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Simulation of the Impact of the Plough Body
Parameters, Soil Properties and Working Modes
on the Ploughing Resistance

Arvids Vilde and Adolfs Rucins
Latvia University of Agriculture
Latvia

1. Introduction

Ploughing is one of the most power-consuming and expensive processes in agricultural
production. It is known from our previous investigation (Vilde, 1999) that the draft
resistance of ploughs and energy requirement for ploughing depend on the plough body
parameters and on such soil properties as its hardness, density, friction and adhesion. These
properties and the tillage quality depend mainly on mechanical composition and humidity
of the soil.

However, there were no sufficient analytical correlations that would enable to determine the
impact of the plough body parameters on the draft resistance of the share-mouldboard
surface and the plough body, as a whole, as well as on the ploughing quality and expenses
depending on the body parameters, on the humidity and composition of soil.

In literature there is difference of opinions on the impact of plough body working width on
its specific draft resistance. F. P. Ciganov in this dissertation had written that decreasing of
the body width decreases specific draft resistance of ploughing (Ciganov, 1969). W. R. Gill
and G. E. Vanden Berg have opposite views. Their data show that “specific draft generally
tended to decrease as size of cut increased” (Gill & Vanden Berg, 1967, p. 262). In the
Kverneland plough prospect has written that by increasing the furrow width from 35 cm to
45 cm (14" to 18”) the consumption of diesel fuel is reduced by as much as 18% and working
capacity will be increased by up to 30% (Rucins & Vilde, 2005b).

The purpose of the investigations was to study the factors that determine the quality and
energy requirement of ploughing, the impact of body parameters, working modes and
speed, as well as soil properties on it and to find technical solutions to improve the
ploughing efficiency.

2. Materials and Methods

On the basis of the survey a hypothesis has been advanced that the draft resistance of soil
tillage machines, as well as ploughs depends on two types of effective forces: the forces
related to physical and mechanical properties of soil (its mechanical strength) which
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210 Modelling, Simulation and Optimization

manifest themselves as the penetration resistance of operating parts, soil deformation
resistance and adhesion; and the forces caused by the mass of the soil moving along the
lifting surface (gravity and inertia forces). Therefore both the relationships of the material
resistance and theoretical mechanics have been applied for an analytical estimation of the
draft resistance of operating parts, as well as their component elements.

The objects of the research are the forces acting on the plough body and its draft resistance
depending on the body design parameters, as well as the physical and mechanical
properties of soil and the mode of operation. On the basis of the previous investigations
(Vilde, 1999) a computer algorithm has been worked out (Rucins & Vilde, 2005a) for the
simulation of the forces exerted by soil upon the operating (lifting and supporting) surfaces
of the plough body, and the draft resistance caused by these forces (Fig. 1).

Mathematical methods and computer algorithms worked out for the simulation of soil
tillage processes allow calculating the forces acting upon the machine operating parts and
their optimal design (including the plough body) for qualitative soil tillage with minimum
energy consumption.

Fig. 1. Scheme of the plough body, its parameters and acting forces.

According to our previous investigations (Vilde 1999) the draft resistance R« of the plough
body is determined by the share of the cutting resistance Rpy, the resistance caused by the
gravity (weight) Rgx of the soil slice lifted, by the inertia forces Ry, by soil adhesion Rax and
by weight Rox of the plough body itself (including a part of the weight of the plough).

RXzzRix:RPX+RGX+R]X+RAX+RQX (1)

The vertical reaction R, and the lateral reaction Ry of the operating part are defined by
corresponding partial reactions:

Rz =XRy, Ry =2R;y (2;3)

The total draft resistance Ry« of the operating part is composed of the resistance of the
working surface R’x and the resistance of the supporting (lower and lateral) surfaces R":
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Ry =Ry +R% = ZR'iX +f0 (ZRiZ +ZRiy +pry SXy +PAxz Sxz) 4)

where: fj is the coefficient of the soil friction along the working and supporting surfaces of
the plough body; paxy and pax. - the specific adhesion force applied, respectively, to the
lower and the lateral supporting surfaces of the body; S,y and Sy, - the surface area,
respectively, of the lower and the lateral supporting surfaces of the body.

The friction resistance Fy is a constituent part of these reactions and their components
(Rucins et al. 2003), and, by analogy, we can write that

B =2F =k, +F5, +ij +F o +Féx =R} —Ri, )
F;:fo(Rz+Ry+pry Sxy +P axz Sxz) =R (6)
F, =F, +F} )

The friction resistance of the share-mouldboard surface is defined as the difference between
the total resistance (general value of the partial resistance) and resistance Ry, in operation
without friction (fo= 0).

By =Ry —Rio 7 Fx =Ry =Ryo 89)
Ratio Ar of the friction resistance in the partial and total resistance (reaction) is determined
from their correlations:

- -1 . _ -1 .

}\Fix B 1:ixRix ! }\Fx FxRx (10;11)
Ratio Ar of the supporting reactions in the partial and total draft resistance is determined
from correlation:

(12)

2.1. Cutting resistance R'py is proportional to soil hardness po and the share edge surface
area o:

R Px= kp Py @ = kp Py ib (13)
where k; is the coefficient involving the impact of the shape of the frontal surface of the
ploughshare edge; i and b - the thickness and width of the edge.

It is evident from formula (5) that the friction of soil along the edge does not influence the
cutting resistance of the edge.

At a sharp ploughshare (the rear bevel is absent):

R p =0 (14)

At a blunt (threadbare) ploughshare having rear bevel the vertical reaction Rp, on the hard
soils can reach the summary value of vertical reactions, this summary value arising from
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212 Modelling, Simulation and Optimization

other forces acting on the share-mouldboard surface (soil gravity and inertia) and the
weight of the body Q.

At an inclined ploughshare a lateral reaction Rpy arises, its value being affected by the
friction reaction.

RPy = kp Po ib ctg ( Yot @ ) (15)

where Yo is the inclination angle of the edge towards the direction of movement (the wall of
the furrow); @o - the angle of friction.
When friction is absent, fo = 0, @o = 0 and

RPyo = kp Py ibctgy (16)

Friction of soil along the ploughshare edge reduces the lateral pressure of the ploughshare
(the pressure of the plough body against the wall of the furrow).
The resistance of the supporting surface

RPX =kp Po ib fO ctg (yo +(p0)=FPX (17)

The total cutting resistance
R_ =k ib|1+f ct + 18
Px Ppol[+ocg(v0 @0)} (18)

The lateral cutting resistance of the knife is determined by formulae, similar to those for the
cutting resistance from below. Consequently, similar to the above formulae will also be the
formulae defining the impact of friction on the total resistance of the knife.

