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Inmencugpixauin cinvcvrozocnodapcoko-
20 6UPOOHUUMBA 6 CYMACHUX YMOBAX nepeo-
Oauae 3acmocysanis HaOnOMy*cHUX MooLb-
HUX mexmuiunux 3acoo6is, w0 npu3eooumv 00
nioeuwenH Pi6HI6 MeXH02eHH020 6NIUBY HA
TpyHm i, AK HACAIO0K, NO2ZIPUEHHS 11020 PO-
oouocmi. Tomy, nailaxmyanvriwuil 3anum
CYUACHO20 ApapHoz0 6UPOOHUUMBA CRPAMO-
6anuill Ha 6UPIUEHHS NPOOIIeMU NOKPAUEHHSL
eKCNIYamayitinux noKasnukie pobomu xomuic-
HUX X0006UX cucmeM MOOINbHUX MEXHIMHUX
3acobie. Ile cnonyxae 00 neodxionocmi ana-
Jmuuno020 00caidxcenna npovuecie dedopmy-
6aHHS TPYHMY Ni0 eNACMUMHUMU DYWIIMU
MOOIILHOT KONICHOT MeXHIKU CilbCbK020CNO0-
0apcvK020 NpuHAUeHHs.

3anpononosana memooduxa epado-anani-
MUUHO20 NOEMANHO20 MOOENI0BAHHS NPOUECY
depopmyeanns rpynmy nio nHesmamuuHu-
MU wunamu pyuiie MooinbHoiL cinbCcbKo20Cno-
odapcoioi mexmniku 3 Ypaxyeammam 3MiHi0-
eanoi popmu enacmuunoi 060NOHKU WUHU.
Buxopucmanns 6ionogionux epadivnux mooe-
Jietl 003601€ noemanto 00CaAi0Ncysamu npo-
uec YywinivHeHHs TPYHmy y npoini ymeopio-
eanoi Hum xonii. Bcmanoeneno, wo 6 30mi
KoHmaxmy «0e@opmosanuil rpynm — nogepx-
HA eacmuni020 KoicH020 pyuis MoOLNbH020
3aco0y»> Haleuwuil pieHsv YWiNbHEHHA CRO-
cmepizaemvcs 6 wapi rpynmy, axuii 6esnoce-
PEOHLO KOHMAKMYE 3 eNACMUMHUM DYUWIEM.
Dwobuna nepeywinvrenozo wapy rpynmy na
«OHi Koaii» 3anexcumv 6i0 Munoposmipy
WUHU KOJIICHO20 pYuwlis i He nepesuulye 3na-
uenns 0,075 wupunu wunu. Havieuwuii pisens
nepeywjiioHenns TPYHmMy Cnocmepizacmucs
8 30Mi, aKa € 0e3nocepeobo Npune2nor 00
oci xonii. Busnaueno, wo naiitnedesneuni-
WOt KOHCMPYKUIEI0 NHEBMAMUUHOT WUHU,
3 mouKu 30pYy nepeywjitoHeHHs TPYHMY 6
Koaii, € popma enacmuunoi 0600HKU WUHU,
aKka onucyemovcsa kpusoro oeany Kaccini
3 womupma mouxamu nepezuny. Oxpecneno
xapaxmepii 0cooaus0Cmi pexomenoauiti w000
BU3HAUEHHS eKCNIYAMAUTIHUX 3HAMEHb POHO-
%020 MUCKY Y WUHAX 3ATEHCHO 610 KOHKpem-
HUX (Qi3uKo-mexaHivHux ma azpomexwoJo-
2iuHUX eaacmusocmeii Tpynmy i xapaxmepy
BUKOHYBAHUX MEXHOI02IUHUX ONePauill
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1. Introduction

acceleration of energy saturation of technological processes

The most characteristic feature of intensification of ag-
ricultural production under modern conditions is the stable

in plant growing, which predetermines the use of super po-
werful mobile technical means, whose mass per unit will grow
further. This leads to the intensification of anthropogenic



impact on the fertile layers of soil, which reduces their
fertility: their natural structural organization is overcom-
pacted, water-air soil regime is disrupted, the physical,
chemical, technological properties deteriorate, etc.[1-3].
The above renders special significance to one of the most
urgent problems in modern agrarian production, which
relates to improving the technological indicators in the ope-
ration of running systems of wheeled mobile agricultural
machinery.

