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ABSTRACT

The article is focused on the determination of the nonlinear relationships between soil compaction, density,
and water content. It was found that these properties can be described by the second-order models and used
for improving devices for the on-stream soil density measuring. The models for determining the density of
loamy soil (at a water content of 20%) in the range from 0.9 to 1.6 g/cm? with an extremum of 1.35 g/cm®were
improved. A device for the on-stream soil density measuring is proposed. The device operates within the soil
compaction range from 0.3 to 1.2 MPa and water content from 10 to 30% at the angle of inclination of the
kinematic link y from 15 to 40 degrees. The obtained results can be used in the adaptation of the proposed
device for use in precision agriculture.

PE3IOME

B cmammi HageOeHO pe3ynbmamu meopemuyHUX ma eKcriepuMeHmarbHUX O0CniOXeHb 3 8U3HaYeHHsI
HeniHiGHUX 38’A3Kie meepdocmi, WinbHOCMi ma eofioeocmi rpyHmy. BcmaHoereHo, wWo 3a3HadyeHi
XapakmepucmuKku MoxHa onucamu modensamu Opy2oeo nopssKy ma euKopucmosysamu 3 Memot
yOOCKOHasieHHs1 MPUCMpPoi8 MOMOKO8020 B8U3HAYeHHS WjinbHocmi rpyHmy. O6rpyHmoeaHo Mmodeni
8U3HaYeHHs WinbHocmi 8 Oiana3oHi 0.9-1.6 a/cm3 3 ekcmpemyMoM y 3HaqyeHHsiX 1.35 a/cm3 nipu eonozocmi
20% cyanuHucmoz2o rpyHmy. 3anpornoHosaHul rnpucmpit 3abes3nedyye ompuMaHHs 3a3HaqyeHUX MOKa3HUKI8
winsHocmi rpyHmMy 8 mexax tozo meepdocmi 0,3-1,2 Mrlla, eonozocmi 10-30% npu 3miHi Kyma Haxumy
KiHemMamuyHoi naHku y 8i0 15 do 40 epadycie. Pe3ynbmamu docridxeHb MOXymb 6ymu adanmoeaHi Onsi
3acmocysaHHs1 8 Cy4aCHUX MeXHOJIo_isiX MOYHO20 (KeposaHo20) 3eMiepobemea.

INTRODUCTION

The phase composition of the soil is largely affected by soil tillage (Voytyuk et al., 2015, Hudz et al,
2010, Kravchuk, 2018) as it is formed under the action of working elements of machines. Tillage improves
plant conditions, increases soil fertility, and protects the ground from water and wind erosion. Tillage helps
reach the optimal soil structure in the root soil layer by changing the mechanical characteristics of the soil. The
optimal phase composition of soil for most crops is a three-phase disperse system, which consists of a solid
(mineral and organic parts), a liquid (water), and a gaseous (air) part (Fig. 1). From the standpoint of solid
mechanics, the soil can be defined as a porous body in which the solid particles are crushed and mixed with
other components (water and air). Compaction and bulk density are the main physical properties of the soil.

Compaction derives from the potential energy of inter-structural adhesive bonds of the soil. In a broader
sense, compaction is an indicator of the deformation of the soil boundary state as a result of the interaction
between applied external mechanical forces and resistance reactions of internal stresses (Shvets et al., 2014).
In the process of tillage, soil undergoes a complex stress state leading to elastic, plastic deformation, and
fracture, resulting in changes in the size and volume of soil particles. These changes relate to the indicator of
bulk density (Hudz et al., 2010, Shvets et al., 2014).

