compacting of soil at the
least moisture content (8%) increased
soil density (in relation to soil initial state

and depending on number of passages)
from 140.1 kg-m™2 (after one passage) to
235.4 kg-m~ (after eight passages), i.e.
from 13.1 to 22.05%. At moisture con-
tent 12%, an increase in soil density for
this range of compacting runs’ number
varied respectively from 191.0 to 314.5
kg:-m~3, i.e. from 18.2 to 29.5%, while at
moisture content 16% an increase in soil
density, related to the initial state, varied
from 288.9 to 422.3 kg-m™ (from 27.9
to 39.6%). It means, that an increase in
moisture content by 4% (from 8 to 12%)
caused an increase in mean soil density
in particular compaction variants by
5.1-7.4%, while the subsequent increase
in moisture content by 4% (to 16%) in-
creased compaction on the average by
9.7-10.1%, in relation to respective val-
ues obtained at the lower moisture con-
tent. An increase in soil moisture content
from 8 to 12% caused an increase in
mean soil density in particular variants

Gogs [kg' m™|

FIGURE 2. Changes in dry soil density (Gogs) depending on number of wheel passages (Kr) and soil

moisture content (W)
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by 5.9-6.9%, while when moisture con-
tent was increase to 16%, the soil density
increase by 7.3-10.9%, with respect to
the values calculated for the lower mois-
ture content.

The effect of moisture content of soil
compacted by wheel at various tire infla-
tion pressures on the soil consolidation is
presented in Figure 3.
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The effect of soil moisture content
was also evident in soil density values
obtained at particular speeds of wheel
passages (Fig. 4). At the lowest moisture
content (8%), the mean soil density af-
ter wheel passages varied from 1269.4
(at lowest speed) to 1245.3 kg:m™ (at
highest speed). In relation to the loos-
ened state, the soil density increased by
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FIGURE 3. Changes in dry soil density (Gogs) depending on tire inflation pressure (P) and soil mois-

ture content (W)

Comparing these measurement re-
sults with the values obtained on not
compacted soil, one can find that wheel
passages at moisture content 8% in-
creased the soil density in the range of
183.2 kg:m™ (at the least pressure) to
190.7 kg-m= (at the highest pressure),
i.e. from 17.2 to 18.6%. At increase in
soil moisture content to 12% resulted
in compaction increase by 245.9-257.9
kg-m™3 (23-25%). After passages at the
highest moisture content (16%), the soil
density increased by 30.4-36.4%.

16.7% at the highest speed to 19% at the
lowest speed. An increase in soil mois-
ture content to 12% caused an increase
in soil density (in relation to the initial
state) by 22.7-25.4%, while at the high-
est moisture content (16%) changes in
mean soil density in particular variants
connected to number of passages var-
ied from 31 to 34.8%, respectively. An
increase in moisture content from 8%
to 12% caused an increase in soil den-
sity after the wheel passage by 6-6.4%,
while an increase in moisture content to
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FIGURE 4. Changes in dry soil density (Gogs) depending on wheel passage speed (V) and soil moisture

content (W)

16% resulted in an increase in soil den-
sity by 8.3-9.4%, when related to the
lower moisture content.

All results of measurements on soil
consolidation were subjected to statisti-
cal analysis. The results of analysis on
mean soil density values in particular
measuring variants (speed, load, number
of passages, tire inflation pressure) at
three moisture contents are presented in
Figure 5. Results of analysis presented
on the diagram on Figure 5 point out
that along with an increase in moisture
content, the same variants of soil com-
paction resulted in bigger scatter of mea-
sured soil consolidation values. Change
in soil moisture content from 8 to 12%
caused an increase in mean soil density
value from 1257.3 to 1323.8 kg-m~3, i.e.
by 5.3%, the range of measuring value by
about 44% and standard deviation value

by more than 36% (c = 69.21). When
soil moisture content increased to 16%,
the mean dry soil density in particular
measuring variants increased to 1418.5
kg-m~3, i.e. by 7.2%, while the range of
measuring value increase by about 37%;
at standard deviation value ¢ = 82.55 it
was almost two times bigger in relation
to the least moisture content level.

