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Abstract

The article presents the results of research on the justification of the working unit pa-
rameters and the structural scheme of the chisel for loosening stubble fields. It was es-
tablished that, according to the criterion of minimum draft resistance, the optimal in-
stallation angles are 20-24 degrees to the bottom of the furrow at a working share width
of 40-50 mm. The calculated values of the share installation angles were verified on a
laboratory setup, and the results confirmed the theoretical calculations. Based on the
quality of loosening of the worked layer and the preservation of stubble, the shank
width should be 20-30 mm, the share width 40-50 mm, and the share installation angle
20-24 degrees. The shank should be equipped with a safety mechanism to prevent
breaking or bending. The results of research on different leveling device options are
presented, and the structural-technological scheme, main parameters, and operating
modes of the tool for chiseling compacted stubble fields are substantiated. Dependencies
of the treatment quality on the parameters of the loosening working units, the leveling
device, and the operating speed of the implement were obtained. Based on the justified
parameters, an experimental prototype of the soil chiseling machine was manufactured
and field tests were conducted under production conditions on stubble fields.

Keywords: parameters; working unit; safety mechanism; draft resistance; share
installation angles; working width; leveling device; soil crumbling quality;
stubble preservation

1. Introduction

The soil surface of the main grain-growing regions of northern Kazakhstan is char-
acterized by great diversity, but in terms of texture, the most widespread soils are heavy
loams (50.7%) and medium loams (21.2%). These soils contain 45 to 80% of physical clay
and therefore they tend toward self-compaction under the influence of natural factors
and human activity. The majority of agricultural soils (more than 80%) contain no more
than 2-4% of humus in the arable layer. The flat relief of the area and the significant
number of windy days (more than 70% of the year), when wind speed exceeds 5 m/s,
contribute to the development of wind erosion of the soil.
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These soils poorly absorb atmospheric precipitation, tend toward self-compaction
and form a cloddy structure. During the summer period, precipitation quickly infiltrates
the thin surface layer without penetrating the soil layer where the majority of plant root
systems are located. The surface layer dries out rapidly under the influence of the wind
and the sun, which contributes to the occurrence of aerial and soil drought during the
initial stage of vegetation. Winter precipitation, after snowmelt, does not infiltrate the
arable layer due to its over-compaction and the formation of a cloddy structure; instead,
it flows off and accumulates in depressions, forming limans and lakes.

All these factors indicate the necessity of performing mechanical treatments at dif-
ferent depths for stubble and fallow fields. Almost the entire territory of northern Ka-
zakhstan is located in a zone of active wind activity. Therefore, for the treatment of
stubble and fallow fields, it is recommended to use implements that allow maximum
preservation of stubble and crop residues and create a mulching, wind-resistant field
surface.

Similar problems in crop cultivation are occurring in Argentina, China, Iran, and
Canada [1-7]. This is also due to soil compaction and insufficient moisture for plant
growth in the root zone, which affects the efficiency of crop cultivation.

Soil chiseling is used for strip treatment of stubble and row-crop fields and is in-
tended to restore the water and air balance in the lower soil layers. Soil chiseling is a
strip treatment in which strips with stubble and chopped plant residues remain between
adjacent passes of the working units. This alternating sequence of treated strips and
stubble with mulch contributes not only to moisture accumulation but also to its preser-
vation until the beginning of sowing [8-16]. The effectiveness of soil chiseling has been
proven by numerous studies [17-21].

The initial requirements for the soil chiseling operation recommend selecting a
working depth within the range of 25-40 cm. The distance between the chisels can vary
from 70 to 300 cm depending on the conditions, while the deviation from the specified
working depth should not exceed +1.5 cm (2 cm). The width of the loosened strip should
not exceed 50 cm, and the width of the chisel slit should not exceed 5 cm. The ridge
height along the edges of the slits at a working depth of 30 cm should not exceed 8 cm,
and at a depth of 40 cm it should be no more than 10 cm, with stubble preservation of at
least of 80%. These indicators can be achieved when the soil hardness does not exceed
3.5 MPa and the moisture content is 18-26% [22].

Modern chiselers lead to an increase in the loosening zone, the width of the slit, and
the displacement of large soil fractions onto untreated strips when they perform soil
chiseling on over-compacted soils with a working layer moisture of 8-15% and hardness
of 4-6 MPa at speeds above 7 km/h, using a structural-technological scheme consisting
of a disk knife, chisel, and packing roller. This operation causes the loss of soil moisture,
the incorporation of stubble and chopped plant residues into the soil, and changes in the
structure of the surface layer. The increased displacement of soil fractions and incorpo-
ration of residues create the necessity for an additional technological operation during
the spring period, aimed at breaking up large soil aggregates and filling the slits to re-
store optimal soil conditions.

Practice shows that soils in the Republic of Kazakhstan are heterogeneous in their
physical and mechanical properties. During dry periods, soil hardness on certain sites
can reach 10-12 MPa, and in some regions of the republic, bedrock (stony soils) can also
occur. These features significantly affect the reliability of the design of the working units
of chiselers. When a working unit encounters over-compacted soil or stones, the share or
the disk knife bends or detaches in the best case and in the worst case, the shank of the
chisel or the disk knife breaks.
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The results of research aimed at developing working tools and machines for deep
soil cultivation, their effectiveness depends on the soil conditions in which the equip-
ment being developed will be used. Research shows that for different soil conditions the
shape, parameters of the working parts and the technological scheme of the machine
will have certain differences [23-25].

