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The object of this study is the process
of soil compaction with ring-spur and
ring-tooth rollers. Based on the zonal
optimization of the agrophysical parame-
ters of the arable horizon, the influence
of the rolling working bodies on the soil
environment in terms of creating a uni-
form set layer density during pre-sowing
tillage was investigated. It was estab-
lished that soil density should be eva-
luated in a zonal section together with
its aggregate composition, humus con-
tent, moisture, etc. Smooth-water-filled,
ring-tooth, and ring-spur rollers were
studied. The use of a smooth water-
filled roller in previous studies contri-
buted to the high unevenness of the com-
paction of the upper and lower layers of
the arable horizon, which indicated the
impracticality of further experiments.
The research of ring-tooth and ring-
spur rollers was carried out by the me-
thod of a multifactorial experiment under
defined soil and climatic conditions (soil
type, sod-podzolic; layer-by-layer soil
moisture, 26...28 %; layer-by-layer soil
density, 0.96...1.25 g/cm®). Regression
models were built of the influence of the
specific load, the frequency of pass-
es, and the working speed of the unit
on the density of the soil in layers: 0-5;
5-10; 10-15; 15-20; 20-25; 25-30 cm.
To assess the heterogeneity of soil den-
sity in layers 0—5 and 5-10 cm, a data
array was constructed. It was estab-
lished that the ring-spur roller, even at
a speed of up to 6 km/h, is not a tool
suitable for regulating the equilibrium
density of the seed layer. The best for
pre-sowing soil cultivation is a ring-
tooth roller (specific soil load, 350 kg/m;
unit speed up to 6 km/h).

The derived regression equations
make it possible to select such a specific
load on the ring-tooth roller that could
provide a rational value of the layer
density of the soil. This is economically
and environmentally expedient
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1. Introduction

tion, and leveling of the field surface is ensured [1]. Providing

Rolling is one of the basic tillage operations, owing to which
crushing of large clods, destruction of the soil crust, compac-

a rational value of the layer density of the soil set, depending on
the climatic conditions, allows maintaining optimal and uniform
capillarity of the soil with a high content of soil moisture [2].




This contributes to better germination, stimulation of bushing,
and creation of optimal conditions for plant growth and deve-
lopment. However, the above is achieved subject to condition of
a correctly selected design of the tillage roller.

A particularly important role belongs to the density of
the soil in the arable horizon under modern conditions of inten-
sive growth of technogenic influence on the soil environment.
It is necessary to study and forecast soil compaction within
the framework of zonal and micro zonal technologies under
specific soil and climatic conditions. As a result of excessive
soil compaction and the development of erosion, there is a vio-
lation of the ecological balance of soil ecosystems and, as
a result, an active loss of humus. Dehumification of arable
soils has covered almost all agricultural regions of the globe
and is becoming a global problem in crop production.

The modern market of agricultural machinery offers
rollers, which mainly differ in grip width, weight, surface
geometry, and set of working bodies. Also, depending on the
grip width and working conditions, rollers are manufactured
in trailed and semi-trailer versions. There are certain require-
ments for the conditions and quality of the roller’s work, the
observance of which will ensure the effective execution of the
technological process with minimal expenditure of working
time, fuel, and money. Therefore, farmers face the task of
choosing the right tool, taking into account certain conditions
and its functional purpose [3]. This substantiates the impor-
tance of scientific research into determining the influence of
the parameters of rolling working bodies on the distribution
of layer-by-layer density and soil heterogeneity [4, 5].

Today, a number of studies on determining the depen-
dence of the layer density of the soil on the specific load on
the pile are relevant [6, 7]. The weight, outer diameter, and
shape of the working surface have the greatest influence
on the efficiency of the roller. According to [8], the soil is
compacted under the influence of the mass of the rollers, and
the effort to roll them depends significantly on the size of
the diameter. In practice, it has been established that with
an increase in the diameter of the roller, less effort must be
spent on rolling, although the quality of soil compaction
will decrease. But in the case of a significant reduction in
the diameter of the roller, its rolling over the field surface
will deteriorate, which will lead to the collapse of the soil in
front of the roller in the direction of movement of the unit,
and as a result, to the destruction of its structure [9]. A roller
with a small diameter will compact mainly the top layer, and
alarger one will compact the soil more evenly throughout the
entire depth. The type of roller is selected depending on the
characteristics and properties of the soil [9].

These statements are based on experimental studies per-
formed under different conditions for different types of soil
and tillage rollers, which makes their universal application
impossible. Therefore, the task of researching the influence
of rolling working bodies on the differentiated distribution of
soil density of the arable horizon remains relevant.

The results could make it possible to reduce the number and
complexity of experimental studies, reduce time and investment
in project works, and quantitatively evaluate the efficiency of
rolling units during their operation on different types of soils.

2. Literature review and problem statement

According to [10], soil density is the most significant
characteristic that determines its composition, water-phy-

sical properties, and biological activity. Water, air, heat, and
nutritional modes of life of soil flora and fauna depend entire-
ly on the density of the soil.