It is possible to resolve this task on the condition of
solving the problem related to reducing the levels of com-
pacting action on agricultural soils by wheeled agricultural
machinery to the agrotechnological permissible values [4—6].
To this end, in addition to applying results from experimental
research and to employing practical experience of using mo-
bile wheeled agricultural machinery, it is necessary to devise
the scientifically grounded methods to analytically study the
interaction between wheeled movers and soil. These methods
should be based on the results from theoretical and experi-
mental research into interaction between soil and the elastic
equipment of agricultural machinery movers. And should
form the basis for constructing algorithms aimed at designing
modern wheeled movers.

Thus, solving the issue of improving the technological
indicators in the operation of running systems of wheeled
mobile farming machinery necessitates analytical study of
processes of soil deformation under the elastic movers of
mobile wheeled agricultural machinery.

2. Literature review and problem statement

It was established in work [7] that investigating the
mechanical and mechanical-technological properties of soils
implies their phenomenological idealization, which comes
down to the linearization of these properties. This relates to
the stability of rheological coefficients during their defor-
mation, and, therefore, completely eliminates the variability
of elasticity and plasticity modules, coefficient of transverse
deformation, the structural strength limits, etc. [8, 9].

Phenomenological modelling of soil deformation proces-
ses with the idealized mechanical-technological properties
employs different models of rheological bodies, most ac-
ceptable of which is the rheological elastic-plastic Prandtl’s
body [10, 11], whose model is shown in Fig. 1.
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Fig. 1. Prandtl’s rheological body and a corresponding
diagram of its deformation: Pr —constructed Prandtl’s body;
H — simple rheological Hook’s body; StV — simple rheological

Saint-Venan body; P — external load; €, and €., — plastic
and elastic components of deformation

The Prandtl’s rheological body is composed of two sim-
ple rheological bodies, Hook’s body (H) and Saint-Venan
body (S,V), and is described by structural formula:

Pr=H-SV. (1)
A characteristic feature of the rheological Prandtl’s body
is that at stresses less than 6,=6,, (1,=1,,) one observes an

elastic character of its deformation, and under larger stresses
the body performs as a plastic medium (Fig. 2).
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Fig. 2. Idealized advancement of Prandtl’s diagram

It was established by a study [12] that actual soils under-
go structural rearrangement in the process of deformation.
Namely, there is an increase or decrease in density, disruption
of internal bonds in varying degrees, and, consequently, there
is a change in the rheological coefficients of a soil environ-
ment in general. At the same time, the change of rheological
coefficients depends not only on the absolute magnitude
of deformations, but on the deformation rate as well. Con-
sequently, the processes of soil deformation are essentially
physically nonlinear processes. Physical nonlinearity of the
processes of soil deformation predetermines the need to
apply the rheological quasi-linear equations with adjust-
able coefficients [10]. It was established in work [13] that
the physical nonlinearity of soil deformation predetermines
geometric nonlinearity, which implies the existence of defor-
mations of second and higher orders of smallness, for cases of
macro-deformation of soil. In turn, the physical nonlinearity
of soil deformation is determined by the absence of linear
connection between stresses and deformations and the rate
of deformation. The presence of deformations of second and
higher orders of smallness requires a transition to considering
the states of final deformations of geometric parameters for
the deformed environment, as described in papers [8, 11].

The geometric nonlinearity of the processes of soil defor-
mation under the movers of mobile machinery predetermines
the need for a graph-analytical study of the deformation dy-
namics not only of the deformed environment (soil) but the
elastic 2,9, 14] deformer (mover). In this case, the dynamics
of a contour of contact surfaces of soil and the elastic mover
sheath can be considered to be a certain generalization of the
geometric characteristics of shape change in the soil microre-
lief under the mover of a mobile technological vehicle.

