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Abstract. The article presents the results of theoretical research of soil deformation by operating devices of disc
cultivator depending on its constructive and technological parameters and taking into account specific soil
conditions. The basis of a new soil-tilling implement contains separate sections, consisting of two discs, fixed on
a curved axis with an option of free rotation. The disc rotation planes form an angle of o between themselves.
The bending lines of axes of each section lie in one plane, inclined from the vertical line in the direction of
forward movement of an implement at an angle of ¢, which is provided by the minimum distance between the
discs on the surface of the soil in their exit area. According to the research results, the analytical dependences for
determining the relative deformation of soil at different values of the constructive and technological parameters
of the disc cultivator were obtained. The character of soil destruction and the parameters of uncultivated hillock
in the space between the operating devices of the disk were determined. According to the level of the factors
influencing the relative soil deformation in depth we can rank the tillage as follows: a wider range of variation
belongs to a disk inclination angle of y, then follows the distance between the discs d and then the disk radius R.
For various parameters of operating devices, the soil deformation will occur with different thickness of the
destroyed layer, accordingly, with different height sizes of uncultivated hillock at the bottom of the furrow. Its
profile will have a distinct arched shape. It is proved, that in conducting further laboratory and field experiments
the following values: y=9°, R = 0.25 m, d = 0.15 m should be taken as a basic level of these factors.
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Introduction

The rotary implements with disc operating devices are widely used for surface tillage. They have
a number of advantages that make them more preferable in comparison with other implements
intended for performing the same operations: simplicity of construction, lower power consumption,
higher operational reliability, relatively lower wearing process of operative parts etc. [1-4].

However, analysis of the research in this field demonstrates that all potentials of disc operating
devices are not used yet. In Russia, as well as in many other leading countries of Europe, the USA and
Canada active research work on development and updating of disc operating tillage devices is carried
out [5-10]. Thus, in the process of functioning of concave disc operative parts, which has become a
frequent practice for surface tillage, separating of the soil layer from soil monolith and its loosening to
a greater extent happen due to deformations of compression and bending. At the same time, the
resistance of compression deformation needs the biggest effort and tensile deformation needs the least
effort. For example, if we take the tensile strength as 1, then resistance to compression, shear and
bending deformations will be accordingly 13, 2 and 10. That is, depending on the type of soil and its
moisture, the temporary resistance to compression is almost 13...20 times more, than the adhesive
tension, and 2...3 times more than to resistance to shear [11; 12]. Consequently, the most rational way
of tilling is using of tensile deformations and shear deformations.

It has been established, that according to the soil deformation and soil loosening theory the results
can be achieved in a smaller diameter and flexure of the disc sphere. Flat discs and discs with a
smaller diameter work the soil easier and at a less load demand [11].

Besides, while the disks are at work and installed at a disk approach angle in the direction of
movement the soil layer shifts to the side. That restricts their use for such perspective technologies as
“Strip-till” [8; 10; 13].

Taking the above into account, we have developed a cultivator, the operating parts of which
consist of two flat discs inclined to each other in horizontal and vertical planes in a way that the
distance between the upper front disc edges is bigger than between the lower back ones [14; 15].
When moving of the discs in the soil, the furrow slice binds between them, gets off the bottom of the
furrow, slightly lifts up and settles back in the furrow in a loose state. During the work of the discs the
topsoil is deformed and it lifts off the basic soil monolith due to tensile deformations. However, for
accomplishment of the required quality of soil tillage, it is necessary to justify the rational value of the
constructive and regulative parameters of the developed disc cultivator.
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The aim of this paper is to identify the character of soil layer destruction in between the disk
space and to justify the varying levels of the constructive and regulative parameters of the disc
cultivator, affecting the relative soil deformation with the purpose of further enhancing of laboratory
and field experiments.

Materials and methods

Operating devices of the disc cultivator contain separate sections (Fig.1), consisting of two discs,
fixed on a curved axis with an option of free rotation. The disc rotation planes form an angle of a
between themselves. The bending lines of the axes of each section lie in one plane, inclined from the
vertical line in direction of forward movement of an implement V at an angle of ¢, which is provided
by the minimum distance between the discs at the surface of the soil in their exit area. The value of an
angle ¢, that satisfies this condition, was determined by the formula:

a
= arccos| 1 —— |, (D
Y ( Rj
where a — the tillage depth, m;

R — the radius of the disks, m.

Fig. 2 presents an experimental device for laboratory and field research for justification of rational
values of the following constructive and regulating parameters of the disc cultivator: the angle of
incline of the discs y, the distance between the discs d and the radius of the discs R.

