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Abstract
When digging sugar beet root out of the soil by using a vibra-

tion digging working tools, there occur impact contacts of the
working tools and sugar beet roots placed in the soil. Such phe-
nomena are formed mainly in conditions of dry and solid soil. The
consequence of this is a significant impact contact tails breaks,
chips or damage of the side surfaces of roots, which leads ulti-
mately to a non-return losses on sugar mass. Therefore there is a
need to develop the basic provisions of the refined theory of
impact interaction of a vibrating digging working tool with the
body of the sugar beet root fixed in the soil, and on the basis of the
results obtained to justify rational kinematic and structural param-
eters of advanced vibration digging working tool.

Within the research there was used the methods of higher
mathematics, theoretical mechanics, programming and numerical
calculations on the PC. We have developed a refined theory of
impact interaction of digging of the working body of the sugar
beet harvester with the body of sugar beet root during vibratory
digging of sugar beet roots from the dry and solid soil. On the
basis of obtained equations and their numerical solution by PC
programme it was possible to define the kinematic and structural
parameters of vibration digging working tool that will ensure the
conditions not to damage or break the tails of the sugar beet roots
during their digging out from the dry and solid soil. We have
investigated the so-called symmetric impact of the vibrating dig-

ging working body and the body of sugar beet root. As shown by
calculations of the obtained theoretical dependencies and con-
firmed experimental studies, for the range of reduced masses of
the vibrating excavating organ 0.8-2.0 kg, the translational veloc-
ity 1.3-2.2 m∙s–1, the depth in the soil 0.08-0.12 m and the vibra-
tion amplitude 0.008-0.024 m for shock interaction, which is most
likely in dry and solid soil, the permissible oscillation frequency
of scooping coulter is 10.0-18.0 Hz.

Problem formulation
Currently, for the harvesting of sugar beet roots there are

widely used vibration digging working tools, which are installed
on sugar beet digging harvesters, produced in many countries
around the world. Such method of the digging of the sugar beet
root from the soil has several advantages compared with other
methods, particularly in a dry and solid soil. Namely, when a
vibrating digging is used there is achieved the most complete
cleaning of the side surfaces of the sugar beet roots from adhering
soil, as well as minimal damage of the sugar beet roots. In addi-
tion, due to the vibratory destruction of the soil surrounding the
roots, there can be observed the intensive decreasing of the specif-
ic resistance of the forward movement of digging tools that finally
results in lower energy requirements for the implementation of
this technological process. Therefore, namely this technological
process of harvesting of the sugar beet roots requires a more deep
analytical research and further development in order to create
more effective working tools for sugar beet digging. In relation to
sugar beet harvesters as a main requirement can be considered the
quality of the sugar beet roots from the soil without damage of the
roots (cliffs on the root tails, slices, chips and heavy damage to the
side surfaces) and losses (in the soil, in the form of broken and
remaining there or tails on the their surface). It is obvious that the
probability of the damage of the sugar beet roots and their losses
exists, in the greatest extent, during the direct interaction of the
digging working tools with the sugar beet roots located (actually
fixed) in the soil. This is especially true for vibrating digging
working tools, working in dry soil conditions during sugar beet
harvest. Therefore there is a need for theoretical study of the inter-
action impact of the vibrating digging working tool and sugar beet
root fixed in the soil and on the basis of the results obtained to
determine the kinematic and design parameters of the improved
working body that ensures the process of sugar beet roots digging
from the soil without damage.

Therefore, there is analysed the initial impact contact inter-
action of the digging working tool and body of the sugar beet
root and subsequent of its removing from the soil. Such approach
can be considered as a most accurate and complex task in the
area of mechanization of the sugar beet harvest.
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Analysis of the latest research and publications
Currently, there exist a number of publications presenting new

results of theoretical and experimental investigation concerning
the digging process of the sugar beet roots from the soil. So, fun-
damental theoretical investigations of the vibration process of dig-
ging of sugar beet roots from the soil are given in other papers
(Vasilenko et al., 1970; Bulgakov and Golovach, 2004; Pogorelij
and Tatjanko, 2004; Bulgakov et al., 2005; Bulgakov and
Golovach, 2006a, 2006b; Golovach, 2006; Bulgakov and Ivanov,
2010; Ivanov et al., 2011; Bulgakov et al., 2015a).

Let’s analyze some published works. So, in the article by
Bulgakov and Ivanov (2010) the theory of direct extraction of
sugar beet root from the soil during vibration digging is consid-
ered. An equivalent scheme for the interaction of the excavating
working organ and the sugar beet root body has been made and a
system of differential equations for moving of the sugar beet roots
has been obtained, the solution of which has made it possible to
determine the influence of the structural parameters of the working
element and the kinematic regimes of the technological process
during the extraction of roots from the soil, which significantly
affects the productivity of the sugar beet roots harvesting machine.
The results presented by Bulgakov and Ivanov (2010) were further
developed by Ivanov et al. (2011), where a system of differential
equations for the rotation of the beetroot during vibration excava-
tion was compiled. In Bulgakov et al. (2015a), spatial fluctuations
of sugar beet root in the soil as a solid with one fixed point are con-
sidered. On the basis of Euler dynamic and kinematic equations, a
system of differential equations is obtained that describes this
oscillatory process during vibrational excavation.

However, the analytical study of the impact interaction
between the vibration digging working tool and sugar beet root,
fixed in the soil root, there is not considered. Only in publications
by Pogorelij and Tatjanko (1983, 2004) there are presented some
experimental data obtained in the study of the interaction of a pen-
dulum impact with the head of sugar beet root.

