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JUSTIFICATION OF A RATIONAL SCHEME
FOR CONFIGURING SOIL-TREATING MACHINERY

Purpose. The purpose of this study is to determine the most effective method for configuring multi-element work-
ing equipment in order to ensure minimum traction forces during the development of deposits located close to the
earth’s surface.

Methodology. Analytical methods for calculating cutting forces of the soil environment by soil-developing working
bodies, 3D computer modeling and analysis methods using CAD software, and experimental research methods were
employed.

Findings. It has been established that modifying the spatial configuration of cutting elements, as opposed to a
conventional row layout, results in a substantial reduction in traction forces and an enhancement in equipment pro-
ductivity. For working bodies without asymmetrical block cutting, the most effective arrangements in terms of reduc-
ing traction forces are angular, V-shaped, A-shaped, and mirrored checkerboard arrangements. For equipment with
asymmetrical block cutting, angular, checkerboard, A-shaped, and trapezoidal arrangements are most effective. Re-
search has demonstrated that optimizing the geometric parameters of cutting elements in the subcritical cutting re-
gion (b/h =0.25—1) yields the most significant outcomes, including a reduction in traction force of up to 37 % and an
enhancement in productivity of up to 31 %. As the b/h ratio increases, the effectiveness of optimization decreases, and
at b/h > 4, it becomes ineffective.

Originality. For the first time, the present study comprehensively established the influence of spatial layout, num-
ber (3—10), and geometric parameters of cutting elements on the energy and productivity indicators of multi-element
soil excavation equipment. This was achieved by taking cutting modes into account, and the limits of optimization
efficiency for the ratio (b/h) were substantiated.

Practical value. The findings of this study can be utilized in the design and modernization of soil excavation equipment,
with the objective of reducing energy costs, enhancing productivity, and optimizing the efficiency of machine operation.

Keywords: deposit development, cutting elements, cutting conditions, layout, reduced effort, energy efficiency

Introduction. Mechanical engineering is an impor-
tant industry in Ukraine, specializing in the design, pro-
duction, and use of machines and equipment.

In most developed countries around the world,
among self-propelled and towed equipment of various
purposes — from underwater devices to spacecraft —
earthmoving machinery occupies a primary position.

Earthworks are among the most labor-intensive pro-
cesses in construction, mining and agricultural activi-
ties. It is therefore important to develop ways to improve
the designs of earthmoving machines based on a tech-
no-economic analysis of their various models.

The scientific and technical foundations for the cre-
ation of any machinery are based on the use of advanced,
high-speed and energy-efficient technologies and ma-
chines designed to operate in both natural and artificial
environments under various conditions. This encom-
passes a wide range of terrestrial activities, including
road construction, mineral deposit development, agri-
cultural land cultivation, engineering-military and res-
cue operations, soil cleaning, land reclamation, irriga-
tion, trench and canal excavation, earthworks, and shel-
ter creation. It also includes underground activities,
such as the extraction of minerals and other industries.

During the operation of an earthmoving machine,
most of the energy is spent on overcoming the forces
that arise during soil digging by the working body, soil
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transportation along the working body, and its filling.
The main disadvantages of passive working bodies in-
clude excessive energy consumption of the working pro-
cess, soil compaction along the walls of the cut slots,
and insufficient quality and completeness of loosening.
At the same time, reducing the cutting force is possible
in some cases with minor design modifications and low
material costs by changing the interaction conditions of
the working equipment with the soil environment —
from blocked and asymmetrically blocked to less ener-
gy-intensive semi-blocked and free.

Literature review. To address the identified problems
of soil-working machinery, scientific articles presenting
the results of relevant studies were analyzed.

Paper [1] introduces a pulverization (fracture) mod-
el that relies on the physical and mechanical behavior of
soil during interaction with a wedge-shaped tool, rather
than on soil elasticity. This theoretical framework shows
closer alignment with experimental results compared to
models based on elastic assumptions. Its validity was
further confirmed through tests of flat tillage imple-
ments operating with adjustable cutting angles.

Paper [2] presents the results of research aimed at
improving the efficiency of trench excavation for utility
line installation by employing new, energy-efficient soil
excavation techniques in multi-scraper excavators. The
study identifies optimal operating conditions for these
trench excavators, as well as recommended dimensions
for their lateral cutting blades, providing guidance for
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enhancing the design and overall performance of this
type of equipment.

Research [3] applied an analytical method to deter-
mine the arrangement parameters of soil-working ele-
ments and to evaluate the energy efficiency of a trench
excavator’s multi-scraper chain, based on a semi-
blocked soil cutting regime at critical depth.

In [4] study, a numerical model based on cohesive
elements was developed to investigate the dynamic
rock-breaking process and mechanisms under com-
pound impact.