In studies [11, 12] it is noted that both high and low soil
density are negative factors for growing agricultural crops.
The high density of soils is the cause of disruption of air and
gas exchange processes, increased content of unavailable mois-
ture and a sharp reduction in the content of available moisture.
Loose soil is not able to retain moisture and ensure contact
between soil particles and seeds, and shrinkage is generally the
cause of impaired development of the root system of plants.

Similar studies were conducted by the authors of work [13].
They investigated the effect of three types of tillage and three
types of in-row compaction on the physical properties of the
seed bed and the quality of crop germination on dry soil. In
the first study, there was no compaction (U0), in the second
and third — 60 kPa (U1) and 90 kPa (U2), respectively. Types
of tillage: ordinary ZO (plough+disc harrow+soil float); ab-
breviated No.1 CO1 (rotary cutter with a horizontal axis);
abbreviated No. 2 CO2 (rotary cutter with a vertical axis with
aroller). Treatment CO1 and degree of compaction U2 ensured
the highest content and availability of moisture in the soil.
The CO2 treatment and the degree of U2 compaction provided
the highest values of cone indices and soil bulk density. The
authors noted how best to combine the degree of soil compac-
tion with a certain type of tillage in order to ensure the optimal
time of emergence of seedlings. However, the study is limited
by the types of soils for which the obtained results are adequate.

Therefore, according to [11-13], the full development of
agricultural crops is possible under the condition of ensuring
a certain specified value of soil density (the terminological
definition is optimal soil density), which is achieved by appro-
priate mechanical processing. At the same time, different types
of soils and, accordingly, agricultural crops have their specific
determined value of optimal density. However, in the studies,
the authors did not deeply investigate such a parameter as
«optimal soil density», and the parameter of the mechaniza-
tion of the tillage process was studied only on a small list of the
corresponding mechanized tools.

The question of the mechanization of the soil tillage pro-
cess, which ensures optimal soil density, and the formulation of
the definition of this parameter are presented in works [14, 16].
It is compliance with the value of the optimal soil density that
ensures the maximum possible yield indicators of plant crops.

According to [14], various methods of soil cultivation
were studied in order to achieve the value of its optimal den-
sity, favorable for growing agricultural crops. Therefore, the
main goal was to establish the influence of the parameters of
the working bodies of the used equipment on the parameter
of soil spalling, which was determined by the size of the par-
ticles. As a result of the complex and superimposed effects
of field conditions, soil types, the structure of crops, and the
type of tillage tools used, an array of data on the mass distri-
bution of soil layers was obtained. The work is of significant
practical importance as accurately predicting the influence of
the soil treatment method on changes in the composition and
distribution of soil layers through mathematical modeling
is an incredibly difficult task. However, the paper considers
only a few types of soils, mechanized means of soil cultivation
and their modes of operation, which does not allow the ob-
tained results to be generalized.

The dependence of soil bulk density on the depth of tillage,
moisture content, and soil texture, type of drive system, number
of passes, speed of movement, and pressure of tillage equipment



and its working bodies on the soil is presented in [15]. It was
established that increasing the traction of the tractor wheels
had a significant effect on the increase in the degree of soil
compaction, while increasing the speed of the tractor, on the
contrary, decreased this parameter. In addition, an increase in
soil moisture content led to an increase in the degree of soil
compaction, and this phenomenon was intensified in clayey
soils such as loam. The influence of the pressure of the running
system on the soil, depending on the design parameters of the
tractors, was also deeply studied in [16].

The results of [14, 15] can be applied in studying the
influence of mechanized tillage tools on the differentiated
distribution of soil density of the arable horizon.

In view of the above, the requirements for the cultivation
of different soils differ. Therefore, a differentiated approach
to the processes of mechanization of the main, surface and
pre-sowing soil cultivation is needed: over-compacted soils
should be loosened, and soils with close to optimal density
should be subjected to only minimal impacts. This will re-
duce energy costs for soil preparation by 25...30 % [17].

A significant part of the world’s land fund is occupied by
sod-podzolic soils, the share of which is 350 million hectares.
In Ukraine, the area of sod-podzolic soils is 2.5 million hec-
tares and they are widespread, mainly in the north and in the
northwestern part of Ukraine, in Polissia. In the available
literature, there is a lack of information on the value of the
optimal density for various crops on sod-podzolic soils, indi-
cating the methods of achieving this density. According to
the data of scientific work [18], the optimal density of sod-
podzolic soils for the cultivation of cereals is 1.2...1.4 g/cm3,
and for gray forest soils — 1.2...1.3 g/cm3. The density of the
soil layer of 0..10 cm has the highest impact on the yield,
which is probably due to the initial development of the root
system in this layer under these conditions.

