Ne 3 (114) Bibpauii 8 mexHiui

Shargorodskiy S.
Ph.D. in Engineering, Associate
Professor

Halanskyi V.

Postgraduate

Vinnytsia National Agrarian
University

Wapropoacskun C.A.

K.T.H., OOLEHT

MNanaHcbkun B. B.
acnipaHT

BiHHUUbKUU HayioHanbHUU
azpapHull yHisepcumem

ma mexHorsoeisix
2024

YK 62-82; 62-85; 658.286
DOI: 10.37128/2306-8744-2024-3-7

DEVELOPMENT THE MATHEMA-
TICAL MODEL OF THE PROCESS
OF STRIPED SOIL TREATMENT
BY THE METHOD OF DISCRETE
ELEMENTS

The paper describes the general characteristics of the
Strip-Till technology, its application and the design of Strip-Till
cultivators, talks about the prospects of this technology, describes
the advantages and disadvantages of the technology and
highlights the ways of implementing the technology.

Each technology has its advantages and disadvantages
and specifics of implementation - Strip-Till is no exception. In some
farms, the technology is implemented quite easily and proves its
effectiveness after harvesting and summing up, while in other
farms it may be the opposite. One of the many reasons for this
phenomenon is the design features of strip cultivators, which arise
from the creative flight of the developer and the specific agro-
climatic conditions for which these units are designed. The culture
of work and agrarian business in a particular region also has a
significant impact on some design features. For example, it is no
secret that the school of mechanical engineering in Europe and the
USA has many differences.

The article is devoted to the study of the interaction of the
working bodies of Strip-Till units with the soil using the discrete
element method. The paper considers modern aspects of the
application of Strip-Till technology in the world and Ukraine, its
advantages and disadvantages, and also analyzes methods for
modeling physical processes of soil cultivation.

Considerable attention is paid to the development of a
mathematical model of soil cultivation by the discrete element
method using Hertz-Mindlin contact models, which take into
account the adhesion and cohesion of particles. The article
provides a calculation algorithm, the main physical and mechanical
properties of soil particles, parameters for simulation, and also
presents the modeling results.

The proposed model allows predicting the dynamics of the
interaction of soil particles with working bodies, which will
contribute to increasing the efficiency and optimizing the operation
of Strip-Till units. The conclusions outline directions for further
research to improve the methodology and practical application of
the results obtained.

Key words: discrete element method, Hertz-Mindlin
model, Hertz-Mindlin theory, Poisson's ratio, Johnson-Kendall-
Roberts theory, damping

Introduction. Today, in addition to the
United States, strip-till technology is used in some
regions of Canada, as well as in Germany and
other European countries. Ukraine was no
exception, and domestic farmers are successfully
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working on strip tillage technology [1].

Also, this technology makes it possible to
successfully carry out root fertilization of plants
with the use of both natural and organic fertilizers
when using appropriate equipment. The
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advantages of this technology are the early spring
warming of strips of cultivated soil, the strip
application of fertilizers to the root zone of plant
growth, the reduction of soil compaction,
insignificant fuel consumption, the disadvantages
are the increase in the number of mice in the
fields, significant initial costs for the purchase of
equipment, the pesticide load on the soail, the
necessary increased accuracy of driving units [2].

In Ukraine, in recent years, especially
after the dry year of 2020, the Strip-Till technology
is also gaining more and more practical

implementation and demonstrating its
effectiveness.

Interesting fact: American farmer David
Hula (David Hula) in 2017, using Strip-Till

technology and irrigation, achieved an incredible
corn yield of 33.4 t/ha. And he won the National
Corn Yield Contest. And in two years, he renewed
his own record, growing 38.63 t/ha.

Analysis of recent research and
publications. The analysis of the conducted
studies of various calculation methods showed that
the finite element method (FEM) can be used for the
calculation of cohesive soils, which will make it
possible to obtain both strength characteristics and
information about the destruction and displacement
of the soil layer. The method of computational
hydrodynamics can be effective only for studying
the characteristics of overmoistened soils, which
significantly limits the range of soils studied. The
most universal and reliable is the method of discrete
elements, which makes it possible to reliably
estimate such parameters as the power and
qualitative characteristics of the soil cultivation
process (the nature of the mixing of soil layers, the
shape of the transverse profile, the degree of
loosening of the soil) [3].