Study [5] explored three different pick arrange-
ments to identify the optimal configuration for a bolter
miner’s cutting head. The performance of each con-
figuration was thoroughly assessed under varying rota-
tional speeds using both numerical simulations and
experimental testing.

The paper [6] studied cutting performance of the
cutting drum under two working modes and various cut-
ting thickness, including the load, working power and
specific energy. The research results indicate that the ar-
rangement of conical picks on the cutting drum is suit-
able for sequential arrangement of single-headed spiral
lines in hard rock strata. These findings have a signifi-
cant reference value for the design of the cutting drum.

Paper [7] investigates how rock fractures under the
action of a cutting pick, taking into account its mechan-
ical properties and relevant parameters. The study ana-
lyzes rock fragmentation processes and the impact of
different cutter spacings on breakage efficiency. Experi-
ments were carried out using a rotary cutting device with
a single pick at various cutting depths and cutter spac-
ings. The insights from the analysis of rock failure and
cutter spacing optimization offer guidance for under-
standing rock-breaking mechanisms in roadheaders and
for improving pick layout design.

In paper [8], in order to study the rock-breaking
mechanism of compound impact drilling, the thermal-
structure coupling simulation of the dynamic rock-
breaking process with a single PDC cutter was investi-
gated by using ABAQUS software. The influence of im-
pact parameters on the rock-breaking performance and
cutting temperature was analyzed. The results proved
that the compound impact load changes the rock failure
mode and improves the rock-breaking efficiency.

In paper [9], the effect of blade geometry and rotary
speed on furrow formation during rotary strip tillage was
investigated. The study analyzed key furrow parameters,
including depth, width, and shape, as well as soil dis-
placement characteristics in the cutting zone. The find-
ings of the study demonstrated that variations in blade
design and rotational speed significantly influence the
quality and efficiency of the rotary strip tillage process.

Paper [10] substantiated the initial and boundary
conditions for the functioning of the model and found
the ratio of the physical and mechanical properties of
the soil and the viscosity of the medium. The results of
determining the traction resistance of the tool and their
comparison with the results obtained during laboratory
experiments on the soil channel are presented. The pro-
posed method of modeling the soil treatment allows you
to analyze the power characteristics of the working bod-
ies and the quality of the soil at the design stage of tillage
machines. The obtained characteristics make it possible

to optimize the structural and technological parameters
of the working bodies of machines on the computer.

In study [11], discrete element method (DEM) sim-
ulations were used to assess how variations in tine rake
angle, forward speed, working depth, and depth-to-
width (d/w) ratio affect draught and vertical forces. The
simulation findings were compared with experimental
measurements for validation. The analysis showed that
higher travel speeds, larger tine rake angles, increased
working depth, and greater (d/w) ratios all contributed
to increases in both draught and vertical forces.

Papers [12, 13] explore the use of finite element anal-
ysis to study the interaction between a cutting blade and
soil. The soil is treated as an elastic—plastic medium de-
scribed by the non-associated Drucker—Prager model.
The work introduces a technique for simulating how soil
separates during cutting and provides a systematic
method for determining the forces applied to the blade.

In [14], an approach to predicting the parameters of
precise deep soil loosening based on an analytical model
and the discrete element method (DEM) was developed
and verified. The models were evaluated based on the
findings of experimental studies conducted in a soil
channel, thereby enabling the assessment of the accu-
racy of predicting cutting forces and alterations to the
soil profile during deep tillage. It has been demonstrated
that DEM modelling provides a superior correlation
with experimental data in comparison to the analytical
method, thereby confirming its efficacy for analyzing
the interaction of the working body with the soil.

Paper [15] describes the development of mathematical
models aimed at identifying the critical cutting depth for
the outer lateral teeth of multi-slip chains used in trench
excavators. The models consider scenarios involving
asymmetric side cutting and semi-block cutting of soil.

The paper [16] describes the process of obtaining a
dependence for determining the length of the plowshare
at the critical cutting depth of the cutters, which allows
for the determination of their cutting resistance.

In paper [17], analytical models of soil cutting by the
working bodies of earthmoving machines were investi-
gated. The mechanism of interaction of factors influ-
encing the operating process of a machine for exposing
(excavating) underground pipelines was examined.

The research [18] investigated the interaction be-
tween soil and a rotary tiller equipped with commonly
used C-type blades to predict the effects of several op-
erational parameters (forward speed, tillage depth, and
rotational speed) and field parameters (soil bulk den-
sity and moisture content) on power consumption,
and to evaluate surface soil mixing through numerical
simulation.

