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Movement of bridge agricultural equipment along the permanent traffic lanes is characterised by significant energy costs for
overcoming the rolling resistance forces. Until now, the movement process of bridge agricultural equipment wheels along
the compacted soil of permanent traffic lanes has been paid only a little attention. It has been established that the physical
and mechanical properties of soil lanes significantly affect the energy consumption necessary for overcoming the rolling resistance
of forces of bridge agricultural equipment wheels. Considering the range of possible changes in these properties, the coefficient
of rolling resistance of equipment wheels varies from 0.06 to 0.1, which is 66%. In order to reduce the rolling resistance coefficient
of equipment wheels when moving along the permanent traffic lanes, the surface needs to be undeformable. When moving along
such a solid and dense supporting surface, the wheel rolling resistance is lowest.
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When using agricultural machinery with different working
widths, majority of fertile soil (approx. 75%) is subjected to
unfavourable impacts of the tractor and machinery wheels
(Barwicki et al., 2012; Chen et al., 2010; Isbisteret al. 2013;
Galambosova etal., 2020). Controlled traffic farming confines
all machinery loads to the least possible area of permanent
traffic lanes. Moreover, it provides a wide range of benefits,
e.g. greater rainfall infiltration rates, increased available
water capacity, etc. (Tullberg et al., 2018). It represents an
efficient way for managing the soil compaction by confining
all load-bearing wheels to the least possible area of
permanent traffic lanes (Galambo3ova et al., 2017).

The tractor theory informs that rolling of a wheel with
an elastic rim along a deformable surface is characterised by
energy consumption for overcoming the rolling resistance
forces (Simiki¢ et al., 2014; Kutkov, 2014).In this case, the
main research tasks of tractor wheel rolling are: identification
of a correlation of parameters and conditions of its rolling;
search for criteria for evaluating the wheel rolling process;
and determination of the ways how to reduce the rolling
resistance (Kutkov, 2014). It should be noted that the
dependence of rolling resistance coefficient of tractor
wheels on the physical and mechanical properties of soil
surface (especially the moisture, density and hardness)
along which the wheels move has not been sufficiently
considered and studied. The process of rolling of bridge
agricultural equipment wheels along the compacted soil of
permanent lanes practically remains unstudied although its
energy costs are lower.
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The very appearance of controlled traffic farming (Antille
atal., 2015; Bulgakov et al., 2017; Gasso et al., 2013; Bulgakov
et al., 2018) makes it possible to solve a fundamental
contradiction in the “driver—soil” system. Essentially, if the
energy tool is to achieve the high traction and hitching
properties, its drivers must encounter dry, levelled, and
solid supporting surface. However, plant cultivation requires
fluffy-structured environment with optimal density and
moisture. In practice, such requirements can be satisfied
only when the movement zones of energy tools (the
technological zone of field) and the zones of plant growth
(the agrotechnical zone of field) are clearly differentiated
(Chamen, 2015; Kingwelland Fuchsbichler, 2011; Onal,
2012.)). In this system, the agricultural bridge represents
permanent traffic lanes; permissible boundaries for
performing technological operations can vary significantly.
Furthermore, optimal working conditions for the bridge
agricultural equipment can differ significantly from the
ideal conditions for the growth and development of
cultivated plants. Issue of studying the impact dependences
of physico-mechanical properties of the soil of permanent
traffic lanes on the rolling resistance of bridge agricultural
equipment wheels when moving along them becomes
relevant.

In tractor theory, the coefficient of rolling resistance f,
is a dimensionless criterion for the wheel rolling evaluation,
which takes into account the tangential force and resistance
(Kutkov, 2014). Itis calculated as the ratio of rolling resistance
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P, to normal vertical load acting upon
the wheel f, (Kutkov, 2014):

(M

There are many
substantiated expressions
calculation of rolling

scientifically
for the
resistance

coefficient f, of a tractor wheel. The
most frequently used is the Granvuane-
-Goryachkin dependence:
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Experimental agricultural bridge equipment during a laboratory research of

Fig.2 Laboratory complex for the rolling resistance force determination of
agricultural bridge equipment along the tracks of permanent traffic lanes
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Devices for determination of physical and mechanical properties of the soil in
tracks of permanent traffic lanes
1 — Revyakin hardness tester; 2 - MG-44 hygrometer; 3 - densitometer

The impacts of tire design, air
pressure, movement speed, vertical
load, etc.ontheresistance coefficient of
its rolling has been studied in sufficient
detail (Panchenko and Kyurchev, 2008;
Nadykto at al, 2015; Nadykto and
Velichko, 2015; Nadykto et al., 2019).
In practice, the rolling resistance
coefficient value of tractor wheel is
not calculated, but it is selected from
the reference tables depending on the
soil structure or road type. Moreover,
the rolling resistance coefficients of
propulsors of different machines differ
significantly when driving under the
same conditions. However, the wheel
performance of agricultural bridge
while moving along the permanent
traffic lanes has not been sufficiently
studied. The rolling process of bridge
agricultural equipment wheels along
compacted soil of permanent traffic
lanes remains practically unstudied.

