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Introduction. 

To create favorable conditions for seed germination, pre-sowing soil treatment is used, which 

is a particularly significant technological process, which includes a number of technological 

operations, such as cultivation for loosening the surface layer of the soil, harrowing to preserve soil 

moisture and crushing lumps, rolling for compaction and leveling, which reduces the size of the 

unevenness of the soil surface [1]. According to the results of theoretical and experimental studies, it 

has been established that in the processes of rolling and leveling, which are performed at the final 

stage of pre-sowing cultivation, the soil surface is compacted in some cases due to the indentation of 

soil aggregates, as well as due to soil deformation up to certain factions. A high degree of deformation 

of soil aggregates is a negative factor that can lead to an increase in erosion-hazardous particles, 

which is unacceptable according to the requirements of the standard [2]. The quality of pre-sowing 

tillage is determined by measuring the depth of the treated layer, ridges, lumpiness of the surface, the 

degree of soil compaction, as well as the structure of the soil, the values of which affect the physical 

and technological properties of the soil. As a result of the analysis of scientific and technical literature, 

a single quality criterion has not been established that evaluates the work of tillage machines, both as 

separate working bodies and as part of combined units [3]. 

Crushing or crumbling is the main method of preparing the soil for sowing, in which, from a 

physical and agrotechnical point of view, the array is destroyed, crushed, and come to an optimal 

state for sowing, germination and growth of seeds of agricultural crops, and in the economic aspect, 

soil fertility increases. Such a factor as the degree of crumbling depends not only on the technological 

parameters of the machine-tractor unit, but also on the design features of the working bodies of tillage 

machines [4]. 

The development of a constructive-technological scheme of tillage tools with the inclusion of 

issues on improving the working bodies and the creation on this basis of a design that allows to reduce 

the speed of the working bodies without reducing the quality of crumbling is an urgent problem 

against the backdrop of the trend of saving energy [5]. 
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Establishing relationships between energy costs and the dimensions of the final and initial 

pieces of material, their shape, physical and mechanical properties, etc. is the main issue in the theory 

of grinding [6]. 

According to the hypothesis of P. Rittinger (1867), the work during the grinding of the 

material is proportional to the area of the newly formed surface. 

But Rittinger's Theory does not take into account changes in the shape of bodies during 

grinding. As a result, it is not suitable for describing crushing processes in cases where the finished 

product has a small specific surface area [7]. 

The theory of Kirpichev V.L. is known. (1874) and F. Kick (1885), in which it was established 

that the energy required for the same change in the shape of similar and homogeneous bodies is 

proportional to their volumes. 

The considered grinding hypotheses reflect only a part of the complex processes occurring 

during grinding. The Kirpichev-Kik theory estimates the energy spent on the deformation of the 

material, and does not take into account the costs of the formation of new surfaces. It is advisable to 

use it for coarse and medium crushing, when the influence of newly formed surfaces is insignificant 

[8]. Rittinger's theory does not take into account the energy costs for the elastic deformation of the 

pieces. It is most applicable for fine crushing and grinding of materials. 

In a real grinding process, the deformation of pieces and the formation of new surfaces occur 

simultaneously. 

In this regard, many scientists sought to evaluate these phenomena in a complex. So, P.A. 

Rebinder (1940) and F. Bond (1951) proposed to determine the energy consumption during crushing, 

taking into account the work, both the deformation of the pieces and the formation of new surfaces 

[9]. 

Materials and methods. 

Many researchers have worked on evaluating the effectiveness of the working bodies. The 

studies carried out by these researchers boiled down to substantiating the parameters of the working 

body, with various evaluation criteria. Among the works performed, special attention should be paid 

to the experiments carried out by R.I. Baimetov, on which the specific work for crushing was taken 

as the criterion for evaluating the work of the deformer [10, 11]. 

In [12], the assessment of the degree of destruction of soil aggregates by average size was 

carried out by comparing the data on the size before and after leveling the soil. 

A method for evaluating the functioning of working bodies and machines for pre-sowing soil 

treatment, as well as a sieve method for determining the parameters of soil aggregates, was applied. 