However, in order to argue about the real condition of
soils, in addition to the average density of the arable hori-
zon, such a parameter as the heterogeneity of the density of
the soil layer should be considered. According to [19], high
heterogeneity of soil density causes a decrease in yield com-
pared to a uniform distribution of density. Crop losses caused
by the inhomogeneity of the density distribution in the ara-
ble horizon at its optimal average density can be represented
by a relationship that relates the degree of yield reduction to
the empirical coefficient and the root mean square value of
the soil density deviation. That is, an increase in the disper-
sion of density values will lead to a loss of yield.

Both above phenomena are described in work [20]. It states
that the increase in the equilibrium density of the soil and
the dispersion of the volumetric mass in the upper layer is
a consequence of long-term intensive mechanical impact on the
soil and, of course, the reason for a significant decrease in yield.
The authors emphasize that the described phenomena are most
characteristic of structureless, low-humus soils (soil-climatic
zone of Polissia of Ukraine, turf-podzolic and forest soils),
where the soil settles significantly from the moment of sowing
to the emergence of seedlings.

In work [21], it is proposed to use rollers as independent
tillage tools on low-humus soils. And they should be used both
before and after sowing crops in order to ensure the final settle-
ment of the soil, so as not to injure the root system of plants in the
future. Failure to perform these operations, or their performance
with low quality indicators, leads to significant crop losses.

According to [22, 23], rollers are a tool designed for roll-
ing the soil. Conventionally, rollers can be divided into four

types: smooth-water-filled, ring (ring-tooth and ring-spur),
rod, spiral. Rollers differ in design features and the degree of
impact on the soil and, therefore, have different purposes in
the system of mechanized soil cultivation.

According to studies [24], ring rollers are the most widely
used due to more intensive crushing of soil lumps compared to
smooth ones. The best grinding is achieved when one section
contains two rollers installed one behind the other and offset
by half the distance between adjacent rings. The diameter of
the rings ranges from 300 to 900 mm, and the specific load
is 200...600 kg /m.

In turn, the authors of work [25] note that in arid and
semi-arid regions, it is better to use a combined tillage
tool (CTT) for compacting the seed layer. The combined
tool combined a single-row chisel plow, a single-row tooth
cutter, a modified cutter, and a ring-tooth roller. Research
was carried out both by classical methods of tillage and with
the use of CTT. Soil cultivation was carried out to a depth
of 15, 20, and 25 cm at movement speeds of 0.69, 1.0, 1.25,
and 1.53 m/s. The physical properties of the soil, runoff, soil
loss, moisture storage efficiency and wheat yield were studied.
According to the results of the study, the application of CTT
increased the rate of infiltration, increased the efficiency
of moisture accumulation, reduced runoff and ensured the
highest yield of wheat. The best indicators of the studied
parameters occurred when the soil was worked to a depth of
20 cm in the range of speeds from 1.0 to 1.25 m/s. However,
as the authors note, the research is incomplete, and the re-
sults are valid only for the types of soils under study.

In turn, the authors of work [24] recommend using ring-
spur rollers for loosening the upper and compacting the seed
layers of the soil, breaking up the clods and leveling the
plowed field. However, no studies have been conducted on
the effectiveness of the process of planting crops and creating
a high-quality compacted seed layer on turf-podzolic and
forest soils of the Polissya zone. In particular, the influence
of the specific load of the mechanized tool on the soil, the
number of passes for which the desired soil compaction can
be achieved, etc., was not investigated.

Analyzing works [10—25], we can conclude that all re-
search results have narrow limits of their application and
are valid only for those types of soils that were studied. The
existing type of rollers and the recommended modes of opera-
tion do not always correspond to the tasks that are set before
them. Therefore, research should be aimed at substantiating
the parameters and operating modes of working bodies for
rolling under certain conditions and technological tasks.

3. The aim and objectives of the study

The purpose of the research is to improve the quality
of the cultivation of the soil environment by determining
the rational structural and technological parameters of the
rolling working bodies. This will make it possible, depending
on the working conditions, to select such a specific load on
the ring-toothed roller, which will ensure a rational layer-by-
layer density of the soil and a high uniformity of the density
of the soil in the processed layer. This allows — to preserve
moisture in the soil, increase the yield of agricultural crops,
and preserve the fertility of the soil.

To achieve the goal, the following tasks were set:

— to investigate the influence of the type and parameters
of rolling working bodies (specific load, multiplicity of passes,



operating speed of the unit) on the distribution of layer den-
sity of the soil;

— to investigate the influence of the type and parameters
of the rolling working bodies (specific load, multiplicity of
passes, operating speed of the unit) on the degree of density
inhomogeneity in the soil layer.

4. The study materials and methods

The object of our research is the process of layer-by-layer
compaction of the soil environment after pre-sowing tillage.

The working hypothesis assumes that the layer-by-layer
density of the soil and its homogeneity depend on the specific
pressure, the multiplicity of the compacting effect, time and
intensity of the effect. The specified parameters, in turn, de-
pend on the speed of rotational and translational movement
of the roller (deformer).