Fig. 1. Section of a disc cultivator Fig. 2. Experimental device for laboratory and field
research

Theoretical studies were performed using the methods of classical mechanics. It is necessary to
obtain the formula of the disc edge rotation velocity for optimization of the constructive and regulating
parameters of the operating device, taking into account specific soil conditions, characterized by major
mechanical parameters of the soil, and depending on the tillage depth.

Coordinate axes, related to the aggregate frame, are marked as (x, y, z) (Fig. 3), the ones
belonging to the disc are marked as (x,, y,, z») and intermediate axis as (xj, y;, z;). Cylindrical
coordinates were introduced for description (Fig. 4) of points on the disk in the system (x5, y5, 22).

Herewith, the angle w,t will be read from the lowest point of the disc in z-direction in the system
(x, y, z). The beginning of disk input into the soil corresponds to the angle ofw,f = -¢,, and the exit
from the soil corresponds tow,t = ¢,, where w, = V/R. Thus, the formula of a radius R circle in axes
(X2, ¥2, 22) Will be:
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T
Yo = RCOS[&)ZI _E - (pzj ) ()

7, = Rsin(a)zt —% - %j

where b — the shift of the disc center from the origin of coordinates, m.
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Fig. 3. Transformation of disc coordinate Fig. 4. Diagram for determining the formula of
points, in passing to the coordinate axis, the disc edge circumference in the system (x,,
related to the aggregate frame (x, y, z) ¥2, 22) in cylindrical coordinates

For internal disc points, a current radius of which is R, <R, the formula (2) will be valid for the
replacement of R by R,

The transformation of coordinates (2) in a reference system, related to the aggregate frame, will
be carried out by rotation of two axes.

The first rotation of the axes (x, y, z) towards the axes (xj, y;, z;) will be performed at an angle of
@ (1) around the axis of x. The second rotation of the axes (xi, y;, z;) will be done to the angle y around
the axis y; (Fig. 2). Cylindrical radius r, of an arbitrary point M on the circumference of the disc is
connected with the disc center and rotates with an angular velocity of w,.

During analytical studies it is convenient to assume that the angular velocity is w, = 1, and
consider it as the coefficient at a parameter of ¢ for definition of a circle in cylindrical coordinates.
Then the radius vector r relating to the origin of reading of r (x5, y», 2) is transformed as follows:

vl Oy, )

where [A.(p)] — a matrix of rotation around the x-axis:

1 0 0

[Ax(qo)]: 0 cosp —sing|, 4)
0 singp cose
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cosy 0 siny

M= o 1 0| (5)
—siny 0 cosy

Angle y corresponds to a disc inclination from the vertical plane. It equals to y = a/2, where a is a
minimum angle between two discs. The value b is a shift of discs along the x,-axis from the origin of
reading and equals to:

d .
b=—+Rsiny,
2
where d — the minimum distance between the discs on a circle of the radius R, m.

According to formula (3) the results obtained are the following:

x =bcosy + R sin(a)zt -, — %] sin y

y= Rcos(a)zt -, — %] cos@+bsinysingp — R sin(a)zt -, — %) cosysing . (6)

T . . . V4
z= Rcos(a)zt -Q, — Ej sing —bsinycosp+ R sm(a)zt -Q, - Ej COS 7 COS @

The relationship between the angles ¢ and ¢, is presented by the following formula:

tang, = tanpcosy,

as ¢ is a projection of an angle ¢, on the plane (z, y),subsequently:

@, = arctan(tan @cosy).

At small angles of y, the angle ¢, = ¢.

If t =0, the radius of the disk r, is at the lowest point, then the soil deformation at the depth z
depends on the difference of the x coordinates at w,t = -¢, and w,t = ¢,, and the relative deformation is
written as:

elt) = x(_ wzt)_x(a)zt)
) x—wyp)

In the range of -¢, to ¢, the values are changed by means of minor intervals, in that case
wyt =0...¢, is true.

(7

Using dependences &(f) from the depth of z-coordinate (Fig. 5-7), with the help of a well-known
dependency diagram of soil resistivity to its crushing from its linear deformation [16, 17], we can
determine the maximum working depth of the operating devices, in which the soil destruction occurs
between the discs. The values of relative deformation, smaller than ¢, correspond to the depth z (),
in which the soil between the disks will not be loosened.

According to the laboratory experiments the limit of relative deformation of light gray forest soil
is &, = 0.122. Guaranteed soil destruction takes place at higher values of relative deformation.