Published earlier theoretical studies of the impact interaction
of vibrating digging working tool and sugar beet root in the sym-
metric and asymmetric of its capture are not sufficient to accurate-
ly reflect the full extent of the actual process, which occurs in such
impact interaction (Bulgakov et al., 2015b, 2015c). Thus, in
Bulgakov et al. (2015b) an attempt was made to construct a theory
of the shock interaction of a vibratory excavating working organ
with a sugar beet root, fixed in the soil, when the specified working
organ hits it. On the basis of the theorem on the change in the
amount of motion upon impact, a system of equations describing
this shock contact was obtained, on the basis of which limitations
were obtained on the permissible vibration frequency of the vibra-
tory excavation-working organ from the condition of rooting
integrity. However, the theory presented in this paper is not
described in sufficient detail. Some important points of this theory
have remained unexplained. In addition, the calculations were
made only for several values of the kinematic and design parame-
ters of the vibratory working element. Calculations for a wide
range of masses of working organs, speeds of translational motion,
vibration amplitudes, depths of the working organ in the soil,
which make it possible to obtain a complete picture of the course
of the impact contact, are not presented in this paper. In addition,
in this paper, only one graph is presented, based on the calculation
for only one set of the above parameters.

Similar shortcomings are also found in Bulgakov et al. (2015c,
2015d). Therefore, there is a need for a fairly complete and

detailed presentation of all the stages of constructing the theory of
this interaction, conducting a wide range of necessary calculations
on a PC to determine the rational design and kinematic parameters
of the vibratory excavating working organ from the conditions of
intact sugar beet roots. There is also a need for experimental con-
firmation of the theoretical results obtained.

Aim of the research
To develop the basic provisions of the most complex theory of

the impact interaction of vibration digging working tool with the
body of the sugar beet root fixed in the soil, and on the basis of the
results obtained to justify rational kinematic and design parameters
of improved vibration digging working tools.

In general, the obtained results of analytical studies should be
used for further improvement of the technological process of dig-
ging of sugar beet roots from the soil, based on the conditions not
to damage the roots.

Methods used in research
For creating a most complex theory of symmetric impact of the

vibration digging working tool and sugar beet root there were used
the methods of higher mathematics, theoretical mechanics, in par-
ticular, the theory of vibrations and impact theory. Theoretical
studies were carried out on the basis of the general theory of vibra-
tion digging of the sugar beet roots, presented in otherr papers
(Vasilenko et al., 1970; Bulgakov and Golovach, 2002, 2004;
Pogorelij and Tatjanko, 2004; Bulgakov et al., 2005; Bulgakov and
Golovach, 2006a, 2006b; Golovach, 2006; Bulgakov and Ivanov,
2010; Ivanov et al., 2011; Adamchuk and Bulgakov, 2015).
Obtained final equations are solved numerically on a PC with the
using of own software.

Results of the research
In a first step we consider the physical process of impact inter-

action of a vibrating digging working tool with a sugar beet root dur-
ing its extraction from the soil. It was found that during the forward
movement and approaching of the vibrating digging working tool to
the sugar beet root, as a result of vibrating of the digging shares in
longitudinal vertical plane, the crushed soil particles located
between shares and sugar beet root actually are not accumulated.

Therefore, the first contact of the digging shares with the side
surface of sugar beet root is direct or, in extreme cases, through a
sufficiently thin layer of the soil. Thus, during an approach of the
vibrating shares of digging working tool occurs an impact that can
be characterized by an impact pulse of considerable value.

Since impact pulse has a finite value, and it acts in a very short
period of time, the impact force will has a significant value, which
will greatly exceed all other forces, which will act at that moment
on a sugar beet root.

Taking into account the fact that sugar beet root is still suffi-
ciently fixed in a soil, there is a risk of its breaking or destruction
during impact (what very often happens during harvest, especially
when soil is very solid and hard, having decreased soil moisture
content). Let us first consider in more details some of the common
position of impact interaction of tools of mechanical systems. It
should be noted that in the study of impact interactions, there is
often believed that the duration of the impact is equal (or close) to
zero and, therefore, it is considered that the velocities of the tools
that collide, are changed instantly to some finite value.

                             Article
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The positions of the bodies are not changed, so the presence in
the mechanical system of elastic bonds does not affect the duration
of the impact. This is because the deformations of said links, dur-
ing the impact, do not appear, and therefore does not occur the
reaction of these links.

If there are in mechanical systems some viscous components,
then during the impact, there appear responses of the relationships,
however, these reactions are of finite size (since the velocity also
have finite values), and therefore their pulses during the impact are
equal to zero (Pogorelij and Tatjanko, 2004).

Typically, the further (after impact) the movement will be car-
ried out in different ways, depending on the presence or absence of
a viscous or elastic ties. Since, during the collision of the vibrating
digging working tool on the sugar beet root in its lower part there
is not loosened soil (root of the sugar beet in its lower part is actu-
ally fixed in the layer of soil). During this impact this soil plays the
role of elastic or viscous buffer (depending on the soil composition
and soil moisture in the soil layer).

Thus, it is clear that the harder and drier the soil is, the above
statements are correct and completely adequate to the real process
of impact of the digging working tool at its contact with the sugar
beet root located in the soil.

And, since during the impact interaction occurs the breaking of
the tail of the sugar beet root or demaging and it is the most likely,
which is always the case during the real harvest, especially when
the root is in the solid and dry soil. Such case of fixing of the sugar
beet root in the soil should be investigated analytically.

To solve this problem, in a first step it is very necessary to
develop a force scheme of the impact interaction of a vibrating dig-
ging working tool with the body of sugar beet root. It is very
important to know what happens during collision of the digging
working tool with the sugar beet root.

For this, we present the vibratory digging working tool in the
form of two wedges (share-type digging working tool for digging
of sugar the sugar beet roots consists namely of two digging planes
- shares) A1B1C1 and A2B2C2, and each of them has in the space the
slopes at an angle a, b, γ and which are set with respect to each
other in such a a way that they form a working channel, the back
of which narrows (Figure 1). These wedges oscillate in a longitu-
dinal-vertical plane, and the direction of translational movement of
vibrating digging working tool is presented by the arrow. We sup-
pose that the sugar beet root is completely in the soil. However, in
the moment of impact interaction, the soil surrounding the root has
a varying degree of connection with the sugar beet root. Thus, the
front ends of the digging shares (even before their plane will be in
contact with the body of root) are loosening the top layer of soil
from the two sides around the root. The thickness of the soil layer
is determined by the depth of digging of the vibrating working tool
in the soil.