This  investigation  strives to
establish  relationships ~ between
the impacts of physico-mechanical
properties of soil tracks of permanent
traffic lanes and the rolling resistance
of agricultural bridge equipment
wheels.

Material and methods

The physical object of experimental
research was a bridge agricultural
equipment (Fig. 1) that was developed
by Bulgakov et al. (2019). Equipment
undercarriage is a trolley and the
wheels with pneumatic tires of
a standard size 9.5R32 are attached to
its frame by four axles.

When considering the rolling
process of bridge agricultural
equipment wheels along the soil
tracks of permanent traffic lanes, the
general factors accompanying the
operation of wheels were excluded:
uneven movement, ascent or descent,
the bearing resistance in the wheel
hub, and air resistance. This research
is based on the assumption that the
bridge agricultural equipment wheels
with constant air pressure in their
tires roll along the tracks of horizontal
section of permanent traffic lanes at
a uniform speed.

The rolling resistance force of
bridge agricultural equipment wheels
along the tracks of permanent traffic
lanes was determined by the principle
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of its “free” movement along the supporting surface. The
indicated “free movement” of agricultural bridge equipment
along the tracks of permanent traffic lanes was carried out
by its forced movement (Fig. 2).

The laboratory complex (Fig. 2) consisted of agricultural
bridge equipment [1], wheels rolling freely along the formed
tracks [2] of permanent traffic lanes. The free movement of
agricultural bridge equipment [1] along the tracks [2] was
effectuated by means of a traction mechanism [3], which
was attached to it by the cable [4]. The effort necessary for
free movement of the equipment [1] along the tracks [2] was
recorded using dynamometer [5].

The basis for laboratory determination of the rolling
resistance force of agricultural bridge equipment along the
tracks of permanent traffic lanes is the equality of its rolling
resistance force P; and the force Py at which it was rolling
according to the dynamometric device (Fig. 2).

Physico-mechanical properties of the soil tracks of
permanent traffic lanes were measured in a depth of 0-5 cm.
For the purposes of soil hardness determination, Revyakin
hardness tester was used (Fig. 3).

The soil density in the tracks was measured by
a densitometer of own design (Fig. 3). The soil moisture was
measured by MG-44 moisture meter (Fig. 3).

The standard Revyakin hardness tester (Fig. 3) consisted
of a guide rod with a relatively small support surface, and a
telescopic rod with atip (a flat plunger with aworking surface
of 1 cm?), which was used for soil penetration to a depth of
5 cm. Tester telescopic rod was connected to the handle by
a spring. When pressure is applied to the handle, the spring
is compressed. Its deformations are recorded by a recording
device through a special transmission mechanism. The tip
was plunged through the compacted soil layers of the tracks
in a slow manner and with a uniform force. On a millimetre
paper, the hardness tester recorded a hardness diagram
with continuous distribution of hardness value by depth.
Ultimately, the hardness H (Pa) was determined as follows:

H=Ted 3)
N
where:
h, - average ordinate value of the hardness diagram (cm)
g - instrument calibre (hardness of the hardener spring)
(N-cm™)
s - cross-sectional area of the hardness tester piston
(cm?)

The MG-44 on-board electronic digital moisture meter
(Fig. 3) is designed to measure the relative soil moisture
using a sensitive radio frequency sensor with the range of
1-100%.The unit measurement time is max. 3 s. It is powered
by an internal DC power supply unit. The measured relative
humidity is counted from the liquid crystal indicator located
on the front panel of indicator device. When measuring
the soil track moisture, the electrode of MG-44 device was
plunged into the soil to the depth of 0-5 cm. The sensor
emits directed electromagnetic wave of high frequency, the
part of which is absorbed by water molecules, and part is
reflected in the sensor direction. By measuring the reflection
coefficient of wave from a substance, which is directly
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proportional to the moisture content, the relative moisture
value is shown on the device display.

A specially developed densitometer (Fig. 3) based on
the “cutting cylinder” principle was used to measure the soil
track density in permanent trafficlanes. Itis a metal base with
a handle, which has three cutting cylinders attached to it (to
determine the average sample value). To take soil samples
from the top layer (0-5 cm) of tracks, a densitometer with
cutting cylinders is put into soil by hitting the device’s back
part with a hammer. After filling the cutting cylinders with
soil, the density value p (g-cm‘3) can be calculated as follows:

(4)

where:
m, my— weight of suspended densitometer with and
without soil (g)

v - single cutter cylinder volume (cm?®)

C

Measurement of each parameter was repeated 10 times
with their uniform placement along the entire length of pilot
section of permanent traffic lanes. The measurement results
were averaged. Statistical characteristics of measurements
were calculated using the Microsoft Office Excel software. The
error of direct experimental measurements of parameters
using the devices shown in Fig. 3 did not exceed 2%.

In addition to mathematical calculations, statistical
analysis of data was performed using the Microsoft Office
Excel software. To establish the functional dependence
between measured parameters, the standard procedure of
statistical analysis using the“Trend Line”function was used in
Microsoft Office Excel software. The functional dependence
accuracy was estimated by determining the coefficient
of (R?) reliability (correlation) of model, the best value of
which is 1. For these purposes, the additional settings were
adjusted in the Microsoft Office Excel software. The closer
the obtained value to 1, the higher the model reliability.