Foreign manufacturers of chiselers, such as "Case", "Unverferth", "John Deere",
"Wil-Rich 357" (USA), "Salford" (Canada), and others, have developed chiselers with
mechanisms for controlling the load on the working units. The designs of these chiselers
use shear bolts, springs and hydraulic load compensators. These technical innovations
ensure the preservation of the working units. However, the main disadvantages of ma-
chines from overseas are their high initial purchase cost, the significant expenses for
spare parts required during operation, and the low quality of work performance on
over-compacted soils.

The solution to this problem is the improvement of the parameters of the working
units and the structural-technological scheme of the chiselers. The innovation in the de-
velopment of a tool for slitting compacted and stony soils is that the technological
scheme of the tool, the parameters of the tool and the working bodies were justified for
the dry and compacted soils of the northern region of Kazakhstan and adapted to them.
New dependencies were obtained for the influence of the physical and mechanical
properties of soil, parameters of working bodies for slitting and speed of movement on
agrotechnical and energy indicators.

The justification of the type, parameters and operating modes of the working units
with leveling devices for a tool for chiseling compacted soils, as well as the selection of a
safety mechanism, is the aim of this work.

2. Materials and Methods

The stability of the soil chiseling process for over-compacted and stony fields can be
ensured at the specified quality of work and minimal possible energy costs when the
parameters of the working units are optimized. The parameters of the working units in-
clude the width and installation angle of the share, as well as the width and thickness of
the shank.

It is known that working units used in soil-tillage implements differ in the variety
of working surface shapes. By using the method of transitioning from complex to simple
surfaces through their division into a series of infinitesimal flat elements, they can be
reduced to elementary working surfaces in the form of a wedge. Existing models of the
interaction between a double-edged wedge and the soil, as a rule, assume the homoge-
neity of the physical and mechanical properties of the treated layer with depth, the in-
dependence of the ultimate stresses of soil sample failure from the load application
scheme, and the ability of the soil layer to move along the surface of the working unit
throughout the entire working depth [9,14,17,18].

The real soil layer has a clearly differentiated horizontal profile structure. This is
especially evident under modern conditions, when the transition to minimum and zero
tillage technologies for cereal crops has reduced the number of deep mechanical treat-
ments. Considering that in recent years’ significant compaction has occurred in medium
and heavy soils below the seed placement depth, and that new working units and im-
plements are being developed to loosen this layer, it became necessary to identify the
patterns of interaction between a double-edged wedge and soil differentiated into two
layers along the profile. Taking into account the characteristics of the treated layer pro-
file and using the failure patterns of each layer, computational schemes were developed
and the regularities of the variation in force characteristics depending on the wedge pa-
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rameters, the physical and mechanical properties of the soil layers, and the operating
speed were obtained.

The methods accepted in agricultural and theoretical mechanics, as well as in the
theory of material resistance to failure were used in theoretical studies. The movement
of double-edged wedges in a soil layer differentiated into two layers with different
physical and mechanical properties, and the forces acting on the wedge at all stages of
its movement in the treated layer, taking into account the dynamic component of re-
sistance, were considered. The assumption was made that the displacement of the
wedge from its initial position to the final point ensures the failure of the displaced soil
layer. The projections of the soil resistance forces during the wedge movement onto the
coordinate axes were taken as draft resistance along the horizontal axis and penetrating
forces along the vertical axis. The draft resistance of the working unit is the sum of the
draft resistance of the share, as a double-edged wedge, and the draft resistance of the
shank.

The draft resistance and the quality of the technological process served as the evalu-
ation criteria for the working unit parameters in the experimental studies.

The available literature sources and the technical characteristics of existing soil chis-
eling implements were studied to collect information on leveling devices [22,26-28].

The obtained scientific and technical information on leveling devices was processed
using standard methods of comparison, analysis, and synthesis.

Several design and technological schemes of the soil chiseler were examined when
justifying its structural-technological configuration, and these schemes are shown in
Figure 1. The structural-technological schemes assume the sequential arrangement on
the implement frame of the following working units: a cutting disk (1), followed by the
installation of a chisel (2), behind which the soil turners (3) (plates, BDT disks, and BIG
needle working units) are installed to fill the slit with soil fractions, and a packing roller
(4) is intended to fill the slit with soil, crush large soil fractions, and level the treated field
surface.

Structural-technological scheme NO. 1 includes a cutting disk (1), a chisel (2), and a
locally acting rod packing roller (4). Scheme NO. 2 includes a cutting disk (1), a chisel (2),
and soil turners (3) in the form of two plates arranged at an angle of 25° to the direction
of movement, and a locally acting rod packing roller (4). Scheme NO. 3 includes a cutting
disk (1), a chisel (2), and soil turners (3) in the form of two BDT disks arranged at an an-
gle of 25° to the direction of movement, and a locally acting rod packing roller (4).
Scheme NO. 4 includes a cutting disk (1), a chisel (2), and soil turners (3) in the form of
two BIG needle working units arranged at an angle of 25° to the direction of movement,

and a locally acting rod packing roller (4).
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scheme No3 scheme No4

Figure 1. Structural-technological schemes: 1—cutting disk; 2—chisel; 3—soil turners; 4—packing

roller.

Two laboratory-field units (LFU) were manufactured for conducting field studies
based on the analysis of designs. One LFU justified the parameters of the working unit
for soil chiseling (Figure 2), and the other LFU justified the structural-technological
scheme of the implement (Figure 3).

