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of forces acting on soil shearing tools in the field conditions was used.
It was found out that the increase of the shearing depth causes a linear
increase of the vertical force, but the force gradient decreases with the
growth of the tine flexibility. Moreover, it was found out that the
increase of the tine flexibility at the beginning causes the increase and
then the decrease of the vertical force regardless the shearing depth.
The impact of flexibility on the vertical force value was described
with the parabola equation. The tines flexibility, at which the highest
value of vertical force may be expected, grows with the reduction of
the shearing depth.

Introduction

A trend of partial or absolute abandonment of the energy consuming cultivation treat-
ment, namely ploughing, reported in the recent years, causes the increase of interest in
shearing tools equipped with rigid and flexible tines. The use of such tools translates into
reduction of the cultivation energy consumption, limits soil degradation and positively
influences crop yields (Chen et al., 2005; Rouw et al., 2010). The increase of interest in
these tools is reflected in the number of experimental studies (Zhang and Chen, 2017;
Przybyt et al., 2009) and theoretical studies devoted to this subject (Ucgul et al., 2015; Al-
Kheer et al., 2011). One should also notice that in case of flexible tines which under the
impact of forces acting thereon are subjected to elastic deformation, changes in the shearing
unit geometry and shearing parameters take place. Due to this variability the authors focus
mainly on issues related to modelling of loads, to which rigid tines are subjected. Contrary,
in case of empirical research, changes in geometry which take place in the course of shear-
ing with flexible elements, are omitted and the authors focus mainly on the most important
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parameter, which is the shearing resistance that determines the energy consumption of the
treatment. However, it should be pointed out that the stability of a tool and its penetration
ability depend on the value and vertical forces sense. Moreover, these forces indirectly
influence the energy consumption of the treatment because they are shifted to the support-
ing and coping units as well as to elements of the linkage hitch of tools in a tractor
(Shmulevich et al., 2007; Askari et al, 2016; Davoudi et al., 2008). The shearing depth is
one of the most important parameters, which should be included in the analysis of loads in
the soil-tool system (Al-Janobi et al., 2002; Berntsen et al., 2006; Jafari et al., 2011).

The objective of the paper was determination of the vertical forces values acting on
flexible tines of a cultivator in relation to the shearing depth and tines flexibility.

Methodology of research

The tests were carried out in field conditions in sand clay soil (acc. to PTG 2008). Par-
ticipation of particular groups of fractions which was determined with Bouyoucos-
Casagrande method in Proszynski modification was: gravel — 4%, sand — 67%, silt — 18%
and clay — 11%. The soil condition was described with the mass moisture, soil cone index,
volumetric density and resistance to shearing in the conditions of the border balance. Val-
ues of these parameters with standard deviations of measurements (in brackets) were re-
spectively: 11.2% (0.5%); 600 kPa (70 kPa); 1470 kg'm™ (30 kg'm™) and 44 kPa (8 kPa).
All parameters describing the soil condition during the study were determined in 10 itera-
tions. Preparing soil for tests consisted in ploughing on the depth of 30 cm, scarification
with a rototiller and compaction with rollers in depth and on the surface in order to make
soil uniform and to level out its surface. Such preparation of soil enables maintaining fixed
conditions during the impact of the shearing depth and tines flexibility.

Flexible cultivator tines (Fig.1) ended with a cultivator point with the width of 0.045
and the curvator radius R = 0.17 m were the research object. Figure 1 presents a standard
cultivator tine (Z3) and three tines (Z1, Z2 and Z4), which were subjected to structural
modifications. These modifications were subjected to stiffening of relevant zones of tines
Z1 and Z2 and reduction of the cross-section of relevant tine zone Z4. As a result, four tines
with a varied value of the flexibility rate were obtained which for tines Z1, Z2, Z3 and Z4
was respectively 0.0061; 0.0711; 0.0953 and 0.1406 m'kN™'. The presented values of elas-
ticity rates were determined by measuring vertical shift of the cultivator point (S,) at the
growing value of the vertical force (Fx) which was presented in figure 2. Based on the same
studies, it was found out that in the occurring range of variability of the horizontal force,
a vertical shift of the cultivation point (S,) is lower than the measurement error of the shear-
ing depth. Structural changes of tines were carried out in such a manner that the changes of
the rake angle (o) at the raise of the vertical shift (Sy) were independent from the elasticity
of tines. The measurements which were carried out and so introduced structural changes
were necessary because the vertical shift which determines the shearing depth and the rake
angle according to many authors (Godwin, 2007; Jafari et al., 2011), significantly affect the
recorded values of forces.
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Figure 1. Flexible cultivator tines (Z1, Z2, Z3, Z4) with varied elasticity

—_—

Figure 2. Determination of the horizontal (S,) and vertical (S,) deformation and the rake
angle (o) at the loading with the horizontal force (F,)

Vertical forces and real shearing depths were measured with a stand for measurement of
forces acting on soil shearing tools. The view of the cultivator tine and sensor wheel
mounted in the stand were presented in figure 3. The stand enables a simultaneous meas-
urement of the horizontal force, the force moment and real shearing depth. During the anal-
ysis, it was assumed that the vertical downward forces are positive forces.
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Figure 3. View of cultivator tine (1) and sensor wheel (2) mounted in test stand

The sensor wheel for measuring the real shearing depth moves before the tool (Fig. 3).
The registered signals from the depth sensor and the power transducer required thus corre-
lation, which consisted in shifting in time the signals from these sensors. The value of the
shift was calculated based on the movement speed and distance between the cultivation
point and the point of contact of the wheel with soil measured in the horizontal plain paral-
lel to the movement direction. Additionally, a horizontal movement of the cultivation point
caused with the deflection of a tine during shearing was included in this shift. This shift was
determined based on the registered value of the horizontal force and the previously calcu-
lated index of elasticity of a particular tine.