Therefore, at a given depth, the connection of the sugar beet
root with the soil will be more attenuated. Below a depth of dig-
ging of the working tool in the soil this relationship of the soil with
the sugar beet root is unbroken and, therefore, more durable.
Separation zone of said different layers of the soil on the Figure 1
is presented by a conditional (wavy) line.

We consider that the impact interaction of the sugar beet root,
which is approximated by a cone-shaped body, with the surfaces of
the two wedges A1B1C1 and A2B2C2, has symmetrical form, at the
points K1 and K2. Moreover, the impact contact may occur, directly
or through a sufficiently thin layer of soil between the surface of
the wedge and sugar beet root.

For an analytical description of the impact process it is neces-
sary to select the system of coordinate axes. We associate with

vibrating digging working body the Cartesian coordinate system
Oxyz, the center O, which is located in the middle of the working
tool of the narrowed channel of the working tool, the axis Ox coin-
cides with the direction of its forward movement, the axis Oz
direction is up, and the axis Oy is directed to the right side of the
working tool.

We will show the forces that arise from the interaction of the
vibrating digging working tool with the body of the sugar beet root
(Figure 1).

From vibrating digging working tool on the sugar beet root
fixed in the soil, there is transmitted the vertical disturbing force

, which is created by digging shares, and which varies
according to the harmonic law. In the analytical form the law of
variation of the given disturbing force may have the following
form:

Qdf. = H sin (wt)                                                                         (1)

where H - the amplitude of the disturbing force, N; w- frequency
of the disturbing force, s–1, t - time interval, s.

Since the disturbing force is applied to the body of the sugar
beet root from both sides, therefore on the force scheme (Figure 1)
it is represented by two components and , which are
attached at points K1 and K2 at a distance h from the surface of a
unloosened soil in which the sugar beet roots are fastened by their
lower part (below the depth of the digging working tool).

Due to the fact that in this case there is a symmetric interaction
of vibrating digging working tool with sugar beet root, the capture
of sugar beet root by digging shares is performed equally on both
sides (at the points K1 and K2), and will take place the following
ratio:

Qdf.

Qdf.2Qdf.1

                             Article

Figure 1. Force scheme of interaction of the symmetric vibrating
digging working tool with the body of the sugar beet root fixed
in the soil.
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Taking into account that vibrating digging working tool moves
progressively in direction of the axis Ox, therefore in the direction 
of the Ox axis there are also active driving forces and ,
which are also attached to the points K1 and K2.

In addition, in points of contact K1 and K2, there are frictional 
forces and acting to oppose of the slipping of sugar beet
root on the working surfaces of the wedges A1B1C1 and A2B2C2 of
the digging working tool (on the scheme of Figure 1, not shown).
In the center of gravity of the sugar beet root (point C) there is
acting the weight force of the sugar beet root .

Forces causing the connection of the sugar beet root with the 
soil in the direction of Ox and Oz axes are denoted by and
and, respectively. And finally, during the impact on the sugar beet
root crop from the side of the vibrating digging working tool there
are acting impact pulses and , which are also applied at the
points K1 and K2, and in the symmetric interaction takes place also
the ratio: Sn1 = Sn2. These shock pulses and are directed
along the normals to the surfaces of shares, it means in normal
direction to the planes A1B1C1 and A2B2C2 respectively.

Furthermore, the tangential impact pulses and (St1 =
St2) act on the wedge surfaces. According to the Rous hypothesis,
the relationship between the quantities of the tangent and normal
impact pulses is formulated similarly to Coulomb law of friction,
and namely (Panovko, 1985):

St ≤ f Sn                                                                                       (3)

where f - dynamic coefficient which characterizes the properties of
the surfaces of bodies that collide (in general, this ratio can be dif-
ferent from the coefficient of friction in the case of the relative un-
separated slippage of the bodies). The inequality sign refers to the
case when the tangential momentum is so small that there is no
slippage of the bodies. And only in the case of slippage of the bod-
ies in this relation should be taken an equal sign.

We factorize (decompose) the tangential impact pulses and
on components and , perpendicular to the lines A1C1

and A2C2 respectively, and components and , which are
parallel to lines A1C1 and A2C2, also respectively (Figure 1).

Thus, we obtain an expression for the tangential impact puls-
es:

                                                     (4)

Further, it is obvious that the angle ψ between the component
and the vector (i=1,2), in a first approximation depends on

the ratio Vdf.max/Vp. In the given equation Vdf.max - maximum speed
of vertical displacement of the vibrating excavating tool in oscilla-
tory motion, m∙s–1; Vp - speed of translational movement of the
vibrating excavating tool, m∙s–1. 

Also, presented vectors and allowed subsequently to
find their projections on the axis Ox and Oy.

Since the vibrating digging working tool simultaneously
moves forward in the direction of the Ох axis and oscillates in the
direction of the Оz axis, it is quite obvious that the impact pulses
and and can always be decomposed into components along
the axes Ох and Оz. It is also quite obvious that the shock pulse
component along the Ох axis during impact contact for any root

will be the same as the speed of translational motion of the digging
working tool is constant.

The component of the impact pulse on Оz axis can have differ-
ent value depending on the speed of oscillation of the vibrating
digging working tool in the vertical plane. Furthermore, since the
sugar beet root has a conical shape, then during motion of the
vibratory digging working tool in downward direction, the vertical
component of the impact pulse will actually absent. In this case,
the impact pulse will occur only during the forward speed of the
digging working body.