Figure 2. Laboratory-field unit for justifying the parameters of the working unit.

https://doi.org/10.3390/agriengineering8070299
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Figure 3. Laboratory-field unit for justifying the structural-technological scheme of the imple-

ment.

The tests were conducted during autumn cultivation of stubble fields at Zhanakhay
LLC in the Fyodorovsky District of Kostanay Oblast. A map showing the location is
shown in Figure 4. The exact coordinates are 54°03'33.0” N latitude and 63°28'11.7" E
longitude.

Figure 4. Map showing the location of the tests.

Working units and variants of leveling devices were manufactured, and laboratory—
field tests were conducted, which refined the parameters of the working units and justi-
fied the structural-technological scheme of the implement for chiseling compacted soils.

The values of moisture, density and hardness of the treated soil layer were deter-
mined to characterize the soil layer during the experimental studies. The determination
methodology followed the requirements of GOST 20915 [29].

The agrotechnical evaluation of the variants of working units and the structural-
technological scheme of the machine was carried out in accordance with the require-
ments of ST RK 1560 [30] and GOST 33736 [31].

Two variants of chisel shanks with thicknesses of 20 mm and 30 mm were manu-
factured for conducting the studies. The shank design provides the possibility to change
the cutting angle (the installation of the share relative to the horizontal surface) within
the range of 10° to 40° with a step of 10°. The studies were conducted as follows: a 40
mm wide share was installed on the 20 mm thick shank at a cutting angle of 10°. Then,
the working unit with these characteristics was pulled through the soil at a depth of 30
cm, at speeds from 5.4 to 10.8 km/h with a step of 1.8 km/h. A disk knife was installed in
front of the shank. After a series of experiments, the next cutting angle was set, and the
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experiments were repeated. After completing the studies for all the angles and schemes
provided by the experimental plan, a share of the next width was installed on the shank,
and the experiments continued. Upon completion of the series of experiments with the
20 mm shank, a 30 mm thick shank was installed, and the experiments were repeated.
During the field experiments, the angles of soil layer shearing were determined and
samples were collected for subsequent determination of the friction coefficients of soil
layers against metal and soil against soil.

The draft force was measured using strain-gauge equipment, which included a
strain-gauge link with a measurement range up to 3t, a ZET017-T8 strain-gauge station
(manufacturer ZETLAB, Moscow, Russia), a portable Acer Aspire E 15 personal com-
puter (manufacturer Acer, Chongqing, China), and a 12-220 V voltage converter Robiton
R300 (manufacturer Robiton, Moscow, Russia), as shown in Figure 5.

The strain-gauge equipment was calibrated on a special stand before conducting the
tests. The calibration used the stepwise loading method from 0 to 30 kN and back with a
step of 2 kN through a general-purpose spring-type tension dynamometer DPU-50 of the
second accuracy class.

The system recorded the load values on the dynamometer and the corresponding
readings of the strain-gauge link, processed by the ZET017-T8 strain-gauge station and
displayed on the screen of the portable PC during the calibration tests. The test repeti-
tion was fourfold. The calibration tests showed that the measurement error remained
within 0.39-1.96% at all stages of load variation. This method proved reliable during

previous studies [32,33].

Figure 5. General view of strain-gauge equipment: (a)—strain-gauge equipment; (b)—calibration
stand for strain-gauge links; 1—strain-gauge link; 2—strain-gauge station; 3—portable PC; 4—12—

220 V voltage converter.

The method determined the motion speed and draft force in accordance with the
requirements of GOST R 52777 [34].

The obtained test data were processed using the method of mathematical statistics
[35-37]. During the processing, the system calculated the statistical characteristics of the
sample for quantitative variability of the trait, determining the mean value, standard
deviation and coefficient of variation. The system performed approximation of depend-
encies and determined the trend line. The system constructed graphical dependencies
and carried out calculations using the Excel software.

3. Findings
3.1. Theoretical Determination of the Chisel Draft Force Based on the Shank Thickness, Share
Width and Share Angle

https://doi.org/10.3390/agriengineering8070299
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Existing models of the interaction of two- and three-edged wedges with soil gener-
ally assume the homogeneity of the physical and mechanical properties of the tilled lay-
er along its depth, the independence of the ultimate stresses of soil sample failure from
the load application scheme and the ability of the soil layer to move along the surface of
the working tool throughout the entire depth of tillage [38—42].

The real compacted soil layer has a profile structure clearly differentiated along the
horizons. The medium and heavy soils have experienced significant compaction of the
soil layer located below the seed placement depth in recent years, and new working
tools and implements have been developed to loosen this layer. This situation created a
need to identify the patterns of interaction of the two-edged wedge with soil differenti-
ated into two layers along the profile.

The stability of performing the soil chiseling process on stubble fields at a given
work quality and minimal energy expenditure can be ensured with optimal parameters
of the working tools. The parameters of the working tools include the shank thickness of
the chisel, the width of the share, and the share angle.

The draft force of the chisel (Pr) depends on the inclination angle and the shank
thickness of the chisel, as well as on the width and the angle of the share. It consists of
the draft force of the chisel shank and the draft force of the share.

Pr = R +Rq, (1)

where Pr—traction resistance of the slitter, N;

R.—chisel shank resistance, N;

R —share resistance, N.

The main component of the draft force of the share is the soil resistance to defor-
mation. Therefore, we consider the interaction of the two-edged wedge with the tilled
layer, which has two distinct soil horizons. We assume that the two-edged wedge has a
sharp cutting edge with a blade thickness of less than one millimeter and no back bevel,
and that the movement of the wedge from the initial to the final position is sufficient to
break the tilled layer along the line AC2C1 (Figure 6).

| ¥

Figure 6. The scheme of the decomposition of forces acting on the wedge due to the weight of the

soil layer.