The purpose and objectives of the
research. The purpose of this work is to develop
a mathematical model of the process of soil
cultivation using the method of discrete elements.
The next task of the work is the development of a
scheme of the stand for the implementation of the
proposed model of experimental research.

Research materials and methods:

Consider the process of soil cultivation
based on methods of modeling the behavior of
loose materials, in particular based on the method
of discrete elements, which is a balance of the
mechanical movement of a particle of loose

material.
dvi
miE= ml-b +ZFTU

d(l)i
L= Y T+ M),
where m; - mass of the i-th particle; v; -
velocity vector of the center mass; w; - angular
elocity vector; b - mass force vector; I; - moment
of inertia; F, - a force acting on a particle through
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contact with another particle; T, - the external
torque that occurs when the particles come into
contact; M, - rolling resistance moment.

Soil modeling by the method of discrete
elements is, first of all, the interaction of specific
particles with each other, during which the
deformation of the particles should occur. The
interaction of these particles occurs with the help
of contact models. The contact model defines the
normal and tangential components of the force
acting on the particles that collide. Often used are
linear and nonlinear Hertz models [4].

The method of discrete elements, based
on the fundamental laws of mechanics, eliminates
the shortcomings of models of continuous
(continuous) media.

The discrete material is formed from
individual N elastic particles of spherical shape
with radius R (Figure 1.a). The movement of each
i-th element (particle) is determined by the
coordinates of its center of gravity x_i and the
angle of rotation 6; around the center of gravity as
a whole element (i=1, ..., N).

;

d;;- overlapping particles
Fig. 1. Contact interaction of discrete
particles: model geometry (a); forces acting on
contact (b).

The system of equations of motion for
each particle in a rectangular Cartesian coordinate
system will be written as follows:

d?x;
i = F )
d2e; ,
Ii a2 = Mi(l = 1, ,N), (3)
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where t - time, m; - mass of the particle, I;
- moment of inertia.

Vectors F; are defined as the sum of the
forces acting on the contacts of the i-th and j-th
particles (including the force of gravity):

N
i=1,i%j

Fij +m;g,
Vector M; arises as a moment of forces F;;
relative to the center of the i-th particle:
(xi — x))F;

N N
i=1,i#j i=1,i#j

Surface forces F;; consist of frictional
forces F.;; and repulsion F,;;. The force of
repulsion arises between particles under the
condition of contact between the elements (6;; >
0) (Figure 1.a) and directed along the normal n;;
to the center of the ith particle (Figure 1.b). To
determine it, we use the viscoelastic collision
model:

Fnij = Fnij+ Fuijs (6)
where F;;; - elastic component; Fy,;-

viscous component.
According to J. Hertz, the elastic part of

the force F,;; is equal to:
[ 2
A Ri+Rj 5”’

where v; - Poisson's ratio, E; - modulus of
elasticity of the particle.

In the case of collision of a particle and a
rectilinear boundary, in formula (7) it is sufficient to
assume that one of the radii is equal to infinity.

The viscous component of the repulsive
force is determined from the ratio:

e _ 4 EiEj
i T 33(1-v2)Ej+(1-v?)E;

()

v..
n,ij

= YaMijtnj, (8)

where M;; - the mass of the particles is
given, u,;; - projection of the relative speed of the
collision point onto the axis n;;, ¥, - the damping
factor, which has the main effect on the speed
recovery factor after impact.

The force of friction F; ;; is directed against
the movement of the i-th particle relative to the j-
th, and its value is determined by the ratio:

Frij = —sin(ugi;) Feijtgoe 9)

where  uy;; contact point velocity
projection C; relative to the speed of the point C;
on the axis t;;, ¢, - angle of contact friction
between patrticles.