The crack propagation and damage distribution of
heterogeneous rock impacted by machinery were stud-
ied in paper [19]. The results indicate that during tool
impact rock breaking, the rock at the impact point
mainly experiences compression and shear failure,
whereas tensile stress dominates the propagation of rock
cracks around the point of impact. Interlayer distribu-
tion and boundary layer ambiguity exist in the propaga-
tion of stress waves in heterogeneous rocks. The confin-
ing pressure primarily suppresses the propagation of in-
ternal cracks and damage in rocks, as it influences ten-
sile and shear stresses. The research results provide a
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theoretical reference for improving the efficiency of rock
breaking by mining machinery impact.

Study [20] proposed a predictive approach to evalu-
ate the effects of subsoiler configuration on draught
force and soil porosity, grounded in soil dynamics prin-
ciples and the fourth strength theory. Validation through
field trials and discrete element modeling confirmed the
model’s predictions, with deviations below 5 %. Among
the tested layouts, the “W?”-type arrangement was cho-
sen for deeper simulation analysis and adjustment of op-
erational parameters. The results from these simulations
corresponded closely with the model’s forecasts. Fur-
ther particle flow examination suggested a quadratic de-
pendency linking subsoiler spacing, draught force, and
the degree of soil loosening.

Paper [21] investigated deep subsurface tillage per-
formed with chisel-type subsoilers combined with auxil-
iary components. The study emphasized the need to ex-
amine how the design and arrangement of tillage units
influence their overall efficiency. The experiments deter-
mined the ranges of operational parameters that result in
effective soil fragmentation, achieving pulverization lev-
els of 70—75 %. Optimal outcomes were obtained with
chisel tine penetration depths of 32—42 cm, spacing of
80—100 cm between tines in a row, 40—55 cm between
rows, forward speeds of 8—9.5 km/h, wing depths of
24—27 cm, and the incorporation of two additional ele-
ments such as toothed rollers to improve soil treatment.

In article [22], the effectiveness of multi-subsoiler
collaboration in improving subsoiling efficiency is dem-
onstrated, while excessive tillage resistance and soil dis-
turbance are shown to increase energy consumption and
soil water loss. Based on DEM-simulations and field ex-
periments, six subsoiler types were evaluated. The results
indicate that both subsoiler type and spacing have a sig-
nificant influence on tillage resistance, with the shank
type being the dominant factor. The TC-SM configura-
tion with a spacing of 600 mm exhibited the lowest and
most stable tillage resistance. The discrepancy between
DEM simulation and field measurements did not exceed
10 %, confirming the reliability of the simulation results.

Purpose. Based on experimentally confirmed data
on cutting forces under various soil development condi-
tions, obtained through calculation schemes or depen-
dencies of relative cutting force (AP), contact area of the
side walls (AS), or chipped soil volume (AV) to the ratio
(b/h) for different cutting methods, it is necessary to de-
termine the optimal configuration of multi-element
working equipment that requires the least traction force
for the development of deposits located closest to the
ground surface.

Methodology. For an accurate comparison of the
traction force of different designs of multi-element
equipment, it is necessary to conduct theoretical studies
and confirm them experimentally.

The research is based on our own theoretical studies
on determining the force under different cutting condi-
tions [23] and the results of experimental studies [24].
During the experiments to determine the forces under
different soil cutting conditions for the ratios (/4 =0.25;
0.5; 1), cutting depth (4 = 0.1 m), and cutting angle
(o = 30°), the experimental data were obtained based
on the following principle: the forces acting on the test
equipment through the lever system are transmitted to a

dynamometer, which records the data and sends them to
a computer, where the continuous force data flow is re-
corded. After comparing the results of experimental and
theoretical studies (Fig. 1), it was concluded that the
theoretical method for determining cutting forces is
within the limits of reliability.

It should be noted that:

1. In the asymmetrically blocked variant, a certain
volume of soil is compacted into the side wall to a depth
(c;), which depends on the width of the cutting edge (b,)
and the porosity (e,).

a2,

bl en
when e, = 30—50 % — ¢,/b, = 6.7-3.0 (according to
O. P. Posmitukha, ~6—4, [25]).

The intensity of this compaction varies according to
the triangle law, decreasing away from the cutting zone.
To take this into account in further calculations, we as-
sume that the soil density in the side wall directly adja-
cent to the working body will be on average 2 times (soil
density without pores) higher than in front of the work-
ing body.

2. The results presented are based on the study of
static soil destruction (at minimum cutting speed). Tak-
ing into account the energy expended on the deforma-
tion of the destruction by the shear of the separated soil
layer (P,), as well as on overcoming the inertial forces of
the separated elements of the destroyed soil (Py;,), the
cutting force at a speed (9) is considered as the sum of
two components [26]

P9=(1%+&,-,,.).[1+ > ]
9crit

where 3, is the critical cutting speed at which the na-
ture of soil destruction changes.

