
INTRODUCTION 

Nowadays harvesting sugar beets is commonly con-
ducted using vibrational digging-out working tools, 
mounted on beetroot harvesters, manufactured in many 

countries of the world. This way of extracting beetroots 
from soil has a number of advantages compared to oth-
er methods, due to which this technological process of 
harvesting beetroots requires more thorough research 
and further improvement for the elaboration of new 
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Aim. The elaboration of the theory of the impact of the vibrational digging-out working tool on the body of 
the beetroot, attached to the soil, and the substantiation of the rational kinematic and constructive parameters 
of the advanced vibrational digging-out working tool on the basis of the results obtained. Methods. The main 
provisions of advanced mathematics and theoretical mechanics were used, in particular, the general theory of 
mechanical impact and the oscillation theory. The equation systems obtained were solved using PC and the 
elaborated programme. Results. The main provisions of the theory of the impact of the digging-out working 
tool on the beetroot while extracting the latter from the soil were elaborated. The mathematical model of the 
impact interaction of the digging-out working tool and the body of the beetroot, attached to the soil, during 
the vibrational digging-out of sugar beets was created. The equations, describing the mentioned process, were 
used as a basis for the impact impulse and the impact force; the conditions of not damaging the beetroot during 
the impact were established. The analytic expression for the determination of the allowed frequency of vibra-
tions of the working vibrational digging-out tool with the consideration of its constructive parameters and the 
translational motion was obtained. The estimates, obtained using PC calculations, allow designing advanced 
working vibrational digging-out tools to harvest sugar beets, taking the condition of avoiding damage to the 
root into account. Conclusions. The analytic expression for the determination of the allowed frequency of 
vibrations of the vibrational digging-out working tool, taking into account its constructive parameters and the 
translational motion, was obtained taking the condition of avoiding damage to the root into consideration. The 
algorithm and the PC analysis programme for the allowed frequency of oscillations of the vibrational digging-
out working tool with the consideration of no damage to the beetroot during the impact interaction were elabo-
rated. Numerous PC estimates demonstrated that on condition of the mentioned weight of the working tool of 
m = 1.0 kg the allowed frequency, at which there is no damage to the beetroot, should not exceed v = 10.0 hertz 
(with the oscillation amplitude of a = 0.015 m and the maximum depth of the digging-out working tool in the 
soil of h = 0.1 m). Here the translational motion should be in the range of 1.3 … 2.2 m/s. The obtained results 
of the theoretical research allow designing advanced vibrational digging-out working tools to harvest sugar 
beets without damaging them.
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digging-out working tools. It presupposes providing 
the required conditions of operation, the reduction of 
energy consumption and the increase in the quality of 
process implementation. As for beetroot harvesters, the 
main condition is the quality of digging-out beetroots 
from soil, i. e. their non-damage (no breaks in the tail 
part, no cuts, cleaves or extensive damage to the side 
surface) and losses (in soil or on its surface).

It is absolutely obvious that there is a probability of 
some damage to the beetroots and their losses during 
the direct interaction of the digging-out working tools 
with the beetroots, located in the soil (actually attached 
thereto). It is especially true regarding the vibrational 
digging-out working tools in the drought conditions 
of harvesting. Therefore, there is a need of theoretical 
research on the impact interaction of the vibrational 
digging-out working tool and the beetroot, attached to 
the soil, to use the results obtained as a basis for the 
estimation of kinematic and constructive parameters 
of the advanced working tool, ensuring non-damaging 
process of digging-out beetroots from the soil.

The theoretical research on the vibrational process of 
digging-out the beetroots from soil was described in 
[1–7]. However, the mentioned works do not present 
the analytic research on the impact of the vibrational 
digging-out working tool on the body of the beetroot, 
attached to the soil. Only the authors of [8, 9] present-
ed some experimental data, obtained while studying 
the impact interaction of the impact tester on the beet 
crown. The analysis of foreign publications [15–18] 
yielded additional evidence to the fact that the quality 
indices of sugar beet harvesting are paid suf  cient at-
tention.