It was established in [14] that under the condition for an
absolute elasticity of a mover’s material, the most rational
shape of its sheath is the equally stressed ovaloid of equal
pressure, whose size ratio corresponds to the condition of
being «fold-free» [15]. The condition of being «fold-free»
is the basic limiting constraint in the geometric modelling
of elastic sheaths [14]. The specified modeling condition is
met by the family of Cassini ovals [16]. A feature of these flat
curves is that the Cassini ovals (Fig. 3) outline the meridian



of an equally stressed surface of the potential field of pressure
forces of compressed environment, which is located inside a
deformed elastic sheath.
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Fig. 3. Cassini oval

The Cassini ovals, at certain predefined values of con-
stants, are separate cases of the Perseus’s curves, that is the
algebraic lines of fourth order, for which the axes of coordi-
nates are the axes of symmetry:

(x2+y2)2—202(x2—yz)—(a4—c4)=0, 2)

or, in polar coordinates:

p’=c? COSZ(pi\/C4 cos® 2(p+(a4—c4), 3)

where ¢ is the distance from a coordinate origin to the fo-
cus (Fig. 3); a is a parameter derived from:

a=|MF|x|MF,|. (4)

The geometric definition of a Cassini oval can be formu-
lated as follows: point M of a plane rests on the curve if the
product a of its distances to the fixed points F; and F, is con-
stant while coordinates F; and Fy are Fi(c, O) and Fy(—c, O).
Thus, the shape of the curve of a Cassini oval is dependent on
ratio a/c, and the spatial equations based (2) and (3) are the
mathematical models of elastic «fold-free» sheaths.

It follows from our analysis that the processes of soil de-
formation are nonlinear and are described by the rheological
quasi-linear equations. The coefficients of these equations
are not clearly defined, which complicates deriving adequate
results from analytical modeling of soil deformation. There-
fore, there is a need to conduct a graph-analytical study
considering the states of final deformations of geometric pa-
rameters of the deformed environment. Subsequent modeling
of a transverse vertical cross-section of the contact area
«soil — the surface of an elastic wheeled mover of a mobile
vehicle» is possible by using the contour of Cassini ovals at
different ratios a/c. At the same time, it is possible to obtain
the formalization of a profile of elastic «fold-free» sheaths,
which could reduce pressure on soil from wheeled movers.

3. The aim and objectives of the study

The aim of this study is the structural and technological
optimization of a transverse vertical cross-section of the con-
tact area «soil — the surface of an elastic wheeled mover of the
mobile vehicle». This would make it possible to reduce the

levels of technogenic stress on soil from the wheeled movers
of mobile agricultural machinery.
To accomplish the aim, the following tasks have been set:
— to build a graph-analytical model and a corresponding
modeling procedure of the process of a layer-wise shape
change (deformation) in soil under the movers of mobile
wheeled agricultural machinery with elastic peripherals;
—to define the basic geometric parameters that deter-
mine the character of soil environment deformation under
a deformer outlined by the meridians of an equally stressed
surface of the potential field of pressure forces of the com-
pacted environment, located inside a deformed elastic sheath;
— to establish, based on the generalization of results from
modeling the process of a layer-wise shape change (deforma-
tion) of soil under the movers of mobile wheeled agricultural
machinery with elastic peripherals, the generalized require-
ments to the structural-technological parameters of the
movers equipped with pneumatic tires.

4. Substantiation of the method for a graph-analytical
study of transverse soil profile deformation

According to the geometric definition of the Cassini
oval, the shape of the contact profile «soil — the surface of an
elastic wheeled mover of a mobile vehicle» is determined by
the a/c ratio. At the same time, the characteristic value of
this ratio, which defines two types of the shape of a fourth-
order curve is [16]:

%=J§z1.41. (5)

At the values of a/c exceeding the magnitude /2, the
Cassini ovals are transformed into a regular convex oval,
which at the further increase in the a/c ratio is approaching
the shape of a circle with radius a. By decreasing the value
of a/c to the magnitude 1.0, a Cassini oval degenerates to
a Bernoulli lemniscate [16]. Thus, the boundaries of the geo-
metrical model of the profile «soil — the surface of an elastic
wheeled mover of the mobile vehicle» can be determined from:

1

L4z, (6)
C

where 1<n<oo,

Table 1 gives the value of parameter n, according to de-
pendence (6), and the established corresponding values of
the a/c ratio for Cassini ovals.