Results. Determining the optimal placement of multi-
element equipment. Based on the calculations of forces
arising under different interaction schemes of the work-
ing organs with the soil — blocked, semi-blocked, asym-
metrically blocked, and free cutting [23] — a comparison
of the total resistance of the working equipment under
varying cutting conditions of the elements is carried out.
For evaluation purposes, the reference is taken as the to-
tal force occurring when the cutting elements are ar-
ranged in a line, as in this case they operate under iden-
tical (blocked) cutting conditions.

1000
900
800
700
600
500
400
300
200

ForcesP, N

0,25 0,5 0,75 1
Ratio (b'h)

Fig. 1. Dependence of soil cutting force on the ratio of
blade width (b) to depth (h) for different cutting meth-
ods:

(- - - =) — theoretical data; (- ) — experimental
data; 1 — free cutting; 2 — semi-blocked cutting;, 3 —
blocked cutting; 4 — asymmetrically blocked cutting
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The initial data for the comparison of the design are
taken from the dependence of the relative cutting force
(AP) on the ratio (b/h) for different cutting methods in
hard clay at a cutting depth (42 =0.1 m). As a result of the
comparisons, Table 1 has been obtained, which shows
by how many times the arrangement of cutting elements
in a different sequence requires less traction force com-

pared to the arrangement of cutting elements in a row
(for relatively narrow (b/h = 0.25; 0.5; 1) and relatively
wide (b/h = 2; 3; 4) cutting elements).

Knowing the force required to break the soil envi-
ronment, we determine the productivity of the soil
breaking process for different ways of arranging multi-
element working equipment.

Table 1

Comparison of the total force that occurs in the working equipment for different methods
of arranging multi-element working equipment

Relatively narrow cutting elements Relatively wide cutting elements
IR, %[S,%|RS.%|A, %]V, %[A%|T.%|RT, %] [R,%[S,%[RS.%|A,%|V,%][A%]|T,%|RT,%
For equipment where asymmetric-blocking cutting is absent

N b/h=0.25 N b/h=2

3 0 23 27 27 | 27 | 23 — — 3 0 13 14 14 14 | 13 — —
4 0 27 27 31 — — 20 20 4 0 15 15 16 — — 11 11
5 0 28 30 33 | 33 | 30 — — 5 0 15 16 17 17 | 16 — —
6 0 30 30 34 — — 27 27 6 0 16 16 18 — — 14 14
7 0 30 31 35 |1 35| 33 — — 7 0 16 17 18 18 | 18 — —
8 0 31 31 36 — — 31 31 8 0 17 17 19 — — 16 16
9 0 31 32 36 | 36 | 35 — — 9 0 17 17 19 19 | 18 — —
10 0 32 32 37 — — 33 33 10| 0 17 17 19 — — 17 17
N b/h=0.5 N b/h=3

3 0 21 24 24 | 24 | 21 — — 3 0 9 10 10 10 9 — —
4 0 25 25 28 — — 18 18 4 0 11 11 12 — — 8 8
5 0 25 27 29 | 29 | 27 — — 5 0 11 12 12 22| 12 — —
6 0 27 27 31 — — 24 24 6 0 12 12 13 — — 10 10
7 0 27 28 31 31 | 30 — — 7 0 12 13 13 13113 — —
8 0 28 28 32 — — 28 28 8 0 13 13 13 — — 12 12
9 0 28 29 33 | 33 | 31 — — 9 0 13 13 14 14 | 13 — —
10 0 29 29 33 — — 29 29 10| 0 13 13 14 — — 12 12
N b/h=1 N b/h=4

3 0 17 20 20 | 20 | 17 — — 3 0 7 8 8 8 7 — —
4 0 21 21 23 — — 15 15 4 0 8 8 8 — — 6 6
5 0 21 23 24 | 24 | 23 — — 5 0 9 9 9 9 9 — —
6 0 22 22 25 — — 20 20 6 0 9 9 9 — — 8 8
7 0 22 24 26 | 26 | 25 — — 7 0 9 9 10 10 | 10 — —
8 0 23 23 26 — — 23 23 8 0 10 10 10 — — 8 8
9 0 23 24 27 | 27 | 26 — — 9 0 10 10 10 10 | 10 — —
10 0 24 24 27 — — 24 24 10| 0 10 10 10 — — 9 9

For equipment where the extreme side working organs perform asymmetric-blocking cutting

N b/h=0.25 N b/h=2

3 3 0 13 0 7 0 13 — —
4 4 0 9 9 11 — — 11 0
5 5 0 15 8 13 8 16 — —
6 6 0 13 13 14 — — 14 7
7 7 0 16 11 15 12| 18 — —
8 8 0 14 14 16 — — 16 11
9 9 0 17 13 16 14 | 18 — —
10 10| 0 15 15 19 — — 17 13
N b/h=0.5 N b/h=3