The aim of this article is to elaborate the theory of the 
impact of the vibrational digging-out working tool on 
the body of the beetroot, attached to the soil, and the 
substantiation of the rational kinematic and construc-
tive parameters of the advanced vibrational digging-
out working tools on the basis of the results obtained.

MATERIALS AND METHODS

The main provisions of advanced mathematics and 
theoretical mechanics were used, in particular, the gene-
ral theory of mechanical impact and the oscillation the-
ory. The equation systems obtained were solved using 
PC and the composed programme.

RESULTS AND DISCUSSION

The physical process of the impact of the digging-
out working tool on the beetroot during the vibrational 

digging out from the soil. Due to the oscillations of the 
digging-out plough shares in the longitudinal vertical 
area and the translational motion, when the vibrational 
digging-out working tool approaches the sugar beet-
root there is practically no accumulation of the loose 
soil between the shares and the beetroot. Thus, the  rst 
contact of the digging-out shares and the side surface 
of the beetroot is direct or at least via rather a thin soil 
layer. Therefore, when the shares of the vibrational 
digging-out working tool approach the beetroot, there 
is an impulse, characterized by a considerable impact 
impulse.

As the impact impulse has its  nal value (and acts 
during a very short period of time), the impact force 
will have a substantial value, greatly exceeding the 
values of all the other forces, currently in  uencing the 
beetroot. Taking into consideration the fact that the 
beetroot is still rather  rmly attached to the soil, there 
is a risk of its being broken or cut due to the impact 
(which is very frequent during harvesting especially on 
condition of considerable hardness of the soil and its 
decreased humidity).

Since during the run-over of the vibrational digging-
out working tool on the beetroot there is some remain-
ing unloose soil in its lower part (the lower part of the 
beetroot is actually attached to the soil layer), this soil 
plays the role of an elastic or viscous buffer (depend-
ing on the mechanical composition and humidity of 
the soil in this layer). Thus, it is absolutely evident that 
the harder and drier the soil is, the more accurate the 
abovementioned foregrounds are, and the more ade-
quate they are to the actual process of the impact of 
the digging-out working tool while interacting with the 
beetroot, located in the soil. 

As the break in the tail part of the beetroot or its cut 
are the most probable events for the impact interaction, 
which is always observed in the actual harvesting, es-
pecially when the beetroot is located in hard and dry 
soil, this case of the attachment of the beetroot to the 
soil should be studied. 

Firstly, there is a need of elaborating the equivalent 
scheme of the impact interaction of the vibrational 
digging-out working tool and the body of the beet-
root when the working tool runs over the beetroot. For 
this purpose let us present the vibrational digging-out 
working tool as two pickers (the share-type digging-
out working tool consists of two digging-out planes) 
A1B1C1 and A2B2C2, each of them having a slope in the 
dimension with the angles of , , , which are posi-
tioned in such a way as to form a working passage, nar-
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rowing towards its end (Fig. 1). The mentioned pickers 
make oscillational motion in the longitudinal vertical 
area; the direction of the translational motion of the vi-
brational digging-out working tool is indicated with the 
asterisk. 

We assume that the impact interaction of the beetroot, 
approximated with a cone-like body, and the surfaces 
of both pickers A1B1C1, thus A2B2C2 occurs in points 
K1 and K2 respectively. The impact contact may occur 
either directly or through a very thin soil layer between 
the surfaces of pickers and the beetroot. 

The analytical description of the impact process re-
quires selecting a system of coordinates. Let us con-
nect the vibrational digging-out working tool and the 

 xed Cartesian coordinate system Oxyz, the centre  
of which is located in the middle of the narrowed  ow 
of the working tool, axis Ox coincides with the direc-
tion of its translational motion, axis Oz is directed up-
wards, and axis Oy is directed towards the right side of 
the working tool (Fig. 1). Let us demonstrate the forc-
es, occurring due to the interaction of the vibrational 
digging-out working tool and the body of the beetroot 
(Fig. 1).