2.2 Forces caused by the weight of the lifting soil strip:

| fsi -
Ry = qdgk yrsin _1\({ [(sinycoseq + coszysin '1y)e Osmy(sz 81)—

fnsi —
-(sinycos ey + COSZYSin '1y)]cos €1 +(coseqe 0sinV(ep 1) _ coseg)*

(19)
*(coseq - fosinelsiny)_lsinsl sineqsiny + f(sin Zycose 1+ coszy)] }
RGZ zqégrsin_ly(sz—sl) (20)
R = q6grsin_1y(82 —81)(81 +0.52) ctgy (21)
R =f (R R_)=F
Gx 0( Gz Gy) Gx (22)
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2.3. Forces caused by the soil inertia:

1., fosiny(e5-¢)

R']x =q E‘)Vzk}_,1 siny{ (siny cosgq + cos? ysin™ ~y)e —

_ 1 fosi _
—(sinycosey +cos? ysin 1 Y)+(coseq —fpsingq siny) Lo sin(e7¢1)

5 5 (23)
*singq [singq siny +fj (sin® y coseq +cos”y) }
_ fsi -
R]Z =q0 Vzkyl sin 'y sin ey e 0ty (82 81) (24)
e v .
R]y ~qOv ky siny cosy (1-cose, ) (25)
RJZ =f0(R]Z +R]y)=F]x (26)
2.4. Forces caused by soil adhesion:
l fA si —

RAX =Py brsin ! y (e osin V(& 81)—1){ sinycose, +c052ysin_1 Y+ @)

+ (c:oss1 —f0 singg sin\()_1 sing; [sinel siny + fO (sin2 ycose; + coszy)] }
R,,=0 (28)
R, =0 29
Ay (29)
RAx - f0 (pry SXY "PAxz Sxz)= FAx (30)

where: q - the cross section area of the strip to be lifted; & - the density of soil; ky - the soil
compaction coefficient in front of the operating part; fy - the soil friction coefficient against
the surface of the operating element; v - the speed of the movement of the plough body;
pa - the specific force of soil adhesion to the operating surface; b - the surface width of the
soil strip; 1 and &> are correspondingly the initial and the final angles of the lifting (share -
mouldboard) surface; y - the inclination angle of the horizontal generatrix towards the
direction of movement (the wall of the furrow); g - acceleration caused by gravity (g = 9.81).

2.5. The draft resistance caused by the ploughs weight Q:

"

Ry, = Q) (31)

The soil friction coefficient and the specific force of soil adhesion are not constant values.
Their values decrease with the increase in speed (Vilde, 2001, 2003). This is considered in
calculations.

The resistance of the supporting surfaces of the plough body depends on the values of the
reacting forces. Yet their value is dependent, in many respects, on the manner of unification
and perfection of the hydraulically mounted implements of the tractor. The vertical reaction
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of the plough with modern tractors having power regulation is transferred to the body of
the tractor, and it affects the plough resistance to a considerably lesser degree (Rucins &
Vilde; Rucins et al., 2006).

The obtained correlations (1)-(31) allow determination of the forces acting on the plough
body and its draft resistance depending on the body parameters, as well as evaluation of
their impact on the ploughing efficiency: energy and the fuel consumption and the quality
of work. These parameters are: the initial and the final angles of the lifting (share -
mouldboard) surface &; and ¢ ; the inclination angle of the horizontal generatrix towards the
direction of movement (the wall of the furrow) y; (see Fig. 1) and regularity (law-governed
nature) of its variation; the thickness of the share edge i; the radius r of the lifting (share -
mouldboard) surface and the area of the lifting and supporting surfaces 2nr (e - €1) b, Syy
and S,..

Soil hardness po is characterising the resistance to the penetration of the flat round steel tip
having a cross-section area of 1 cm? depends on its mechanical composition and humidity.
As a result of the research it is found out that soil hardness of natural structure, depending
on its granulometric composition and humidity, and containing the organic matter from 1.4
to 1.9% of its total mass, as determined by Yu.Yu. Revyakin’s hardness gage is subject to the
following relationship (Vilde, 2003):

" " _1”Wn

where pg - soil hardness characterising the resistance to the penetration of the flat round
steel tip having a cross-section area of 1 cm2, N m2; & - soil (dried) density, kg m3; m - the
contents of physical clay (particles of the size <0.01 mm, %); W - absolute soil humidity, %;
b”, d” and 1” - coefficients; n - exponent; e =2.718... For the investigation of soil the
coefficients and the exponent entered into formula (32) have the following values:
b” =1100; d” =200;1”" =4.103 and n = 2.

i 4 1 1% m W
Fig. 2. Dependence of the hardness of soils having different mechanical composition on their
humidity: 1 - medium loam; 2 - light loam; 3 - loamy sand; 4 - adhesive sand. The numbers
at the soil hardness curves stand for the percentage of the physical clay in the soil. Soil
hardness is determined by Yu.Yu. Revyakin’s hardness gage having a flat tip with a cross-
section area 1 cm?.
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Hardness variations of soils having different mechanical composition that depends on their
humidity calculated according to formula (1) is graphically presented in Figure 2.

The graph allows to trace the change of soil hardness of a certain mechanical composition
depending on its humidity, and to fix the hardness range of the represented soil types -
adhesive sand, loamy soil, light and medium loam.

Soil density & is dependent on the strata density (the mass of a volume unit of the dried soil)
8o and soil humidity W:

5=5,(1+W) (33)

ol
Observations indicate that the density of mineral soils may vary in a very wide range: from
700 kg m?3 for dry, loose (freshly ploughed) soil to 2200 kg m- for wet, compact soil, but
generally it varies from 1200 to 1800 kg m-3. The resistance of the operating parts of the soil
tillage machines varies in proportion to soil density (Vilde, 2001, 2003).

As a rule, all the sources provide sliding resistance coefficients of soil. In order to clarify the
nature of the sliding resistance for soil on the working surfaces of the tillage machines,

Deryagin’s binomial sliding (slipping) resistance formula (Deryagin, 1963) is used as more
adequate (Vilde, 2001, 2003):

f=f,(1+p,p ) (34)

where f - the resistance coefficient of soil sliding along a surface; fo - the friction coefficient of
soil along a surface; p - the specific pressure of the layer (soil) upon the surface; pa - the
specific soil adhesion force to the surface.