Analysis of the literature allowed us to conclude that there is a nonlinear correlation between soil density
and compaction (Kushnarev et al., 2010). The relationship between compaction and bulk density received
much attention in the works of Kushnarev et al. (2010) and Ajit K. Srivastava et al. (2006). It was also found
that soil compaction is largely influenced by the water content and chemical composition of the soil.
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Fig. 1 - Soil phase composition optimal for plants
(Hudz et al., 2010)

There are two known methods of soil compaction measuring — stationary and on-stream (Kushnarev et
al., 2010). The first method deploys devices operating by the method of contact selective determination using
a compaction meter. In the stationary devices, the measuring plunger moves perpendicular to the soil surface.
The on-stream method is based on the selective interaction of the measuring body of the device. In this
method, the mechanical resistance of the soil is a function of the resistance response and time R(t), and bulk
density is determined with the use of dependencies that include the water content of the soil.

In the context of advanced agrotechnologies, e.g., precision agriculture, searching the limits of relations
between soil compaction, density, and water content is necessary for the development of the protocols for the
on-stream soil density testing and adaptation of agricultural machines to the specific agrotechnical
requirements. The purpose of the research was to study the diapason of nonlinear correlations between soil
compaction, bulk density, and water content, which can be used in the improvement of the devices for on-
stream soil density measuring.

MATERIALS AND METHODS

Soil density was assessed in accordance with DSTU ISO 11272 (weighting of the dry mass). The water
content of soil was determined in accordance with GOST 28268 (oven drying). Compaction was measured
with the use of the soil compaction meter SC-900 (USA) by the method of stationary measurements.

Analysis of the response surface (RSM) between independent variables of bulk density X1 and water
content of soil Xz and the response function with the compaction values Y was performed according to the
Box-Wilson method (Box et al., 1951, Kravchuk et al., 2016). The method is based on the correlation
relationships between the values of soil density and compaction and the use of empirical coefficients (Table
1). The relationship between soil density and compaction can be described by the second-order polynomial
equation (Kushnarev A., et al., 2010) (Fig. 2):

p=a+bp+cp? @)

Where:

p - soil bulk density, [g/cm?];

p — soil compaction, [N/cm?;

a, b, c are empirical coefficients.

Table 1

Empirical coefficients for different methods of soil tillage
(Kushnarev et al., 2010)

Method of tillage a b c
Ploughing 698 0.039 0.00038
Deep tollage 657 0.038 | 0.00062
Subsurface tillage 0.720 0.048 0.0080
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Ajit K. Srivastava et al. (2006) found that soil density is largely affected by water content and chemical
composition of the soil, as the consistency and structural bonds change due to adhesion, which leads to a
change in soil compaction.
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Fig. 2 - Correlation relationships between soil compaction and density in the 0-300 mm layer
(Kushnarev et al., 2010)

We studied the correlations between soil density and compaction using a device for on-stream soil
compaction measuring (Kravchuk et al., 2021). The device consists of a frame 1, a kinematic link 2, an angle
sensor of the kinematic link 3, an arrow 4, a damper 5, a roller 6, a plunger 7, a holder 8, a cone 9, a position
sensor of the measuring roller 10, and a position sensor of the measuring body 11 (Fig. 3).

7777 77777 o

Fig. 3 — Device for soil compaction measuring
(Kravchuk et al., 2021)

The device was tested in a soil channel (8.5 m x 1.2 m x 0.6 m) filled with typical loamy soil of various
humidity and density in accordance with the experimental design. Starting from the initial position of the device
(indicated by the position sensor of the measuring roller), the kinematic link under the action of a spring
(stiffness 18 N/mm) alternatively presses the plunger and the cone to the soil surface. Due to the action of the
damper, the plungers and cones alternately immerse into the soil to a certain depth. In the process of
immersing the plunger, which depends on the soil compaction and the spring stiffness, the kinematic link is set

to a certain angle y, which is registered by the angle sensor sequentially for each of the measuring bodies.
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Soil compaction is calculated based on the values of the angle of inclination of the kinematic link at the moment
when the sensor of the measuring body position is in the vertical position.