It will be assumed that a vertical disturbing force 
impacts the beetroot from the side of the vibrational 
digging-out working tool and changes according to the 
harmonic law of the following kind:

Qdf. = Hsin t,   (1) 

Fig. 1. The equivalent scheme of the impact interaction of the vibrational digging-out working tool and the body of the beet-
root, attached to the soil
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where H – the amplitude of the disturbing force, ; 
 – the frequency of this force, s 1.
The disturbing force Qdf. is applied to the beetroot 

from two sides, therefore at the equivalent scheme it is 
presented by two constituents Qdf.1 and Qdf.2, applied in 
points K1 and K2 respectively at a distance of h from the 
surface of the non-loose soil layer, whereto the beetroot 
is attached.

Since the grab of the beetroot by the digging-out 
shares is conducted from two sides (in points K1 and 
K2), the following ratio is true:

Qdf.1 = Qdf.2 = 1/2Hsin t.  (2)
In addition, the vibrational digging-out working tool 

has a translational motion towards the axis Ox, so there 
are also driving forces P1 and P2, applied in points K1 
and K2 respectively in the direction of this axis Ox.

In addition, the points of contact K1 and K2 also have 
friction forces FK1 and FK2, counteracting the slipping 
motion of the beetroot along the working surfaces of 
the pickers A1B1C1 and A2B2C2 of the digging-out work-
ing tool. The gravity centre of the beetroot (point ) 
has the force of the weight of the beetroot Gk. The for-
ces of the attachment of the beetroot and the soil in the 
direction of axes Ox and Oz are indicated as Rxand Rz 
respectively. Finally, during the force impact upon the 
beetroot from the side of the vibrational digging-out 
working tool there are force impulses Sn1 and Sn2, which 
are also applied in points K1 and K2, respectively, and 
Sn1 = Sn2. These force impulses are directed along nor-
mal lines towards the working surfaces of the shares, 
i.e. planes A1B1C1 and A2B2C2 respectively. 

In addition, there are tangent force impulses S 1 and  
S 2 along the surface of the pickers, and S 1 = S 2. Ac-
cording to Routh hypothesis, the relation between the 
values of the tangent and normal force impulses is for-
mulated similar to Coulomb’s friction law, namely [11]:

S   f Sn   (3) 
where f is a dynamic coef  cient, characterizing the 
properties of the surfaces of the encountering objects 
(generally this coef  cient may not coincide with the 
friction coef  cient at continuous relative slipping of 
objects).

The inequality sign is related to the ratio where the 
tangent impulse is so low that there is no slipping of 
objects. The equality sign is required only for slipping 
objects in this ratio.

Let’s divide impulses S 1 and S 2 into constituents F1 
and F2, perpendicular to straight lines A1C1 and A2C2 

respectively, and constituents E1 and E2, parallel to 
straight lines A1C1 and A2C2 respectively (Fig. 1).

Thus, we have:
S 1 = Fi + Ei, (i = 1, 2)  (4)

It is evident that the angle  between the constituent  
Ei and vector S i (i = 1, 2) in the  rst approximation 
depends on the ratio Vdf./Vtm. In addition, this way the 
presented vectors S 1 and S 2 allow further  nding their 
projections on the axes Ox and Oy.

As the vibrational digging-out working tool has si-
multaneous translational motion towards the axis  
and oscillating motion towards the axis z, it is evident 
that the force impulses Sn1 and Sn2 can always be di-
vided into constituents along the axes  and z. 

As the beetroot has a cone-line body, the vertical con-
stituent of the force impulse will be actually absent dur-
ing the motion of the vibrational digging-out working 
tool downward. In this case the force impulse will oc-
cur only from the translational motion of the digging-
out working tool.