In order to determine the coefficient of friction and the specific adhesion depending on
sliding speed, the soil sliding resistance is assessed at a speed to 5 m s and at several
different values of the specific pressure between the sliding surfaces. On the basis of these
data, by the method of least squares, is determined the coefficients of friction and specific
adhesion force, after that dependencies were deduced between them and the mechanical
composition, and humidity of soil (Vilde et al., 2007):

2
fo=(a+e o1 b _m)]z)e_b3w +(c +dm)e_[(k +1m)(t+zm-W)P (35)
where a; b1, b2, b3, ¢, d, k, | t, z - the indices depending on the type of soil, the material and
the condition of the surface of the object along which the soil slides; e = 2.718; W - absolute
humidity of soil, %; m - the content of physical clay in soil (the particle size <0.01 mm).
Variations in the specific adhesion force pa of soil correspond to the relation of the type:

Vo 2
L ., =k +lm t+zm—W:|
pA:(a +bp)+(c +dm)e [( 4 ) (36)
where pa - the specific pressure of the layer (soil) upon the surface;a ', b',c ', d', k', 1', t,
z'- the indices depending on the type of soil, the material and the condition of the surface
along which the soil slides.
As an example, the values of these indices for the polished steel surfaces are:
a=-0.43; b; = 0.007; b2 =130; bs = 0.1, c = 0.32; d = 0.002; k = 0.05; 1 = 0.0005; t = 10; z = 0.14;
a=02b=1.25c=01,d=0.003;k=0.1,I'=104 t'=15; z = 0.2.
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The numerical values of the indices in Formulae (35) and (36) for mineral soils and some
steel surfaces are determined for a residual soil (ground), the sliding velocity and
temperature being close to 0.
Variations of the friction coefficient and the specific force of soil adhesion to steel depending
on the humidity and mechanical composition of soil are presented in Figures 3 and 4.
0.6
fo
0.5 1-80 80

0.4 | /“qf‘\m\
- sy \

0 5 10 15 20 W.% g

0.2

Fig. 3. Variations of the friction coefficient of soils having different mechanical composition
along steel depending on the humidity of the soil. The numbers on the curves stand for
percentage content of physical clay (particles of the size less than 0.01 mm) in soil.

T

Py, kPa N |

g Py \SD
4 60 \\

s N0 \
, 200 \ | \

) 4 N \‘\‘
o L 7 NS

10 15 20 25 30 40 W, %
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Fig. 4. Variations of the specific adhesion force of soils having different mechanical
composition along steel depending on the humidity of soil at the pressure of 100 kPa. The
numbers on the curves stand for percentage content of physical clay (particles of the size
less than 0.01 mm) in soil.

Further, as it was mentioned above, the soil sliding resistance along steel depends on the
sliding speed, the structure of soil, the humus content and the surface temperature. The

effect of these parameters may be considered by respective coefficients. In view of this we
can write:

fy =fokyKstkpnky (37)

pA - pAkvkstkhkt (38)

where f'; and p’, - the coefficients of sliding resistance and specific adhesion force of soil

to steel at a certain speed of sliding, structure, humus content in soil, and temperature;
fy and p, - the coefficients of sliding resistance and specific adhesion force to steel of
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residual soil not containing humus at a temperature, close to 0 °C; k, and kV' _ the
coefficients of velocity; k, and k'st - the coefficients of the soil structurality; k, and k', - the
coefficients of the humus content; k, and 1<'t - the temperature coefficients.

There are decoded some of these coefficients. For example, the coefficients of velocity k, and
k'y are (Vilde, 2003):

. :kvmrg[na(nbvn)—l] (39)

| [ | ''n.—1

kV :kvmrg{lJra (I+bv) :I (40)
where kymrg and k'vmrg - the marginal value of the velocity coefficient; v - the speed of
sliding, m s1;a,a’ and b, b’ - indices; n and n' - exponents of indices.
It is highly probable that the marginal value of the velocity coefficient depends on the
mechanical composition and humidity of soil yet the data to prove this are presently absent.
The parameters entering Formulae (39) and (40) that are calculated on the basis of
experimental data by M.I. Bredun have the following values for wet soil with distinctly
pronounced adhesion: kymrg= 0.66; ky'mrg = 0.2, 2 = 0.52;a'=4;b=050;b'=1,n=2;,n'=2.
(Bredun, 1964).
Variations of the coefficients indicating the influence of the speed of sliding for the given
type of soil are shown in Figure 5.

1
o \
0.8 N\

0.6
N
0.4 ~ :
0 1 2 3 Vims? g

Fig. 5. Variations of the coefficients indicating the influence of the speed of sliding upon the
coefficient of friction and specific adhesion for wet soil. 1 - variations of coefficient k;
2 - variations of coefficient k'y.

There is insufficient amount of data for deriving mathematical dependencies characterising
the influence of temperature upon the friction coefficient of soil along steel. When
temperature rises the specific adhesion force of soil to steel decreases forming a parabolic
curve that on the basis of the data provided by H.G. Riek (Riek & Vorkal, 1965) described
by the following relation:

4,2
PA =PA, (110 7t ) (41)
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where p, - the specific adhesion force to steel at a temperature, close to 0°C; t - the
0

temperature of adhesive surfaces, “C.

There are no data either to deduce dependencies of the influence between the structure and
the humus content upon the soil sliding resistance along steel. According to the data by H.G.
Riek, if for a wet residual (paste-like) soil the coefficient of structurality k's; is accepted as
being 1, for a structured soil it will be 0.75...0.80.

The optimum humidity of soil at which the draft resistance will be minimal is determined
by equating the first derivative its function to zero:

dR, (dW) ! =0 (42)

Because of the complexity of this equation in its full view, partial decisions can be used, and
the optimum humidity of soil can be determined from the variables of the partial resistance
depending on the humidity of soil, its mechanical structure, and the speed of work of the
plough.

3. Results

The materials of the calculations carried out using the correlations indicated above present
the values and regularity of the changes in the forces acting on the share-mouldboard and
the supporting surfaces, the draft resistance of the share-mouldboard and the supporting
surfaces, as well as the total resistance of the plough body and its components under
working conditions depending on the body parameters, soil properties and the working
speed. Possibilities to reduce the tillage energy requirement have been clarified.