When planning the experiment it was assumed that the shearing depths will be 5, 9 and
13 cm. However, in case of analysis of the impact of these parameters on the vertical forces
values, a full range of its changes was included, which results in the irregularities of the
field surface. In such case, the range of the occurring shearing depth was divided into 1-cm
long ranges for which the average value of the vertical force was determined. Determina-
tion of the impact of tines flexibility required maintenance of the fixed shearing depth. It
was obtained by selecting ranges of the registered force for which the shearirng depth was
within the ranges £0.5 cm in comparison to the assumed depths, i.e. 5, 9 and 13 cm. Figure
4 presents the course of the shearing depth with the course of the vertical force correlated
therewith and an example of determination of the ranges of vertical force courses for the
depth of 11 cm. Determination of relevant ranges of forces was carried out according to the
methodology presented in the paper by Lejman et al., (2015). The assumed procedures of
correlation in the courses of forces and depths, and selecting ranges of the vertical forces
courses in relation to the real shearing depth enable minimization of measurement errors
resulting from irregularities of the field surface. This irregularity determines variability of
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the shearing depth which according to many authors (Sanchez-Giroén et al., 2005; Berntsen
et al., 2006), is one of the most important factors that shape the values of forces acting on
the tools.
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Figure 4. Exemplary courses of vertical forces (F,) and shearing depth (a) in time (1) and
manner of determination of force course ranges for depth of 11 cm

Forces and shearing depths were measured at the shearing speed of 3 m's™ in four inde-
pendent iterations by registering the values with the frequency of 1000 Hz. Measurement
errors of the measured sizes were respectively 5 N and 1 cm. Statistical development of the
obtained results of research was carried out based on the analysis of correlation and regres-
sion and the correlation significance tests.

Research results

The impact of the shearing depth on the vertical force values were described with the
straight line equation (fig. 5). One may notice that the increase of the depth causes the in-
crease of the vertical force value regardless the plasticity of a tine. The observed trend con-
firms the theoretical analyses results and empirical research results obtained by other au-
thors (Ibrahmi et al., 2015; Sanchez-Girén et al., 2005). The increase of the downward
forces values at the increase of the shearing depth may be explained with the increase of
soil volume and thus its weight acting on the front surface of the tool.

The presented figure shows a higher number of measurement points for each tine, alt-
hough performance of the research only at three depths was assumed (5, 9 and 13 cm). It
results from the changes of momentary shearing depths, which took place during a single
pass, presented in figure 4 showing that the changes in depths are random, which is related
to irregularity of the field surface. It enabled selection of pieces of courses of forces regis-
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tered at shearing depths other than the assumed ones. It also results in obtaining a varied
number of measuring points in figure 5 and various ranges of the obtained shearing depths
for particular tines. The lowest value of the determination coefficient (0.2241) was reported
for the tine (Z4) which had the highest value of the flexibility ratio but the correlation be-
tween the vertical force and the shearing depth at 18 degrees of freedom is significant for
the level of significance of 0<0.035. For the remaining tines (Z1, Z2 and Z3) the correla-
tion is significant for 0<0.001 at the number of freedom degrees which are respectively 18,
18 and 22. Moreover, a general trend of the decrease of the determination coefficient value
along with the increase of flexibility may be observed. This trend proves a raising distribu-
tion of the registered values of forces together with the registered values of forces which
may result from the raising variability of parameters of the tool operation during soil shear-
ing (Berntsen et al., 2006; Lisowski et al., 2016).
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Figure 5. Impact of shearing depth (a) on vertical force value (F,) for cultivator tines (Z1,
72, 73, Z4) with various flexibility

Slopes of equations presented in figure 5 decrease along with the increase of flexibility.
Gradients of the vertical force included in the values of these coefficients are significantly
negatively correlated at the level of significance of a = 0.05 with the value of the tine elas-
ticity ratio (fig. 6). Decrease of the vertical force gradient may be explained with the in-
creasing horizontal movements of the cultivator point at the increase of the flexibility of the
tine and thus increasing values of the rake angle.