Table 1

Values for the a/c ratio chosen to construct graphic
models of the vertical transverse cross-section
of the contact’s profile «soil — the surface of an elastic
wheeled mover of the mobile vehicle»

Value of parameter n 1.2 1.5 2.0 3.0 10.0

Value of ratio a/c 1.7 1.6 1.4 1.2 1.1

Based on the data given in Table 1, we propose a diagram
of the layer-wise deformation of the transverse lateral soil
profile by an elastic wheeled mover of the mobile vehicle,
which is shown in Fig. 4.



a/c=1.7

Fig. 4. Schematic of the layer-wise deformation
of the transverse soil profile by an elastic wheeled mover
of the mobile vehicle

We adjusted the model of the layer-wise deformation of
soil profile in the contact area «soil — the surface of an elastic
wheeled mover of the mobile vehicle» based on the distribu-
tion of stresses in line with the symmetrical channel model
by I. I. Kandaurov [10], which is shown in Fig. 5.

If one assumes P=1, the values of efforts perceived by each
subsequent layer that is at a single distance from a deformer
would equal (1/2)" (Fig. 5). In this case, the soil layer which
is in contact with the deformer is considered to be zero.

Schematic of the implementation of a discrete layer-
wise modeling of the deformation of a transverse profile of
the soil layer under an elastic mover of the mobile vehicle is
shown in Fig. 6.

The scheme implies the development of a set of graphic
models at five key points, which were determined based on
the value of the a/c ratios (Table 1) and (1/2)" (Fig. 5).
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Fig. 5. Distribution of stresses in the symmetric channel
model: P — force applied to a soil layer in contact with
a deformer; n — a soil layer’s serial number
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Fig. 6. Schematic of implementing a modelling
experiment to study the deformation of a soil profile in the
contact area «soil — the surface of an elastic wheeled mover
of the mobile vehicle»; ® — direction of mover rotation

Specifically:

— at point 1 following the contact between a mover and a
soil surface at a/c=1.7 and (1/2)"=1/32;

—at point 2 at a/c=1.6 and (1/2)"=1/16;

—at point 3 at a/c=1.4 and (1/2)"=1/8;

—at point 4 at a/c=1.2 and (1/2)"=1/4;

— at point 5 where the contact «mover — soil (track bot-
tom)» is broken at a/c=1.1 and (1/2)"=1/2.

5. Results from simulating a layer-wise soil compaction
inside a track under an elastic mover of the mobile vehicle

5. 1. Modelling values of the levels of layer-wise soil com-
paction in a track under an elastic mover of the mobile vehicle

The results of graphic simulation to study the deforma-
tion of a soil profile in the contact area «soil — the surface of
an elastic wheel mover of the mobile vehicle», performed in
accordance with the scheme of model experiment implemen-
tation (Fig. 6), are shown in Fig. 7.

It was established, based on the results from graphic
modeling of the soil profile deformation process in the con-
tact zone «soil — the surface of an elastic wheel mover of the
mobile vehicle», that the highest level of soil compaction is
observed in the layer directly in contact with a deformer (an
elastic mover). Thus, in particular, if we determine the le-
vel zy of compaction of the soil layer in contact with the mo-
ver in the track as z;=1, the level of compaction z, in the n-th
soil layer will be determined in accordance with the scheme
of implementation of the model experiment shown in Fig. 6:

a -1 1 n
('

where a/c is a geometric parameter that defines the side
shape of a deformer (the mover) as a Cassini oval.

The values of levels z, of the layer-wise soil compaction
in a track under an elastic mover of the mobile vehicle, deri-
ved from (7), are given in Table 2 and marked in Fig. 7 as z-k.

The geometric modeling scale u was determined in accor-
dance with Fig. 7; it equals:

hy
pu=-"=0.025, 8
b (8)

where Ay is the depth of the considered soil layer, mm; b is the
width of an undeformed elastic tire of a mover, mm.
According to Fig. 8, the strength of the soil crust at the
bottom of the track, formed after a single run of the mobile
vehicle, does not exceed 0.025b. At the same time, the total
depth of the compacted soil layer does not exceed 0.075,
which perceives more than 95 % of the total load on the soil.
It was established that the profile of the formed soil crust
at the bottom of the track, which is formed by the mover of the
mobile vehicle, is variable in width and can be sufficiently reli-
ably described by an exponential function in the form (Fig. 9):

hz—b-exp{—(ﬁ~x)2}, 9

where b is the track’s width, mm; x is the horizontal coordi-
nate along the bottom of the track with a coordinate origin
along the mover’s axis; 00 is a parameter that generalizes
the rheological properties of a specific soil (module of elas-
ticity, ductility module, transverse deformation coefficient,
structural strength limit).
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Fig. 7. Graphic models of soil deformation in the contact zone «soil — the surface of an elastic wheel mover
of the mobile vehicle»: a — a/c=1.7,(1/2)"=1/32; b—a/c=1.6,(1/2)"=1/16; c— a/c=1.4,(1/2)"=1/8;
d—a/c=1.2,(1/2)"=1/4; e—a/c=1.1,(1/2)"=1/2