3.1 Simulation of the Impact of the Plough Body Parameters on the Ploughing
Resistance

The presented work discusses, as an example, the theoretical research results of the forces
acting on the plough body and the specific draft resistance at various angles y of the
horizontal generatrices and at various values of initial lifting angle ; of the plough body (at
the angle between the horizontal generatrix of the operating surface and the vertical
longitudinal plane y=40°) depending on the speed of operation, as well as at various its
working width when ploughing loamy soils that predominate in Latvia. The calculations
were carried out with the computer according to the foregoing formulaes.

As an example, the following values of the basic factors were taken into consideration,
which affect the resistance of the share-mouldboard surface and the plough body.
Parameters of the plough body:

Thickness of the share blade and knife i=0.004 m
Working width of the share bs=0.35 m
The initial angle of the lifting strip of soil g1 = 20°-40°
The final angle of the lifting strip of soil & =100°
The angle between the horizontal generatrix of the operating

surface and the vertical longitudinal plane y =15°...90°
The radius of the curvature of the lifting surface r=05m
The area of the lower supporting surface Sy = 0.0157 m?
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The area of the lateral supporting surface Sxz = 0.068 m2
The weight on the plough body Q=200kg
Physical and mechanical properties of soil:

The hardness of soil p =4.1MPa
The density of soil 0 =1600 kg m
The coefficient of soil friction against the surface of the operating element fo=04
The adhesion force pao = 2.5 kPa
The mode and status of work:

The body working width 0.30...0.50 m
The ploughing depth a=020m
The cross section area of the lifted soil strip q =0.06...1.00 m2
The soil compaction coefficient in front of the operating part ky =11
The working speed v=1.5ms1

The inclination angle y of the horizontal generatrix of the real share-mouldboard surfaces of
plough bodies lies between 26°...50°. Steeper surfaces (y > 50°) refer to the slanting blades of
bulldozers.

The calculation results of the draft resistance of the lifting surface, of supporting surfaces
and of plough body in total depending on the inclination angle y of the horizontal
generatrix and speed v (e; = 30°) are presented in Fig. 6 - 8, those values depending on
initial lifting angle - in Fig. 9 - 11.

3000 | 8000 |
P ;i fog : V.ms#
RN ! " Rixp N - K
a500 o2 e K
6000 -3 /P,t'
Rt | .1"’
5000 iy P R
X o
I-' i k-
4000 + - —o
g - K eyt
3500 ... i ,r[_ - ,ar*“'ﬁ' At
= A ™
B S e S s
1000 5084 el o< .

1 2 3 4 Vamels 15 30 45 60 s ¥ 90
Fig. 6. Total draft resistance of the share-mouldboard surface caused by soil gravity, inertia
forces, adhesion and share cutting resistance depending on speed v and the inclination
angle y of the horizontal generatrix.
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15 30 45 60 75 Y° 90
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1000

Fig. 7. Total draft resistance of the supporting surfaces depending on speed v and the
inclination angle y of the horizontal generatrix.
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Fig. 8. Total draft resistance of the plough body depending on speed v and the inclination
angle y of the horizontal generatrix.
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Fig. 9. Total draft resistance of the lifting surface caused by soil gravity, inertia forces and
adhesion depending on the initial lifting angle &1 and speed v.
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Fig. 10. Summary draft resistance of the plough body supporting surfaces depending on the
initial lifting angle &; of the soil strip and speed v.
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Fig. 11. Total draft resistance of the plough body depending on the initial lifting angle e; of
the soil strip and speed v.
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Further the presented work discusses too, as an example, the research results of the forces
acting on the plough body and the specific draft resistance of the plough body at various its
working width when ploughing loamy soils that predominate in Latvia.

The calculation results of the specific draft resistance of the plough body and its components
are presented in Fig. 12 -15 and Table 1.

12000 6500 |
‘ vms Ky, P M
2 Pa
kg Pa D\\\\\\U\\\\\ ——1 02 &3 =4 5§ *
5000 _
N N
8000 ——1 02 3 —x—4 3§
b 5
4000 . ‘ . ‘ . 2000 ‘ . . : —
30 35 40 45 50 b,em 55 30 35 40 45 50 P-cm 55

Fig. 12. The specific draft resistance kq
of the plough body caused by its
weight Q depending on the body
working width b at various speeds v.

Fig. 13. The specific draft resistance ka
of the plough body caused by soil
adhesion depending on the body
working width b at various speed v.

13300 ‘ 100000 | V.ms !
K,,Pa N l

k,,Pa ——1

85000 - -2

—_— -3

12300 T T )

70000 \Q\Q—M —#—5

55000

11300

50 b cm 55 30 35 40 45 50 55 bem

Fig. 14. The specific draft resistance of
the plough body kp caused by cutting
resistance Rpx depending on the body
working width b at various speed v.

Fig. 15. Total specific draft resistance
of the plough body K, depending on
the body working width b by
various speed v.

v, m sl 1 2 3 4 5

kg, Pa 31616 28575 27100 26390 26013
kj, Pa 2311 8386 17933 31080 47897
kgtkj, Pa 33928 36962 45034 57471 73911

Table 1. Specific draft resistance caused by soil weight kg and inertia forces k;j.

Experimental studies are carried out on the “Kverneland Vary Width” plough, having
bodies working width from 30 cm to 50 cm. Results are shown in graph (Figure 16).

The graph (Fig. 16.) shows how the specific draft resistance and energy consumption in
ploughing depends on the working width of each body. Increasing it the energy capacity
and specific fuel consumption in ploughing decreases by 10-16%. The greater is the
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ploughing depth, the greater is the effect due to the increased working width of the body.
This phenomenon is caused by more high soil hardness and density of deeper soil layers.
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Fig. 16. Variations of energetic and economic characteristics of the Kverneland AB-85 plough
with semihelicoidal bodies No 8 depending on the body width in ploughing grassland on a
loamy soil at the speed 8.7-9 km h!: b - the body width, cm; Ko - the specific draft resistance,
N cm2; Qq - the specific fuel consumption, kg ha-l; Wy - the direct labour productivity, ha h-;
I - ploughing costs Ls hal (1 Ls = 1.42 EUR).- -oO - - the ploughing depth of 24 cm; ---o--- the
ploughing depth of 22 cm; -- A-- the ploughing depth of 19 cm.