Moreover, the average diameter of the soil aggregate in a single soil volume was determined by the 

expression 

ℎ0(𝑑𝑠.𝑎.) = 𝑓(𝐷𝑠.𝑎).  (1) 

where ℎ0 – defining characteristic of soil volume 𝑉п а., мм; 
𝑑п.а. = (𝑑1па, 𝑑2п.а., 𝑑3па., … , 𝑑𝑛па)– parameters of soil aggregates of soil volume 𝑉п.а in the 

form of a soil sample with an undisturbed structure, mm; 

𝑑п.а. = (𝑑1па, 𝑑2п.а., 𝑑3па., … , 𝑑𝑛па) – parameters of soil aggregates of the average soil volume 

𝑉п.а, мм. 

To directly calculate the average size of soil aggregates, they took their shape in the form of 

a ball and used data on particle size, quantity, and mass of each soil aggregate. They take this 

indicator as a basis [13]. Since the size of each soil aggregate is laborious to determine, 

recommendations are applied to determine the clodiness, structural coefficient [14, 15, 16]. 
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Moreover, if there are appropriate standards and recommendations for soils and peat, then the 

determination of these indicators for soils does not have a single methodology. 

Assuming that soil aggregates for the most part have the shape of a ball or as close as possible 

to it [17], it was proposed to determine the average size of averaged soil aggregates, 

𝐷п.а
ср

=
∑

𝑚𝑖

𝑑𝑖ф
2

𝑁
𝑖=1

2∗∑ (𝑑𝑖ф
2 +𝑑п𝑎

2 )∗(𝑑п.а.+1+𝑑п𝑎
𝑁
𝑖=1

 ,(2) 

where    𝑚𝑖– weight of the i-th fraction of soil aggregates, g; 
𝑑𝑖ф– actual diameter of soil aggregates, mm; 

𝑑𝑖па–diameter of soil aggregates of the soil volume in the form of a soil sample with an 

undisturbed structure, mm. 

The value of the average size of soil aggregates during soil deformation after the passage of 

active working bodies - cutters, cultivators - taking into account the presence of weeds, straw, 

stubble in the soil, with the formation of soil aggregates of the corresponding shape [18], can be 

determined by the expression 

𝐷ф =
𝑚

∑
𝑚𝑖
𝑑𝑖̅̅̅̅

𝑁
𝑖=1

.  (3) 

The presence of several indicators of the variable soil structure, taking into account the initial 

granulometric composition, as well as the type of soil, its physical, mechanical and technological 

properties, serves as the basis for determining the quality criterion of the leveling technological 

operation when comparing various technological processes and structures of working bodies for pre-

sowing soil treatment. As a criterion, it is proposed to use the indicator [19], determined from the 

ratio 

𝐾𝑞𝑢𝑎𝑙𝑖𝑡𝑦 =
𝐷𝑠.𝑎

𝑚𝑖𝑑𝑑𝑙𝑒

𝐷𝑚𝑖𝑑𝑑𝑙𝑒
.   (4) 

Defined indicator 𝐾кач varies in the range from 0 to 1.0, and the more uniform the deformation 

of the soil profile, the closer the indicator 𝐾кач to the unit. When assessing innovative soil-cultivating 

working bodies of active, passive and combined action in laboratory conditions, the specified criterion 

is in the range of 0.80 ... 0.90, however, in the field it was found that the quality criterion is in within 

the range from 0.40 to 0.50 [20]. 

This evaluation method also allows only to compare the results of the work of the studied 

machine-tractor units in terms of the quality of processing, and does not take into account the energy 

intensity of the processing process. 

The specific work for crushing and the method of the average size of the soil aggregate does 

not reveal the essence of the issue, it can only be used to compare the results of the work of the studied 

working bodies, because the specific crushing work will always decrease with an increase in speed, 

at which the degree of crumbling of soil clods increases [21]. Therefore, it is impossible to determine 

the optimal crushing speed. In addition, these works did not take into account the destructibility of 

soil clods depending on the size, moisture content and speed of impact of the working body. 

Considering the above shortcomings, a technique based on the determination of the energy expended 

on the newly formed surface has been developed [22]. 

Based on the above, it is necessary to determine the critical speed at which destruction begins, 

depending on the size of the soil clod, the optimal crushing rate, depending on the newly formed 

surfaces of crushed soil clods [23]. 