From the soil side, a support force acts on the wedge, the magnitude of which is
determined by the potential soil shear resistance forces and the inertial force of the soil
layer.

A support force from the soil Ps acts on the wedge, and its magnitude is deter-
mined by the potential soil shear resistance forces F; and by the inertial force of the soil
layer P;:

https://doi.org/10.3390/agriengineering8070299
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P{=P+P. )

where Pg—soil pressure force on a wedge, N;

Py —potential shear strength of soil, N;

P} —force of inertia of the formation, N.

The potential shear force Py is equal in magnitude to the force required to displace
the soil element AC2C1K and to deform it with its working face AB. The shear of the sec-
ond layer occurs along the surface ACz, which is inclined to the bottom of the furrow at
an angle yc, as determined by Formula (3):

Y2 =90—0.5- (a+ ¢, + ¢3), 3)

where 1), —inclination angle of the shear plane of the second layer, degree;

@, —friction angle of the second layer against the metal, degree;

@3 —soil-on-soil friction angle, degree.

The shear of the first (surface) layer occurs along the surface C2Ci, which is inclined
to the bottom of the furrow at an angle ¥, (Figure 6), the magnitude of which is de-
termined by Formula (4):

Wer =90 — 0.5 - (a + ¢y + @7, 4)

where ;1 —inclination angle of the shear plane of the first layer, degree;

¢, —friction angle of the first layer against the metal, degree;

@1 —first layer soil-on-soil friction angle, degree.

Since the surface layer does not have contact with the working surface of the wedge,
the angle @1 is equal to zero.

The soil of the second layer exerts a shear resistance that generates a normal force
PZ on the working surface of the wedge AB. During the movement of the second layer
along the plane AB, a friction force P? arises from the normal force P7, which is equal

to:
P} = Pf-tge,. )

where sz —friction force on the surface of the wedge AB, N;

PZ —force of normal pressure on the surface of the wedge AB, N.

The soil of the first layer exerts a shear resistance that generates a normal force P}
on the working surface of the wedge AB. Since the surface layer does not have contact
with the working face AB during ashear, the additional friction force from the normal
force Pj isequal to:

P = P~ tge,. (6)

where P! —friction force from normal force P}, N;

P;j—the force of normal pressure of the first layer on the working surface of the
wedge AB, N.

The resultant force P12 from the action of the normal forces P} and PZ, and the
frictional forces P/ and P caused by these normal forces, is equal to:

P12=P1+P2. (7)
where P, —resultant of forces from the action of normal forces and frictional forces, N.
The normal stress in the shear plane AC:Ci is generated by the force P12 and by the
normal component of the weight of the soil layer G2 on the shear plane ACz, and is de-
termined by the expression:
Gy = 05 a;-a,"(ay - ctgg, - pp + ay - ctggs - p1), 8)

where G, —gravity force of the formation on the shear plane ACz, N;

https://doi.org/10.3390/agriengineering8070299
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p1, p,—density of the first and second soil layers, g/sm?;

a,, a;—working depth of the first and second layer, sm.

The weight of the soil layer Gi acts on the shear plane C2Ci and can be determined
by the equation:

Gy = 05-q-p;-b-af-ctgyg, ©)

where G; —gravity force of the formation on the shear plane C2Ci, N;

b—wedge width, sm;

q—gravitational acceleration, m/s2.

Shear resistance forces Sz and S1 act on the rupture surfaces AC2 and C2Ci, respec-
tively, and these forces are equal to:

52 = Fz : sz, (].O)

Sl = Fl - Tfl’ (11)

where S; —soil shear resistance force on a plane C2Ci, N;

S, —soil shear resistance force on a plane ACz, N;

F,,F; —area of the shear surface of the second and first layers;

T5,T51 —shear stresses acting on the second and first soil layers.

The shear stresses 7, are determined by the cohesion forces and the normal stress
on the failure plane according to Coulomb’s law.

The normal stresses on the shear plane AC: (02) are generated by the projections of
the forces P2 and Gz, and on the plane C2Ci1 by the projections of the forces P2 and Gu.

The following equality is satisfied on both shear planes:

S1+G =Py, S;+G = Pj (12)
where P}, PZ—projection of the force P2 on the corresponding shear plane.
We substitute the values of the components of this equation and project the forces
P; and P? onto the x-axis, and we obtain:
az b sing, - [C +0.5-q ctgpg, " (az* p; + a1 p1) " (tgp, +1)]
sin(a + ¢2) - tge, (13)
X sin?yg, - cosPg,.

where € —adhesion force in the shear plane, N.

2
PZx_

- For the second layer

[C - sinpgy +0.5-q b ay - ctge, " tgpz - (az - p; + a, - py)]
sin(a + @z) " tgQ; - sing, (14)

Xa; a, b-sing,  cospg,.

1 —
PZx_

where PA —projection of the second layer destruction force onto the X-axis, N;
P —projection of the destruction force of the first layer onto the X-axis, N.