In loamy soil increase in the working width of the bodies at the ploughing depth of
18...19 cm decreases the specific fuel consumption by 2...3 kg ha! but at the depth of 24 cm
by 4...5 kg ha-l. Correspondingly, there is a rise in labour efficiency, and the ploughing costs
fall by 2...4 Ls ha. (2.84...5.68 EUR ha). Therefore, when ploughs are used that have a
possibility to vary the working width, it is recommended to work at the maximum width
and, if necessary (insufficient power of the tractor), to reduced the number of bodies.

Thus, for example, in the aggregate with the MTZ-82 tractor it is more purposeful to work
with the Kverneland AB-85 two-body plough with the working width of each body 50 cm
(the total width 1 m) than with three bodies having the width of 33 cm each and the same
working width.

The obtained materials show that by increasing the initial lifting angle ¢; (inclination angle
of share toward furrow bottom) the draft resistance increases. For economical ploughing the
initial lifting angle of the soil slice (the angle between share and furrow bottom) must have a
minimal value - 24°...30°. The smallest inclination angle is not desirable because by wear out
of the share there is a possibility at the blunt (threadbare) ploughshare to obtain a rear bevel
which can hinder the plough body from going into soil. This phenomenon is observed with
the Kverneland plough bodies No. 8 having a 20° inclination angle of their outer part.

www.intechopen.com



Simulation of the Impact of the Plough Body Parameters,
Soil Properties and Working Modes on the Ploughing Resistance 223

More complicated is the impact of the inclination angle y of the horizontal generatrix.
Depending on the working speed the change of its value can impact the value of the draft
resistance positively or negatively, that is, to decrease or increase the draft resistance. When
the inclination (angle y) of the generatrix is increased, the resistances, because of the soil
weight and adhesion, fall but the resistance due to the inertia forces increases, particularly
when operating at higher speeds. The decrease of the first ones can be explained by the fact
that its length decreases at a steeper share-mouldboard surface, and, because of this, there is
a decrease in the mass of soil sliding along it. Decreasing the area of its surface leads to a
lower resistance due to soil adhesion. As a result, the total draft resistance of the share-
mouldboard surface shows a marked minimum, which, at a greater operating speed, moves
towards lower inclination values of the horizontal generatrix. Thus, if the speed increases,
the optimum inclination value of the horizontal generatrix for the minimum draft resistance
decreases. In loamy soils, at the initial lifting angle ¢; =30°, when the operating speed is
1...3 m s, its optimum value for the share-mouldboard surface on its initial part is
correspondingly 40°...25°, for the plough body, as a whole, they can be 65°...33° (if working
in a floating mode). When the vertical reaction of the plough (or part of it) with modern
tractors having power regulation is transferred to the body of the tractor, the optimal
inclination value of the horizontal generatrix obtains medium indices - approximately
50°...30°. At contemporary ploughing speeds 2...25 m s1 (7...9 km h?1) the optimal
inclination of the horizontal generatrix on the initial part of the share-mouldboard surface is
38°...34°. To ensure sufficient turning of the slice, the angle of the top generatrix must not be
less than 48° (Rucins & Vilde, 2006).

If radius r of the mouldboard increases, the draft resistance of the body increases, which is
connected with increased partial resistance caused by the weight and adhesion of the soil.
For general- purpose ploughs its value varies within the range of 0.5 m.

The working width of the body influences its draft resistance too. If the working width of
the body is increased from 30 cm to 50 cm (at constant frontal width of the share), the
specific consumption of energy, fuel and the ploughing costs decrease (in loamy soil by
10...16%) but labour efficiency correspondingly increases (Rucins & Vilde, 2005b).

The cutting resistance is proportional to the thickness of the share edge. To obtain a low
value of the cutting resistance, its value must be minimal - 2...3 mm. In the ploughing
process the share wears out and the thickness of its edge increases to 5 mm, and more. This
causes increased draft resistance, especially in hard (dry loamy) soils. Therefore self-
sharpening shares are better which do not lose their sharpness in ploughing process.

The conducted investigations show that those ploughs generally meet the requirements
mentioned above which have bodies with gently sloping semi-helicoidal or helicoidal share-
mouldboard surfaces, such as, the Kverneland plough body No. 8.

There may be cases (at quite a flat share-mouldboard surface) when the draft resistance in
wet loamy soils does not increase but even decreases whereas its speed increases (within the
range of 1...2 m s1). Such a phenomenon may occur when the decrease in resistance, due to
the lower friction coefficient and specific soil adhesion, proceeds more intensely than the
growth in the resistance caused by the soil inertia forces within the given range of speeds.

In such a way, the deduced analytical correlations and the developed computer algorithm
enable simulation of the soil coercion forces upon the share-mouldboard surface of the
plough body, taking into consideration its draft resistance, as well as determination of the
optimum parameters at minimum resistance.
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3.2 Simulation Impact of Soil Friction on the Ploughing Resistance

As an example, the calculation results of the impact of the soil friction coefficient fo upon the
draft resistance of the plough body share-mouldboard (lifting) surface, as well as reacting
forces on the supporting surfaces, the draft resistance and the total draft resistance of the
entire plough body at the inclination angle & = 30° of the share (initial soil slice lifting
angle), at the inclination angle y = 30°...50° of the horizontal generatrix and at various
speeds v are presented in the following graphs.

The draft resistance of the lifting (share-mouldboard) surface is presented in Fig. 17, the
draft resistances of the supporting surfaces - in Figs. 18 and 19, and the total draft resistance
of the plough body - in Fig. 19.

y=40°
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Fig. 17. Impact of the soil friction coefficient fo upon the total draft resistance of the plough
body share-mouldboard surface caused by the soil gravity, the inertia forces, adhesion and
soil cutting resistance at the inclination angle of the horizontal generatrix: y = 40°.

From the graphs (Fig. 17) it follows that at the soil friction coefficient fo = 0.3...0.4 and at the
speed v=2...3 m s, presently predominating-in ploughing, the draft resistance caused by
friction takes 36...42% of the total draft resistance of the share-mouldboard surface.

The graph (Fig. 18 a) shows that at the values of the friction coefficient fo = 0.3...0.4 the
lateral reaction caused by the soil cutting decreases on 36...55 %.