Statistical analysis of all measuring
results showed that particular independ-
ent variables (load, number of wheel pas-
sages over the same track, tire inflation
pressure, wheel passage speed and soil
moisture content) had a statistically sig-
nificant effect on soil density, with high
level of dependence (Table 1).

The obtained results of measure-
ments gave the ground to find, that the
taken compaction variants were cor-
rectly diversified, since changes in soil
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FIGURE 5. Changes in dry soil density (Gogs) at three moisture contents (W)

TABLE 1. Analysis of variance for dry soil density at three soil moisture contents
Source of Sum of Degrees Mean F p
variability squares of freedom square emp
Load, G 619 134.0 2 309 567.0 610.732 0.0000
Number of 615 593.0 3 2051980 | 404.83 0.0000
passages, Kr

Tire inflation 71902.0 2 35951.0 70.93? 0.0000
pressure, P
Ground speed, V 51861.8 2 25930.9 51.16% 0.0000
Moisture content, W 1.41778E6 2 708 889.0 1398.542 0.0000
Residue 158 146.0 312 506.877 x x
Total 2.93441E6 323 X X X

3effect of factor significant at o. = 0.05.

consolidation for particular level of in-
dependent variables were statistically
significant.

Together with the measurements on
soil density, the soil compaction was
measured under the same consolidation
variants. The results of soil compaction
measurements showed a considerably
higher scatter of values (Fig. 6). An in-
crease in soil moisture content from 8 to
12% caused an increase in mean soil com-
paction value from 598.03 to 664.83 kPa,
i.e. by more than 11%. At the same time,
this moisture content change resulted in

above 33%-increase in the range of mea-
sured values, with standard deviation of
o = 285.9. This value was equal to almost
43% of mean soil compaction obtained at
moisture content of 12%. An increase in
soil moisture content to 16% resulted in
an increase in mean compaction to 912.9
kPa, i.e. by more than 37%, with standard
deviation ¢ = 377.4,; this pointed out at
the increased scatter of measured values.

In order to check the effect of par-
ticular factors (wheel load, tire inflation
pressure, number of passages, ground
speed and soil moisture content), all the
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FIGURE 6. Changes of soil compaction (Ks) at three moisture contents (W)

measurement results were subjected to
statistical analysis; its results are pre-
sented in Table 2.

The obtained values of significance
levels for particular independent factors

soil particles. Under conditions of soil bin,
as well as in cultivated soils, where effect
of natural binding forces is decreased as
a result of machines and implements op-
eration, compaction affects considerably

TABLE 2. Analysis of variance for soil compaction at three soil moisture contents

Source of Sum of Degrees Mean F P
variability squares of freedom square emp

Load, G 6.78929E6 2 3.39465E6 322.842 0.0000
Number of 2.11884E7 3 7.06279E6 |  671.70° 0.0000
passages, Kr

Tire inflation 1.00832E6 2 504 162.0 47.95° 0.0000
pressure, P

Ground speed, V 708 353.0 2 354 177.0 33.68% 0.0000
Moisture content, W 5.94472E6 2 2.97236E6 282.68? 0.0000
Residue 3.28064E6 312 10514.9 X X
Total 3.89197E7 323 X X X

aEffect of factor significant at o. = 0.05.

allow for rejection of the statistical null
hypothesis on equality of mean value in
the compared groups. On that ground
one can find, that independent variables
in the range of assumed levels of values
significantly affect the soil compaction.
The soil compaction is a characteris-
tic feature for binding forces of particular

the layer “coherence” that causes unnatu-
ral, tighter arrangement of soil particles
and an increase in the layer’s density and
compaction. To check connection of these
two features under assumed conditions of
external impacts, all measuring results of
soil density and compaction were subject-
ed to statistical analysis.
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The results of analysis (Table 3)
showed, that between density and com-
paction variables a highly significant de-
pendence occurred in the assumed range
of measurements, at confidence level
99%.