Table 2

Values of levels zn of the layer-wise soil compaction
in a track under an elastic mover of the mobile vehicle

Geometric parameter of the | Value of layer- Level z, of soil
shape of a deformer (mover) | wise stress distri- | compaction
a/c (a/c)! bution (1/2)" (a/c)(1/2)"
1.0 1.0 1.0 1.0
1.1 0.909 0.500 0.455
1.2 0.833 0.250 0.208
1.4 0.714 0.125 0.089
1.6 0.625 0.063 0.039
1.7 0.588 0.031 0.018
1.9 0.526 0.016 0.008
z
1.0
0.8
0.6
0.4
0.2
n
0 1 2 (3 4 |5 6 |7
h
0.025b | 0.075b 0.125b | 0.175b
0.050b  0.100b 0.150b

Fig. 8. Histogram of soil compaction distribution for depth A
from an elastic wheeled mover of width b

In this case, as a separate case, equation (9) takes the
form of a Gaussian curve — the curve of normal distribution,
as evidenced by the results of numerous number of field ex-
periments [10]:

h=———exp{-{052-4) .

oon 10

h<0.025b

h )
Fig. 9. Profile of soil crust at the bottom of the track formed
by an elastic mover of the mobile vehicle

Changing a shape of the contact line «soil — the surface
of an elastic wheeled mover of the mobile vehicle» in the
vertical transverse plane of the soil profile, predetermined by
a decrease in the a/c parameter from a/c=1.7 to a/c=1.1,
leads to an increase in the contact width & from 0 to 1.320.

5. 2. Defining basic geometric parameters of the cha-
racter of soil environment deformation

Based on the results from graphic modelling of soil pro-
file deformation in the contact zone «soil — the surface of an
elastic wheeled mover of the mobile vehicle», we built a his-
togram in cyclic coordinates a/c~b~h~z, shown in Fig. 10.

A characteristic feature of the curve of contact «soil — the
surface of an elastic wheeled mover of the mobile vehicle»
with parameter (a/c)<+/2 is the existence of four inflection
points, which predetermines a significant intensification of
transverse displacements of the structural elements of the
soil environment. If the parameter (a/c) value is less than the
magnitude (a/c)<~/2, there is a change in the characteristic
features of this curve (Fig. 11).

The transverse deformation of soil under a mover of the
mobile wheeled vehicle leads to the intensification of a track
formation process and the formation of the overcompacted
crust at the bottom part of the track with the profile shown
in Fig. 9. The following condition is the start of the process of
intensification of the formation of a track of depth 7,,;, under
a mover of the mobile vehicle (Fig. 12):
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(phmin > 60’

where 6 is the angle of internal soil friction for specific
physical and mechanical and agro-technological properties;
Onmin is the angle between the tangent to the contact line’s
curve «soil — the surface of an elastic wheeled mover of the
mobile vehicle» at point M and a horizontal surface of the soil.
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Fig. 10. Histogram of parameters’ functional relation:
(a/c) — shape of an elastic mover; b — width of a deformed
elastic tire of the mover; A — depth of the considered soil
layer; z— level of layer-wise soil compaction in a track under
an elastic mover of the mobile vehicle

\\1 / \z/fb—f\fj

Fig. 11. The character of changes in the shape of contact line
«soil — the surface of an elastic wheeled mover of the mobile
vehicle» at different values of parameter (a/c):

a— (a/c)>\/§; b— (a/c)<\/§; 1, 2, 3, 4 — inflection
point of the curve

In this case, the tangent to the curve of contact line
«soil — the surface of an elastic wheeled mover of the mobile
vehicle» at point M is determined as a perpendicular to sym-
median MS of triangle AF;MF,, formed by point M and the
focal points of Cassini oval F; and F,.