3 0 21 0 12 0 21 — — 3 0 9 0 5 0 9 — —
4 0 16 16 18 — — 18 0 4 0 7 7 8 — — 8 0
5 0 25 13 22 15 | 27 — — 5 0 11 6 9 6 12 — —
6 0 21 21 24 — — 24 12 6 0 9 9 10 — — 10 5
7 0 27 18 26 | 21 | 30 — — 7 0 12 8 11 9 13 — —
8 0 23 23 28 — — 28 18 8 0 11 11 12 — — 12 8
9 0 28 21 29 | 24 | 31 — — 9 0 13 9 12 10 | 13 — —
10 0 25 25 32 — — 29 22 10 0 11 11 14 — — 12 9
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Continuation of Table 1

Relatively narrow cutting elements Relatively wide cutting elements
R,%|S.%|RS,%|A,%|V,%|A%]|T,%|RT,% R,%[S.,%[RS.,%|A,%|V,%|A%|T,%|R.T,%

N b/h=1 N b/h =4

3 0 17 0 10 0 17 — — 3 0 7 0 4 0 7 — —
4 0 13 13 15 — — 15 0 4 0 5 5 6 — — 6 0
5 0 21 10 18 12 | 23 — — 5 0 9 4 7 5 9 — —
6 0 17 17 20 — — 20 10 6 0 7 7 8 — — 8 4
7 0 22 15 22 17 | 25 — — 7 0 9 6 8 6 10 — —
8 0 20 20 23 — — 23 15 8 0 8 8 8 — — 8 6
9 0 23 17 23 | 20 | 26 — — 9 0 10 7 9 8 10 —

10 0 21 21 27 — — 24 18 10| 0 9 9 11 — — — —

N — the number of working organs; b/h — the ratio of the cutting element width (b) to cutting depth (4) (for asymmetrically blocked cutting,
when the ratio (b/h = 0,25), soil development occurs beyond the critical cutting depth, so these data are not considered); R. — arrangement of
working organs in a row; S. — arrangement of working organs in a checkerboard pattern; R.S. — arrangement of working organs in an inverse
checkerboard pattern; A. — arrangement of working organs at an angle; V — arrangement of working organs in a V — shape; A — arrangement of
working organs in a delta-shape; T. — arrangement of working organs in a trapezoidal shape; R. T. — arrangement of working organs in an inverse
trapezoidal shape; (- — — —) — impossible symmetric arrangement of cutting elements

The energy intensity of soil cutting is equal to the
work (A4), performed by the soil tillage tool over the cut-
ting length (L), divided by the volume (V) of the de-
stroyed (loosened) soil along this length

_A_PL_P
“ov F;m'L ch‘

Take into account that the cross-sectional area of the
trapezoidal cut (F,,) is determined for the blocked and
free cutting methods using formula

F=(b+h-cte(y) - h,

while for the semi-blocked and asymmetrically-blocked
cutting methods, it is determined using formula

2
Fuy=bh+ 2 ctg).
Knowing the cutting force (P), we compare the pro-
ductivity of the working process for different ways of ar-
ranging multi-element working equipment (Fig. 2).

180
160
140
c>\oﬁlzo 3 4
£ 100 % o
g 80
m 2
< 60
40
20 1
0
02505075 1 1,251,51,75 2 22525275 3 3,253,5375 4

Ratio (b/h)

Fig. 2. Dependence of relative energy consumption
(AE,,) on the ratio (b/h) for different cutting methods:
1 — asymmetrically blocked cutting; 2 — blocked cutting;
3 — semi-blocked cutting; 4 — free cutting

As a result of the comparisons, Table 2 presents how
many times the working equipment with the rearrange-
ment of cutting elements in a different sequence is more
productive than the working equipment with the cutting
elements arranged in a row (for relatively narrow

Table 2

Comparison of productivity for different ways of configuring multi-element working equipment

For equipment where asymmetric-blocking cutting is absent
Relatively narrow cutting elements Relatively wide cutting elements
R,%|S.,%|RS,%|A,%|V,%|A%]|T,%|RT., % R,%|S,%[RS.,%|A,%|V,%|A %|T,%|RT.,%

N b/h=0.25 N b/h=2

3 0 23 5 5 5 23 — — 3 0 13 7 7 7 13 — —
4 0 19 19 5 — — 3 3 4 0 12 12 7 — — 5 5
5 0 28 17 5 5 17 — — 5 0 15 11 8 8 11 — —
6 0 24 24 6 — — 5 5 6 0 14 14 8 — — 7 7
7 0 30 22 6 6 14 — — 7 0 16 14 8 8 11 — —
8 0 27 27 6 — — 5 5 8 0 15 15 9 — — 7 7
9 0 31 25 6 6 12 — 9 0 17 15 9 9 11 — —
10 0 28 28 6 — 5 5 10| 0 16 16 9 — — 8 8
N b/h=0.5 N b/h=3