The following should be taken as assumptions:

— the rotation of the roller is carried out without slipping;

— the initial layer-by-layer moisture and density of the
soil before conducting experimental studies are constant;

— uniformity of movement of the unit is considered at the
specified speed,;

— the background of the field is uniform, without weeds.

When studying the interaction of rollers with the soil, the
following determining factors were chosen:

— x1 — specific load, P, kg/m;

— x9 — the number of passes, n, times;

— x3 — operating speed of the unit, V, km/h.

As a response function, (Y;,Y,,Y;, Y/ ¥, Yy) is chosen —
soil density in layers p, g/cm? 0..5; 5..10; 10...15; 15...20;
20...25; 25...30 cm.

In addition, during the experiment, an array of data was
built to assess the heterogeneity of soil density in layers 0...5
and 5..10 cm.

The design of experimental studies was carried out on the
basis of the standard B-optimal plan of the second order for
three factors [26]. Thus, 15 experiments were performed with
a tenfold repetition on six horizons, located with a step of
five centimeters. After the soil was rolled along the horizons
at the points removed from the track of the agricultural
movers (not less than 0.3 m), the density was measured along
the track and width of the roller. The number of measure-
ments was 100.

When choosing a field for the experiment, location, to-
pography, and crop rotation were taken into account. After
dividing the field into sections, according to the procedure
given in [27], soil moisture and density were determined.

To determine the density of the soil by layers and to study
its heterogeneity, the RPP-2 radioisotope density meter was
used, which allowed determining the density of the soil in its
natural state in real time. The principle of operation of the
densitometer was based on the weakening of the intensity
of a beam of gamma quanta when passing through a layer
of matter. The degree of attenuation was proportional to the
density of this substance.

A probe with a source of radioactive radiation was inser-
ted into the soil to the required depth. Having determined
the intensity of gamma quanta passing through the studied
horizon using the SIP-1 pulse counter, the readings were
recorded for the purpose of further calculation and obtaining
real values according to tared tables. Data processing and
recalculation were carried out by the software of the device.

The manufacturer of RPP-2 and SIP-1 devices is Kyiv State
Research Plant «Etalon». The devices are manufactured in
accordance with DSTU B V.2.1-26:2009 «Soils. Methods of
radioisotope measurement of density and humidity».

The studied areas were located 150 m from the edge of
the field to exclude the influence of turning lanes. It was
necessary to comply with the requirement to avoid hitting
the tracks of machine-tractor units. The experimental setup
included a trailed roller with loading platforms (according to
the experimental plan). The weight of the roller was deter-
mined in the «working condition» on the weighing platform.

To load the rollers and vary the «specific load on the soil»
parameter, rubber-coated discs of the weightlifting barbell
were used (Fig. 1).

Fig. 1. Working bodies for rolling: a — smooth water-filled
roller; b — ring-spur roller; ¢ — ring-tooth roller

To study the influence of different types of sealing rollers,
a study of ring-tooth, ring-spur, and smooth-water-filling
rollers was carried out. The main factors studied in the spec-
ified soil and climatic conditions (soil type — sod-podzolic)
are listed in Table 1.

Test conditions: soil type — sod-podzolic (pre-treatment —
plowing to a depth of 30 cm under steam and pre-sowing soil
treatment to a depth of 8...10 cm). Soil moisture and density
at the time of the experiments are given in Table 2. It should
be noted that the most typical conditions of application of
working bodies for rolling were chosen according to soil mois-
ture, taking into account the assumptions made in the work.



Table 1

Factors and their levels of variation in field experiments

Level of Ring-toothed Ring-spur Smooth-water-filled
variation of - - -
factors | X1 (P),kg/m| xp, times  |x3 (V), km/h|x; (P), kg/m| x5 times |3 (V), km/h|xy (P), kg/m | 2y, times |a3(V), km/h
Top +1 650 3 9 550 3 9 550 3 9
Main 0 575 2 6 450 2 6 475 2 6
Lower —1 500 1 3 350 1 3 400 1 3
Interval & 75 1 3 100 1 3 75 1 3
Table 2 In the study, one of the technological parameters was

Conditions for conducting experiments to study the influence
of rollers on the density of sod-podzolic soil

Horizon, cm Density, g/cm?
0-5 0.92+0.02
5-10 1.08+0.02
10-15 1.15+0.03
15-20 1.19+0.02

20-25 1.20+0.04
25-30 1.25+0.03

The results of the study were treated using Microsoft
Excel 2016.