Thus, the system of differential equations
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of the second order is relatively unknown x;, 6; and
relations completely determine the motion and
collision of a set of elastic particles simulating a
discrete environment.

The method of discrete elements is
implemented both on a plane (Figure 2 a) and in a
three-dimensional coordinate system (Figure 2 b)

[4].

Soil modeling assumes that particles
undergo deformation during contact with each
other. The Hertz-Mindlin model [6] is most suitable
for describing this type of relationship.

Fig. 2. Implementation of the method of
discrete elements on the plane (a) and in the
three-dimensional coordinate system (b)

This model is non-linear and has a
number of advantages: in case of exceeding the
specified limit of the tangential force in the contact
area, sliding occurs, and as soon as the value of
the tangential force returns to the specified limit,
there is no sliding in the contact area.

In this model, it is assumed that during
contact, the particles will shift and overlap each
other by a given amount, thus simulating the
deformation of the medium (Figure 3).

This method of particle interaction can
also be called the "soft sphere model" [6].

In the soft sphere model, the modeling
process includes the following stages:

- setting the properties of particles and
equipment in the computing area;

- inserting patrticles into the computing area
by determining the position and speed,;

- detection of particle-particle and geometry-
particle contacts;

- - calculation of the force acting on each
particle, using the appropriate contact model,

- determination of particle acceleration
using Newton's second law, which is integrated
over time to determine new particle states such as
position and velocity. This process is repeated to
track the particle dynamics over a long period of
time until the desired result is obtained.
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E, , F; - normal contact force and tangential
contact force; A, B: centers of particles 1i 2; R,
R, - radii of the particle 1i 2; d - the distance
between the centers of the particles C; i C;; &, -
overlap zone between particles 1i 2; P - the
central point of overlap.

Fig. 3. Model of contact between particles

After analyzing the available contact
models of discrete elements, we came to the
conclusion that the Hertz-Mindlin contact models
are the most suitable for modeling the soil
environment as a viscous-elastic-plastic loose
body.

The Hertz-Mindlin contact model has
several varieties:

1. Model and theory of Hertz-Mindlin sliding
contact (without slipping);

2. Hertz-Mindlin model
binding particles;

3. Hertz-Mindlin cohesive contact model with
JKR (Johnson-Kendall-Roberts).

The Hertz-Mindlin sliding contact model
and theory (no slip) is a simulation model of the
MDE with a normal force based on the Hertz
contact theory and a tangential force based on the
Mindlin-Deresiewicz work. The contact between
granular cells is modeled by a spring-damping
system. The spring is the elasticity of the device.
Damping is the weakening of the force or the
object of dissipating the energy of motion. The
damping represents the inelasticity, and the
sliding block with the coefficient of friction
represents the friction between the elements. The
contact model between particle elements is shown
in Figure 3.

According to Hertz's contact theory [6], the
normal force F_n between particles is equal to
(Figure 3)

with adhesion of

4
F, =3 EVR'6},

1 1-v; 1-v

E* E, E, ’
! ! + ! (10)
R* R, R,

where E* - equivalent Young's modulus;
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R* - equivalent radius; &,, - normal overlap; E,, v,,
R, i E,, vy i R, - Young's modulus; Poisson's ratio;
and the radius of the contact spheres,
respectively.

Tangential force F, between particles is
determined

Fy = =56,
S, = 8G*VR*S,,

d= (Z (s = xa) (X — XA,i))%

(i=12), (11)

where F, - shear stiffness; S, - tangential

overlap; G* - equivalent shear modulus; x,; i x5,

- coordinates of the centers A and B of the particle

units, respectively; d - the distance between the
centers of two patrticles.

The contact stiffness between two
particles is modeled as a set of elastic springs with
a constant rate and shear stiffness at the contact
point (Figure 4). When two particles overlap, there
is a normal and a shearing contact force at the
point of contact that causes relative motion
between the two balls at each step of the
calculation. A parallel bond replaces the bond
between soil clods.

contact surface

PartA Part B

-~

parallel
connection

touch point

¥,

- - -

Fig. 4. Parallel connection on the
contact surface between two particles

The normal overlap of two contacting
particles is calculated as
611 :RA+RB_dI (12)
where R, i Rg - radii of particles A and B.