Let’s follow the oscillating motion of the vibrational 
digging-out working tool in a  ner detail. Let’s as-
sume that  rstly the digging-out working tool moves 
upwards from its lower position “–a” to its higher po-
sition “a” (where a – the amplitude of oscillations of 
the working tool), and then, vice versa, it moves down-
ward from the higher position “a” to the lower posi-
tion “– a”. Therefore, the oscillations of the vibrational 
digging-out working tool should occur according to the 
harmonic law zk = –acos t, where zk are the deviations 
of the working tool from the horizontal axis, around 
which the oscillations take place, and  is the frequen-
cy of oscillations of the working tool.

Then the linear velocity Vdf. of the translational mo-
tion of the vibrational digging-out working tool at any 
moment t will be Vdf. = a sin t, with the maximum 
value of Vdf.max = a .

Thus, it is necessary to study the force interaction, 
at which the force impulse will have the maximum 
value, i. e. when the planes of the vibrational digging-
out working tool move upwards with the maximal force 
while running over the beetroot Vdf.max. 

As all the forces, presented in Fig. 1, have their  nal 
values, at the time of the impact the impulses of all 
these forces should be close to zero. Only force impuls-
es Sn1 and Sn2 have non-zero values, and it is evident 
that Sn1 = Sn2 (the impact is symmetrical). 
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For further research let’s apply the principle of mo-
mentum during the impact [12]:

m(U – V) = Sn1 + Sn2 + S 1 + S 2,  (5)

where V is the velocity of the digging-out working tool 
prior to the impact; U is the velocity of the working 
tool after the impact; m is the weight of the working 
tool.

Here
V = Vtm + Vdf.max,  (6)

where Vtm is the velocity of the translational motion of 
the working tool; Vdf.max is the maximal velocity of the 
oscillational motion of the working tool.

The vector of the translational motion Vtm of the 
digging-out working tool is directed along the axis 

, and the vector of the velocity of the oscillation 
motion of the working tool Vdf.max – along the axis z. 
Taking into account (3), the vector equation (5) will 
be as follows:

m(U – V) = Sn1 + Sn2 + fSn1 + fSn2.   (7) 

Let’s write the vector equation (7) in the projections 
on the axis of the Cartesian system of coordinates 

z. 
As the impact here is actually symmetrical regarding 

the plane z, the vector equation (7) comes down to 
the system of two equations – in the projections on the 
axes  and z.

Let’s de  ne the required projections of the vector 
which are a part of the equation (7). 

It is evident that 

Vx = Vtm.   (8)

As the vectors Sn1 and Sn2 are directed along the nor-
mal lines towards the surface of the pickers, then, ac-
cording to [13], we shall have:

 
(9)

As seen from the data in Fig. 1, the projections of the 
vectors E1, E2 and F1, F2 on the axis Ox shall equal

E1x = E2x = E1cos  = S 1cos cos , (10)

F1x = F2x = F1cos sin  = S 1sin cos sin . (11)

It is also evident that
Vz = Vdf.max.    (12)

According to [13] we have:

 (13)

In addition,

E1z = E2z = 0,   (14)

F1x = F2x = F1sin  = S 1sin sin .  (15)

The relation between the velocity of the working tool 
prior and after the impact is expressed by the restora-
tion coef  cient  [12], namely:

Un = Vn,   (16)

where Un is the projection of the velocity of the work-
ing tool after the impact on the normal line towards the 
surface of the picker; Vn is the projection of the velocity 
of the working tool prior to the impact on the normal 
line towards the surface of the picker.