5. Results of investigating the influence of the type and
parameters of rollers on the distribution of layer-by-layer
density and density heterogeneity in the soil layer

3. 1. Results of examining the influence of the type and
parameters of the rolling working bodies on the distribu-
tion of the layer density of the soil

The results of field studies of working bodies for roll-
ing (Fig. 1) showed that smooth water-filled rollers are not
suitable for use on sod-podzolic soils due to the high uneven-
ness of compaction of both the upper and lower layers of the
arable horizon. It should be noted that at a speed of 6 km/h,
the value of the root mean square deviation of the soil den-
sity in a layer of 5...10 cm for a smooth water-filled roller is
5 times higher compared to a ring-toothed roller. Therefore,
it is not appropriate to give the results of research on the use
of a water-filled roller.

the number of passes of the roller across the field. However,
about 80...90 % of soil compaction occurs as a result of the
first pass of the unit. It is economically profitable and eco-
logically expedient to solve the issue of creating the optimal
layer density of the soil in one pass of the unit. As a result of
experimental studies, the regression equation of the change
in soil density after its cultivation with ring-spur and ring-
tooth rollers was built, depending on the specific load (xy),
the number of passes (x»), and the speed of movement of
the unit (x3). Research was conducted for layers 0...5, 5...10,
10...15, 15...20 cm:

Y/=b,+bx,+b,x,+b,x, +b,x,x, +bsx,x, +
(1)

The coefficients of regression equation (1) in normalized
form are given in Tables 3, 4.

Values of the regression coefficients for estimating the
change in soil density for rollers in the case of one pass
through the field are given in Table 4.

Analysis of the results of experimental studies showed
that the ring-spur roller does not compact the layers of
0..5cm and 5..10 cm (Fig. 2,3) and over-compacts the
layer of 15...20 cm. Without changing the design parame-
ters of the roller, it is impossible due to the variation in the
speed of the unit and specific load to obtain optimal com-
paction of sod-podzolic soil in the seed layer. Over-com-
paction of the lower soil layers and poor compaction of the
upper ones contradicts the agrotechnical requirements for
pre-sowing soil treatment. Therefore, in this zone, the
ring-spur roller is more suitable for crushing clods and ad-
ditional loosening of the soil than for compacting the seed
layer of the soil.

2 2 2
+ b, %05 + b,x, X, + b + byx; + byyxs.

Table 3
Values of the regression coefficients for estimating the change in soil density
Regression equation Ring-toothed Ring-spur
coefficient 0-5cm 5-10cm | 10-15cm | 15-20cm 0-5cm 5-10cm | 10-15cm | 15-20cm

by 1.236 1.347 1.396 1.410 1.020 1.280 1.330 1.340
by 0.096 0.062 0.066 0.071 0.029 0.013 0.025 0.031
by 0.078 0.066 0.059 0.047 0.020 0.023 0.027 0.030
bs -0.010 -0.015 -0.014 -0.012 -0.011 - —-0.009 —-0.008
by 0.035 -0.014 -0.002 0.018 -0.021 - -0.015 -0.017
bs 0.026 0.011 0.008 -0.020 0.013 0.016 0.012 -

bg -0.014 -0.004 0.004 0.027 - -0.050 - 0.014
by 0.018 0.006 —-0.002 -0.012 - - —-0.009 -0.026
bs —-0.063 -0.018 - -0.011 0.025 - —-0.020 —-0.031
by 0.017 0.020 - 0.017 0.038 -0.023 -0.014 -

byo 0.020 0.006 —-0.002 -0.031 —-0.037 -0.013 —-0.009 -




Table 4

Values of the regression coefficients for estimating the change in soil density for rollers in the case of one pass on the field

Regression equation Ring-spur Ring-toothed
coefficient 0-5cm 5-10 cm 10-15cm | 15-20em | 0-5cm 5-10cm | 10-15cm | 15-20cm
by 1.038 1.234 1.289 1.31 1.175 1.301 1.337 1.38
by 0.05 0.013 0.04 0.048 0.061 0.076 0.068 0.053
by - - - - - - - -
b3 -0.011 0.05 —-0.009 —-0.022 0.004 -0.011 -0.018 —-0.039
by - - - - - - - -
bs 0.013 0.016 0.021 0.026 0.008 0.005 0.01 —-0.008
b - - - - - - - -
by - - - - - - - -
bs 0.025 0 —-0.02 -0.031 —-0.06 -0.018 0 -0.011
by - - - - - - - -
byo —-0.037 -0.013 —-0.009 0 0.02 0.006 —-0.002 —-0.031
133 10...15 and 15..20 cm layers. That is, the ring-spur roller
1.30 is not suitable for compacting the surface and seed layers.
/// An increase in the specific load on the roller (for example, at
E 125 a speed of 3 km/h), on the contrary, leads to the immersion of
; 1.20 its rings in the soil, which causes more loosening and mixing
Z of the soil of the surface layer (Fig. 3). Increasing the rolling
3 LI5 speed and setting the maximum possible specific load can
g 110 A raise the average density of the soil in the 0..5 cm layer to
| 1.12 g/cm? (Fig. 2). At the same time, the root mean square
1.05 —— deviation of the density increases several times when the op-
1.00 timal density of the seed layer is not reached (1.2...1.4 g/cm?).