It follows from the graphs below (Fig. 18 b) that the increase in speed increases the draft
resistance of the supporting surfaces caused by soil friction. The value of the inclination
angle of the horizontal genetratrix y at the interval y = 35°...45° has only a little influence on
the draft resistance of the supporting surfaces.
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Fig. 18. a - Impact of the soil friction coefficient fo upon the lateral reaction caused by the soil
cutting with the plough share at the inclination angle of the cutting edge yo = 40°.
b - impact of the soil friction coefficient fo upon the draft resistance of the supporting
surfaces of the plough body at the inclination of the horizontal generatrix y = 40°.
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Fig. 19. Impact of the soil friction coefficient fo upon the total draft resistance of the plough
body at the inclination angle of the horizontal generatrix: a - y =35°% b - y = 40°.

It follows from the graphs above (Fig. 19) that at the values of the friction coefficient
fo = 0.3...0.4 the draft resistance caused by the soil friction takes 46...62 % of the total draft
resistance of the plough body. It follows that the total draft resistance is approximately
proportional to the friction coefficient. Increasing the speed decreases the share (ratio Ar) of
the friction resistance in the total draft resistance of the plough body. This phenomenon can
be explained by the decreasing value of the friction coefficient when the speed is increasing
(Vilde et al., 2007).

From the graphs (Fig. 19) it is evident too that at the values of the friction coefficient
fo = 0.3...0.4 increasing the inclination angle of the horizontal genetratrix y in the interval
y = 35°...40° increases the draft resistance of the plough body. This phenomenon is in
agreement with the previous conclusions that the optimal values for the inclination angle of
the horizontal genetratrix y on the initial part of the share-mouldboard surface are 34...38°
(Rucins & Vilde, 2007).

It follows from formulas (19)-(27) too, that increasing the initial lifting angle &; increases the
draft resistance of the share-mouldboard surface, including the resistance of the soil friction
(Rucins at al., 2007), but increasing the working width of the body decreases the specific
draft resistance of ploughing (Rucins & Vilde, 2005b). It was established from them that the
optimal values of the initial lifting angle are e; = 28°...32° and the optimal working width of
the plough body - b =45...50 cm.

From the presented example it is evident that the draft resistance of the supporting surfaces
is considerable. It can reach 25...30 % of the total plough body draft resistance, or 36...44 %
of its share-mouldboard draft resistance.

Therefore it is very important for the reduction of the energy consumption of ploughing to
reduce the draft resistance of the supporting surfaces. It may be obtained by using a
contemporary hang-up device with the tractors, for example, power regulation allowing the
transfer of the vertical reactions of the plough to the body of the tractor (Vilde et al., 2004). It
may decrease the draft resistance of the ploughs to 6...10%.

3.3 Simulation Impact of Soil Humidity on the Ploughing Resistance

The methods and equations given above allow studying the regularities of the ploughing
draft resistance depending on the humidity of soil, its mechanical composition, the plough
body parameters, and its working speed. As an example, comparative studies for simulation
the impact of the soil humidity on the ploughing resistance have been made with ploughs
having semi-helicoidal bodies with the main parameters given before. Further there is
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showed results of simulation impact of the soil humidity on the ploughing resistance for the
body with working width 0.45 m.
The indices of some soil properties used in the calculations are given in Table 2.

Content Coefficient | Specific force
Type of soil of Humidity | Density . P . Hardness
. o of friction | of adhesion
physical W, % d, kg m?3 po, MPa
o f() Pa, Pa
clay m, %
5 1260 0.34 600 3.4
10 1320 0.36 1600 25
Loamy sand 10
15 1380 0.33 2500 1.6
20 1440 0.27 2300 0.8
5 1575 0.40 200 12.0
10 1650 0.38 800 8.9
Clay 40 15 1725 0.41 2200 5.2
20 1800 0.37 4000 2.8
25 1875 0.27 4000 1.2
5 1520 0.64 0 11.0
Clay 10 1595 0.45 200 9.0
dark chestnut 15 1670 0.30 1100 6.5
(temno- 63
kashtanovaya) 20 1740 0.30 3150 43
(Mogilnij, 1957) 25 1810 0.42 5400 2.0
30 1875 0.62 5100 1.0

Table 2. The indices of some soil properties used in calculations

The draft resistance of the plough body and its elements depending on the soil humidity at
various working speeds and soil types is shown by the following graphs (Fig. 20).

The graphs above show that variations in the soil humidity have lesser impact on the plough
body resistance on the light sandy-loam soils, but a considerable impact - on the clay soils.
The clay soils show minima of the resistance at humidity - 18...25%. Such a change of the
ploughing resistance depending on the soil humidity is obtained also in the investigations
by other researchers, for example, P. U. Bahtin, I. P. Mogilnij a.o. (Bahtin, 1960, pp. 250-259;
Mogilnij, 1957, pp. 473-479).

The correlations obtained allow assessment of the ploughing resistance depending on the
soil humidity, mechanical composition and the working speed of the plough, determination
of the optimal soil humidity range when the tillage capacity is the lowest. Humidity most of
all impacts the soil hardness and cutting resistance which considerably dominates in the
summary resistance of the plough body. An increase in the soil humidity leads to a decrease
in the ploughing resistance that is more remarkable on the clay soils.
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Fig. 20. The draft resistance of the plough body depending on the soil humidity of some soil
types and speeds at y = 40° a, ¢, e, - the resistance of the share-mouldboard surface;
b, d, f, - the total draft resistance.

4. Discussion

The research material presented by other authors (Vagin, 1965, 1967; Zelenin, 1968; Sineokov
& Panov, 1977; Gill & Vanden Berg, 1967) includes analytical correlations for the
determination of separate components of draft resistance (caused by the forces of gravity,
inertia, soil deformation) fit for simple two-sided and three-sided wedges. However, there
are no analytical dependencies for the determination of the draft resistance of curved and
complicated wedges (share-mouldboard surfaces). Publications in the theory of share-
mouldboard surfaces and determination of the resistance to soil sliding along them
(Gyachev, 1961; Goryachkin, 1968; Donner & Nichols, 1934; Gill & Vanden Berg, 1967) are
chiefly of general theoretical character and are little significance for practical calculations
and clarification of optimum parameters of operating parts. Even the most outstanding
scientists in the field of soil tillage machines recognise that “at the present stage of the
plough theory the forces of soil resistance arising due to the impact of soil upon the plough
bodies cannot be determined through calculations” (Sineokov & Panov,1977, p. 137).
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The draft resistance of the operating parts with curved operating surfaces is determined
exclusively in an experimental way. In order to clarify the design and adjustment
parameters of the operating parts, their physical modelling (simulation) and comparative
studies are carried out under various conditions, which is connected with great losses of
labour, finances and time; however, not always the best solutions among those compared
are optimum ones. Introduction of powerful tractors and subsequent increasing the working
speeds need further improvement of the design of soil tillage machines and optimisation of
their parameters in accordance with the new conditions and requirements of work. Yet this
is hampered by the absence of a reliable theoretical basis, which leads to a delay in the
development of the designs of operating parts of soil tillage machines and their
disagreement with contemporary requirements.