As U = Ux + Uz and V = Vtm + Vdf.max, then, taking into 
consideration [13], we shall have

 
(17)

and
 

(18)

Taking the equations (17) and (18) into (16), we shall 
have the following ratio: 

Uxtg  + Uztg  = – (Vtmtg  + Vdf.maxtg ). (19)
Taking into consideration the equations (8)–(15), the 

vector equation (7) together with the equation (19) is re-
duced to the following system of three linear equations:

 (20)

Solving the system of linear equations (20) by Kra-
mer’s method, we have:
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Therefore, we de  ne a normal component of the 
impact impulse, occurring at the impact interaction 
of one of the digging-out pickers of the vibrational 
digging-out working tool and the beetroot, attached 
to the soil. The equation (21) states the functional de-
pendence of the normal component Sn1 of the impact 
impulse on constructive and kinematic parameters of 
the vibrational digging-out working tool of the beet 
harvester.

The sign “–” in the equation (21) means that the im-
pact impulse Sn1 acts from the side of the beetroot on 
the working tool. The impact impulse, acting from the 
side of the working tool on the beetroot, is positive and 
has the same value.

Let’s de  ne the total impact impulse from the side 
of the digging-out working tool on the beetroot (from 
both digging-out pickers) as S, then

S = Sn1 + Sn2 + S 1 +  S 2   (22)

so, as seen from equations of the system (20), its pro-
jections on the axes  and z will be:

 
(23)

 
(24)

where Sn1 is de  ned according to the equation (21) with 
obligatory positive sign.

Let’s further de  ne the value of the impact force, 
since the majority of the indices of the physical and 
mechanical characteristics of the sugar beets are re-
lated to the efforts, acting on the beetroot from the 
side of the digging-out working tool.

As a rule, the law of variation of the impact force is 
unknown, but it is clear that during a short period of 
time tb. this force increases from zero to the maximal 
value and then decreases to zero again. As described 
in [12], the maximal value of the impact force will be 
approximately twice as much as its average value for 
the time period tb..

Since S = Fb.av.tb., where S – impact impulse; Fb.av.  
average value of the impact force; tb. – time of the im-
pact, then Fb.av. = S/tb. and, consequently:

Fb. = 2Fb.av.= 2S/tb.,   (25)

where Fb. – maximal value of the impact force.

Taking the equations (23) (25) into consideration, 
one may write the value of the force projection Fb. on 
the axes  and z respectively:

 
(26)

 
(27)
where 

the value of Sn1 is de  ned according to the equation 
(21) with the obligatory positive sign.

The duration of the impact tb. can be de  ned only by 
experiments. According to [9], tb.  0.6·10–2 s.

Let’s further consider the conditions of avoiding 
damage to the beetroot during its impact interaction 
with the digging-out working tool.

If the beetroot, attached to the soil, is viewed as a 
hammer beam, by the action of the impact force Fb.x the 
beetroot will have the deformation of the curve, and 
by the action of the impact force Fb.x – the elongation 
strain. Therefore, exceeding the allowed values of the 
mentioned forces may lead to the breaking of the beet-
root or its cut. As indicated above, it is more possible 
when the soil is dry and hard. If the soil is wet and 
soft, it is most probable that the beetroot will bend at 
some angle towards the horizon by the action of the 
horizontal effort and the beetroot will be dug out of 
the soil by the action of the vertical effort. If the im-
pact takes place in points K1 and K2 at a distance of h 
from the non-loose soil layer (Fig. 1), the moment of 
the horizontal component of the impact force regarding 
this surface Mo1(Fb.x) = Fb.x h taking into consideration 
the equation (26) will equal:

 
(28)

The consideration of the conditions of avoiding 
damage to the beetroot by the action of the horizontal 
force Fb.x has two theoretical variants: the  rst one  
[Mb.m.] < Mm.r. and the second one  [Mb.m.] > Mm.r., where  
[Mb.m.] is possible bending moment for the body of the 
beetroot, when there is no breaking of the latter; Mm.r. – 
the moment of resistance of the non-loose soil, whereto 
the beetroot is attached. 

Since the equality conditions always have the equa-
tion Mm.r. = Mo1(Fb.x), in further inequations Mm.r. will 
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mean such a maximal (potential) moment of resistance, 
which can provide the connection (i. e. the soil where 
the beetroot is attached) without breaking the latter. 