350 375 400 425 450 475 500 525 550
Specific weight, kg/m

—e—depth 0-5 cm

—o—depth 10-15 cm

—eo—depth 5-10 cm
depth 15-20 cm
Fig. 2. Influence of the specific load of the ring-spur roller

on the distribution of the layer density of the soil for one
pass at a speed of 6 km/h

1.32
1.30

1.28

1.26

1.24

1.22

Soil density, g/m?

1.20

1.18

1.16

350 375 400 425 450 475 500 525 550

Specific weight, kg/m

—e—speed 3 km/h —e—speed 6 km/h —e—speed 9 km/h

Fig. 3. Comparative analysis of the impact of the specific
load of the ring-spur roller on the density of the soil
layer 5...10 cm at speeds of 3, 6, and 9 km /h

Analysis of the results of the study of the ring-spur roller
shown in Fig. 3, confirms the above conclusion. An increase
in the specific load leads to partial over-compaction of the

This makes no sense neither from an economic nor from an
agro-ecological point of view.

The ring-tooth roller is more suitable for use on sod-
podzolic soils (Fig. 4, 5). It uniformly compacts the top and
seed layers at a speed of up to 4 km/h. At a rolling speed of
about 9 km/h, the indicators of its work approach the tech-
nological process of rolling with the formation of the optimal
average layer-by-layer density of the soil, and at the initial
indicators of specific weight (Fig. 4).

However, with the roller operating modes, which provide
optimal density in the 0...5 and 5...10 cm layer, the lower soil
layers are over-compacted (Fig. 4).
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Fig. 4. Effect of the specific load of the ring-tooth roller
on the distribution of the layer density of the soil for one
pass at a speed of 6 km/h
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5. 2. Results of investigating the influence of the type
and parameters of the rolling working bodies on the degree
of density inhomogeneity in the soil layer

According to our research results (at least 100 layer-by-
layer measurements were carried out during the research,
this allows determining the average value and root mean
square deviation of the layer-by-layer density of the soil),
at low rolling speeds — from 3 to 6 km/h — the mean square
deviation of the density values in each layer is at the same
level. With an increase in speed up to 9 km/h, the value of
increases by 50 % (Fig. 6).

0.07

0.06

o
=
vy

i

e
_——

o

o

g
N

<
S
o)

o
=]
2

Root mean square deviation of soil
density, g/cm?

3 5 7 9
Movement speed, km/h

—e—Ring-spur roller —e—Ring-toothed roller

Fig. 6. Influence of the speed of the roller on the root mean
square deviation of the soil density in a layer of 5...10 cm
with one pass of the roller and a specific weight
of the roller of 550 kg/m

According to [17, 21], an increase in the variance of den-
sity values leads to a loss of productivity. Since at low speeds
it is impossible to achieve a given uniform density of the
soil, the standard ring-toothed roller (of a given weight and
diameter) does not sufficiently meet the requirements for the
formation of optimal soil density.

It is necessary to note the peculiarity of the management
of structureless soils of this region. Under the condition of
their deformation, the density of the soil increases with in-

creasing depth. This significantly complicates the solution of
the problem, and, unfortunately, it cannot be done without
additional research (in which the optimization parameter is
<«agricultural crop yield»).

One of the criteria for evaluating the work of rolling
working bodies can be an increase in the layer-by-layer den-
sity of the soil relative to the initial one (Table 2).
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Fig. 7. The nature of distribution of the increase in the layer
density of soil during rolling at a speed of 6 km /h with
a specific load on the soil of 575 kg/m for a ring-tooth
roller and 450 kg/m for a ring-spur roller

Fig. 7 shows that the maximum increase in density occurs
in a layer of 5..10 cm for the ring-spur roller. At the same
time, the intensity of soil density growth in the lower layers
increases significantly and becomes 42 % higher after the ap-
plied load. Thus, the weight of the set-in-motion upper layers
affects the density increase in the 15...20 cm layer.

For the ring-tooth roller, the pattern is different: the ring-
tooth roller in the contact zone has an almost continuous sur-
face (the rings are closed) with evenly distributed pressure.
As the surface of the roller under a significant load sinks into
the soil, the compaction of the surface layer increases and,
at the same time, the contact area increases (the arc of the
circle increases) and, as a result, the specific pressure on the
subsequent layers of the soil decreases.

6. Discussion of results of investigating the influence
of the type and parameters of rollers on the physical
and mechanical properties of soil

In world practice, such concepts as «differentiated con-
struction of the arable horizon» and <«optimization of the
physical and mechanical properties of the arable horizon» are
considered universally recognized [22]. The arable horizon
as a result of mechanical processing should have a differenti-
ated structure and be divided into three layers: above-sown,
sown, and under-sown with a certain (optimal) density of the
sown layer [22]. The task of the over-sowing layer is to pre-
serve moisture in the seed and under-sowing layers, smooth
out adverse weather phenomena, and protect the soil from
erosion processes. The task of the seed layer is to create fa-
vorable conditions for the initial stage of plant development
from seeds. The task of the seed layer is to create favorable
conditions for the development of the root system of plants,
the accumulation and preservation of moisture in the arable
and root-rich horizons.