The relations between the soil properties were studied with the use of the developed device in the full
factorial experiment. Three measurements of compaction were taken for each value of soil density and water
content. To verify the adequacy of the correlation models, Fisher's approach was exploited, which is based on
the exploitation of either a null or alternative hypothesis to the results of experimental studies. Verification of
the hypothesis was carried out based on the assessment of the level of significance p in Fisher’s test. As a
null hypothesis, it is assumed that soil density and water content have no correlations with compaction.

A full two-factor experiment 2% (k = 2) was carried out according to Oliveira et al., (2019) and Borovikov
(2013). The analysis of variance involved the compilation of a scale of values and factors (Fig. 4) and a matrix

with obtained results (Table 3). The studied characteristic was the position angle y of the kinematic link
determined by the sensor, which varied depending on the soil compaction.

The value of bulk density, g/cm® 1.0 1.25 1.5 2(1
Coded values of factor _:| (') +'1 'X1
The value of water content,% 10 20 30 2(2
Coded values of factor _1' 0 +'1 'X

2
Fig. 4 — Scale of levels and values of the experimental factors

The null hypothesis was adopted regarding the correlations between the factors of soil density and water
content with the compaction function, which are related to each other as random variables. To reject the null
hypothesis, an additional test was performed (line 10 in Table 2) with the analysis of variance. Statistical data
processing was carried out by the variance analysis methods as described by Borovikov (2013) using the
software Statistica, with replications of ANOVA based on the table of empirical data.

Table 2
Experiment planning matrix 22 and data
Comber | X | % | qemty | @5 | Y| oea) |
1 -1 -1 1.0 10 y1 0.30 35
2 0 -1 1.25 10 y2 0.35 34
3 +1 -1 15 10 y3 0.38 34
4 -1 0 1.0 20 ya 0.90 23
5 0 0 1.25 20 ys 0.95 22
6 +1 0 1.5 20 Y6 1.20 17
7 -1 +1 1.0 30 y7 0.40 33
8 0 +1 1.25 30 ys 0.50 31
9 +1 +1 1.5 30 Yo 0.55 30
10 +1 +1 15 30 y10 0.58 29

RESULTS

The results of the analysis of variance are given in Tables 3 and 4. The number of bulk density
gradations a = 3; the number of water content gradations b = 3; the number of the experiment replication r =
1; the total number of observations n = 10; the total number of degrees of freedom v = 9; the type of
approximation — the least-squares method (LSM). The coefficient of determination R>=0.74. SS is the total
sum of the squares of deviations; cc is the degree of freedom; MS is the variance; F is the Fisher criterion; L
is the difference between the values of the responses at the largest and smallest values of the factors; Q is
the quadratic nonlinear effect.
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Table 3
Results of the variance analysis
FACTOR SS ss MS F ¢]

Bulk density, g/cm3 (1L) 0.25 1 0.25 | 3.04 | 0.16
Bulk density, g/lcm?® (Q) 0.26 1 0.26 | 3.25 | 0.15
Water content, % (2L) 0.34 1 0.34 | 418 | 0.11
Water content, % (Q) 0.02 1 0.02 | 0.22 | 0.66
1L to 2L (interaction) 0.00 1 0.00 | 0.01 | 0.92
Error 0.32 4 0.08
Total SS 1.24 9

From Table 3, it can be concluded that in the first approximation, the obtained p values of the significance
level of the Fisher test of all cases of compaction exceed 0.05; therefore, the null hypothesis cannot be
rejected. However, to clarify the correlations, the null hypothesis must be replaced with an alternative one.
From a statistical point of view, this indicates the presence of a nonlinear correlation between bulk density,
water content, and compaction due to the adhesive bonds between structural aggregates of soil.

The results of the additional testing nonlinearity of the correlations between compaction, density, and
water content of soil are shown in Table 4.