- For the first layer

The projection of the support force from the dynamic pressure of the soil layer Ppy
on the x-axis is equal to:

P = 2-b-V2-[az-ctgl/)GZ-(O.S-az-pz+a1-p1)+a2-a1-ctg1/)(;2-p1]X

bx — q " cosQ, (15)
a
X sin—- .
sm2 cosa

where Ppy —projection of the dynamic pressure force of the soil layer onto the X-axis, N;
V—wedge speed, km/h.
The projections of the support force from the soil on the wedge are equal to:

https://doi.org/10.3390/agriengineering8070299
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Pgy = Py + P + Ppy. (16)

When the soil moves along the wedge surface ABD, its weight generates a normal
reaction force P,y on the working surface AB and a friction force P,;. We decompose
the weight of the soil layer Gz into a normal component Gzx and a tangential component
Gzcrelative to the wedge surface AB (Figure 7).

Since the working surface AB of the wedge is in contact with the second layer, the
components of the soil weight are equal to:

Gyy = G, - sing,, 17)

Gyr = Gy - COSQ,. (18)

where G,y—normal gravity force of the formation on the surface of the wedge AB, N;
G,.—tangential force of gravity of the formation on the surface of the wedge AB, N.
The force Gzu generates a normal reaction on the wedge surface, P,y, while the
force Gz resists the movement of the soil layer along the plane AB.
When the soil layer moves along the working surface of the wedge, the normal
force P2k generates a friction force P, equal to:

Pyp = Py - tge,. (19)

where P,¢—friction force of the second layer soil on the wedge, N;
P,y —normal reaction acting on the wedge, N.

$4
B,
B et y
) -
H‘ o m e B2
=l P ey
[ \e—— B
N
B
S “
\\
g \E
X 9 5 )
uj‘) .
v

Figure 7. Force diagram acting on a two-edged wedge due to the weight of the soil layer.

The resultant force of P,;; and P, the reaction of the wedge working surface due
to the weight of the soil layer is equal to:

Py = Gy tg@,. (20)
The weight force of the soil layer on the working surface of the wedge ABD:
Gw=q b-lgy- [0.5 P2 * (lgw ~ cosa - sina + a; — ly,, * sina + a, - cosa p)], (21)

where G, —gravity force of the formation on the working surface of the wedge, N;
lqw—length of the wedge working surface.
We substitute the values of Gk into the expression (21) and project the force Pq2 onto
the x-axis, obtaining;

https://doi.org/10.3390/agriengineering8070299
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Prgx = Pag-cosa =q b-lg, X 22)

X [0.5 *p2 (lgw - cosa * sina + a; — gy, - sina) + a, * cosa - p)] “tge, " cosa.

The total resistance of the double-edged wedge (share) consists of the soil shear re-
sistance forces, the weight of the soil layer and the dynamic pressure of the layer. The
projections of these forces on the horizontal axis create the drawbar resistance of the
wedge and are determined by Formulas (14)—(16) and (22).

Studies established the influence of the structural parameters of the chisel shank
and soil properties on the draft resistance [43—46], which can be determined by the ex-
pression (23):

2:dy Pp-f
b gt
tg >

where ay,—working depth of the chisel shank, m; Bo is the thickness of the chisel shank,

p=% b pfctghap
¢~ gine 1 1ng§ 2 f

) (23)

m;

e —angle of the shank relative to the furrow bottom, degrees;

P; —specific soil pressure on the front faces of the shank, N/m?

P, —specific soil pressure on the side faces of the shank, N/m?

dy—shank width, m;

A—shank (knife) tip angle, degrees;

f—soil-to-steel friction coefficient.

The design scheme is shown in Figure 8, and the results of the calculations using
Equation (23) showed the traction resistance of the chisel shank to be 4.2 kN at a thick-
ness of 20 mm and 4.9 kN at a thickness of 30 mm.

0
0 dO dO
> 5 -

/ ~

e v &‘ ;

Rs L I | « | T P,

=1y =y y K
(@) (b)

Figure 8. Chisel calculation scheme; (a) side view; (b) top view.

Py~

Thus, the obtained equations relate the parameters of the chisel working element to
the physical and mechanical properties of soil layers and its movement speed. Using the
presented equations, which describe the traction resistance of the chisel working ele-
ment, calculations were carried out for the typical physical and mechanical properties of
soils in the northern region of the Republic of Kazakhstan (Figure 9a,b).

It was established that the traction resistance of the working element decreases and
reaches a minimum value at angles of 20-22 degrees if the angle of the chisel shank rela-
tive to the bottom of the furrow increases. A further increase in the angle contributes to a
rise in traction resistance. This pattern is observed for both studied shank variants. The
traction resistance of the shank with a thickness of 20 mm is lower than that of the shank
with a thickness of 30 mm at all values of the chisel angle.
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Figure 9.The influence of shank thickness, chisel width and chisel angle relative to the furrow
bottom on the traction resistance of the chisel: (a) the influence of chisel angle on traction resistance
at 20 mm shank thickness; (b) the influence of shank thickness with a chisel width of 50 mm. 1—a
shank thickness of 20 mm; 2—a shank thickness of 30 mm; chisel width: k—40 mm; [—50 mm;
d—60 mm.

3.2.Experimental Studies on Refining the Parameters of the Working Element for Chiseling
(Chisel) and Justifying the Design and Technological Scheme

Studies were previously conducted to substantiate the design and operational pa-
rameters of the slot cutter, as well as the safety device for the cutter shank [47,48].

Experimental studies on refining the parameters of the working element for chisel-
ing (chisel) and justifying the design and technological scheme were carried out in the
fields of “Kostanay Research Institute of Agriculture” LLP.

The conditions for conducting experimental studies in the soil layer of 0-30 cm had
the following average values: soil hardness is 5.5 MPa, moisture content is 13.3% and
bulk density is 1.32 g/cm3. The field background consisted of cereal stubble.