Many years of research [1-25, 28] have proven that dif-
ferent models of the optimal structure of the arable horizon
correspond to different soil and climatic conditions. Based
on our own experience [21,22] and the research of foreign
colleagues [11—13, 25], special attention should be paid to the
quality of the preparation of the topsoil and seed layers. It is the
quality of the preparation of these layers that ensures friendly
seedlings and the development of plants at an early stage, and
also significantly affects the formation of the future harvest.

The results of the study of the distribution of the layer
density of the soil depending on the type and parameters of
the rolling working bodies showed that the specific load of the
ring-spur roller increases the layer density of the soil (Fig. 2).
At the same time, the greatest increase in compaction is cha-
racteristic of a soil layer of 15...20 cm because after pre-sowing
cultivation, the soil is loose and the roller rings «sink» below
the seed layer, compacting this layer. At the same time, the spe-
cific load applied to the ring-tooth roller (Fig. 4) increases the
layer-by-layer density of the soil only in a layer of 15...20 cm.
For a soil layer of 0...5 ¢cm, the maximum increase in soil densi-
ty is achieved only with a specific load of 575 up to 625 kg/m.
In the specified range of loads for a layer of 15...20 ¢cm, the
increase in soil density begins to decrease, that is, the surface
and seed layers of the soil perceive most of the load. This is
explained by the geometry of the ring-tooth roller since this
type of roller has an almost continuous surface in the contact
zone (the rings are closed), which ensures an even distribution
of pressure on the surface. As the roller «dips» into the soil
under the influence of the load, the degree of compaction of
the surface layer increases, therefore, the contact area of the
surface of the roller with the soil increases (circular arc). This
reduces the amount of specific pressure on the lower layers of
the soil. This type of roller is known as «Cambridge» and is
widely distributed in the world.

A specific load of 450 kg/m, applied to a ring-spur roller
at a speed of 3 km/h, almost does not change the value of
the density of the soil in a layer of 5..10 cm. However, at
a speed of the roller of 6 and 9 km/h, an increase in density
is observed soil in a layer of 5...10 cm under the action of the
specific load (Fig. 3). This phenomenon is explained by the
fact that an increase in the speed of movement of the roller
causes an increase in the energy of the rotational movement
of the rings of the roller, which, in turn, is directed to the
compaction of the soil.

When using a ring-tooth roller (Fig. 5), the application of
specific load increases the layer-by-layer density of the soil in
alayer of 5...10 cm at all values of the speed of the roller. How-
ever, with an increase in the speed of the roller, its compacting
effect on the soil decreases only slightly. This is due to the fact
that for rollers with a continuous surface (ring-toothed) there
is a range of speeds and specific loads at which the roller seems
to «float»>, which reduces the intensity of soil compaction.
Given the defined characteristics of the soil layer, there is
a «counteractions of this layer to the compacting effect of the
roller, which is explained by the viscosity of the soil. At the
same time, the viscosity of the soil is functionally related to
such parameters as its mechanical composition, humidity, and
rate of deformation. Therefore, in a certain range of movement
speeds, under the influence of inertial forces, the roller «floats»,
and the energy of its rotational movement is directed, to
a greater extent, to the crushing of lumps than to compaction.

The dependence of the degree of heterogeneity of the
density in the soil layer on the parameters of the rollers
indicates that the speed of movement of the rollers up to

6 km/h does not affect the root mean square deviation of the
density of the soil in a layer of 5...10 cm (Fig. 4). This is valid
for one pass of the roller with a specific load of 550 kg/m
on the ring-toothed roller and 450 kg/m on the ring-spur
roller. With a further increase in the speed of movement, the
root mean square deviation of the soil density under similar
conditions begins to increase in proportion to the increase in
speed (Fig. 6). As mentioned, with an increase in the speed
of the rollers, it seems to «float», the intensity of rotation
of the discs and rings increases, balancing, even static, rings
and discs are absent, unbalanced masses cause dynamic unba-
lanced movement of the rollers. This leads to an uneven effect
of the surface of the rollers on the soil environment.

During rolling with a ring-spur roller with a specific load
on the soil of 450 kg/m and a movement speed of 6 km/h, the
greatest heterogeneity of soil density occurs in the 5...10 cm
layer. Smaller heterogeneity is observed in the 0..5 cm and
10...20 cm layers (Fig. 7). This is due, first of all, to the «sink-
ing» of the rings into the soil to this depth under the influ-
ence of a significant load. Under similar conditions of using
a ring-tooth roller with a specific load on the soil of 550 kg/m,
the layer-by-layer density of the soil changes mostly in the
0..5cm layer. In the 10..15cm and 15..20 cm layers, the
change in soil density is practically the same unchanged.
Due to the continuous surface of the ring-spur roller, the
main load applied to the surface of the roller is distributed in
the surface layer of the soil, and the lower layers, in turn, are
compacted to a lesser extent. It can be predicted that the sub-
soil horizon will also not undergo significant overcompaction
since the specific load will be distributed mainly in the arable
horizon. This is very important for the further formation of
the water balance of arable and subsoil horizons. The results
are partially confirmed by the findings reported in [1]. How-
ever, the authors of the work investigated the change in the
volume density of the soil (in particular, such phenomena as
subsidence and shrinkage of the soil) under the influence of
various methods of its cultivation. A mathematical model is
also presented for predicting the change in bulk density of
the soil under various conditions.