Table 4
Results of the additional testing nonlinearity of the correlation

Factor SS Ss MS F o]
Bulk density, g/lcm? (1L)

0.25 1 0.25 | 197.13 | 0.045

Bulk density, glem® (Q) 026 | 1 | 026 |210.30 | 0.044

Water content, % (2L) 034 | 1 | 034 |271.08 | 0.039

Water content, % (Q) 002 | 1 | 002 | 14:30 | 0.165

1L to 2L (interaction) 0.00 1 0.00 0.79 537

Loss of coherence 032 | 3 | 011 | 86.05 | 0.079

Error 000 | 1 | 0.00
Total SS

1.24 9

The results of the additional test showed that p-values >0.05 were obtained only for the quadratic
nonlinear effect of water content, which confirmed the adequacy of the second-order model. Non-linear
relationships between water content and soil compaction are described by the response surface (Figs. 5, 6),
contour plots of the region of maximum compaction values (Figs. 7, 8), and equations 2, 3.

From Figs. 5.6 it follows that a 10% decrease in water content leads to a 0.35 MPa decrease in soil
compaction. This can be explained by the increasing fragility of loamy soil due to a decrease in the adhesion
of the structural bonds, which was confirmed by previous research (Terfaya et al., 2018; Cheng et al., 2021).

We obtained the maximum value for the internal adhesive bonds of the loamy soil structure. The total
soil compaction was 1.1 MPa at a bulk density of 1.35 g/cm?® and water content of 20%. With an increase in
water content to 30%, a 0.55 MPa decrease in compaction was observed, which can be explained by a
decrease in adhesive bonds due to the substitution of inter-structural bonds with capillary ones. The
substitution leads to a decrease in the force of internal friction when shear stresses are applied, as confirmed
by Cheng et al. (2021) and Nawaz et al. (2013).
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Fig. 5 — Diagram of the response surface of Fig. 6 — Diagram of the response surface of correlations

correlations between soil compaction, bulk density, between the angle ¥, soil density, and water content
and water content

The response surface equation for compaction is the following:

Z =—-1.33-0.58x — 0.24y + 0.32x2+0.006xy+0.006y?+0 )
The response surface equation for the kinematic link position sensor is the following:

Z = 67.37 +10.91x — 4.76y — 5.42 X2 — 0.2xy+0.12y?+0 (3)
Contour graphs (Fig. 7-8) made it possible to set the range of values of the maximum soil compaction

in more detail. The maximum compaction (1 MPa) was observed in the bulk density diapason from 1.5 to 1.6

g/cm?® and water content diapason from 1 to 23% at the determined values of the angle of the kinematic link
from 18 to 22 degrees.

Water content, %
Water content, %
8

5 8
09 10 1.1 12 13 14 15 1600 <04 09 10 11 12 13 14 15 1680 <26
Soil density, g/cm3 P Soil density, g/cm? i
Fig. 7 — Contour graph of soil compaction P, bulk Fig. 8 — Contour graph of angle y, bulk density, and water
density MPa, and water content relations content relations

To sum up, the study revealed, that soil, as a porous natural body, has a bearing capacity to support
plant life. In the process of tillage, soil’'s physical and mechanical properties change depending on the water
content, which is consistent with the results of Khishvand et al. (2017) and Panigrahi Goyal (2021).
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In modern farming systems, major agrophysical properties of soil should be taken into account to reach
efficient use of agricultural machines for soil tillage.

CONCLUSIONS

The method of the on-stream soil density measuring during the tillage operations will be promising under
the condition that nonlinear models of correlations between soil compaction and water content are taken into
account. The second-order models may be used for the on-stream measuring of soil bulk density in the range
from 0.9 to 1.6 g/cm? with a maximum value of 1.35 g/cm?® and water content of 20%. The proposed device is
promising for use in precision agriculture. It provides measuring soil density values within the soil compaction
range between 0.3 and 1.2 MPa at a water content of 10-30% and a change in the angle of inclination of the

kinematic link y from 15 to 40 degrees.
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