The studies were conducted to determine the influence of the physical and me-
chanical properties of the soil and the parameters of the working element on the traction
resistance when justifying the parameters of the chisel. The obtained experimental data
were compared with the results of theoretical studies.

The results of the studies (Figure 10a,b) showed that an increase in the chisel angle
from 10 to 20 degrees contributes to a decrease in traction resistance by 0.25-0.30 kN at a
movement speed of 8.2 km/h, while a further increase in the angle from 20 to 40 degrees
leads to an increase in traction resistance by 1.0-1.1 kN.

An increase in the chisel width to 50 mm and then to 60 mm contributes to an in-
crease in traction resistance by 0.3-0.4 kN, while the nature of the traction resistance de-
pendencies does not change. The minimum traction resistance is provided by a chisel
with a width of 40 mm, and the maximum by one with a width of 60 mm.

An increase in shank thickness from 20 to 30 mm contributes to a rise in traction re-
sistance by 13-15%. The minimum traction resistance is provided by a chisel with a shank
thickness of 20 mm, a chisel width of 40 mm and a chisel angle of 20 degrees.
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Figure 10. The influence of shank thickness, chisel angle and chisel width on the traction resistance
of the chisel: (a) a shank thickness of 20 mm; (b) a shank thickness of 30 mm; chisel width:1—40

mm; 2—50 mm; 3—60 mm.

Chiseling of stubble fields consists of loosened strips with unworked interrows, with
a slit formed in the center of the strip. The slit width is one of the most significant indi-
cators, as it affects the intensity of soil moisture evaporation and the amount of stubble
preserved. According to the recommended requirements for the chiseling operation, the
slit width should not exceed 5 cm, the width of the loosened strip should not exceed 50
cm, stubble preservation should be at least 80% and the field surface roughness should
not exceed 8 cm [49].

It was established that an increase in the chiseling angle from 10 to 40 degrees in-
creases the slit width (Figure 11), which leads to a wider slit. An increase in shank
thickness from 20 to 30 mm also increases the slit width.

The chisel with a chisel width of 40 mm and a shank thickness of 20 mm provides
the required indicator at a movement speed of 8.2 km/h and chisel angles of 10 and 20
degrees. Chisels with 50 and 60 mm widths form a slit wider than the normative re-
quirements in all experimental variants. The recommended slit width is provided by a
chisel with a shank thickness of 20 mm, a chisel width of 40 mm and angles of 10 and 20
degrees. At the same time, the chisel with a 20-degree angle has lower traction resistance.

12
- solid line
1-y=0.027x + 44
R*=0.9918
3-y=0.059x + 4.95
-8 6 R?=0.996
-, 5-y=0.073x+6.25
R*=0.9914
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Dashed line
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4.y=0.034x + 6.85
R*=0.9966

6-y=0.1x + 6.85
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Chisel installation angle, degrees

Figure 11. Effect of shank thickness, chisel angle, and chisel width on slit width; shank thickness
(solid line)—20 mm,; shank thickness (dashed line)—30 mm,; chisel width: 7—40 mm; 8 —50 mm;
9—60 mm.

Thus, according to the indicators of traction resistance and slit width, the working
element should have the following optimal parameters: shank thickness of 20 mm, chisel
width of 40 mm, and chisel installation angle of 20 degrees (chiseling angle).

The travel speed of the machine ranged from 6.0 to 10.8 km/h when determining the
influence of travel speed and design-technological schemes on the width of the loosened
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strip, deviation from the set working depth, stubble preservation, ridge height and trac-
tion resistance.

Determining the influence of travel speed and design-technological schemes on the
width of the loosened strip showed that at travel speeds of 6.0-9.1 km/h, all studied
schemes loosened a strip up to 50 cm wide, which corresponds to agronomic require-
ments (Figure 12).

An increase in travel speed to 10.8 km/h increases the width of the loosened strip to
52-57 cm. At this speed mode, none of the design-technological schemes provide the
required parameters of the loosened strip.

When determining the influence of travel speed and design—technological schemes
on deviation from the set working depth, it was established that all studied schemes sta-
bly perform the technological process at a travel speed of 6.0-10.8 km/h. According to
Figure 13, the root-mean-square deviation does not exceed 1.5 cm, which meets the ag-
ronomic requirements.

65

-
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—
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R2=0.9849
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Figure 12. Effect of travel speed and design—technological schemes on the width of the loosened

strip; 1 is scheme Nel; 2 is scheme Ne2; 3 is scheme No3; 4 is scheme N¢ 4.

The evaluation of the influence of travel speed and design—technological schemes on
stubble preservation showed that schemes No. 1, No. 2 and No. 3 provide the required
stubble preservation indicator (no less than 80%) on the field surface at a travel speed of
6.0 km/h (Figure 14). At a travel speed of 7.6 km/h, the required stubble preservation in-
dicator on the field surface (82-84%) is provided by schemes No. 1 and No. 2.

The stubble content on the field surface for schemes No. 1, No. 2, and No. 3 becomes
less than 80% with an increase in the travel speed of the machine to 9.1-10.8 km/h.
Scheme No. 4 does not provide the required stubble preservation indicator on the field
surface at all speed modes (Figure 14).

2.0
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Figure 13. Influence of travel speed on working-depth deviation; 1 is scheme Ne1; 2 is scheme No2; 3

is scheme No3; 4 is scheme No4.
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Figure 14. Influence of travel speed on stubble preservation; 1 is scheme Nol; 2 is scheme No2; 3 is

scheme No4; 4 is scheme No3.