The reported trend confirms the research by Lisowski et al., (2016) who confirmed the
occurrence of the higher vertical forces at the soil shearing with rigid tines in comparison to
flexible tines. It also confirms the results of the research carried out by Sanchez-Girén et
al., (2005) and Jafari et al., (2011) according to which the increase of the rake angle of the
tool results in the decrease of the vertical force value. This decrease may be justified with
the decrease of the component value of the vertical force related to the movement of soil
which loads the front surface of the tool.
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Figure 6. Impact of cultivator tine flexibility (K) on value of vertical firce gradient at the
increase of depth (dF,/da)

At the beginning the increase of the tine flexibility causes the increase and then decrease
of the value of the vertical force which was presented in figure 7. The obtained courses
were approximated with the parabole equation. Values of the ordinates of measurement
points result from averaging the values of forces registered for the depths of 5, 9 and 13 cm
within the ranges + 0,5 cm. Values of determination coefficient are within 0.9013 to 0.9980
and the correlation coefficient for the depth of 5, 9 and 13 cm at two freedom degrees are
significantly respectively at the significance levels a=0.01; 0.02 and 0.05.

A non-monotonous nature of the course may be justified with the impact of flexibility
of a shearing element on the frequency of free vibrations (Fenyvesi and Hudoba, 2010),
which according to the authors positively affect the reduction of the shearing resistance
value but only to the specific value of frequency. This information does not directly indi-
cate that the tine flexibility directly affects the vertical forces; however according to Al-
Kheer et al., (2011) and Lisowski et al., (2016) these forces are correlated with the shearing
resistance. The decrease of the vertical force may be explained with the increase of the rake
angle of the cultivator point, which accompanies the increase of the tine flexibility.

The determined extrema of the functions presented in figure 7 indicate that the coeffi-
cient of flexibility that correspond to the maximum values of vertical forces grow at the
decrease of the shearing depth. Changes of the maximum shearing depths for corresponding
indexes of flexibility at varied shearing depths were determined in figure 7 with the line
connecting the obtained extrema. These indexes are for the depths 13, 9 and 5 cm respec-
tively 0.0285; 0.0570 and 0.0636 mkN™". Analysis of variability of the presented extrema
and referring to the results of Fenyvesy’s and Hudoby’s research (2010), a hypothesis may
be assumed that between the shearing depth and the value of the flexibility index there is an
interaction the consequence of which may be a change in the frequency of free vibrations.

75



Z. Owsiak, K. Lejman, K. Pieczarka, T. Sekutowski

%0 Fy(N) * a=5cm Fy:-4508st+574K5+15 R2:‘0,9980
20 A a=9cm  F,=3835K 437K, +30 R>=0,9555
60 K, 200285 ® a=13cm Fy:-3027Ks£+172Ks+56 R2¥o,9013
50

NG

:Z 71{ =0,0636 i\\

if

}

»
10 \\\
0 NN
N K (kN
-10
0,0000 0,0500 0,1000 0,1500 0,2000

Figure 7. Impact of cultivator tine flexibility (K,) on vertical force value (F,) at varied
shearing depths (a)

Conclusions

1. The increase of the tine flexibility causes initially the increase and then the decrease of
the value of the vertical force regardless the shearing depth which was approximated
with the the second degree parabole equation.

2. Values of coefficient of tines flexibility at which the lowest value of the vertical force is
reported decrease along with the increase of the shearing depth.

3. The increase of the shearing depth causes a linear increase of the vertical force regard-
less the tine flexibility.

4. The increase of the tine flexibility causes a decrease of the vertical force gradient at the
increase of the shearing depth.
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WPLYW GLEBOKOSCI SKRAWANIA I SPREZYSTOSCI ZEBOW
KULTYWATORA NA WARTOSCI SIE. PIONOWYCH

Streszczenie. Przedstawiono wyniki badan wplywu glebokosci skrawania i spr¢zystosci zebow kul-
tywatora zakonczonych redliczka na wartosci dziatajacych na nie sit pionowych. Obiektem badan
byly cztery esowe zeby o wskaznikach sprezystosci 0,0061; 0,0711; 0,0953 i 0,1406 m-kN"'. Badania
przeprowadzono w warunkach polowych w glebie o uziarnieniu gliny piaszczystej i wilgotnosci
11,2%. Sity mierzono dla zalozonych glgbokos$ci skrawania wynoszacych 5, 9 i 13 cm przy predkosci
skrawania 3 m-s”. Stosowano stanowisko do pomiaréw sit dziatajacych na narzedzia rolnicze skrawa-
jace glebe w warunkach polowych. Stwierdzono, ze wzrost glebokosci skrawania powoduje liniowy
przyrost sity pionowej zaglebiajacej, przy czym gradient sity maleje przy wzro$cie sprezystosci zgba.
Stwierdzono réwniez, ze wzrost sprezystosci zeba powoduje poczatkowo wzrost, a nastepnie spadek
wartosci pionowej sity zaglebiajacej niezaleznie od glebokosci skrawania. Wplyw sprezystosci na
warto$¢ sity pionowej opisano rownaniem paraboli. Sprezystosci zebow, przy ktoérych mozna si¢
spodziewaé najwyzszej wartosci sity pionowej zaglebiajacej, rosna przy spadku glebokosci skrawa-
nia.

Stowa kluczowe: gleba, kultywator, sity pionowe, glebokos¢ skrawania, sprezystosc zgba
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