Stiffness coefficient of two particles in
contact

1

oL

ks = (5~ (13)

2

where k,, - coefficient of normal stiffness,
k, - coefficient of tangential stiffness.

The Hertz-Mindlin model with adhesion of
binding particles. In this model, the adhesion
between particles is taken into account - adhesion,
which is taken into account by the additional Hertz-
Mindlin force. This model is particularly suitable for
simulating the interaction of the working bodies of
tillage machines with the soil (Figure 5).
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Fig. 5. Calculation scheme of the Hertz-
Mindlin contact model

The interactions between the particles are
calculated using the Hertz-Mindlin contact model
using MDE software before the particles come
together during bond formation. After the bond is
formed, the force (F_nt) or torque (T_nt) on the
particle is set to 0 and calculated using the
following formulas:

OF, = —v, S, Ay, (14)
Fy = —v S AYy, (15)
STn = _wnst]lptv (16)
T, = —wSe3Pe, (17)

where A = 3,14R%; ] = (1/,)3,14R%; R, -
gluing radius; S, i S, - normal stiffness and
tangential stiffness respectively; f; - time step;
v, and v, - normal velocity and tangential velocity
of the particle, respectively; w, i w;- normal
angular velocity and tangential angular velocity of
the particle, respectively.

The connection between the patrticles is
broken when the normal and tangential stresses
exceed the specified values:

—E, 2M,
Omax T T RB;
Tomax < ‘TFt + % Ry (18)
Hertz-Mindlin  cohesive contact model JKR

(Johnson-Kendall-Roberts) takes into account the
effect of van der Waals forces in the contact area
and enables the user to model strongly adhesive
systems such as dry or wet materials. In this
model, the implementation of the normal elastic
contact force is based on the Johnson-Kendall-
Roberts theory presented in (Johnson, Kendal and
Roberts 1971).

The Hertz-Mindlin cohesive contact model
with JKR uses the same calculations as the Hertz-
Mindlin (no-slip) contact model for the following
types of forces:

- tangential force of elasticity;

- normal scattering power;

- tangential scattering force.

The normal force in the JKR model
depends on t
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F, 4./3,14vE §+—4E* 3
= — *az2
JKR ARV AE T R
52‘1_2_

Y (19)

This model provides gravitational coupling
forces even when the particles are not in physical
contact. The maximum gap between particles with
a non-zero force is determined by the expression

6, =— . Z—é' (20)
1
a=[Z=G-5)f 1)

When § < §,. the model returns zero force.
The maximum value of the adhesion force occurs
when the particles are not in physical contact, and
the distribution gap is smaller than §.. The value
of the maximum adhesion force, called the
separation force, is determined by the expression

E, =

—>myR", (22)

The friction force calculation differs from
the Hertz-Mindlin (no-slip) contact model in that it
depends on the positive repulsive part of the
normal force Fjgz. As a result, the Hertz-Mindlin
JKR cohesive contact model provides a higher
friction force when the cohesive component of the
contact force is higher.

Although this model was originally
developed for small dry patrticles, it can be used to
model wet particles such as soil. The force required
to separate two particles depends on the surface
tension of the liquid and the contact angle 6.

E, = 2my, cos(6) \/ER-, (23)

As contact models, we will choose the
Hertz-Mindlin models with adhesion of binding
particles and the Hertz-Mindlin cohesive contact
model. To develop a model of the soil environment
using the method of discrete elements, it is
necessary to determine its main parameters and
carry out calibration of the properties of soil
particles.

The MDE parameters required for
simulation can be divided into two groups, namely:
material properties and interactions. Material
properties are defined, for example, as internal
particle characteristics: shape, size distribution,
density, Poisson's ratio, and shear modulus.
Interaction properties are characteristics that a
particle exhibits in relation to its contact with
boundaries, surfaces, and other particles. The
coefficient of recovery, coefficient of rolling friction
and coefficient of static friction are the most
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important properties of interaction [6].

