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Abstract: One of the best precursors for winter wheat is fallow. Its application aims to solve two
important tasks: preserving and accumulating soil moisture and weed control. The authors of this
paper have designed a new modular harrow for fallow tillage, which can work stably at a depth
of 5–6 cm tillage while maintaining and even accumulating soil moisture. This article describes a
method designed by the authors for a reasonable selection of the design parameters concerning
the working devices mounted inside the new harrow, such as their length and working width, as
well as the angles of vertical inclination (ε) and horizontal deviation (γ) of blades, depending on
the accepted depth of the upper soil layer loosening. To reduce the soil tillage resistance of the
harrowing unit resulting in a reduction in the tractor fuel consumption, the value of the inclination
angle (ε) of its vertical blade should be chosen so that the corresponding change in the value of the
deflection angle of the horizontal blade (γ) complies with the constrain of the product of tangents
of these angles. Moreover, preference should be given to choosing the value of the angle ε with the
subsequent determination of the angle γ value. It is demonstrated that proper use of the new type of
harrow assures fuel savings and decreases carbon dioxide emissions even if fossil fuel alone is used.
Additional reduction of CO2 emission can be achieved when biofuels are used as a replacement for
fossil ones.

Keywords: soil; amplitude; fallow; thermal diffusivity; vibration frequency

1. Introduction

In sustainable agriculture, leaving a fallow field is widely recognized as one of the
best methods for preparing winter wheat [1,2]. Moreover, this technological method is
particularly effective if implemented using retardants [3]. Specific studies over 8 years have
found that the traditional WW–SF (winter wheat–summer fallow) system is more efficient
over annual no-till crop rotations in terms of higher average profitability and less economic
volatility [4].

Using fallow lands allows the solution of two tasks: (i) soil moisture preservation
and accumulation; (ii) weed control [5,6]. Consequently, in soil and climatic conditions
where there is enough moisture in the soil at the time of sowing winter wheat, and the
weed control problem is solved, fallow is not needed [7–9]. This circumstance is especially
relevant for conditions with a high soil infiltration capacity due to the mobility of Cu and
Zn cations [10].

At the same time, under conditions of moisture deficiency, there is a critical need
to delay the sowing of winter wheat, even if, according to experimental studies, this
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almost always leads to a decrease (sometimes significant) in the yield of this agricultural
crop [11–13].

However, despite the different purposes, both tasks mentioned above for using fallow
are currently solved through the systematic destruction of the upper soil layer capillaries.
As a result, moisture evaporation decreases and weeds are destroyed [14]. At the same
time, it was found that the refusal to cultivate fallow in summer due to the absence of
weeds in the field leads to a significant loss of moisture from the soil [15]. Successful weed
control must prevent soil clod formation, which impedes treatment [16,17].

Based on this, one-way discs and wide-blade cultivators are the implements most
usually used in fallow lands with a tillage depth of at least 10 cm [18–20]. The disc harrows
are used when trying to till the soil to a depth of 5 cm [21]. However, they still carry out
moisture from the horizon of 0–5 cm to the field’s surface. As a result, there are inevitably
very significant soil moisture losses.

A conservation tillage system in arid zones has been proposed as a compromise [22,23],
which provides for leaving more than 30% of the previous crop residues on the soil surface.

In general, the traditional technology of summer fallow, starting around August–
September, may include eight or even more tillages [14], even if more intense moisture
accumulation is expected in spring [24]. However, in reality, water conservation efficiency
during fallow treatment is often less than 25% [25,26]. The rest of the moisture, according to
the statements of these and other researchers [15], evaporates from the soil. Other studies
highlighted that even to retain 25% of the falling moisture on the fallow fields, great efforts
are required [27,28].

The reason for this result, in our opinion, is as follows. The working devices of
the usually used tillage machines work stably only at a depth of at least 10 cm in the
longitudinal–vertical plane. Unfortunately, the geometry of working devices is such that
this soil layer is mixed and brought out from the depth to the day surface of the field. As a
result, the soil of this layer (0–10 cm) undergoes further intensive drying.

Our studies have established that the highest intensity of moisture evaporation occurs
in a soil layer up to 5–6 cm deep [29]. This result has found its practical application in
a new ad hoc concepted harrow for fallow treatment, which provides for the systematic
loosening of the soil to a depth of no more than 6 cm [30–32].