In the sources provided by other authors there are no materials about the application of the
simulation methods in order to study the impact of the plough body parameters, as well as
the soil friction properties on the draft resistance of the plough bodies. In order to obtain a
better design of the plough body, a series of different bodies were built and tested (Larsen,
1968; Burchenko et al., 1976, Burchenko, 2001; Nikiforov & Ivanov, 1973). Yet it is bound
with a great loss of resources, labour and time, so the best solution of the compared variants
may not always be the optimum ones.

The materials of our investigations carried out by using the correlations indicated above
present the values and regularity of the changes in the forces, the soil friction, acting on the
share-mouldboard and the supporting surfaces, the draft resistance of the share-
mouldboard and the supporting surfaces, as well as the total resistance of the plough body
and its components under the working conditions depending on the body parameters, the
soil friction coefficient and the working speed. In such a way it is possible to discover the
draft resistance structure of the body, to assess the ratio of each element in the total
resistance, to search and find possibilities how to reduce the tillage energy requirement.

On this background special attention should be centred on methods of theoretical estimation
of the technological impact upon soil and the draft resistance of the operating parts of the
machine as a function of their design parameters under particular conditions of work even if
these methods are merely approximate. They enable more profoundly substantiated
calculation of machine designs and finding optimum parameters of the operating parts that
would ensure qualitative soil tillage with minimum losses of energy resulting in higher
yields of the cultivated crops, reduced losses of labour and financial means, i.e., higher
efficiency of agricultural production.

To succeed in solving the fixed tasks a new complex approach was needed in order to
conduct investigations which consists in the review of a design and parameters of operating
parts and machines in close connection with the technological process performed by them,
natural and production conditions, modes of work and energetic resources. On the basis of
observations we carried out theoretical research applying the relationships of theoretical
mechanics (the d’Alembert principle, the Eulerian theorem) to reveal the correlations and
mathematical dependencies among phenomena, material destruction, analytical geometry
and mathematical analysis. After that the agreement between the calculated and
experimental data was proved under laboratory and field conditions. Such an approach
allowed working out general propositions concerning the course of the technological
process of soil tillage. The methods of mechanics and mathematics applied for its
description allowed to state the impact of forces of soil upon the operating parts and their

www.intechopen.com



Simulation of the Impact of the Plough Body Parameters,
Soil Properties and Working Modes on the Ploughing Resistance 229

elements, to substantiate rational solution of their design, optimise their parameters, as well
as the principal parameters of soil tillage machines and aggregates.

Representation of the total draft resistance of the working part as the sum of partial
resistances (resistance to the penetration of the edge into soil, resistance to its deformation,
gravity and inertia forces, forces of friction) can also be found in the works by other
researchers (Vagin, 1965, 1967; Sineokov & Panov, 1977). However, in contrast to them, there
is a different approach in our paper to the division of the total resistance into components (a
separate treatment is given to the resistance caused by soil adhesion, attention is paid to the
force acting from the adjacent zone of the operating surface, the forces of friction are
discussed together with the forces that cause the previous ones, there is considered the
impact of other components upon the resistance to soil adhesion). This ensured a possibility
to analyse more profoundly and thoroughly the change of each component of the working
parts parameters and operating conditions, to determine their influence on the variations in
the total resistance and clarify the ways and prospects of their minimisation.

Such a methodical approach allowed deduce generalised analytical correlations that
characterise the impact of forces of soil upon the operating parts of soil tillage machines and
their elements, to reveal the essence of processes going on in soil tillage, to state the
principal factors which influence the resistance of the operating parts. The obtained
analytical dependencies of the draft resistance of the wedge and the operating parts are
confirmed by experimental data. They do not contradict the well-known relationships and
data provided by other researchers, yet in a number of cases they treat in a different way the
phenomena that occur during soil tillage and their impact on draft resistance.

So, for instance, in comparison with the Goryachkin rational formula of draft force, the
expressions of draft resistance deduced by the author of this paper are more complete since
they allow to determine the draft resistance of the machine (plough body) depending on
their design and adjustment parameters, physical and mechanical properties of soil, the
speed of movement and working conditions. V.P. Goryachkin held the view that the value
of the second term in his formula which is proportional to the area of the cross section of the
lifted slice of soil is dependent on the resistance to soil deformation but the impact of soil
gravity upon the draft resistance of the plough is insignificant and can be ignored
(Goryachkin, 1968).

In contrast to this, we found out that the value of the second term depends mainly on the
weight of the lifted slice of soil which is actually proportional to the area of its cross section
but the resistance caused by soil deformation, especially in soft soils, is insignificant and can
be neglected.

Our studies and the obtained expressions of the specific draft resistance confirm
V.V Katsygin's suggestion proposed by analogy with hydrodynamics about the
technological pressure of the strip of soil (Katsygin, 1964) although for its definition he
presents dependencies of quite different character. According to our studies, the value of the
first component of the technological pressure - static pressure - depends on the weight of
the slice (column) of soil which is supported by the operating surface of the working part
(plough body), and the pressure from the side of soil during the penetration of it in soil. The
value of the second component - the dynamic pressure - is defined by the changing amount
of motion (kinetic energy) of the slice of soil along the operating surface.
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Consequently, the technological pressure of the slice of soil both by the essence of the
phenomenon and the form and contents of expressions for their definition is similar to
analogous expressions known in hydrodynamics.

The most rational one is such a design of operating parts that ensures qualitative realisation
of the technological process with minimum losses of energy, i.e., having minimum specific
resistance. It may be related to a unit of the area of the cross section of the of soil slice - Ko, or
to a unit of the working width of the machine - K; (Vilde, 1999).