It is considered established that the general scheme of destruction of a solid body consists in 

successive elastic and plastic deformation and its rupture [24]. 
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The work of the compression force of the sample is spent on elastic, plastic deformations and 

on the destruction of the sample. The total work of crushing can be represented as 

𝐴𝑢𝑚 = 𝐴у + 𝐴п,                             (5)  

 where  𝐴у - work expended on elastic deformation of the sample, 

        𝐴п - the work expended on plastic deformation for the formation of new surfaces. 

The work of elastic deformations is proportional to the deformed volume of the body, that is. 

𝐴𝑒 =
𝜎п

2

200∙𝐸
∙ ∆𝑉 = 𝑘 ∙ ∆𝑉            (6) 

where 𝜎п - voltage corresponding to the limit of proportionality, Pa; 

𝐸 - modulus of elasticity, Pa; 

          𝑘 – loosening factor; 

∆𝑉 - deformed body volume, м3. 

The change in soil volume after processing is determined by the loosening coefficient 

𝑘 =
𝑉2

𝑉1
,  (7) 

where 𝑉1 - soil volume before tillage, м3;  

𝑉2 - soil volume after tillage, м3. 

The work expended on plastic deformations and on the formation of new surfaces [25] is 

assumed to be proportional to the value of the latter 

𝐴𝑝 = 𝛼 ∙ ∆𝑆,                       (8) 

where ΔS - the surface newly formed during the crushing of the material, which can be defined 

as the difference, 

∆𝑆 = 𝑆2 − 𝑆1,                              (9) 

where  S1 - total surface of the piece before crushing, м2; 

S2 - total surface of all particles after crushing, м2. 

To determine the values of S2 and S1, we accept, as suggested by the authors of [26, 27, 28], 

that the pieces of crushed material before and after crushing consist of cubes, the dimensions of which 

are equal to the average diameter of the sample D and particles of the crushed product d. 

Then the number of particles formed as a result of fragmentation of the sample 

𝑛 =
𝑄

𝑞
=

𝐷3

𝑑3
      (10) 

here, Q and qi  - mass of pieces before and after crushing. 

If we assume that particles of the same size are obtained as a result of crushing, then 

𝑆1 = 6𝐷2    and  𝑆2 = 6𝑛𝑑2, (11) 

Substituting the values of n, S1 and S2 in relation (9) we obtain 

∆𝑆 = 6𝐷2 (
𝐷

𝑑
− 1)                         (12) 

or, denoting 𝑖 =
𝐷

𝑑
, then you can write 

∆𝑆 = 𝑆1(𝑖 − 1).                                       (13) 

Отсюда очевидно, что образовавшиеся в процессе дробления образцов новые surfaces 

are equal to the surface of the original sample, multiplied by the degree of grinding without unity. 

Substituting the value of ΔS from equation (13) into (8), we obtain 

𝐴𝑝 = 6𝛼 ∙ 𝐷2(𝑖 − 1).                                   (14) 

When crushing samples, crushed particles usually have different dimensional characteristics, 

which entails large errors in their averaging. This is especially noticeable if there are large pieces in 
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the fragmented product [29]. To take into account the heterogeneity of the grinding composition, the 

particles were divided into fractions and the newly formed surfaces were determined from them 

during the crushing process as follows: 

∆𝑆 = 𝑆2 − 𝑆1 =
𝑞1

𝛾 ∙ 𝑑1
3 ∙ 𝑑1

2 +
𝑞1

𝛾 ∙ 𝑑2
3 ∙ 𝑑2

2 +∙∙∙
𝑞1

𝛾 ∙ 𝑑𝑛
3 ∙ 𝑑𝑛

2 − 6𝐷2 = 

6𝐷2 [
𝐷

𝑄
(

𝑞1

𝑑1
+

𝑞2

𝑑2
+∙∙∙ +

𝑞𝑛

𝑑𝑛
− 1)] = 6𝐷2 (

𝐷

𝑄
∙ ∑

𝑞𝑖

𝑑𝑖
− 1)    (15) 

where     𝑄 – mass of soil clod, кг     

𝑞𝑖- mass of individual fractions, kg; 

𝛾 – fraction density, kg/m 3; 

𝑑𝑖 = (dв+dн)/2 - average diameters of narrow classes, m;  

dв- upper fraction diameter, i.e. the size of the sieve opening through which the material 

passed;  

dн - lower fraction diameter, i.e. the size of the sieve opening on which the material was 

retained. 