3 0 21 7 7 7 21 — — 3 0 9 5 5 5 9 — —
4 0 18 18 8 — — 6 6 4 0 9 9 5 — — 3 3
5 0 25 17 9 9 17 — — 5 0 11 8 5 5 8 — —
6 0 23 23 9 — — 7 7 6 0 11 11 6 — — 5 5
7 0 27 21 10 10 | 15 — — 7 0 12 10 6 6 8 — —
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Continuation of Table 2

For equipment where asymmetric-blocking cutting is absent
Relatively narrow cutting elements Relatively wide cutting elements
R.,%|S.,%|RS,%|A,%|V,%|A %|T.,%|RT., % R.,%|S.,%|RS.,%|A,%|V,%|A %|T.,%|RT., %
8 0 25 25 10 — — 8 8 8 0 11 11 6 — — 5 5
9 0 28 23 10 10 | 14 — — 9 0 13 11 6 6 8 — —
10 0 26 26 10 — — 9 9 10| 0 12 12 6 — —
N b/h=1 N b/h=4
3 0 17 8 8 8 17 — — 3 0 7 3 3 3 7 — —
4 0 16 16 9 — — 6 6 4 0 7 7 3 — — 2 2
5 0 21 15 10 10 | 15 — — 5 0 9 6 3 3 6 — —
6 0 19 19 10 — — 8 8 6 0 8 8 4 — — 3 3
7 0 22 18 11 11 15 — — 7 0 9 7 4 4 6 — —
8 0 21 21 11 — — 9 9 8 0 9 9 4 — — 3 3
9 0 23 20 11 11 14 9 0 10 8 4 4 5 — —
10| 0 22 22 11 — — 10 10 10 0 9 9 4 — 3 3
For equipment where the extreme side working organs perform asymmetric-blocking cutting
N b/h=0.25 N b/h=2
3 3 0 13 0 3 0 13 — —
4 4 0 9 9 5 — — 5 0
5 5 0 15 8 6 4 11 — —
6 6 0 13 13 7 — — 7 3
7 7 0 16 11 7 6 11 — —
8 8 0 14 14 7 — — 7 5
9 9 0 17 13 8 7 11 — —
10 10 0 15 15 13 — — 8 6
N b/h=0.5 N b/h=3
3 0 21 0 4 0 21 — — 3 0 9 0 2 0 9 — —
4 0 16 16 6 — — 6 0 4 0 7 7 3 — — 3 0
5 0 25 13 7 4 17 — — 5 0 11 6 4 3 8 — —
6 0 21 21 7 — — 7 4 6 0 9 9 5 — — 5 2
7 0 27 18 8 6 15 — — 7 0 12 8 5 4 8 — —
8 0 23 23 8 — — 8 6 8 0 11 11 5 — — 5 3
9 0 28 21 9 7 14 — — 9 0 13 9 5 5 — —
10 0 25 25 21 — — 9 10| 0 11 11 9 — — 5 4
N b/h=1 N b/h=4
3 0 17 0 4 0 17 — — 3 0 7 0 1 0 7 — —
4 0 13 13 6 — — 6 0 4 0 5 5 2 — — 2 0
5 0 21 10 8 5 15 — — 5 0 9 4 3 2 6 —
6 0 17 17 8 — — 8 4 6 0 7 7 3 — — 3 1
7 0 22 15 9 7 15 — — 7 0 9 6 3 2 6 — —
8 0 20 20 9 — — 9 6 8 0 8 8 3 — — 3 2
9 0 23 17 10 8 14 — 9 0 10 7 3 3 5 — —
10 0 21 21 18 — — 10 8 10 0 9 9 7 — — 3 3

N — the number of working organs; b/h — the ratio of the cutting element width (b) to cutting depth (%) ((for asymmetrically blocked cutting,
when the ratio (b/h = 0.25), soil development occurs beyond the critical cutting depth, so these data are not considered); R. — arrangement of
working organs in a row; S. — arrangement of working organs in a checkerboard pattern; R.S. — arrangement of working organs in an inverse
checkerboard pattern; A. — arrangement of working organs at an angle; V — arrangement of working organs in a V — shape; A — arrangement of
working organs in a delta-shape; T. — arrangement of working organs in a trapezoidal shape; R.T. — arrangement of working organs in an inverse
trapezoidal shape; (- — — —) — impossible symmetric arrangement of cutting elements

(b/h=0.25;0.5; 1) and relatively wide (b/h=2; 3; 4) cut-
ting elements).

Conclusions.