During discrete element soil modeling, soil
particles can be simulated by combining different
combinations of spherical objects. The complex
shape of soil clods is modeled by overlapping
spherical objects at different distances, building
them in a chain, creating triangular objects, etc.
[6].

We used the following combinations of
spherical particles: a sphere, three spheres on the
vertices of an isosceles triangle, four spheres lined
up in a chain (Figure 6), the diameter of the sphere
is assumed to be 1 mm.

On the basis of literary sources and own
research, the physical and mechanical properties
of soils were determined and the following
parameters were established:

Poisson's ratio v = 0,2...0,35;

coefficient of static friction f = 0,35...0,45;
shear modulus G = 10...12 MTa;
Young's modulus E = 30...35MTla;
particle density p, = 2600 kr/m3.

As initial conditions, it is necessary to set
the speed of movement of the geometry in the
calculation area of the program. We have adopted
such a range of operating speeds 0,5...2,5 m/s.

b)

a - 3 spheres on the vertices of an isosceles
triangle; b - 4 spheres in a row
Fig. 6. Models of soil particles

The physical models of the computational
algorithm involve the tasks of three types of
models: models of interaction of particles with
particles; models of interaction of particles with
geometry and models of assignment of forces
acting on particles.

Particle-particle and particle-boundary
conditions:

o the stiffness coefficient was set equal
to 0.8 (defined as the ratio of tangential stiffness to
the normal stiffness of the load and used when
calculating the tangential force during contact);
the coefficient of static friction between
particles and the coefficient of static friction
between the boundary and particles were set equal
to 0.5;

the coefficient of dynamic friction
between particles and the coefficient of dynamic
friction between the boundary and particles were
set equal to 0.5;
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e the rolling resistance coefficient was

set equal to 0.9;

e gravitational component: X =0, Y =0,
- 9.81 m/s2;
time step At
calculation time 10 s.

After setting the simulation conditions, the

calculation is performed according to the algorithm
presented in the diagram (Figure 7).

Po3g’AzaHHA
PiBHAHb

z

0.00015 s, total

the beginning of the
calculation

I

the movement
of geometry

DEM processor

DEM
force

particl
data

e

Ve
7

-

particle
production
module

particle
generation

N

definition of
connections

/

Calculation of
connections

@—
the calculation
will end when

the goal is
reached

terms update

/

update
particles

™~

force
calculation

force module
i connective

model

module

Fig. 7. Implementation scheme of the
particle interaction model

As initial parameters, we get the average
values of the normal and tangential component forces
acting on the elements of the geometry that are
included in the calculation area. The resulting force
values are equivalent to the tool's traction resistance.

The contact model is implemented in the
blocks "Definition of connections”, "Calculation of
connections", "Connection model module™.

The given algorithm is a closed, cyclical
mechanism for the implementation of built-in
mathematical models, which gradually leads to the set
goal in the process of iterations.

Conclusions and directions for further
research. To develop a model of the process of
interaction of the working bodies of the strip-till unit with

the soil, the method of discrete elements was adopted
as the basis. It was established that the Hertz-Mindlin
contact models, taking into account adhesion and
cohesion, are the most suitable models for describing
the type of connections between soil particles.

The main physical and mechanical properties
of soil particles for modeling by the discrete element
method have been established: Poisson's ratio v =
0,2...0,35, coefficient of static friction f = 0,35...0,45,
shear modulus G =10...12 MPa, Young's modulus E =
30...35MPa, particle density p,, = 2600 kg/m3.
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PO3POBKA MATEMATUYHOI MOLOENI
MPOLIECY CMYrOBOIO OGPOBKY I'PYHTY
METOAOOM ANCKPETHUX ENNIEMEHTIB

y pobomi onucaHa 3azarbHa
Xapakmepucmuk mexHornoeii  Strip-Till, i
3acmocysaHHsI ma KOHCMPYKUito Kynbmugamopig
Strip-Till, poanoegidaromb npo nepcrnekmusu uier
mexHorioeil, onucyloms fepesazu ma HeOOsiKU
mexHornoeii ma suceimmooms WAsaxu peanisayii
mexHorioaii.