We assessed the adequacy of the devised graphic models
based on the comparison of the measure of the principal part
of deformation using the experiment results and the measure
of the principal part of deformation according to the criteria
by Genkie and Swinger [10]:

— measure of the final (principal) part of deformation
by Genkie:

e’ =Inh=(A=1)——(A=1)" +=(A=1)"-..

1 1
- = 12
3 3 (12)

—measure of the (final) principal part of deformation
by Swinger:

8“'=1—%=(X—1)—(X—1)2+(k—1)3—... (13)
where A is the principal part of deformation, which is deter-
mined from:

A=—,
ly

(14)
where [y is the initial geometric size of the considered ele-
ment (a soil layer) before deformation; / is the resulting
geometric size of the considered element (a soil layer) after
deformation.

As indicated in [10], the measures of the principal part
of deformation by the criteria of Genkie and Swinger are
the most acceptable criteria to estimate a shape change in
viscous-plastic environments during their deformation. In
this case, if we determine the measure of the principal part
of deformation according to the Cauchy &€ criterion as =1,
then the measure of the principal part of deformation by the
criteria of Genkie e/ and Swinger €5 will equal:

e“ =100 %,
e/ =66 %, (15)
e’ =50 %.

The € measure of the principal part of deformation was
determined, based on the results of model experiment, from:

GG

ef = 11100 %, (16)

6]
)]

is the value z, for the magnitude of shape change (compac-
tion) of the considered &-th layer of soil of depth #;

6]

c)\n

-1

is the value z, for the magnitude of shape change (compac-
tion) in the above located (k—1)-th layer of soil of depth #.
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3
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Fig. 12. Geometrical determination of track depth A

under a mover of the mobile wheeled vehicle:

min

OS — median; MS — symmedian of triangle AF{MF,



The final data from comparative estimation of the ade-
quacy of results of the model experiment on the deformation
of soil in the contact area «soil — the surface of an elastic
wheeled mover of the mobile vehicle» are given in Table 3.

Table 3
Level of adequacy of simulation results (%)
by the criteria of Genkie and Swinger

Defor- | Defor- | Defor- | Level of adequacy
Shape change | mation | mation | mation of simulation
parameter | measure | measure | measure results, %
(a/c)-(1/m)~'| by by from ex- by by
Genkie | Swinger | periment | Genkie | Swinger
1.0
0.455 0.545 82.6 91.0
0.208 0.543 82.3 91.4
0.089 0.66 0.50 0.572 86.7 85.6
0.039 0.562 85.2 87.6
0.018 0.539 82.7 92.2
0.008 0.556 84.2 89.8

Table 3 gives the analysis of data on estimating the adequa-
cy of a model experiment on soil deformation in the contact
zone «soil — the surface of an elastic wheeled mover of the
mobile vehicle». The assessment results indicate an adequate
level of confidence probability (82.3-86.7 % by the Genkie
criterion e’ and 87.6-92.2 % by the Swinger criteria £) of the
results from a graph-analytical study into the nonlinearity of
soil deformation. In this case, it should also be noted that the
indicators of a soil deformation measure, obtained based on
the experimental results, are somewhat smaller than the Gen-
kie criterion € and do not substantially exceed the Swinger
criteria €%, This indicates the reliability of the obtained results.

6. Discussion of results from studying the minimization
of technogenic pressure on soils by wheeled movers
of mobile technical vehicles

A special feature of the proposed methodology for the
graph-analytical modelling of layer-wise shape change in soil
under movers with an elastic periphery of the mobile wheeled
agricultural machinery is the possibility to study the dyna-
mics of soil compaction and the process of forming a track in
a viscous-plastic deformed environment. This is the diffe-
rence between the above results and the results from earlier
studies that registered information only about the final result
of the soil compaction process and the properties of a micro-
relief in the presence of an already formed track. All the
results in the graph-analytical modelling of soil deformation
in the contact zone «soil — the surface of an elastic wheeled
mover of the mobile vehicle» were obtained in the intensive
form. This makes it possible to generalize the results obtained
for a wide range of wheeled movers of mobile agricultural ma-
chinery without a limitation imposed by a specific dimension
of a pneumatic tire for different movers.

In the process of implementation of the graph-analytical
study of the character of deformation of a viscous-plastic soil
environment we have established three characteristic, diffe-
rent and distinct, stages in the shape change of an elastic de-
former. The stages of shape change are described with a high
level of confidence by an algebraic line of fourth order in the
form of a Cassini oval (Fig. 13).