Due to the design originality of the tines of this new harrow for fallow treatment,
there is a need for theoretical and experimental studies that would provide a rationale for
the calculations and selection of their design parameters. The current general theoretical
developments for solving such a problem are unsuitable. The main reason is that most
of these theoretical studies’ results consider the surface curvature of the soil-cultivating
working devices. In contrast, in our new harrow, the working tines do not have any
curved surface.

This work aims to substantiate the operative parameters of the new harrow for fallow
treatment based on the results of theoretical and experimental studies. Assessing the
operative parameters means reducing the tillage resistance force and then improving the
energy saving due to lowering the tractor fuel consumption.

2. Materials and Methods
2.1. The New Harrow Machine

The authors concepted and built a harrow formed by modular units suitable for fallow
land tillage. Each module unit of the harrow (Figure 1) consists of a steel reticular frame
on which 20 tines (5 rows each with 4 tines) are mounted according to a zigzag pattern.
Each tine is formed by an 8 mm thick vertical flat steel bar (spike tooth), to which end, a flat
blade is welded with a working width of 80 mm. The front row tines of the modular unit
are also equipped with a vertical blade to facilitate the shredding of plant residues, which
could arise in the upper soil layer (up to 6 to 7 cm depth). Each harrow modular unit is
connected by linking rods to a common supporting beam, which in turn is connected to
the tractor.
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Figure 1. View of the harrowing modular unit equipped with flat-cutting devices: (a)—side view;
(b)—view from above: 1—front tine; 2—tine; 3—crossbar; 4, 5, 6, 8, and 9—rods forming the reticular
frame; and 7—linking rods (measures in mm).

2.2. Theoretical Considerations

The soil tillage resistance force Pv, which acts on the vertical blade of the tine (Figure 2),
can be assessed by the following equation:

Pv =
qs·b
cos ε

, (1)

where qs is the specific soil tillage resistance due to the interaction of the soil–harrow tine,
N·m–1; b is the height of the vertical cutting blade, m; and ε is the tine blade’s inclination
angle to the vertical, grad.

The horizontal blade mounted on the blade is deflected in the horizontal plane by the
angle γ and is under the influence of two soil tillage resistance forces Ph, each of which can
be evaluated as follows:

Ph = qs·Lo, (2)

where Lo is the length of one blade’s side (Figure 2), m.
As follows from the analysis of Figure 2:

Lo· cos γ = b· tan ε, (3)

From which it follows:
Lo =

b· tan ε

cos γ
. (4)

Considering Equations (2) and (4) will have the following form:

Ph = qs·b·
tan ε

cos γ
. (5)
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Figure 2. Scheme of forces acting on the tine for fallow treatment.

The total soil tillage resistance force on a given tine (Po) at a tillage depth h is equal to
the following equation:

Po = Pv + 2Ph. (6)

Taking the value of the parameter b (see Figure 2) equal to the tillage depth h and sub-
stituting formulas (1), as well as (5) into Equation (6), after transformations, the following
can be obtained:

Po =
qs·h
cos ε

·
(

1 + 2· sin ε

cos γ

)
. (7)

In addition to the values of the angles γ and ε, the main parameters of the consid-
ered tine include dimensions B and L (Figure 2). The following equations are valid for
their calculation:

L = h· tan ε; (8)

B = 2h· tan ε· tan γ. (9)

As the results of preliminary field experimental studies have shown, these working
devices can work stably at a tillage depth of 5–6 cm if the value of parameter B does not
exceed 0.10 m. At B = 0.06 m, a minimum overlap (1 cm) of tillage zones between adjacent
tracks laid by the harrow tines is provided. From this, it follows that:

0.06 ≤ B = 2h· tan ε· tan γ ≤ 0.10. (10)

At h = 5 cm, the condition determined by Equation (10) takes the following final form:

0.6 ≤ tan ε· tan γ ≤ 1. (11)

The analytical Equations (7)–(11), which are based on the results of theoretical studies,
make it possible to determine a scientifically substantiated selection of the design parame-
ters of the tines of the concepted harrow for fallow lands tillage. The criterion determining
their rational values is the minimum soil tillage resistance force Po acting on the tine at
a given fallow land tillage depth (h). The minimum soil tillage resistance allows energy
savings by reducing the fuel consumption of the tractor attached to the new harrow.
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2.3. Experimental Methodology

The resulting Equation (7) can be used for calculations of the real value of the specific
soil tillage resistance qs applied by the soil on the harrow tine during activation. This
parameter has been experimentally assessed through fallow lands tillage carried out em-
ploying a harrowing experimental aggregate formed by: (i) MTZ-82 wheeled tractor of
60 kW; and (ii) the harrow concepted and built by us, which was composed of 9 modular
units (Figure 3).