1. After analyzing how much less effort is required
from the traction machine for the working process when
the cutting elements are arranged in a different sequence
compared to when they are arranged in a row (Table 1),
the following conclusions can be drawn:

1.1. For the equipment where asymmetrically-
blocked cutting is not present:

- placement at an angle is advisable for 3; 4; 5; 6; 7,
8;9; and 10 cutting elements.;

- V — shaped arrangement is effective for 3; 5; 7; 9
cutting elements;

- A — shaped arrangement is effective for 7 cutting
elements;
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- chessboard arrangement is effective for 3 cutting
elements;

- chessboard, trapezoidal, and inverted trapezoidal
arrangements are not the best options for reducing trac-
tion efforts.

1.2. For the equipment where the outer side working
organs perform asymmetrically-blocked cutting:

- arranging the cutting elements at an angle is effec-
tive for 4; 6; 8; 10 cutting elements;

- chessboard arrangement is effective for 3; 4; 5;7; 9
cutting elements;

- A — shaped arrangement is effective for 3; 5; 7; 9
cutting elements;

- trapezoidal arrangement is effective for 4; 6; 8; 10
cutting elements;

- V—shaped, inverted trapezoidal, and mirror chess-
board arrangements are not optimal for reducing trac-
tion efforts.

2. The traction force for the soil development pro-
cess through the arrangement of cutting elements (rela-
tively narrow and relatively wide) in quantities from 3 to
10 at a single soil development level (up to the critical
level) when placing the cutting elements in a row can be
minimized as follows:

2.1. For the equipment without asymmetrically
blocked cutting:

- for relatively narrow cutting elements (b/h =
=0.25—1): 37 % for (b/h = 0.25); 33 % for (b/h = 0.5);
27 % for (b/h =1);

- for relatively wide cutting elements (b/h = 2—4):
19 % for (b/h =2); 14 % for (b/h = 3); 10 % for (b/h = 4).

2.2. For the equipment where the outermost working
elements perform asymmetrically blocked cutting:

- for relatively narrow cutting elements (/A =0.5—1):
32 % for (b/h = 0.5); 27 % for (b/h = 1); for (b/h =0.25)
soil development occurs beyond the critical cutting
depth, so these data were not considered;

- for relatively wide cutting elements (b/h = 2—4):
19 % for (b/h =2); 14 % for (b/h = 3); 11 % for (b/h =4).

3. Analyzing the productivity of working equipment
with different cutting element arrangements, the follow-
ing conclusions can be made:

3.1. For the equipment without asymmetrically
blocked cutting: staggered of cutting elements is suitable
for 3,4, 5,6,7,8,9, and 10 elements; Mirrored stag-
gered arrangement is appropriate for 4, 6, 7, 8, 9, and
10 elements; A — shaped arrangement is recommended
for 3, 5, and 7 elements. These arrangements are the
most productive compared to the in-line arrangement.

3.2. For the equipment where the outermost working
elements perform asymmetrically blocked cutting: stag-
gered arrangement of cutting elements is suitable for 3,
4,5,6,7,8,9, and 10 elements; mirrored staggered ar-
rangement is appropriate for 4, 6, 8, 9, and 10 elements;
A — shaped arrangement is recommended for 3, 5, and 7
elements. These arrangements are the most productive
compared to the in-line arrangement.

4. The productivity of soil-developing equipment
can be maximized by arranging relatively narrow cutting
elements (b/h =0.25 — 1) and relatively wide cutting ele-
ments (b/h = 2—4 in quantities ranging from 3 to 10 as
follows:

4.1. For the equipment without asymmetrically
blocked cutting:

- for relatively narrow cutting elements (b/h =
=0.25—1): 31 % for (b/h = 0.25); 27 % for (b/h = 0.5);
23 % for (b/h = 1);

- for relatively wide cutting elements (b/h = 2—4):
17 % for (b/h =2); 13 % for (b/h = 3); 10 % for (b/h = 4).

4.2. For the equipment where the outermost working
elements perform asymmetrically blocked cutting:

- for relatively narrow cutting elements (b/h =0.5—1):
28 % for (b/h =0.5); 23 % for (b/h = 1); for (b/h =0.25),
soil excavation occurs at a depth exceeding the critical
cutting depth, so this data was not considered;

- for relatively wide cutting elements (b/h = 2—4):
17 % for (b/h =2); 13 % for (b/h = 3); 10 % for (b/h = 4).