(2

7

Fig. 13. Three characteristic stages in the deformation
of an elastic sheath of the pneumatic tire of a mover of the
mobile technical vehicle: 1, 2, 3 — stages in the deformation
of an elastic sheath of the tire with a distinctive distinction

of the shape of a contact line’s profile «deformer —
deformed environment»

A change in the shape of the contact line of the profile
«deformer — deformed environment» in the deformation
of soil by a pneumatic elastic mover of the wheeled mobile
vehicle occurs at the following values of the geometrical pa-
rameter (a/c) for a Cassini oval:

— atransition from the shape characteristic of stage (1) to
the shape characteristic of stage (2) — (a/c)=/3=1.73;

— atransition from the shape characteristic of stage (2) to
the shape characteristic of stage (3) — (a/c)=~2=1.41.

It was established that the most dangerous shape in terms
of soil overcompaction in a track is the shape that is typical
of the third stage of deformation of the elastic sheath of the
pneumatic tire of a mover and is characterized by the value of
geometrical parameter (a/c)<«/§ <1.41 (Fig. 13).

Thus, it is important to comply with such structural and
operational parameters that would ensure operating condi-
tions for the tire of a mover with the geometrical parameter
of its elastic sheath (a/c)<~/2<1.41 (Fig. 3). In this case, the
requirement to minimize technogenic pressure on agricultu-
ral soils from the wheeled movers of mobile technical vehicles
equipped with pneumatic tires (Fig. 14) will be fulfilled.

T
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Fig. 14. Tire of a wheeled mobile technical vehicle:
a — tire design; b — profile of a tire’s elastic sheath,
simulated by a Cassini oval

This requirement should be observed both at the stage
of development and design of pneumatic tires for wheeled
movers of mobile agricultural machinery, and at the stage of
their operation when compiling normative documents.

The proposed graph-analytical method to study the
character of soil deformation under the movers of mobile
vehicles makes it possible to obtain the generalized parame-
ters for wheeled movers. In order to relate them to a specific
dimension of a pneumatic tire, further studies are required
aimed at optimizing the radial, tangential, and transverse
tire profile. In this case, it should be taken into account that
the choice of a working pressure in tires for different types
of soils is regulated by appropriate physical-mechanical and
agrotechnological properties of soils.



7. Conclusions

1. The proposed procedure for the graph-analytical staged
modelling of the process of soil deformation under pneumatic
tires of movers of mobile agricultural machinery makes it
possible to derive graphic models of the transverse vertical
cross-section of contact area «soil — the surface of an elastic
wheeled mover of the mobile vehicle». The resulting graphic
models were constructed based on the changing shape of the
elastic sheath of an ovaloid of equal pressure. That meets the
condition for its «fold-free» character, and makes it possible
to study, in stages, the process of soil compaction, including
in the profile of the formed track.

2.1t was established that in the contact area «soil — the
surface of an elastic wheeled mover of the mobile vehicle»
the highest level of soil compaction is observed in the soil
layer, which is in direct contact with a deformer (an elastic
mover). The depth of the overcompacted soil layer at the
«track bottom» is dependent on the dimension of a tire for
a wheeled mover and does not exceed the value of 0.075 of
the tire width. The highest level of soil overcompaction is

observed in the area adjacent to the track’s axis. The process
of track formation is directly connected with a change in
the character of shape of the contact line «soil — the surface
of an elastic wheeled mover of the mobile vehicle». It was
determined that the track formation depends not only on the
specific physical-mechanical and agro-technological proper-
ties of soil, which determine the angle of its internal friction,
but on the structural and operational characteristics of
a mover’s tire as well.

3. We have found the most dangerous shape of the profile
of a pneumatic tire, in terms of soil overcompaction in a track
that is formed by the tire of a wheeled mover of the mobile
technical vehicle. This is the shape described by the Cassini
oval with a certain ratio «the product of distances from the
fixed point of the periphery of the tire’s elastic sheath to the
points that are the focus of the oval» to the «focal distance»
of the same oval. The above ratio should not be greater than
J2=1.41. A given ratio is the defining characteristic in the
design of pneumatic tires for wheeled movers of mobile agri-
cultural machinery and the development of recommendations
to determine operational indicators of tires’ working pressure.
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