In the same way, it can be easily shown that when crushing q' kilograms of bulk material [30], 

which consists of identical pieces with an initial size Dcp, the newly formed surfaces will be 

∆𝑆 =
6

𝛾0
(∑

𝑞𝑖

𝑑𝑖
−

𝑞′

𝐷
).               (16) 

However, if we assume di = dcp, то, obviously Σqi=q' then  

∆𝑆 =
6∙𝑞′

𝛾0
(

1

𝑑𝑚𝑖𝑑𝑙𝑒
−

1

𝐷𝑚𝑖𝑑𝑙𝑒
)                  (17) 

If pieces of material before and after crushing are taken as a ball, then the newly formed surfaces 

will be equal to 

∆𝑆𝑏 =
𝜋

6
∆𝑆𝑖,              (18) 

where, ΔSb, ΔSi - newly formed surfaces during crushing of samples of spherical and cubic 

shape. 

We took samples and pieces of lumps after crushing as a cube for the following reasons: 

a) we could not obtain samples with an exactly spherical surface; 

b) there are always irregularities on the surface of the sample and pieces after crushing, which 

will increase the overall irregularity; 

c) particles after crushing have an arbitrary shape. 

Now substituting the values S when splitting a single piece from formula (3.12) in (3.5), we 

obtain 

𝐴П = 6𝛼𝐷2 (
𝐷

𝑄
∑

𝑞𝑖

𝑑𝑖
− 1).       (19) 

The total crushing work is equal to the kinetic energy of the sample, which is determined from 

the formula 

𝐴общ =
𝑄∙𝜗р

2

2𝑔
                       (20) 

where,    𝑄 - sample weight, kg; 

           𝜗р – working speed of the working body. 

From formula (3.3) we have: 

𝐴𝑝 = 𝐴𝑢𝑚 − 𝐴𝑒. (21) 

If we substitute the values of their components into the last equality; then we get 

𝛼 ∙ ∆𝑆 =
𝑄∙𝜗𝑖

2

2
− 𝑘 ∙ ∆𝑉.         (22) 
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From this expression, it is possible to determine the value of the specific work required for 

the formation of units of the newly formed surface during soil crushing 

𝛼 =
𝑄∙𝜗𝑖

2

2∆𝑆
−

𝑘∙∆𝑉

∆𝑆
 ёки  𝛼 =

1

∆𝑆
(

𝑄∙𝜗𝑖
2

2
− 𝑘 ∙ 𝐷3).         (23) 

The task can be simplified if we determine the expended kinetic energy by the following well-

known formula 

∆𝑇 = 𝑇1 − 𝑇2 =
𝑚1∙𝑚2∙𝜗𝑖

2

2(𝑚1+𝑚2)
,   (24) 

where  𝑚1 – weight of the working body, kg; 

𝑚2 – mass of crushed soil, kg. 

From the components of the formula, it can be seen that the increased mass and increased 

speed of the working body lead to an increase in the energy expended on crumbling the soil [31]. 

The kinetic energy of the expended energy per unit mass and newly formed surface can be 

determined by the formulas, 

αm = kn
∆T

m2
,  αS = kn

∆T

∆S
.                    (25) 

где kn = kопт kф⁄ - soil moisture coefficient, buffer kопт- optimal soil moisture, kф- actual 

soil moisture 

When studying the rate of destruction of soil clods, the samples were adjusted to a spherical 

shape with a diameter of 10 mm to 110 mm in 10 mm increments to create the same test conditions. 

 
Fig.1. Samples prepared for testing. 

 

The prepared samples were destroyed by impact in a pendulum device. Crushed soil clods 

were collected on a sail polyethylene film. The collected lumps were sifted through sieves with 

opening sizes of 50 mm, 25 mm, 10 mm and 5 mm. The sieved fractions were weighed to the nearest 

0.1 gram. 

On the basis of the data obtained, a three-dimensional dependence was constructed, displaying 

the response surface in Fig. 2. The response surface shows that at an impact speed of 5 and 6 m/s, 

with an increase in the sample size to 70 mm, an intensive decrease in the degree of crumbling of soil 

clods occurs. With a further increase in the diameter of the sample, the degree of crumbling of lumps 

does not change significantly. This, apparently, is due to the fact that the impact velocity is lower 

than the propagation velocity of plastic deformations. During the impact, very few cracks are formed 

along the cross sections of weak bonds, and the lumps are crushed into several pieces, the dimensions 

of which are larger than the boundary size (25 mm) of the degree of crumbling. This explains the 

sharp decrease in the degree of crumbling with an increase in their size to 70 mm. 
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Fig. 2. Dependence of soil crumbling on size, impact speed at a moisture content of 9.4%. 