Figure 3. Tractor with harrow for treatment fallow.

Experimental studies were executed under field conditions characterized by the fol-
lowing geographic data: 46◦50′56” north latitude, 35◦21′55” east longitude, altitude: 37 m.
The soil type was dark chestnut chernozem, and the granulometric composition was heavy
loamy since the content of physical clay was 46–48%. Furthermore, the humus content was
in the range of 2.8–3.6%, and the reaction of the soil solution was close to neutral.

The soil moisture content in the layer 0–5 cm was measured by an ad hoc device
designed by us (Figure 4), whose working principle was based on the changes in the soil
dielectric permeability depending on its moisture content. A piston was mounted on the
device’s top cover to compact the soil, whereas the electronic recording part was located
on the lower cover of the device. The soil sample was placed on the device’s glass and
compacted by the piston. The value of its humidity (%) was fixed on the device. The
measurement error of this device did not exceed 1%. Crossing the soil diagonally, the
moisture content was measured on soil samples taken every 3 m. Globally, 100 moisture
content measurements were carried out and the average value was assumed for subsequent
numerical processing.

Figure 4. Soil humidity measuring device: (a)—constituent elements; (b)—general form.

The soil bulk density was evaluated by means of a device equipped with a 28.35 cm3

cylinder and a scale that directly displays the soil density value in g cm–3 [33]. The soil
bulk density was measured in the soil layer of 0–5 cm in 10 repetitions.

The tillage depth performed by the developed harrow was measured at the two ends
and the center of the implement. Two repetitions were considered. The measurement
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step of the depth was 0.2 m, and 300 evaluations were performed in each repetition. A
measuring device built by us was used, essentially based on an ultrasonic sensor HC-SR04
(Kuongshun Electronic, Shenzhen, China) connected via USB cable to the Arduino Mega
2560 microcontroller platform (Figure 5). The main technical features of the HC-SR04 sensor
were as follows: measuring range from 0.02 to 4 m; working frequency 40 Hz. The error in
measuring the tillage depth with this device did not exceed 0.5 cm.

Figure 5. Kit for measuring tillage depth.

The soil tillage resistance coefficient qs was evaluated as follows. The soil tillage resis-
tance force was assessed through foil tensoresistors, having a nominal value of 200 Ohm
and constant voltage of 12 V, which were glued on the linking rods of three modular units of
the harrow implement (the two outside ones and the middle one, respectively). The sensor
signal was fed to the computer through an analog-to-digital converter (ADC, Figure 6).
During the test, the soil tillage resistance force pertinent to each of the three considered
harrow units was recorded for 60 s.

Figure 6. Measuring and recording complex.

The obtained soil tillage resistance force values were processed and the average value
was calculated. Considering that the working width of each harrow unit was approximately
1 m (Figure 1), this calculated average value was taken equal to the soil tillage resistance
per unit length Ra (N·m–1) of the harrow implement. Finally, considering that each harrow
unit included 20 tines, the specific soil tillage resistance qs corresponding to each tine was
calculated as follows:

qs =
Ra

20
. (12)

The value of the qs parameter established in this way was used for theoretical studies
using Equations (7)–(11).

Before conducting research, the field was divided into sets with a length of La = 250 m
each. The time (ta) for the harrow implement to pass through the set in two repetitions
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was recorded using an FS-8200 electronic stopwatch (FLOTT, Shanghai, China) with a
measurement accuracy of up to 0.1 s. The speed of the machine–tractor unit movement
was calculated with the formula: V = La·(ta)

−1.