Results and discussion

From the preliminary analysis, it can be assumed that the tillage depth of the operating devices
into the soil and the soil layer thickness, which undergoes destruction, are not the same, as the soil
reaches the limit value of relative deformation at some distance from the bottom of the furrow, formed
by the disc edges. With increasing the tillage depth, the undistorted layer thickness (a hillock) will
decrease both in absolute terms and percentagewise to the treated layer thickness (the thickness of the
tilled soil). For example, (Fig. 5) for the distance between disks d = 0.20 m and for a tillage depth of
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0.06 m the height of the hillock will be 0.023 m or 38.3 % of the working depth, while tilling soil on

the depth of 0.16 m it will be 0.015 m or 9.4 %.

According to the level of factors in the selected interval their changes depending on relative soil
deformation in depth can be ranked as follows: a wider range of variation belongs to disk the
inclination angle ofy, then follows the distance between the discs d and then the disk radius R. The
significance of influence of factors on optimization criteria can be identified as a result of laboratory

and field experiments.
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depth and distance between discs d (for fixed values of disc radius R = 0.25 m and the disc
inclination angle of y = 6°; ------- the limit value of relative soil deformation)

Considering an impact of inclination of the disc angle of yon relative soil deformation (Fig. 6), we
see that when y = 3° at a tilling depths of 0.06 m and 0.08 m light gray forest soil does not reach the
limiting value of relative deformation. Considering the influence of disk inclination angles on stability
of the deformed soil layer at varying depths of the operating devices, we come to a conclusion that it
will be the highest with this factor. If an angle value is y = 9° and the discs are installed on the depth
of 0.06 m, the soil layer thickness, exposed to the guaranteed destruction, will be 83.3 % of the given
and if the installation discs are on the depth of 0.16 m, it will be 94.4 % of the given. Therefore, in
future studies we will use the value of this angle as the major factor of this level.

The greatest variation of the thickness of soil being destroyed from the depth of tillage was
detected for the disc radius R (Fig. 7). It will be 60 %, when installing the disc with the radius of
0.25 m at the tilling depth of 0.06 m and it will be 93.7 % at the tilling depth of 0.16 m. It should be
noted, that there has not been revealed a significant change in the soil layer thickness with the
guaranteed destruction depending on the radius of the disc. That is why, from the point of view of
technical and technological considerations we will use the value of R = 0.25 m as the main level of this
factor.

The factor d has a slightly lower varying value of the deformable soil layer depending on the
tillage depth of the disc operating devices than the R has. Thus, it will be 61.6 % of the initial one,
when installing discs at a distance of 0.20 m and at a depth of tillage of 0.06 m, and it will be 91 % at a
depth of 0.16 m. The resulting graphical dependences allow us to conclude, that the greatest relative
soil deformations are developed at short distances between the discs. At the same time, increasing the
distance between them to values in the range from 0.15 to 0.20 m, does not lead to a significant
reduction of soil deformation. Therefore, we will use the value of the distance between the discs
d = 0,15 m as the basic level of this factor.

Figures 5, 6, 7 present dependences of relative soil deformation ¢ from the constructive and
regulating parameters of the operating device due to the impact of only one disk. For a visual
representation of the character of soil destruction and hillock parameters in between the disk space, the
diagrams of soil deformation depending on exposure of two discs are shown in Figures 8 and 9.

According to the figures, the guaranteed destruction of the soil will occur when the limit value of
soil deformation is g, = 0.122 and more. On the charts, it is between the vertical lines, marked ¢,
and are, respectively, on the right for the left disc and on the left for the right disc. In the figures the
discs are fixed at a distance corresponding to ¢ = 1, that is when they can be completely overlapped. Its
numerical value is slightly less, than the radius of the disk, which is equal to 0.25 m.
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In real conditions, the distance between the discs will be less on the aggregate. As it has been
suggested earlier, for various parameters soil deformation will occur with varying thickness of the
destroyed layer and, respectively, with different sizes in the height of the soil hillock at the bottom of
the furrow. Its profile is indicated by dashed lines in the figures. Nevertheless, we believe, that there
will not be weeding, which is parallel to the soil surface, because the stress in the soil will die out as
the distance from the discs increases, and the profile of uncultivated hillock will have a distinct arched
shape. That is why it is necessary to carry out pilot studies to confirm the theoretical assumptions.

Conclusions

Thus, the level of factors influencing relative soil deformation according to its tillage depth can be
ranked as follows: a wider range of variation belongs to the disk inclination angle of y, then follows
the distance between the discs d and then the disk radius R.