In an expanded form the specific resistance written in accordance with the Goryachkin
formula of the draft force (Goryachkin, 1968):

R, =£,Q +kaB +¢aBv? (43)

may be presented by the expression
Ko =Roxq ™" +(Rpy +Rey +Rpy +Ray)q ' + R]x(f1 (44)
Ko =kqg +k+ev? (45)

where k and ¢ are resistance coefficients determined in the Goryachkin formula (43) only in
an experimental way but in formulaes (44) and (45) offered by us - through theoretical
calculations; kg - the component of specific resistance caused by the proper weight of the
machine; B - the working width of the machine; a - the depth of soil cultivation.

The sum of the last two terms in formula (45) defines the technological pressure po of the
strip mentioned by V.V. Katsygin (Katsygin 1977):

p0=k+av2

(46)
In the last expression k is static pressure and ev2 the dynamic pressure of the soil slice.
Formulas (1) to (45) offered by us allow to determine through calculation the total resistance
of a soil tilling machine or an operating part, as well as its components. They allow also
calculating the specific resistance and coefficients of its components kq , k and &:

In a general way 9

k= (RPX +Rgx +Rpy + Ry )q (47)
ko=Roxq (48)
e= R]Xq_lv_2 (49)

The representation of draft resistance in the form of three components obstructs their
experimental determination. Therefore we have proposed a two-term formula of draft
resistance according to which the total draft resistance of the machine is defined as a static
resistance that does not directly depend on the working speed, and a dynamic resistance the
value of which is related to the working speed. In this case the specific draft resistance is
presented by the expression.

Ko =k +ev? (50)
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where k’ - the coefficient of static resistance; € - the coefficient of dynamic resistance.
k'=kqg +k (51)
In a similar way the specific resistance related to a unit of the working width is expressed:
K, =R,B! (52)

Kl —:krl +81V2 (53)

where k'; - the static resistance of the machine related to a unit of the working width; &; - the
coefficient of the dynamic resistance of the machine related to a unit of the working width.
The propositions worked out, the presented methods and research materials allow a new,
scientific approach to the development of more rational designs of soil tillage machines, to
the improvement of the existing designs and methods of their application.

On the basis of this theoretical research methodology is worked out how at experimental
tests to determinate energetic characteristics of the soil tillage machines including ploughs
obtaining their coefficients of static and dynamic resistance for compare their (Vilde, 1998).
The existing data allow to draw only some of the relationships linking the frictional
properties of soil (the sliding friction coefficient and the specific adhesion force) with
individual parameters of its physical condition (mechanical composition and humidity) and
the conditions of the sliding process (the speed of sliding and the surface temperature). In
order to specify the numerical values of the coefficients and exponents entering the
relationships deduced and to arrive at more generalised regularities, it is necessary to carry
out a series of complex studies of the frictional properties of various soils under different
conditions. A principal diagram has been worked out for such studies in the Baltic region.
Such an all-round investigation of the frictional properties of soil is a highly labour-
consuming process. Thus, in order to search out the sliding resistance of mineral soils along
steel under various conditions, it is necessary to take more than one million of
measurements (Vilde, 1973). Therefore the selective method should be widely used to
minimise labour input, and mechanised equipment applied to determine the sliding
resistance of soil on the material studied.

5. Conclusions

1. The deduced analytical correlations and the developed computer algorithm enable
simulation of the soil coercion forces upon the operating surfaces of the plough body,
determination of its specific draft resistance depending on the body design, the working
parameters and soil properties and motivation of the optimal values of parameters.

2. Presentation of the draft resistance of the plough body as the sum of its components - the
cutting resistance of the soil slice, the resistance caused by its weight, the soil inertia forces
and adhesion - allows analysis of the forces acting upon the share-mouldboard surface,
finding out the character of their changes depending on speed and the parameters of the
surface, and assessment of their ratio in the total resistance.

3. The main parameters affecting the ploughing efficiency are: the initial and the final angles
of the lifting (share-mouldboard) surface; the inclination angle of the horizontal generatrix
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towards the direction of the movement and the regularity of its variation; the thickness of
the share edge; the radius of the lifting surface and the area of the lifting and supporting
surfaces.

4. Increase in the inclination of the horizontal generatrix leads to a decrease in the draft
resistance caused by the weight and adhesion of soil but it increases the resistance caused by
inertia forces, particularly, when the speed increases. The inclination of the generatrix (the
edge of the share) does not affect the cutting resistance of the soil slice.

5. In loamy soils, when the speed grows from 1 to 3 m s, the optimum value of the
inclination angle between the horizontal generatrix of the share-mouldboard surface and the
wall of the furrow decreases from 65°...40° to 33°...25° . At the ploughing speed 2...2.5 m s
it is 38°...34°.

6. To ensure sufficient turning of the slice, the angle of the top generatrix must not be less
than 48°.

7. Increasing the working width of the body from 30 cm to 50 cm (at a constant frontal width
of the share), the specific consumption of energy, fuel and the ploughing costs decrease (in
loamy soil by 10...16%) but the labour efficiency correspondingly increases.

8. The impact of the soil-metal friction upon the draft resistance of the plough body is
significant. It may reach 50...60% of total draft resistance including the resistances of the
supporting surfaces (25...30%). Therefore measures will be taken to diminution it, for
example, using antifriction materials (Teflon or others).

9. The draft resistance of the supporting surfaces is considerable. It can reach 25...30% of the
total plough body draft resistance, or 42...54% of its share-mouldboard draft resistance.

10. The correlations obtained allow assessment of the ploughing resistance depending on
the soil humidity, mechanical composition and the working speed of the plough,
determination of the optimal soil humidity range when the tillage capacity is the lowest.
Humidity most of all impacts the soil hardness and cutting resistance which considerably
dominates in the summary resistance of the plough body. An increase in the soil humidity
leads to a decrease in the ploughing resistance that is more remarkable on the clay soils. The
optimum humidity of sticky clay soils when ploughing at a speed 2...2.5m s1is 18...25%.

11. The optimal values of the main parameters of the bottoms for contemporary ploughs,
working at the speeds of 2...2.5 m s are: the inclination angle of share towards the furrow
bottom - 28°...32°; the inclination angle of the horizontal generatrix towards the furrow wall
on the initial part of the share-mouldboard surface - 34°...38°, on the top - not less than 48°;
the working width of the bottom - 45...50 cm.

12. The use of bodies having optimal parameters allows obtaining a good ploughing quality,
reduction of the draft resistance by 12...20% and a corresponding rise in the efficiency,
saving fuel and financial means for ploughing.
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