3. Results and Discussion

The experimental fallow land tillage aimed at assessing the qs value was carried
out with the following soil conditions: (i) moisture content in the 0–5 cm layer, 18.3%;
(ii) bulk density, 1220.0 kg m–3. The harrowing experimental aggregate moved at a speed
of 2.2 m·s–1. With a confidence level of 95%, the confidence interval for the harrowing
depth tillage of the fallow field was 6.1 ± 0.2 cm. The obtained average value of the qs
parameter, which was subsequently adopted for theoretical studies, was 230 N·m–1.

An analysis of Equation (7) shows that the value of the total soil tillage resistance force
(Po) changes linearly with an increase in the parameters qs and h, which is quite logical.
In principle, the influence of the angle γ on this force is also understandable. First, an
increase in its value leads, as follows from Equation (7), to a decrease in the cosγ function
and hence to an increase in the value of Po. Secondly, an increase in the value of the angle
γ according to Equation (9) causes an increase in the design width of the working device
blade (B, Figure 2), and hence an increase in the value of the Po force. Another thing is that
the functional dependence Po = f (γ) is non-linear and therefore is of interest for study.

The effect of changing the value of the angle ε on the soil tillage resistance force
Po magnitude is very problematic to assess visually. A graphical interpretation of this
process is needed. Moreover, the change in the parameter ε is organically related to
the corresponding change in the value of the angle γ. The nature of this connection is
established by analytical Equations (10) and (11).

Analysis of the results obtained using the analytical Equation (7), considering the re-
quirement (11), showed that an increase in the value of the angle ε leads to a corresponding
increase in the total soil tillage resistance Po value (Figure 7).

Figure 7. The dependence on the soil tillage resistance Po on the angle ε for the following values of
the angle γ: 60◦ (point A); 45◦ (curve B); and 30◦ (curve C).

Moreover, the greater this growth, the smaller the value of the angle γ. If γ is equal to
30◦ (curve C, Figure 7), the angle ε changes within 50–60◦ and the level of Po force growth
was the highest: it increased from 50 to 70 N, i.e., by 40%. At γ = 45◦, the angle ε changes in
a range of 10◦, but the level of Po force increase is less and equals 30% (curve B, Figure 7).
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The design variant of the working device corresponding to γ = 60◦ requires a singular
remark. In this case, the condition in Equation (11) is satisfied only for one angle ε value
equal to 30◦ and the Po force assumes a fixed value of 40 N (point A, Figure 7).

In general, the following pattern of change in the functional dependence Po = f (ε)
takes place: to reduce the total soil tillage resistance force Po, the decrease in the value of
the angle ε must be accompanied by a corresponding increase in the value of the angle
γ, so that condition (11) is met. The functional dependence Po = f (γ) concerning the
dependence Po = f (ε) is as follows. For each specific value of the angle ε, the value of the
soil tillage resistance Po is directly proportional to the change in the value of the angle γ.
The exception is the design variant of the considered harrow working device at ε = 60◦. In
this case, condition (11) is satisfied only for one value of the angle γ, which is equal to 30◦.
The soil tillage resistance Po takes a fixed value of 69 N (point A, Figure 8).

Figure 8. The dependence on the soil tillage resistance Po on the angle γ for different values of the
angle ε: 60◦ (point A); 45◦ (curve B); and 30◦ (curve C).

As a result, if the value of the angle γ is increased at a certain constant value of the
angle ε, which does not exceed 60◦, then the value of the soil tillage resistance force Po also
increases (see Figure 8). The only peculiarity is that the intensity of such growth (that is,
the rate of the indicated force change) is much lower than for the functional dependence
Po = f (ε). This result can be more clearly demonstrated by considering the following
derivatives:

∂Po

∂”
= 2qs·h·

(
tan2 ε + 1

cos γ
+

sin ε

2 cos2 ε

)
. (13)

and
∂Po

∂fl
= 2qs·h· tan ε· sin γ

cos2 γ
. (14)

The analysis of Equations (13) and (14) once again confirm that the increase in the soil
tillage resistance force Po on the working device by making the angle ε large (zones A1, B1,
and C1; Figure 9) is 2.5–3.5 times higher than the one produced by similar changes in the
angle γ (zones A, B, and C; Figure 9). These characteristics should be considered when
choosing the working device parameters for fallow treatment.
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Figure 9. Dynamics of change ∂Po·(∂γ)−1 (—) and ∂Po·(∂ε)−1 (—) depending on the angles epsilon
and γ: γ = 60◦ (point A); epsilon = 60◦ (point A1); γ = 45◦ (curve B); ε = 45◦ (curve B1); γ = 30◦ (curve
C); and epsilon = 30◦ (curve C1).