Let us examine in more detail the vibration motion of the
vibrating working tool. We assume here that vibrating working tool
first moves up from its lower position “–a” to its top position “a”
(where a - the amplitude of the vertical working tool vibrations),
and then, on the contrary, moves down from its top position “a” to
lower position “–a”. Thus, the vibrations of the vibrations of the
vibrating digging working tool should be carried out according to
the following harmonic law:

zk = –a cos(wt)                                                                            (5)

where zk - working body deviation vibrating digging working
organ from the horizontal axis about which the oscillations are car-
ried out, m; w - the rotary frequency of oscillation of the working
tool, s–1, a - amplitude of vertical vibrations of the vibratory
excavating tool, m.

Then, the linear velocity Vdf of the vibrational motion of the
vibrating digging working tool at any time t is equal to:

Vdf. = awsin(wt)                                                                          (6)

аnd maximal value of the given velocity is equal to:

Vdf.max = aw                                                                                 (7)

Thus, it is necessary to examine analytically such case of the
impact interaction, when impact impulse will have a maximum
value. This is exactly the case when at the moment of collision of
the vibrating digging working tool on the sugar beet root, both its
shares will be moving up to a maximum vertical speed Vdf.max.

Since all the forces, that are shown on Figure 1, have a finite
value, in the moment of impact, the impulses from all of these forces
must be equal to zero. Only impact impulses Sn1 and Sn2 have a non-
zero value, it is obvious that Sn1 = Sn2 (the impact is symmetrical).

For next investigation we accept the theory related to changes
of the motion during an impact (Panovko, 1990):

                                            
(8)

where - total velocity of the vibrating digging working tool
before an impact, m∙s–1; - velocity of the digging working tool
after an impact, m∙s–1;  - weight of the working organ related to the
point of impact, kg.

In such case:

                                            (9)

where - forward velocity of the motion of the vibraqting dig-
ging working tool; - maximal oscilation velocity of the
working tool.

P2P1

Fk2Fk1

RzRx

Sn2Sn1

Sn2Sn1

Sτ2

F2F1Sτ2

E2E1

Sτ2Sτ1

Sn2Sn2Sn1

V
U

Vp

Vd f.max

Gk

Sτ1

Ei Sti

Sτ1
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Vector translational speed - of the digging working tool is
directed along the Ох axis and the velocity vector of the vibrational
motion of the working tool - according to the the Оz axis
upwards. Taking into account (3), the vector equation (8) will be as
follows:

                                          (10)

We write the vector equation (10) in the projections on the axes
of the Cartesian coordinate system Охуz.

As the impact, in this case, is in fact symmetrical about a plane
хОz, the vector equation (10) is reduced to a system of two equa-
tions - in projections onto the axis Ох and Оz.

We define the necessary projection of the vectors that go into
the equation (10).

It is obvious that:

Vx = Vp                                                                                      (11)

Since the vectors and are directed along the normal to
the surface of the wedges, according to Bulgakov and Golovach
(2007), we obtain:

                                          (12)

As it can be seen from Figure 1, projections of the vectors ,
, and , ,  on the axis will be equal to:

E1x =E2x = E1 cos γ = St1 cosψ . cos γ                                      (13)

F1x = F2x = F1 cosd . sinγ = Sτ1 sinψ . cosd .sinγ                    (14)

It is obvious also, that:

Vz = Vdf.max                                                                               (15)

According to Bulgakov and Golovach (2002) we have:

                                          (16)

Besides,

E1z = E2z = 0                                                                             (17)

F1z = F2z = F1 sind = St1 sinψ . sind                                      (18)

With respect to equations (11)-(18), vector equation (10) is lea-
ding to the following system of equations:

(19)

Thus, we have obtained a system of two equations with three
unknowns Sn1, Ux and Uz. To solve the problem, it is necessary to
have the third equation which can be obtained by using Newton’s
hypothesis about the collision of two bodies (Butenin et al., 1985).

Thus, the relationship between the speed of the working tool
after the impact and before the impact can be expressed by using
of the coefficient of restitution e of the velocity during an impact,
namely:

Un = –eVn                                                                                 (20)

where Un - projection of the velocity of the working tool after the
impact on the surface of the wedge; Vn - projection of the velocity
of the working tool before the impact on the surface of the wedge.

As:

                                                                           

when taking into the account (Bulgakov and Golovach, 2002), we
obtain:

                                                              
(21)

                                                             
(22)

By using of equations (21) and (22) in (20), we obtain the
required third equation:

Ux . tgγ + Uz . tgb = –e (Vp . tgγ + Vdf.max . tgb)                      (23)

Thus, we finally have a system of three equations of the fol-
lowing form:

 (24)

We write the system of equations (24) in a form suitable for
solution by Cramer method:

(25)

We can write the main determinant of the system of equations
(25) and calculate its value. We obtain: 

Vd f.max

E1

F2F1E2

Sn1 Sn2

Vp
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We write the determinant for a finding of the unknown Sn1 and
calculate its value. It will be equal to:

 

(27)

In such case, according to Cramer method:

                                                              (28)

After substituing (26) and (27) into equation (28) and after
some transformations we obtain:

 

(29)

Thus, there was defined the normal component of the defined
impact pulse, that occurs during the impact interaction of one of
digging wedges of the vibrating working tool with the sugar beet
root, fixed in soil. Expression (29) describes the functional depen-
dence of the normal component Sn1 of a impact pulse on the struc-
tural and kinematic parameters of vibrating digging working tool
of the sugar beet harvest machine.

The sign “-” in the expression (29) means that the impuls pulse
Sn1 acts from the on the side of sugar beet root on the working tool.
Impact pulse that acts from the side of the working tool on the root,
has a positive sign and the same magnitude.

If we denote the total impact impulse, which acts from the side
of the digging working tool on the sugar beet root (simultaneously
from both digging planes) as a , that is:

                                                       (30)

then, as can be seen from equations (19), that its projection on the
Ох axis and Оz respectively, will be equal to:

 
(31)

 (32)

where Sn1 is determined according to equation (29), and definitely
with the positive sign.