5. Asthe ratio (b/h > 4) increases, the effectiveness of
changes in cutting conditions to reduce cutting force
and enhance equipment productivity significantly de-
creases. This implies that for the equipment with multi-
element working bodies, optimizing the working process
becomes less relevant at such high ratio values.
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OOrpyHTYBaHHS PalliOHAJIBHOI CXEMH
KOMIIOHYBAHHSI I'PYHTOPO3POOHOro 00,1aIHAHHS

b. I. Cmenaniok™, O. I1. JIyk’snuyk, O. B. Inrouok
HauioHnanbHuMii yHiBEpCUTET BOJHOTO TOCIOJAPCTBA Ta MPU-
polnokopucTyBaHHs, M. PiBHe, YkpaiHa
* ABTOp-KOpecnoHIeHT e-mail: b.i.stepaniuk@nuwm.edu.ua

Meta. BuzHaueHHsI ONTUMaJIbHOTO COCO0Y KOM-
TMOHYBaHHS 6araToejleMeHTHOTO PoOOYOro obJagHaH-
Hsl, 110 3a0e3reuye MiHiMaJIbHi TATOBI 3yCUJIS TTiJ] yac
PO3POOKHU POIOBMUIIL, PO3TAIIIOBAHUX ITOOJIU3Y MOBEPX-
Hi 3emuIi.

Metoauka. BukopucraHi aHaIiTUYHI METOIU PO3-
paxXyHKy 3yCWIb pi3aHHS IPYHTOBOTO CEPEIOBUIIA
IPYHTOPO3POOHMMH POOOYMMH OpraHaMM, METOIU
KoMIT'1oTepHOro 3D-MomenmtoBaHHA I aHANI3y y IIPO-
rpamax Tuity CAITP, MeToau ekcriepuMeHTaIbHUX 10-
CJIiTKEHb.

Pesyabrat. BectaHoBIIeHO, 1110 3MiHA MPOCTOPOBOI
CXEMHU PO3MIIlIEHHS PiXYy4HUX €JIeMEHTIB, MOPiBHSIHO i3
PSITHUM KOMITOHYBaHHSIM, TO3BOJISIE CYTTEBO 3MEHILIN -
TU TSITOBI 3yCWJUISI Y MiABUIIMTU MPOLYKTUBHICTh 00-
JnagHaHHs. [ng pobounx opraHiB 0e3 acMMETPUYHO-
OJIOKOBAHOTO pi3aHHS HAOINIbII e(PEKTUBHUMU ILIOJA0
3HUKEHHSI TSTOBUX 3YCWIb € KyTOBe, V-mnomioHe,
A-TI01i0HE Ta 13epKaJibHE 111aX0Be PO3MillleHHSI, TOMI SIK
IJIs1 00JIamHAHHST 3 ACUMETPUYHO-0JIOKOBAHUM pi3aH-
HSIM — KYTOBE, 11axoBe, A-TIo/1i0He Ta TpaneuienoaioHe
KoMmnoHyBaHHs. [loka3zaHo, 110 omnTUMI3allis reoMe-
TPUYHUX MAapaMeTPiB PiXKYyUUX €JIEMEHTIB Y JOKPUTUY-
Hilt obmacri pizanHs (b/h = 0,25—1) 3a0e31euye MaKCcH-
MaJIbHUI e(deKT: 3MEHILEeHHS TATrOBOTO 3YCUJUIS 10
37 % i ninBuILleHHST TpoayKTUBHOCTI 10 31 %. 3a 3poc-
TaHHS CMiBBITHOWIEHHS b/h e(DeKTUBHICTh ONTUMIi3aLii
3MEHIIYEThCS, a IpU b/h > 4 cTae ManoeeKTUBHOIO.

HaykoBa HoBH3HA. YTiepiile KOMIUIEKCHO BCTaHOB-
JIEHO BIUJIUB IIPOCTOPOBOIO KOMITOHYBaHHSI, KiJIbKOCTI
(3—10) i1 reOMETPUIHUX ITAPAMETPIB PIKYINX eIIEMECH-
TiB Ha €EHEPreTUYHI Ta MPOAYKTHUBHI MOKa3HUKHU Oara-
TOEJIEMEHTHOTO  I'PYHTOPO3POOHOrO  OOJamHAHHS
3 ypaxXyBaHHSIM PEXUMiB pi3aHHS, OOTpYHTOBaHi MexXi
edexTrBHOCTI onTMMi3allii 3a criiBBiqHOIIEHHSIM (b/h)

IIpakTuuna 3Haunmicts. OTpUMaHi pe3yabTaTu MO-
KyTb OYyTM BUKOPUCTaHi MPU MPOEKTYBaHHI I Moaep-
Hi3allii IpyHTOPO3pOOHOro OOJamHAHHS 3aUlsl 3HU-
JKEHHSI €HEeproBUTPAT, MiABUILEHHS MPOAYKTUBHOCTI
1 e()eKTUBHOCTI eKCIITyaTallii MalliH.

Kmouosi cioBa: pozpobka podosuuy, pixcyui enemen-
mu, ymMo8u pi3aHHs, KOMHNOHYBAHHS, 3HUICCHHS 3YCUNISA,
eHepeoegheKkmusHicms
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