From the above analysis, it follows that when reducing total soil tillage resistance force
Po of the harrow working device, preference should be given to choosing the value of the
angle ε, followed by determining the value of the angle γ within the performing condition
(11). The basis for such a statement is a more intense change in the value of the resistance
force Po with an increase or, vice versa, a decrease in the value of the angle ε compared
with a similar change in the angle γ.

As follows from Equations (8) and (9), the angles ε and γ, together with the value
of the tillage depth (h), uniquely determine the design parameters as the length (L) and
the width (B) of the working device for loosening fallow. According to Equation (8), the
parameter L is formally independent of the value of the angle γ. This is not true due to the
presence of the condition in Equation (11). If, for example, the angle ε varies within 50–60◦

(curve C, Figure 10), then to meet the condition of Equation (11), the angle γ must have a
random value and not a specific one, equal in this case to 30◦. The value of the parameter L
changes in this case within 6–9 cm.

Figure 10. Dependence of parameters B (—) and L (—) of the harrow tine on the value of the angle
epsilon for different values of the angle γ: 60◦ (point A, A1); 45◦ (curve B and curve B1); and 30◦

(curve C and curve C1).
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The selection of the angle ε value within 35–45◦ is possible only if the value of the
angle γ is 45◦ and, accordingly, the value of the parameter L is in a narrower range, that is
3.5–5.0 cm (curve B, Figure 10). If the selected value of the angle ε is equal to 30◦, then to
meet the condition of Equation (11), the value of the angle γ must be equal to 60◦, and the
length of the working device for fallow soil treatment should be 3 cm (point A, Figure 10).

In agreement with Equation (9), the width of the harrow working device for fallow
soil treatment (parameter B) depends on the values of both angles. Therefore, if the angle ε
varies within 50–60◦ (curve C1), the angle γ is equal to 30◦, and the parameter B can take
values from 7 to 10 cm.

If the angle ε changes from 35 to 45◦ (curve B1, Figure 10), the angle γ should be
45◦, but the range of parameter B values remain the same: 7–10 cm. This result has the
following explanation. When the values of the angle ε decrease from 50–60◦ to 35–45◦, the
values of the angle γ increase from 30 to 45◦. Since the parameter B depends, as follows
from Equation (9), on the product of the tangents of these angles, the range of its values
remains unchanged. In other words, according to the condition of Equation (11), the value
of the working device width for fallow treatment (i.e., B parameter) is invariant concerning
the product tan ε = tan γ. For the specific case, ε = 30◦ and γ = 60◦, the parameter B has
a single fixed value equal to 10 cm (point A1, Figure 10).

4. Conclusions

Referring to a harrow of a new concept useful in sustainable agriculture for fallow
lands tillage, a method was studied to determine a reasonable selection of the design
parameters of the working devices mounted inside this implement, such as their length
(L) and working width (B), as well as the angle of the vertical inclination (ε) and the angle
of the horizontal deviation (γ) of the blades, depending on the accepted loosening soil
depth (h).

The selection of the inclination angle of the vertical blade (ε) should be accompanied
by a corresponding change in the deviation angle of the horizontal blade (γ), so that the
condition of Equation (11) associated with the product of the tangents of these angles
is met.

To reduce the resistance force of the fallow harrow working device and then obtain
fuel saving of the tractor linked to the harrow of the new concept, preference should be
given to choosing the value of the angle ε, followed by determining the value of the angle
γ within the limits of the performing condition of Equation (11). The basis for such a
statement is a more intense change in the value of the resistance force with an increase or,
vice versa, a decrease in the value of the angle ε compared with a similar change in the
angle γ.

Due to the action of the condition determined by the analytical Equation (11), the
device working width for fallow treatment (i.e., parameter B) is invariant concerning the
product of the tangents of the angles ε and γ.

It has been shown that the correct use of the new type of harrow saves fuel and reduces
carbon dioxide emissions even when using only fossil fuel. An additional reduction in CO2
emissions can be achieved by using biofuels as a substitute for fossil fuels.
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