 

At a speed of 7.8 m/s, the degree of crumbling of the samples changes almost in a straight 

line, which indicates that the impact speed is equal to or close to the speed of propagation of plastic 

deformations [32]. 

Starting from a speed of 8 m/s, and especially at a speed of 9, 10 m/s, the degree of crumbling 

of samples with a diameter of up to 80 mm changes slightly; with a further increase in the diameter 

of the samples, the curve of their degree of crumbling drops from 60% to 25%. In this case, what is 

assumed above also occurs. But due to the increase in speed beyond the limits of the propagation of 

plastic deformations, the intensity of crack formation increases, and the number of crushed soil pieces 

increases slightly. The shift in the intensity of the fall of the curve at an impact speed of 9 ... 10 m/s 

towards an increase in the diameter of the samples is explained by their mass or volume. Cracking in 

all sizes of soil clods is the same, but the sizes of crushed pieces are different, with small sample 

diameters, the size of crushed pieces is close to or less than the boundary size of the degree of 

crumbling, and with an increase in diameter, the size of the obtained pieces also increases and the 

degree of crumbling of the samples decreases [33]. 

The efficiency of the combined machine depends on the quality of crushing soil clods, which 

is largely affected by the speed of impact of the working bodies on the soil clods. The efficiency of 

the crushing process of soil clods can be characterized by the value of specific energy, i.e. the energy 

spent on crushing a unit mass of a lump [34]. 

Increasing the size of the lump will lead to an increase in the total energy consumption at all 

values of the impact velocity. 

The specific energy consumption of crushing per unit mass of soil clods at the same impact 

speed almost does not change with an increase in the size of soil clods. This makes it possible to 

conclude that an increase in the impact velocity will always lead to an increase in the total energy 

intensity of destruction [35, 36]. 

Experimental data to determine the specific energy per unit of newly formed crushing surfaces 

are shown in fig. 3. 

It can be seen from these data that the energy consumption for crushing large lumps (more 

than 80 mm) decreases when moving from static to dynamic impacts. This indicates that, at all impact 

velocities, the degree of crumbling of a large soil clod is insignificant [37]. 

When crushing lumps of smaller sizes (up to 60 mm), the specific energy consumption per 

unit of newly formed surfaces increases in a straight line, but with a lower intensity [38]. 

The dependence of the specific energy intensity for the formation of new surfaces on the size 

of soil clods only states the above conclusions and indicates that at lower speeds and with clod sizes 

over 90 mm, the energy intensity of crushing increases along a logarithmic curve [39, 40]. 

Based on the data obtained, it can be concluded that for crushing soil clods, from the point of 

view of energy consumption, the optimal impact speed is 7 ... 9 m / s. 
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Fig.3. Dependence of the specific energy capacity on the size, impact velocity at a humidity of 

9.4%. 

The decrease in specific energy consumption during the transition from static to shock loads 

can be explained by a decrease in the yield zone. A further increase in energy intensity with an 

increase in the impact speed is explained by the fact that the temporary resistance of the soil increases 

with an increase in speed. 

An increase in the size of soil clods at all moisture levels entails a decrease in the critical rate 

of destruction. A soil clod, when exposed to a shock load, is destroyed along the cross sections of 

weak bonds, which are usually more in large clods than in small clods. Therefore, in the destruction 

of small lumps, the impact velocity should be greater. 

In the impact action of the working bodies on the material, the movement is reported only to 

the particles closest to the place of impact. The sharper and faster the impacts, the deformation 

penetrates to a shallower depth, i.e., the deformation in the material in this case has a local character. 

Therefore, to increase the degree of crumbling of large-sized clods, it is necessary to strike at a speed 

not exceeding the rate of propagation of plastic deformations of the soil. 

Increasing the impact speed to 7...9 m/s contributes to an increase in the degree of crumbling 

of the soil clod, a further increase will entail an increase in the cost of specific energy for crushing 

the soil clod. 

The results obtained during laboratory and field studies on soils by the method of formation 

of new surfaces for the evaluation of the tested tillage working bodies make it possible to more fully 

assess the deformations of the soil profile. 
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