Thus, on the basis of expressions (31), (32) and (29) we can
determine the total impact pulse which acts on the sugar beet root
from the side of vibrating digging working tool:

 (33)

It is obvious that vector lies in the plane хОz, and in the
same plane are located also its projections Sx and Sz.

However, the greatest value represents the magnitude of the
impact force, rather than the impact impulse, as most indicators of
physical and mechanical properties of sugar beet roots are connec-
ted with the forces which act on the sugar beet root from the side
of the digging working tool.

As a rule, the unknown is a law of change of the impact force,
but anyway we know that this force can be increased in a very short
period of time tb from zero value to a maximum value and then
decreases again to zero value. Obviously, the maximum impact force
is approximately twice as large, compared to its average value is the
time interval tb (Bulgakov et al., 2015d). Because the:

S = Fb.av. . tb.

where S - impact impulse, Fb.av. - average value of the impact force,
tb. - time duration of the impact, and then:

                                                              

So,

                                                             (34)

where Fb. - maximal value of the impact force.
Taking into account the equations (31), (32) and (34), we can

write the projection of the force respectively on the axis Ох and
Оz:

       (35)

                             (36)

where the value of Sn1 is determined according to equation (29),
taken with the positive sign.

The duration of the impact tb can be determined only experi-
mentally. According to Ivanov et al. (2011)  tb. ≈ 0.60 ∙ 10–2 sec.

In the next step we will study the conditions how not damage
the sugar beet root during its interaction during with the digging
working tool.

If we consider the sugar beet root, fixed in the soil, as a can-
tilever beam, then under the influence of the moment from the

S

S
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strike force the sugar beet root accept a bending deformation,
and under the action of impact force - tension deformation.
Therefore, in excess of permissible values of said forces, the sugar
beet root may break or it will break apart. This, as noted above,
most likely, when the soil is hard and dry. If the soil is moist and
soft, it is most probable that the sugar beet root will slope at an
angle to the horizon under the action of horizontal force and dig-
ging of the beet root from the soil under the action of vertical force.
If the impact is performed at the points K1 and K2 which are loca-
ted at a distance h from the surface of the un-loosend soil (Figure
1), the moment of the horizontal component of the impact force
relative to the surface will be equal to:

                                                

or, taking into account the equation (35):

(37)

When considering the conditions when the sugar beet root is
not the breaking due to the influence of horizontal force there
exist theoretically two possibilities:

a) first case:
[Mb.m.] < Mm.r.

b) second case:
[Mb.m.] > Mm.r.

where [Mb.m.] - permissible bending moment for a body of root, in
which there is no breaking of sugar beet root; Mm.r. - moment of
resistance of the un-loosened soil in which the sugar beet root is
fixed. 

Because of the conditions of equilibrium there always can be
valid the equation:

                                                    

in these and in further inequalities the Mm.r. should be understood
as a maximal (potential) moment of resistance, which can provide
a connectivity, it means, soil, in which there is fixed sugar beet
root, without breaking this connectivity.

The first case is typical for dry and solid soil, the second case
- for wet and soft soil.

In the first case, the breaking of sugar beet root will is possible
under the following condition:

                                                                                                        

or, considering the equation (37):

   
(38)

For the first case as a condition for not breaking the sugar beet
root can be accepted:

or, considering the equation (37):

  
(39)

In the second case, the breaking of the sugar beet root is gen-
erally unlikely, since it would be possible the tilt of it at a certain
angle.

It is obvious that the condition of a tilt of the sugar beet root
without destruction in this case will has the following form:

or, considering the equation (37):

  
(40)

Finally, in the second case, the root will have no tilt and
destruction will not occure in the following conditon:

or, considering the equation (37):

    
(41)

When considering the conditions for no destruction of the
sugar beet root under the vertical impact force there also theoreti-
cally can exist two possibilities:

a) first case:
[Fq.] < Rz

b) second case:
[Fq.] > Rz

where [Fq.] - the force permissible for the body of the sugar beet
root, when the root destruction does not occure; Rz - vertical force
of the connection of a sugar beet root with the soil.

Under the Rz it is necessary to understand such maximal
(potential) connection force, which can provide connection, wit-
hout destroying this connection.

The first case is typical for dry and solid soil, the second case
- for wet and soft soil.

In first case the destruction of the sugar beet root can occure in
the following conditions:

[Fq.] < Fb.z ≤ Rz

or, considering the equation (36):

Fb∙x

Fb∙z

Fb∙x
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(42)

For the first case the destruction of the sugar beet root will not
occure in the following conditions:

Fb.z ≤ [Fq.] < Rz,

or, considering the equation (36):

 
(43)

In the second case, the destruction of the sugar beet root is
unlikely. There may occure the digging of the sugar beet root from
the soil without breaking.

The digging of the sugar beet root out from the soil will be
possible in the following condition:

Rz < Fb.z < [Fq.]

or, considering the equation (36):

     
(44)

In the following condition there will be impossible to provide
digging of the sugar beet root out from the soil:

Fb.z ≤ Rz < [Fq.]
or, considering the equation (36):

 
(45)

From the condition of not breaking of sugar beet root (39) and
the conditions of no destruction (43) for impact interaction of the
digging working tool with sugar beet root we define the limits on
the speed of forward movement of the digging working tool. Based
on this aim from the equation (39) we find:

 
(46)

and from equation (43) we find:

 
(47)

For convenience and shortening of the notation of the anothers
equations we introduce the following indication:

 
(48)

 
(49)

 
(50)

In such case the equations (29), (46) and (47) respectively, will
have the following form:

Sn1 =Cm(1 + e) . (Vp . tgγ + Vd f.max . tgb)                                (51)

                                                                  (52)