The uniqueness of our studies of the rolling process using
ring-spur and ring-tooth rollers is that the layer-by-layer dis-
tribution of density and the heterogeneity of soil density were
investigated in a wide range of specific loads and movement
speeds. Also unique is the method that involves the use of
non-destructive control of soil density in layers. This allows
us to ensure the superiority of the current research compared
to the similar one [8], where soil sampling methods were used.
And also compared to [7], in which more limited ranges of
changes in specific loads and movement speeds are used.

Our results ensure the improvement of the quality of
the cultivation of the soil environment by determining the
rational structural and technological parameters of ring-spur
and ring-tooth rollers. This is enabled by selecting the speci-
fic loads and speeds of the rollers in such a way as to ensure
a layer-by-layer distribution of soil density and its heteroge-
neity, which to the greatest extent meets the requirements of
the corresponding field crops.

However, present research has application limits: the type
of soils on which this research was conducted; soil moisture
range. The sod-podzolic soil had a determined moisture con-
tent from 26.3 to 28.2 % and was previously plowed to a depth
of 30 cm under steam and required pre-sowing soil treatment.

The shortcomings of the research include specific soil and
climatic conditions; they are zonal in nature, and the results



are limited to the conditions of conducting the experiment in
terms of humidity and initial layer-by-layer density of the soil.

However, the methodological foundations and research
results can be the basis for conducting comparative studies
under other soil and climatic conditions when applying other
techniques of soil cultivation.

Expanding research for the main types of soils and me-
thods of their cultivation will provide an opportunity to select
specific loads and roller speeds in such a way as to ensure layer-
by-layer distribution of soil density and its heterogeneity.
This meets the requirements of the main field crops to the
greatest extent.

In order to generalize and systematize zonal practical
results (regression equations) in this direction, further ex-
perimental studies should be conducted according to the
following scheme:

1) «Condition of the soil environment <« moisture and
density of the soil» — systematization of soils, determination
of the working conditions of soil processing working bodies;

2) «Working bodies <> technological task» — technologi-
cal and energy indicators of work;

3) «Working bodies <> soil environment» — quality indi-
cators of work;

4) «Soil environment <> yield of agricultural crops» — ef-
ficiency of soil cultivation;

5) Construction of information databases for further use
of experimental research results. Evaluation of the operation
of tillage machines based on the results obtained without
additional field tests.

7. Conclusions

1. As aresult of investigating the influence of the type and
parameters of the rolling working bodies on the distribution
of the layer density of the soil, one should note the following:

— it is economically and ecologically more expedient to
solve the issue of creating the optimal layer-by-layer density
of the soil in one pass of the unit;

— smooth water-filled rollers are not suitable for use
on sod-podzolic and forest soils due to the high unevenness
of compaction of both the upper and lower layers of the
arable horizon;

— the ring-spur roller is more suitable for crushing clods,
additional loosening of the soil, because under certain ope-
rating conditions it over-compacts the lower and poorly com-

pacts the upper layers of the soil, contrary to agrotechnical
requirements for pre-sowing soil treatment.

— the ring-toothed roller is the best among the studied
types of rollers in terms of the main performance indicators,
which meets the requirements for the pre-sowing treatment
of sod-podzolic and forest soils. Its use makes it possible to
achieve the specified density of the soil in the sowing layer
without significant over-compaction of the subsoil (one pass,
specific load on the soil 350 kg/m, unit speed up to 6 km/h);

2. As aresult of examining the influence of the type and pa-
rameters of the rolling working bodies on the degree of density
inhomogeneity in the soil layer, one should note the following:

— limitation on the speed of movement of the unit (no
more than 6 km/h for sod-podzolic soil) is caused by a sharp
increase in the mean square deviation of the soil density in
alayer of 5..10 cm at V>6 km/h;

— for rollers with a continuous surface, there is a range of
speed and specific load in which the roller seems to «float»
and reduces the intensity of soil compaction. At certain vis-
cosity indicators of the soil, it counteracts the effect of the
compacting roller. At the same time, the viscosity parameter,
in turn, is functionally related to the mechanical composi-
tion, humidity, and rate of soil deformation;

— the derived regression equation makes it possible, de-
pending on the working conditions, to select the specific load
on the ring-toothed roller to ensure a rational layer-by-layer
density of the soil and high homogeneity of the density of the
soil in the processed layer.
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