and Powatka [2014]), it still does not
provide a satisfactory level of relation
for practical utilization. Especially, it
concerns the upper level of soil consoli-
dation (Fig. 7), of considerable scatter
of measuring values. This scatter can

TABLE 3. Regression analysis for soil compaction — density dependence

Dependent variable: Ks, independent variable: Gogs
Parameter Estimate Standard Error T Statistic P-value
Intercept -29 156.3 1063.45 —27.4168 0.0000
Slope 4154.33 147.84 28.1002 0.0000
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FIGURE 7. Dependence between soil density and compaction for assumed conditions of measure-

ments

This dependence can be presented
in the form of diagram (Fig. 7) and de-
scribed with equation:

Ks = 4154.33 - In (Gogs) — 29156.3

where:

R? = 71.03%;
r=0.843;
SEE =187.1.

In spite of a distinct and fairy strong
connection between both features, the
presented logarithmic regression model
of fitting R? = 71.03% (although of bet-
ter fitting than that presented by Bulinski

be connected with a “lubricating” effect
of soil water that result in a decrease in
the cone resistance, especially at higher
moisture contents.

CONCLUSIONS

1. The carried out investigations enabled
to determine changes in soil density
and compaction in the wide range of
measurement conditions variability,
characterized by soil moisture con-
tent, wheel load, number and speed
of passages over the same track.
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2. Changes in moisture content of soil
subjected to mechanical impacts af-
fected stronger the soil density, then
the soil compaction.

3. Between the soil density and com-
paction under conditions of carried
out measurements there was obtained
a statistically significant dependence
of correlation coefficient r = 0.843.
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Streszczenie: Wp/yw wilgotnosci na relacje ge-
stos¢ — zwiezfos¢ gleby podczas jej zageszczania
w kanale glebowym. Przeprowadzone badania
miaty na celu okreslenie zaleznosci regresyjnej
wiazacej zwiezlos¢ gleby z jej gestoscia zmienia-
na w sposob kontrolowany wielokrotnymi (1-, 2-,
4- i 8-krotnymi) przejazdami kota przy trzech po-
ziomach obciazenia (2011, 3600 i 5199 N), trzech
poziomach cisnieniaw oponie (140, 180 220 kPa)
i trzech predkosciach (0,23, 0,821 1,41 m-s™). Na
podstawie otrzymanych wartosci pomiarowych
gestosci i zwigztosci gleby mozna stwierdzi¢, ze
wraz ze wzrostem wilgotnosci takie same warian-
ty ugniecenia gleby prowadzilty do wiekszego
rozproszenia mierzonych wartosci zagegszczenia
gleby. Analiza statystyczna catosci wynikow po-
miarowych wykazata istotny wptyw wszystkich
czynnikow (predkosci, cisnienia, obciazenia,
liczby przejazdéw) na gestos¢ gleby. Otrzymane
rownanie regresyjne opisujace zwiazek gestos¢
— zwieztos¢ gleby wskazuje na dobre dopaso-
wanie do wartosci pomiarowych (R? = 71,03%)
i dos¢ dobra zaleznos¢ miedzycechowa. Jednakze,
rozrzut wartosci zwilaszcza w gérnym poziomie
zageszczen nie zapewnia satysfakcjonujacego
poziomu relacji dla praktycznego wykorzystania
modelu w catym zakresie warunkéw przyjetych
w badaniach.

MS. received May 2014

Authors’ address:

Jerzy Bulinski

Wydziat Inzynierii Produkcji SGGW
Katedra Maszyn Rolniczych i Lesnych
02-787 Warszawa, ul. Nowoursynowska 166
Poland

e-mail: jbulinski@wp.pl



	Effect of moisture content on soil density – compaction relation during soil compacting in the soil bin
	Abstract
	Key words
	INTRODUCTION
	MATERIAL AND METHODS
	RESULTS AND DISCUSSION
	CONCLUSIONS
	REFERENCES
	Streszczenie
	Authors’ address