An increase in travel speed increases the ridge height when determining the influ-
ence of travel speed and design-technological schemes on ridge height (Figure 15).
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Figure 15. Influence of travel speed on ridge height; 1 is scheme Ne1; 2 is scheme No2; 3 is scheme
No3; 4 is scheme No4.

According to Figure 15, at a travel speed of 6.0-10.8 km/h, all studied schemes form
ridges with a height of no more than 8 cm, which corresponds to the agronomic re-
quirements for performing the “soil chiseling” operation. The normative indicator is no
more than 8 cm. At a travel speed of 6.0 km/h, all considered schemes form ridges on the
surface with a height of 2.0-4.5 cm. An increase in travel speed to 10.8 km/h increases
the ridge height, which ranges from 5.0 to 7.8 cm.

Schemes No. 1, 2, 3 and 4 were considered when determining the influence of de-
sign—technological schemes on traction resistance. The studies showed that an increase
in travel speed increases the traction resistance (Figure 16). The design—technological
schemes do not have a significant effect on traction resistance and the difference be-
tween the minimum and maximum traction resistance is 1.0-1.5 kN, as can be seen from
the graph. The traction resistance values refer to a single row, while the implement de-
sign, depending on the working width, can have from five to eight rows, with a distance
of 80 cm between adjacent rows. In this case, the traction resistance for an eight-row im-
plement will range from 8.0 to 12.0 kN, which represents a significant load on the power
unit.

Thus, the results of the studies on determining traction resistance showed that
schemes No. 1 and No. 2 are the most promising for use in the design of the developed
implement.

An experimental prototype of the chisel implement for working on compacted and
stony fields was manufactured according to the justified parameters, and its tests were
carried out under operational conditions.
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Figure 16. Influence of travel speed on the traction resistance of design—technological schemes;
1—scheme Neol; 2—scheme No2; 3—scheme No4; 4 —scheme No3.

The choice of the shape of the working element for deep loosening of the soil and
the justification of its parameters affects the quality of the technological process and
traction resistance; such conclusions are consistent with the results of research
[23,26,50,51].

An experimental prototype of a slater for processing compacted and rocky back-
grounds was manufactured using justified parameters and tested under production
conditions. A “Buhler 2375” tractor was used as the power unit. The type of implement in
operation is shown in Figure 17.

The conditions for conducting tests under operational conditions were as follows:
The field background consisted of cereal stubble. The state of the treated soil layer during
the studies was characterized by average indicators typical for soils of northern Kazakh-
stan in the autumn period. Soil hardness is 4.8 MPa, moisture content is 16.3% and bulk
density is 1.39 g/cm?. These were the average values at a working depth of 0-30 cm.

Figure 17. The unit, consisting of a “Buhler 2375” tractor and an experimental chisel implement for

working on compacted and stony fields. View in operation.

The adjustment and regulation of the travel depth of the disk working elements and
chisels, the force of the roller on the soil fractions and the position of the implement
frame relative to the field surface were carried out before conducting tests under opera-
tional conditions for the experimental prototype.

Tests under operational conditions were conducted at travel speeds of 7.2, 8.6 and
10.0 km/h. The working depth of the chisel was 28.5-29.7 cm, and that of the disk work-
ing elements was 8.8-9.5 cm. The results of the evaluation of agronomic indicators are
presented in Table 1. An increase in travel speed from 7.2 to 10.0 km/h increases the un-
evenness of the working depth from 1.2 to 1.4 cm. The obtained data do not exceed the
requirements of the normative documentation (ND).
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An increase in travel speed increases indicators such as slit width (from 4.3 to 6.8
cm), width of the loosened strip (from 41 to 67 cm) and field surface roughness (from 4.2
to 8.8 cm), while the stubble content on the field surface decreases (from 78% to 62%).
No clogging of the working elements occurred during the operation.

Table 1. Agronomic indicators of the experimental chisel implement for working on compacted

and stony fields.

Indicators Indicator Values
ND Tests’” Results

Travel speed, km/h 6.0-9.0 7.2 8.6 10.0
Working depth of the chisel:

- mean, cm up to 35.0 29.5 29.3 28.3

- standard deviation, +cm no more than 1.5 1.2 1.3 14
Slit width, cm no more than 5.0 4.3 4.8 6.8
Loosened strip width, cm no more than 50 41 46 67
Field surface roughness, cm no more than 8.0 42 5.7 8.8
Stubble preservation, % no less than 80 78 75 62

The analysis of the obtained values of functional indicators allows concluding that
the experimental chisel implement performs the technological process with a quality
corresponding to the agronomic requirements (ND) at travel speeds of 7.2 and 8.6 km/h.
An increase in travel speed to 10 km/h increases the values of indicators such as the
width of the loosened strip to 67 cm, slit width to 6.8 cm and field surface roughness to
8.8 cm. The values of these indicators exceed the normative requirements (ND). The
stubble preservation indicator (no less than 80%) is not ensured at all speed modes.

The energy assessment of the experimental prototype was conducted simultane-
ously with the determination of agronomic indicators. The results of the energy assess-
ment of the unit are presented in Table 2.

Table 2. Energy assessment indicators of the experimental towed chisel implement for working on

compacted and stony fields in a unit with a "Buhler 2375" tractor.