The  rst case will be more characteristic for dry and 
hard soil, and the second one – for wet and soft soil.

The condition of avoiding damage to the beetroot in 
the  rst case will be the inequation Mo1(Fb.x)  [Mb.m.] < 
< Mm.r. or, considering the equation (28):

  
(29)

In the second case the breaking of the beetroot will 
be the least probable as its bending towards some angle 
is possible. 

The beetroot will not have any bending and will not 
break on condition of Mo1(Fb.x)  Mm.r. < [Mb.m.] or taking 
into consideration the equation (28):

 
(30)

The consideration of the conditions of avoiding da-
mage to the beetroot by the action of the vertical im-
pact force Fb.z also has two theoretical variants: the 
 rst one  [Fq.] < Rz and the second one  [Fq.] > 

> Rz, where [Fq.] – the force, allowed for the body 
of the beetroot, when the latter does not break; 
Rz – the vertical force of the connection between the 
beetroot and the soil. Here Rz would mean the maxi-
mal (potential) force of the connection which may 
provide the latter without breaking it.

The  rst case will be also more characteristic for 
dry and hard soil, and the second one – for wet and 
soft soil.

The condition of avoiding damage to the beetroot in 
the  rst case will be the inequation Fb.z  [Fq.] < Rz or, 
considering the equation (27):

 
(31)

The break in the beetroot is also less probable for 
the second variant. It is possible to dig the beetroot out 
without breaking it.

The beetroot will not be dug out from the soil on the 
following condition:

 
(32)

Let’s take into consideration the condition of avoid-
ing damage to the beetroot (29) and the condition of 
not cutting it (31) during the impact interaction of the 
digging-out working tool and the beetroot and de  ne 
the limitations of the velocity of the translational mo-
tion of the digging-out working tool. For this purpose 
we take equation (29) and get:

and using the equation (31) we will get:
 

(34)

Let’s introduce the following legend for convenience 
and restriction of the expression of further equations:

 
(36)

Then the equations (21), (33) and (34) will be as fol-
lows:

Sn1 = C(Vtmtg  + Vdf.maxtg ),  (38)

Sn1  A,  (39)

Sn1  B,  (40)

the equation (21) here has a positive sign.
It is evident that the inequations (39) and (40) will be 

unequivocally met with the following inequation:

Sn1  min {A, B}.   (41)

Using the equation (38) we will get:

Vtmtg  + Vdf.maxtg  = Sn1/C.  (42)
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Finally, using (41) we will get the following inequa-
tion:

Vtmtg  + Vdf.maxtg   min {A, B}/C.  (43)

Therefore, we have found some restrictions of the ve-
locity of the vibrational digging-out working tool tak-
ing into consideration its constructive parameters and 
weight as well as the hardness of the beetroot and the 
restoration coef  cient for the impact.

As the velocity of the digging-out working tool (the 
velocity of the beet harvester) has its in  uence on its 
performance, let’s consider a case when the equation 
(43) has the equal sign. If we specify the translational 
motion of the velocity Vtm of the digging-out work-
ing tool (the beet harvester), the equation (43) may be 
used to  nd the value of the maximal velocity Vdf.max of 
the oscillational motion of the vibrational digging-out 
working tool:

Vdf.max = 1/tg (min {A, B}/C – Vtmtg ). (44)

Then the equation Vdf.max = a  may be used to de  ne 
(with the speci  ed amplitude a) the required frequency 

 of the oscillations of the digging-out working tool. 
Since the probability of the beetroot breaking is much 
higher than its cut, we will assume that min {A, B} = A. 
Therefore, taking into account the conditions of avoid-
ing damage to the beetroot, the circle frequency  of 
the oscillations will equal

 
(45)

To perform numeric calculations, we will de  ne the 
frequency of oscillations of the vibrational digging-out 
working tool in hertz. It is equal

 
(46)

Then we will use the elaborated theory to build the 
algorithm of calculations of the allowed frequency v of 
the oscillations of the vibrational digging-out working 
tool depending on the velocity Vtm of its translational 
motion and the amplitude a of oscillations for differ-
ent levels of running depth h in the soil. First of all we 
have to specify the values of several parameters of the 
equation (46). 