Inconductingfurtherlaboratoryandfieldexperimentsforgrayforestsoilsthe following values should
be taken into consideration as the basic level of these factors: y = 9°, R = 0.25 m, d = 0.15 m. For other
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types of soils having different physical properties, the rational values of the given factors will be
different. They will be defined by the value of ¢,,.,, for the relevant soil conditions.

For various parameters of the operating devices soil deformation will occur with different

thickness of the destroyed layer and, accordingly, with different height sizes of uncultivated hillock at
the bottom of the furrow. Its profile will have a distinct arched shape.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Vilde A. Energetical estimation of soil tillage machines by testing. Theoretical motivation and
methods. In: Proceedings of the Latvia University of Agriculture. B: Technical sciences Nr.
13(290), Jelgava, 1998, pp. 39-54.

Baimmes A.P., 3uranmumu b.I'., Myxamanbsapo @.0. CoBpeMeHHBIE MOYBOOOpaOATHIBAIOIITHE
MalIVHbBL: PErylIupoBKa, HacTpoilka M skcrutyatanus (Modern agricultural machines: control,
adjustment and maintenance). Kazanp: M3n-BoKazanckorol’AY, 2015. 180 c. (In Russian).
Sarauskis E, Romaneckas K, Sakalauskas A. Theoretical analysis of interaction of disc coulters
and straw residues under no-tillage conditions. Agronomy Research 11 (1), 2013, pp. 89-96.
Shinde U., Badgujar D., Kajale R. Experimental analysis of tillage tool shovel geometry on Soil
disruption by speed and depth of operation. International Conference on Environmental and
Agriculture Engineering IPCBEE, vol. 15, 2011, pp. 65-70.

Vilde A. Up-to-date trends in soil tillage engineering. [31.03.2011]. Available at: http://www.pan-
ol.lublin.pl/wydawnictwa/TMot3/Vilde2.pdf.

Coolman F. Developments in Dutch Farm Mechanization: Past and Future. Agricultural
Engineering International: the CIGR Journal of Scientific Research and Development. Vol. IV.
Wageningen, the Netherlands, 2002, pp. 1-10.

Sarauskis E, Masilionyte L, Romaneckas K, Kriauciuniene Z, Jasinskas A. The effect of the disc
coulters forms and speed ratios on cutting of crop residues in no-tillage system. Bulg J Agri Sci
19. 2013, pp. 620-624.

Ahmad F, Weimin D, Qishuo D, Hussain M, Jabran K. Forces and straw cutting performance of
double disc furrow opener in No-Till paddy soil. PLoS ONE 10(3): e0119648.
doi:10.1371/journal.pone.0119648. 2015.

Borowski P., Klimkiewicz M., Powatka M. Selected problems of soil tillage systems and
operations. Warsaw, Warsaw University of Life Sciences, 2010, 133 p.

Marsmma FO.U., 3uranmma b.I'., Bamues A.P. u ap. Texnuueckoe obecneueHre HHHOBAIIMOHHBIX
TexHonormii B pactenueBozicTtBe (Technical support of innovative technologies in crop
production). Kazans: M3n-Bo Kazanckoro I'AY, 2009. 220 c.(In Russian).

[NanoB.M., BeroxunB.U. ®usnueckne ocHoBel MexaHuku mnouB (Physical bases of soil
mechanics). Kuep: ®enukc, 2008, 266 c. (In Russian).

Srivastava A., Carroll E., Roger P., Dennis R. Soil tillage. Engineering Principles of Agricultural
Machines, 2nd ed., Michigan: American Society of Agricultural and Biological Engineers. 2006,
pp-169-230.

Kevan K., Curtis W. Shallow vertical tillage: impact on soil disturbance and crop residue. Proc. of
the Wisconsin Crop Management Conference, Vol. 50. Madison,2011,pp. 46-49.

Banues A.P., 3uranmun b.I'., HuzamoB P.M. u ap. PotaunonHoe opyaue ajis NOBEpXHOCTHOM
obpabotkn mouBbl (Rotary tool for surface tillage). PatentRU 2520124. Omy6:.
20.06.2014.0UIIC:bron. Ne 17.

Bamues A.P., 3urammmna b.I., Hwuwszamor PM. wu gap. PoTauMoOHHBIIKYIBTHUBATOD
(Rotarycultivator). PatentRU 2552364. Omy6a. 10.06.2015. ®UIIC: bron. Ne 16.

KnenunH.U., CakyuB.A. Cenbckox03giCTBEHHBIE U METHOpaTHBHBIE MamMHbI (Agricultural and
land-reclamation machines). M.: Kosoc, 1994. 751 c. (In Russian).

Verruijt A. Soil mechanics. Delft: Delft University of Technology. 2012. 331 p.

1385