Sn1 ≤ B[Fq.] tb.                                                                          (53)

where the equation (29) was taken with the positive sign.
Thus, the two expressions are obtained for limiting the impact

impulse Sn1, namely (52) and (53). In this case, the breakage of the
root as the cantilever beam is most likely on the border of the loo-
sened and un-loosened layer of the soil, where the tail of the root
is fixed. The breakage of the tail section of sugar beet root beet,
having a sectional diameter of 30-40 cm corresponds to the depth
of the motion of the of the vibrating digging working tool in the
soil, which is 10-12 cm. It is obvious that in this section of root
breakage due its bending is more likely than its breakage due to
dilatation (breakage caused by dilatation can occure in the lower
part of the root below this section, where there is a much smaller
diameter of the root). Therefore, for the measure for the evaluation
of the permissible impact pulse we accept the expression (52).
Though theoretically the permissible impact pulse Sn1 should be
determined by a such criteria:

                                             

However, in accordance with the above reasoning, for a partic-
ular cross section, it follows that:

                                       (54)

From the equation (51) we determine:

                                       (55)

Finally, taking into account (54), we obtain the following
inequality:

                                   (56)

                             Article
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Thus, there were determined the constraints concerning the
speed of the vibrating digging working tool, with regard of its
design parameters and weights, as well as the strength of the sugar
beet root and the coefficient of the recovery rate during an impact.

As the speed of the digging working tool (the forward speed of
the sugar beet harvester) affects its performance, then we will
study the case when the equation (56) will contain a sign of equa-
lity. If in the first step there is entered the forward speed Vp of the
movement of digging working tool (sugar beet harvester), then
from equation (56) we find the value of the maximum speed Vdf.max
of the vibrational motion of the vibrating digging working tool:

                                   (57)

Then from the expression (7) there can be found, for a given
amplitude, the desired circular frequency of the vibrations of the
digging working tool from the conditions not to damage a sugar
beet root:

                             
(58)

The frequency of the vibrations of the digging-working tool,
expressed in Hz, will be equal to:

                     
(59)

Further, on the basis of the theory developed, we construct the
algorithm for calculating of the permissible frequency v of vibra-
tions of the vibrating digging working tool in relation to the speed
of its forward movement Vp, and the amplitude a of oscillations at
different depths h when moving in the soil.

To perform the calculations you must, first of all, input the val-
ues of some parameters, which are included in the expression (59).

First of all, we will ipnut the parameters of triangular wedges
of the vibrating working tool, namely the corners and (Figure 1).
According to the design documentation for vibratory digging
working tools we will consider that values of these angles will be
equal to: γ=14°-15°, β=50°-55°. To determine the two-edged angle
δ between the working surface and a lower wedge base using
expression (Pogorelij and Tatjanko, 2004):

                     
(60)

The dynamic coefficient of friction of the steel on the surface
of the root we accept according to Bulgakov and Golovach (2004):
f=0.45. The angle ψ=45° responds to its average value. The dis-
tance from the point K1 of the impact contact up to the bottom edge
of the wedge (but actually up to not loosened soil) h=0.05 m. We
consider that the value of the coefficient of recovery during impact
is equal to ε=0.72, which we determined experimentally.

The permissible bending moment [Mb.m.] can be determined by
the same way. If we assume that z - the depth of motion of the
vibrating digging working tool in the soil, it is obvious that the

most likely is the break of the root body at this depth, because at
the depth deeper than the z, the root body is located in more dense
soil, not loosened soil and at a depth of less than z, the cross section
of the root is larger, since the root body has a conical shape. At the
same time, the cross-sectional diameter dk of the beet root body at
a depth z will be determined on the basis of this expression:

dk = Dk – 2z . tgγk                                                                     (61)

where Dk - diameter of the sugar beet root, m, γk - cone angle, grad.
Then, as we know from the course of Strength of Materials, the

permissible bending moment of the conical body of the sugar beet
root is:

                                                              
(62)

where [σ]�- temporary resistance of the bending of sugar beet root
due to the dynamic load, Pa. 

Taking into accoun the above mentioned equation we obtain
the value [Mb.m.]:

                          
(63)

According to Bulgakov and Golovach (2004): Dk=67-122 mm
(we use Dk=100 mm); γk =9°-18°(we use γk=15°); [σ]� =1.15∙106

Pa. 
Next, we must determine the mass of the working tool, acting

on the point of impact. Indicative set of given mass values can be
determined using the expression (59), inputing the intervals and
amplitudes of vibration frequencies of digging working tool as
well as the speed of its forward movement (these data can be taken
from the results of experimental studies). Then, the value of the
acting mass m, obtained as a function m = m(v, Vp) of the vibration
frequency v of the digging working tool and the speed Vp of its for-
ward movement, shall be equal to m=0.8-1.5 kg. 

The values of the coefficients A and C can be determined
according to equations (48) and (50).

In the next step, for the individual values of parametres we
determine the permissible value of the vibration frequency v of the
digging working tool as a function v = v(Vp, a), for the conditions
not to break the body of the sugar beet root. According to the own
PC software there were performed calculations, which had allowed
to prepare the graphs and a contour graphs (Figure 2) expressing
the permissible values of the vibration frequency v for the given
mass m=0.8-1.5 kg and depth h=0.08-0.10 m of movement of the
vibrating digging working tool in the soil (Figures 2-7). It should
be noted that the permissible frequencies must be limited from
above to a value of 2.0 Hz, which is determined by the reliability
of the operation of the drive of the vibratory digging tool into the
vibrational motion.

As it can be seen from the graphs (Figures 2-7), while increa-
sing the speed of translational motion and vibration amplitude of
the vibrating digging working tool, the values of the permissible
oscillation frequency are decreasing. The trend towards a decrease
in the permissible frequency of oscillations can also be seen with
increasing of the depth of movement of the vibrating digging wor-
king tool in the soil.