KoxHa mexHornoeziss mae ceoi nepesazu ma
Hedoriku ma cneyuiky eripogadxeHHsi — Strip-Till
He € euHamkoM. B o0dHux eocrnodapcmeax
mexHornoeisi  peanisyembcsi Qocumb  51ieeko |
00800umb ceoro eghekmugHicmb riicrisi 36upaHHs
gpoxalro ma nidbumms nidcymkie, a 8 iHWuUx
eocriodapcmeax moxe b6ymu Haenaku. OOHieo 3
b6azambOx MPUYUH Ub020 S8ULA € KOHCMPYKMUBHI
ocobnusocmi  cMy208UX  Kynbmugamopis,  SKi
surnugarmp i3 MEOPHYO20 MOLOMY PO3POBHUKa
ma creyugiyHux aspokniMamu4yHuUx ymos, Orns
SKUX Ui agpeeamu pospaxoeaHi. Kynbmypa npaui
ma agpapHo20 bi3HeCY 8 MOMY YU iHUWOMY pPe2ioHi
makox mMae icmomHud ennue Ha - OesKi
ocobnusocmi KoHcmpykuii. Hanpuknad, Hi 0Ons
KO20 He cekpem, W0 wkona MawuHobydysaHHs 8
€eporii ma CLUA mae 6azamo gidmiHHocmedll.

Cmamms  npucesyeHa  OOCIIOXEHHIO
83aemModii pobo4ux opeaHie azpesamis Strip-Till i3
rpyHmom 3a Oornomoz2oo mMemody OUCKpemHux
enlemeHmis. Y pobomi po3znsidarombcs Cy4qacHi
acriekmu 3acmocyeaHHsi Strip-Till mexHonoeii y
ceimi ma Ykpairi, ii nepesaeu ma Hedoniku, a
makoX aHasi3ytombCcsi Memoou MOOesI08aHHSs
i3udHUX npoyecie 06pobimkKy rpyHmy.

3HayHy yeazcy  npudineHo  po3pobuyi
Mamemamuy4Hoi  Modeni  06pobimky  rpyHmy
mMemodom OUCKPEemMHuUX enieMeHmie 3

sUKOpUCMaHHSIM KOHMakmHux modeneli [epuya-
MindniHa, ski epaxosyromb adze3ito ma Koeesito


http://www.nbuv.gov.ua/portal/Chem_Biol/Ptdau/2011_11_2/index.html
http://www.nbuv.gov.ua/portal/Chem_Biol/Ptdau/2011_11_2/index.html

Ne 3 (114) Bibpauii 8 mexHiui

yacmuHoK. Y cmammi HagedeHOo anzopumm
0b4UCrEeHHs, OCHOBHi pi3UKO-MexaHiyHi
grracmueocmi rpyHmMo8uUx 4acCmuHoK, rnapamempu

Ona  cumynsauii, a makox npedcmasrneHi
pe3ynbmamu MOOesTr08aHHS.
3anponoHosaHa modernb doseornsie

rnpoeHo3ysamu OuHamikKy 83aemMolii 4acmuHOK
rpyHmy i3 poboyumu opzaHamu, Wo crpusmume

ma mexHorsoeisix
2024

pobomu  Strip-Till azpezamis. Y 8uCHo8Kax
OKpecrieHo Hanpsmu rnodanbwux 0ocnioxeHb Onis
yOOCKOHaneHHss mMemodonoaii ma npakmu4Ho20
3acmocysaHHsI OmpuMaHuUXx pesynbmamis.
Knro4yoei cnoea: memod OucKpemHux
enniemeHmis, wmodenb [epua-MiHdniHa, meopis
lepua-Mindnina, koegbiuieHm [lyaccoHa, meopis
LDxoHcoHa-KeHdanna-Pobepmca, demncghysaHHs/

nidsuwWeHHI0O eghekmugHocmi ma onmumizauji
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