We will consider the parameters of the three-
edged plough shares of the vibrational digging-

out working tool, namely the angles  and  to 
be specified (Fig. 1). According to the engi-
neering documentation for the vibrational dig-
ging-out working tool of the plough share type, 
the values of the specified angles will be:  = 
= 14 …15 ,  = 50 …55 . The equation [14] was 
used to define the two-edged angle  between the 
working surface of the share and the lower base  = 
= arctg(cos /sin cos ). The dynamic coefficient for 
the friction of steel against the surface of the beet-
root will be specified according to [8]: f = 0.45. The 
angle  = 45  corresponds to its average value. The 
distance from the point K1 of the impact contact to 
the lower edge of the share (actually to the non-
loose soil layer) is h = 0.05 m. We will accept the 
coefficient of restoration for the impact as  = 0.72.

The allowed bending moment [Mb.m.] will be de-
 ned in the following way. If z is the running depth 

of the vibrational digging-out working tool in the 
soil, there is an evident probability of the break in 
the body of the beetroot at this very depth, since be-
ing at the depth which exceeds z, the body of the 
beetroot is in denser non-loose soil, and as for the 
depth, less than z, the cross section of the beetroot 
is higher, since the body of the beetroot is cone-
like. Here the diameter dk of the cross section of the 
beetroot body at the depth of z will be de  ned us-
ing the equation dk = Dk – 2z·tg k, where  Dk – beet-
root diameter, m; k – angle of the cone ratio of the 
beetroot, degrees. Then, as known from the course 
of material resistance, [Mb.m.] = [ ]d·( dk/32), where 
[ ]d – temporary resistance of the bend of the beet-
root with the dynamic load, Pa. Taking the previous 
ratio into consideration, we will get the  nal value 
[Mb.m.]: [Mb.m.] = [ ]d·( (Dk – 2z·tg k)

3/32).
According to [8], Dk = 67 … 122 mm (accepting 

Dk = 100 mm); k = 9 … 18  (accepting k = 15 ); 
[ ]d = 1.15 106 Pa. 

Then we should define the weight of the work-
ing tool, applied to the impact point. The approxi-
mate set of the values of the mentioned weights 
may be determined using the equation (46), 
specifying the intervals of amplitudes and the 
oscillation frequencies of the digging-out work-
ing tool and the velocity of its translational mo-
tion (these data may be obtained from the results 
of experimental research). Then the value of the 
mentioned weight m, received as a function m = 
= m (v, Vtm) from the frequency v of oscillations of 
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the digging-out working tool and Vtm the velocity of 
its translational motion, will be deemed equal m = 
= 0.8...1.0 kg. The values of coefficients A and C 
are found using the equations (35) and (37). To get 
specific values of the parameters we will define the 
allowed frequency v of the oscillations of the vibra-
tional digging-out working tool as a function v = v 
(Vtm, a) for the conditions of avoiding damage to 
the beetroot body. According to the program, com-
posed for PC, there were some numeric calcula-
tions, which allowed building a chart and a contour 
plot (for the specified weight m = 1.0 of kg and the 
depth of h = 0.1 m of the run of the vibrational dig-
ging-out working tool in the soil) for the values of 
the allowed frequency of its oscillations v (Fig. 2).

As seen from the presented charts the increase in 
the velocity of the translational motion and the am-
plitude of the oscillations of the vibrational digging-
out working tool leads to the decrease in the value of 
the allowed frequency of the oscillations. The ten-
dency towards the decrease in the allowed frequency 
of the oscillations is also traced with the increase in 
the running depth of the digging-out working tool in 
the soil.