Indicator Values

Indicators
ND Tests Result
Travel speed, km/h 6.0-9.0 7.2 8.6 10.0
Working width, m 7.2 7.2 7.2 7.2
Chisel working depth, cm up to 35.0 295 293 283
Main-time productivity, ha/h 4.3-6.5 5.1 6.2 7.2
Main-time fuel consumption, kg/h no data 42.3 48.7 52.2
Traction resistance, kN no more than 65 42.7 53.4 59.5
Chisel implement power, kKW no data 854 127.6 165.3
Specific energy consumption, MJ/ha - 603 741 826

The productivity of the unit, at a working width of 7.2 m and a travel speed of 8.6
km/h, was 6.2 ha per hour of main time, and the traction resistance was 53.4 kN. The
hourly fuel consumption was 48.7 kg. The power consumed by the unit was 127.6 kW,
while the specific energy consumption for the unit with the “Buhler 2375” tractor was
74.1 MJ/ha.

The allowable load on the power unit according to traction and coupling indicators
is ensured at travel speeds of 8.6 and 10.0 km/h under the given test conditions, as the
analysis of the obtained results shows. The created chisel implement for working on
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compacted and stony fields provides the required quality of treatment at a travel speed
of 8.6 km/h.

4. Discussion

An analysis of the results of similar studies conducted previously shows that the
width of the share, the shape of the slit cutter, its optimal parameters such as height,
width and the method of attachment to the frame differ significantly in all the working
bodies being developed. It should be noted that the closest value for all the developed
slit-cutting deep rippers has a chisel crushing angle, which is within 20-30 degrees
[22,52].

The traction force of the slitter and the tool as a whole depends on the type (shape)
and parameters of the working element, the tool’s working width, and the speed of
movement. The traction force trend is such that with increasing chisel width, the thick-
ness and width of the slitter’s shank, and the speed of movement, the traction resistance
increases [14,25,53]. The type and parameters of the working element also have a signif-
icant impact on agrotechnical indicators such as disturbance of the soil cover, preserva-
tion of stubble, width and depth of the loosened strip [54,55], which is confirmed by the
results of our research.

Currently, there is no consensus regarding the shape and parameters of the
soil-working tool or the structural and technological scheme for soil tillage. John Deere
manufactures the “Till-Ripper” with rigid shanks, while Unverferth produces the
“Zone-Builder” with C-shaped shanks; both manufacturers maintain that their respective
equipment offers maximum efficiency. Research results indicate that a straight
slot-cutting tine has a draft resistance of 6.78 kN, a C-shaped tine has 4.58 kN, and a tine
set at a specific angle to the furrow bottom has a draft resistance of 7.39 kN. Furthermore,
the volume of soil structure disruption during operation is 0.0325 m? for the straight tine,
0.312 m? for the C-shaped tine, and 0.561 m? for the tine set at a specific angle to the fur-
row bottom [23,26]. Apart from soil degradation, no other parameters characterizing
agrotechnical indicators were determined in these studies. Our research has established
that using a straight slot-cutter shank with a thickness of 20 mm and a 40 mm wide chis-
el—set at a 20-degree angle to the furrow bottom —results in a draft resistance of 3.51 kN
(Figure 10a). At the same time, the agrotechnical performance indicators meet the re-
quirements of regulatory documentation. Using the developed tool for slitting com-
pacted and rocky soils will improve tillage quality, which will promote the active accu-
mulation and retention of soil moisture. Experience shows that this approach to agricul-
tural technology contributes to increased crop yields.

5. Conclusions

1. A calculation scheme of the interaction between the chisel implement working ele-
ment and a soil layer with two clearly defined layers having different physical and
mechanical properties was developed. Mathematical modeling was carried out and
the optimal chisel installation angles for different shank widths were determined. It
was established that the minimum traction resistance of the working element is
achieved at chisel installation angles of 10-22 degrees.

An increase in the chisel installation angle relative to the furrow bottom from 10 to
20 degrees decreases the traction resistance, while a further increase in the angle from 20
to 40 degrees increases the traction resistance. An increase in the shank thickness of the
chisel implement leads to an increase in its traction resistance.

2. The results of the conducted laboratory and field studies showed that an increase in
the chiseling angle from 10 to 40 degrees and an increase in shank thickness increase
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the slit width. It has been established that the slot cutter —featuring a 40 mm chisel
width, 20 mm shank thickness, and chisel installation angles of 10 and 20 de-
grees—achieves the required slot length. Chisels with widths of 50 and 60 mm form
a slit exceeding the normative requirements in all experimental variants.

3. It was established that a shank with a thickness of 20 mm, a chisel width of 40 mm
and a chiseling angle of 20 degrees has the minimum traction resistance. A shank
with a thickness of 30 mm creates a traction resistance 15% higher than a shank with
a thickness of 20 mm.

4. It has been determined that the design and technical configuration of the slotter
must include a horizontally positioned cutting disk, a slot cutter equipped with a
safety mechanism, and a localized-action rod-type packing roller. The slot cutter
shank must have a thickness of 20 mm, the chisel a thickness of 40 mm, and the
shattering angle must be 20 degrees. At an operating speed of 8.6 km/h, a slotter
with these specifications ensures compliance with agrotechnical requirements re-
garding deviation from the target working depth and ridge height, as well as slot
width, loosened strip width, and stubble preservation.

5. The production tests showed that the created chisel implement for working on
compacted and stony fields provides the required quality during the performance of
the technological process.

6. Research results have demonstrated that the developed slot cutter —designed for
operation on over-compacted and stony soils—is a promising piece of equipment for
energy- and moisture-conserving tillage technologies; it is recommended for inclu-
sion in the future machinery system currently being developed for agricultural
production in the Republic of Kazakhstan.
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