Numerical calculations performed on a PC made it possible to
recommend the permissible values of the oscillation frequencies of
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the vibrating digging working tool for the conditions not to break
the tail section of sugar beet root during an impact interaction and
for conditions of compulsory capture of each root by working tool
within the forward speed range of motion of 1.3-2.2 m∙s–1, the used
mass of the digging working tool m=0.8; 1.0; 1.5; 2.0 kg, depth of
the motion in the soil z=0.08; 0.1; 0.12; 0.14 m, and the oscillation
amplitude a=0.008-0.024 m, which are presented in Table 1.

To carry out experimental studies of the process of vibrational

digging out of sugar beet roots from the soil and to study the shock
interaction of scraping coulombs (planes) with the sugar beet root
body, a new design of the vibratory digger was designed and fabri-
cated (Bulgakov and Golovach, 2007), a design and technological
scheme and a general view of which are presented on Figure 8.

At the same time, the basic constructive and kinematic para-
meters that were obtained during the theoretical studies were used
in the construction of this vibratory digging working body. At the

Figure 2. A) The surface and B) a contour graph of the permissi-
ble values the oscillation frequency of the vibrating digging
working tool v = v(Vp, a), Hz, depending on the different speed
of motion and the amplitude of the oscillations: the reduced mass
is 0.8 kg; motion in the soil depth –0.08 m. 

Figure 3. A) The surface and B) a contour graph of the permissi-
ble values the oscillation frequency of the vibrating digging
working tool v = v(Vp, a), Hz, depending on the different speed
of motion and the amplitude of the oscillations: the reduced mass
is 0.8 kg; motion in the soil depth –0.10 m.

Figure 4. A) The surface and B) a contour graph of the permissi-
ble values the oscillation frequency of the vibrating digging
working tool v = v(Vp, a), Hz, depending on the different speed
of motion and the amplitude of the oscillations: the reduced mass
is 1.0 kg; motion in the soil depth –0.08 m.

Figure 5. A) The surface and B) a contour graph of the permissi-
ble values the oscillation frequency of the vibrating digging
working tool v = v(Vp, a), Hz, depending on the different speed
of motion and the amplitude of the oscillations: the reduced mass
is 1.0 kg; motion in the soil depth –0.10 m.

Figure 6. A) The surface and B) a contour graph of the permissi-
ble values the oscillation frequency of the vibrating digging
working tool v = v(Vp, a), Hz, depending on the different speed
of motion and the amplitude of the oscillations: the reduced mass
is 1.5 kg; motion in the soil depth –0.08 m.

Figure 7. A) The surface and B) a contour graph of the permissi-
ble values the oscillation frequency of the vibrating digging
working tool v = v(Vp, a), Hz, depending on the different speed
of motion and the amplitude of the oscillations: the reduced mass
is 1.5 kg; motion in the soil depth –0.10 m.
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same time, carrying out experimental studies and comprehensive
tests of this new vibratory digging working organ was aimed at
ensuring the intactness of sugar beet roots from the soil under vari-
ous parameters of the oscillatory process, and inadmissibility of
their losses, provided that the working organ strikes against the
body of sugar beet roots.

The vibratory digging tool of the new design consists of scra-
ping couches (planes) that are fixed to the ends of the struts 2,
which, with the help of the brackets of the suspension 3, are con-
nected to the driving mechanism 4 of the coulters 1 in oscillatory
movements in the longitudinal-vertical plane. The mechanism 4
has a device that can adjust the amplitude and frequency of the
vibrational movements of the coulters 1 in a wide range of their
values (the frequency is adjustable from 8.5 to 20.3 Hz, the ampli-
tude is from 8.0 to 24.0 mm). In addition, the suspension bracket 3
racks 2 is equipped with an additional hinge, which allows a small
range to carry out the free movement of paired racks 2 in the lon-
gitudinal-vertical plane. This ensures the self-alignment of the sha-
res 1 with the forward movement of the digging working organ,
which is not present in the existing structures of similar working
organs for digging out sugar beet roots from the soil.

To carry out the experimental studies, a laboratory-field instal-
lation (Figure 9) was made in the form of a four-row sugar beet
root harvesting machine, on which experimental studies of the
shock interaction of scooping plowshares with root crops of sugar
beet were carried out.

The experimental setup consists of a main frame 1, which rests
on the bridges of the rear 2 and front 3 wheels. In this case, the
wheels 3 perform the functions of copying, and the frame 1 is con-
nected to the aggregating tractor by means of a strain gauge link.
In the front part of the frame 1, vibratory digging working organs
4 of a new design there are installed, additionally equipped with
beaters 5. In general, the experimental sample of the sugar beet
root harvesting machine was equipped with cleaning and transpor-
ting working elements: a paddle bitter cleaner 6 and longitudinal
and unloading conveyors. The vibratory digging device 4 consists
of a crank drive 7 and digging planes 8.

During the experimental studies, the cleaning working organs
were cut off from the experimental sugar beet root harvesting
machine and the sugar beet roots dug from the soil were immedia-
tely laid on the film, which was unwound from a roll installed on
the frame immediately behind the digging working organs.

Soil conditions of the site for the experimental study of the
vibrational digging of sugar beet roots from the soil during impact
interaction of digging mechanism and root crops were following:
soil type - heavy loam; soil hardness - 3.8 - 4.0 MPa; soil moisture
content - 8%; density of plantations of root crops of sugar beet -
150 thousand pieces per ha; average size of root crops: diameter -
0.094 m, length - 0.24 m, weight - 0.9 kg.

In Figure 10 shows photos of sugar beet roots that have been dig-
ging out from the soil by a new vibratory digging working organ.

As a result of statistical processing of the results of experimen-
tal studies, graphical dependencies of the qualitative indices of the
vibrational digging of the sugar beet roots from the soil were obtai-
ned under the condition of shock contacts of digging organs and
root bodies. These data are presented on Figures 11-13.