Numeric calculations, performed using PC, allowed 
recommending the values of the allowed frequencies 

of the oscillations of the vibrational digging-out work-
ing tool, taking into account the conditions of avoid-
ing damage to the tail part of the beetroot during the 
impact interaction and the conditions of obligatory sei-
zure of each beetroot by the working tool for the range 
of translational motion velocity of 1.3...2.2 m/s: – for 
the mentioned weight of the digging-out working tool 
of m = 0.8 kg: at the running depth in the soil of h = 
= 0.08 m and the amplitude of oscillations of a = 
= 0.008...0.024 m the allowed frequency of oscillations 
is v = 21.2 hertz; at the running depth in the soil of h = 
= 0.10 m – v = 10.0 hertz; at the running depth in the 
soil of h = 0.12 m – v = 9.0 hertz;

– for the mentioned weight of the digging-out 
working tool of m = 1.0 kg: at the running depth in the 
soil of h = 0.08 m and the amplitude of oscillations of 
a = 0.008...0.024 m the allowed frequency of oscil-
lations is v = 16.4 hertz; at the running depth in the 
soil of h = 0.10 m and the amplitude of oscillations of 
a = 0.008...0.018 m – v = 10.0 hertz; at the ampli-
tude of oscillations of a = 0.020...0.024 m – v = 8.3 
hertz;

– for the mentioned weight of the digging-out work-
ing tool of m = 1.5 kg: at the running depth in the soil 
of h = 0.08 m and the amplitude of oscillations of 
a = 0.008...0.024 m the allowed frequency of oscil-

Fig. 2. The surface (a) and the contour plot (b) of the values of the allowed frequency of the oscillations 
of the vibrational digging-out working tool, v = v (Vtm, a) in hertz, on condition of avoiding damage to the 
beetroot 
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lations is v = 10.0 hertz; at the running depth in the 
soil of h = 0.10 m and the amplitude of oscillations of 
a = 0.008...0.010 m – v = 10.0 hertz; at the amplitude of 
oscillations of a = 0.012 m – v = 8.0 hertz;

– for the mentioned weight of the digging-out work-
ing tool of m = 2.0 kg: at the running depth in the soil 
of h = 0.08 m and the amplitude of oscillations of 
a = 0.008...0.016 m, the allowed frequency of oscilla-
tions is v = 10.0 hertz; at the amplitude of oscillations 
of a = 0.018...0.020 m – the allowed frequency of oscil-
lations of v = 8.10 hertz.

CONCLUSIONS

We have elaborated the theory of the impact of 
the vibrational digging-out working tool on the 
beetroot during the extraction of the latter from the 
soil. 

The results of our research allowed building a mathe-
matical model, presenting suf  cient analytical descrip-
tion of the impact contact of the digging-out plough 
share, oscillating in the longitudinal-vertical plane, and 
the body of the sugar beetroot.

Based on the elaborated equation of the impact inter-
action we de  ned the impact impulse and the maximal 
impact force, occurring during this interaction. 

The conditions of avoiding damage to the beetroot 
were used to obtain the analytic expression for the de-
termination of the allowed frequency of vibrations of 
the vibrational digging-up working tool, taking into 
account its constructive parameters and the transla-
tional motion.

The algorithm and the PC analysis programme for 
the allowed frequency of oscillations of the vibration-
al digging-out working tool with the consideration of 
avoiding any damage to the beetroot during the im-
pact interaction were elaborated. Numerous PC esti-
mates demonstrated that on condition of the mentioned 
weight of the working tool of m = 1.0 kg the allowed 
frequency, at which there is no damage of the beetroot, 
should not exceed v = 10.0 hertz (with the oscillation 
amplitude of a = 0.015 m and the maximum depth of 
the working digging-out tool in the soil of h = 0.1 m). 
Here the translational motion velocity should be in the 
range of 1.3 … 2.2 m/s.

The obtained results of the theoretical research 
allow designing advanced vibrational digging-out 
working tools to harvest sugar beets without damag-
ing them.
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