As Figure 11 shows, the loss of sugar beet roots at a vibration
vibration frequency of the vibrating excavating organ from 8.0 to
22.0 Hz does not exceed 3.8%, which fully satisfies the existing
agrotechnical requirements for harvesting of the sugar beet roots.

As can be seen from the graphs obtained, the damage of the
sugar beet roots due to the vibration frequencies of the vibrating
digging tool is from 8.0 to 22.0 Hz, which also satisfies the
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Figure 8. A new vibratory digging working organ for sugar beet
roots: A) constructive technological scheme; B) general view of
the working body: 1 - digging ploughshares (planes); 2 - racks; 3
- mechanism for regulating the distance between scaling planes; 4
- vibrating drive with a mechanism for adjusting the amplitude
and frequency of oscillations of the digging planes; 5 - guiding
fingers.

Figure 9. Scheme of an experimental sugar beet root-harvesting
machine equipped with new vibrating digging organs: 1 - frame;
2 - axle of rear wheels; 3 - axle of front (copying) wheels; 4 -
vibratory digging working bodies; 5 - beater; 6 - four-bladed
beater cleaner; 7 - crank drive of the vibratory digging working
body; 8 - scooping plowshares (planes).

JAE_fascicolo 2018_04ok.qxp_Hrev_master  02/01/19  08:30  Pagina 217

Non
-co

mmerc
ial

 us
e o

nly



existing agrotechnical requirements for harvesting of the sugar
beet roots. From the graphs obtained, it can be seen that in this case
(in the case of digging out the sugar beet roots from soft and moist
soil), the roots damage does not exceed 6.2%, which, with a
significantly, meets the technical requirements for harvesting of
the sugar beet roots. Based on the results of the experimental

studies it has been found that it is expedient to use a design of the
vibratory digging tool that would ensure that in the range of
translational velocities 1.3-2.1 m∙s–1 and the oscillation amplitude
of the working element in the range 0.008-0.024 m, vibration
frequency 8-18 Hz and the depth of travel in the soil of digging
organs (shares) 0.08-0.10 m. The specified kinematic parameters
of the work ensure high-quality performance of the technological
process of vibrating digging of sugar beet roots, which satisfies the
existing agrotechnical requirements regarding root losses and
damage. This frequency range of oscillations of the vibratory
digging working organ, which ensures the qualitative extraction of
the sugar beet roots from the soil, completely coincides with the
calculation calculated earlier on the basis of the developed theory
and given in Table 1, which indicates the adequacy of theoretical
and experimental studies.

Conclusions
There was developed a most complex theory of the impact

interaction of the digging working tool with the sugar beet root,
fixed in the soil.

Based on a obtained equation of the impact interaction, which
acts in two points, there was determined an impact impulse and
maximal impact force, which which occur at a specified impact
interaction.

There was obtained an analytical expression for determining
the permissible vibration frequency of the vibrating digging work-
ing tool on the basis of the conditions not to damage the beet roots
with regard of its design parameters and the forward speed of the
sugar beet harvester. It allows to define the desired frequency when
digging sugar beet roots from the soil.

There was developed the algorithm for calculations of the per-
missible frequency of vibrating digging working tool, taking into
account the request not to break the sugar beet roots during an
impact interaction. Numerical calculations performed on a PC
made it possible to recommend the permissible values of the oscil-
lation frequencies of the vibrating digging working tool, depending
on the design, kinematic and technological parameters of the
process of digging, recommended values of the above parameters
are presented in Table 1.

                             Article

Figure 10. Sugar beet roots, dug by new vibrational digging out
working bodies during experimental studies.

Figure 11. A) Quadratic response of the surface and B) a two-
dimensional cross-section of the quadratic response surface of
sugar beet roots losses due to the oscillation frequency of a work-
ing organ and the depth of its course in the soil at a forward
speed of 1.75 m·s–1, soil hardness 4.00 MPa and soil moisture
content 8%

Figure 12. A) The quadratic response of the surface and B) the
two-dimensional section of the quadratic response surface of the
sugar beet beet root damage due to the oscillation frequency of
the working organ and the depth of its course in the soil at a for-
ward speed of 1.30 m·s–1, soil hardness 4.00 MPa and soil mois-
ture content 8%

Figure 13. A) The quadratic response of the surface and B) the
two-dimensional section of the quadratic response surface of the
sugar beet root damage from the oscillation frequency of the
working organ and the depth of its course in the soil at a forward
speed of 2.55 m·s–1, soil hardness 2.00 MPa and soil moisture
content 18%.
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Based on the results of the experimental studies it has been
found that it is expedient to use a design of the vibratory digging
organ that would ensure that in the range of translational velocities
1.3-2.1 m.s–1 and the vibration amplitude of the vibratory digging
organ in the range 0.008-0.024 m frequency oscillations of 10-18
Hz and the depth of travel in the soil of digging organ 0.08-0.10 m.
The specified kinematic parameters of the work ensure high-
quality performance of the technological process of vibrating
digging of sugar beet roots, which satisfies the existing
agrotechnical requirements regarding losses and damage of sugar
beet roots.
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Table 1. Recommended frequencies v vibrations of the vibrational digging working organ, Hz.

Used weight of the                                                          Depth of motion of a working body in the soil (z, m)
   working organ                                    0.08                                                  0.10                                                                     0.12
         (m, kg)                                                                     Amplitude of vibrations (a, m)                     
                                    0.008-0.016  0.018-0.020    0.008-0.024          0.008-0.024   0.008-0.018      0.020-0.024   0.008-0.010    0.012              0.008-0.024

                 0.8                                   –                          –                         18.0                               10.0                         –                              –                          –                     –                                    9.0
                  1.0                                   –                          –                         16.4                                 –                         10.0                           8.3                         –                     –                                    –
                  1.5                                   –                          –                         10.0                                 –                           –                              –                        10.0                  8.0                                   –
                  2.0                                10.0                      8.1                          –                                    –                           –                              –                          –                     –                                    –
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