Based on the measurement results, the following
statistical characteristics were determined:

1. Average value Y:

yo 2 (5)
n
where:
y; — parameter value in i measurement
n - measurement quantity

2. Average quadratic deviation (standard) c:

Z(y,—Y) ©)

n

o=

3. Coefficient of variation K (%):

_100-c
Y

K

(7)

Variability of the index measurement process was
considered insignificant if the coefficient of variation K did
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not exceed 10%. If its value is higher
than 10%, but less than 20% - the
variability was considered average.
If K >20%, then the variability was
considered significant. In this case,
the reasons for obtaining such
measurement results were studied,
and the method of their determination
was corrected and repeated.

Results and discussion

The results showed that there is
a sufficiently strong correlation
between impacts of physical and
mechanical properties of soil of
permanent traffic lanes on the rolling
resistance coefficient of agricultural
bridge equipment wheels. The impact
of soil moisture in tracks of permanent
traffic lanes on the rolling resistance
coefficient of equipment wheels is
shown in Fig. 4. Here, the columns
show the average quadratic deviation
of this indicator. Analysis shows that an
increase in soil moisture in tracks leads
to an increase in the rolling resistance
coefficient as well. Based on Fig. 4,
the coefficient of variation of rolling
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resistance did not exceed 10%, which
indicates a slight variability (variability)
in the definition of this indicator.
When the soil track moisture
contentincreases from 10% to 45%, the
rolling resistance coefficient of wheels
increases from 0.06 to 0.1, which is 66%
in percentage terms. However, in order
to overcome the rolling resistance of
agricultural bridge equipment wheels,
the engine power consumption is
proportional to value of f, during the
movement, resulting in increasing
of energy consumption by the same
percentage. The nature of relationship
between the indicators shown in
Fig. 4 can be explained by the fact
that, with an increase in the moisture
content of soil tracks, the losses due
to soil compaction increase when the
agricultural bridge equipment moves
along the lanes. The indicated losses
grow larger through the increase in
the contact area of wheel tire with
the supporting surface, and the
increase in track depth produced
by the wheels pressing on the soil.
As a result, the rolling resistance
coefficient of wheels increases while
moving along the tracks. Ultimately,
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Fig.4 Dependence of the rolling resistance coefficient f, of bridge agricultural
equipment wheels on the moisture content W in soil tracks of permanent
traffic lanes
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Dependence of the rolling resistance coefficient f, of agricultural bridge

equipment wheels on the hardness H of soil tracks of permanent traffic lanes
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in this case, the energy consumption
for soil deformation significantly
exceeds the energy consumption for
tire deformation of agricultural bridge
equipment wheels (Bulgakov et al.,
2019).

The dependence between the
rolling resistance coefficient f, and
the soil moisture is sufficiently exactly
approximated as follows:

f=4-10°W?-5-10" W+0.0562 (8)

where:
W - soil moisture in tracks of
permanent traffic lanes (%)

The accuracy of obtained analytical
expression (Eg. 8) can be estimated
by the value of correlation coefficient,
the square value of which is R* =
0.8767 in relation to experimental
data. The high value of the latter
indicates potential practical use of
the analytical dependence obtained
(Eg. 8) in assessing the energy losses
due to the movement of agricultural
bridge equipment wheels along the
permanent traffic lanes, taking into
account the soil moisture content.

Since the soil moisture in tracks
of permanent traffic lanes naturally
affects hardness and density indicators,
their changes are also reflected in
the rolling resistance coefficient of
agricultural bridge equipment wheels
(Figs 5 and 6). Figs 5 and 6 show the
average quadratic deviation of these
indicators.

Analysis of experimentally
obtained dependences (Figs 5 and 6)
showed that increasing the hardness
H and density p of the soil tracks lead
to decreasing of the rolling resistance
coefficient f, of agricultural bridge
equipment wheels moving along
them. This decrease is of quadratic
nature. The coefficient of variation of
rolling resistance did not exceed 8.5%,
indicating a slight variability in the
definition of this indicator. Therefore,
it is sufficiently accurately described as
follows:

f,=0.0247H* - 0.2093H + 0.499 (9)

where:

H - soil hardness in tracks of
permanent traffic lanes
(determined by the Revyakin
system) (MPa)
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f.=0.335p2 - 1.1256p + 0.9991  (10)

where:

p - soil density in tracks of
permanent traffic lanes (g-cm?)

It should be noted that the
correlation between the hardness of
soil tracks with the rolling resistance
coefficient f, (Eq. 9) is stronger than
the relationship between the density
of soil tracks and the rolling resistance
coefficient f, (Eq. 10). The square of
correlation of f, is R = 0.9395 for the
hardness of soil tracks, and R> = 0.8419
for the density of soil tracks.

The nature of experimentally
obtained dependencies shown in
Figs 6 and 7 can be explained by the
circumstance that the increase in
hardness and density of soil tracks
lanes promotes reduction of the
energy applied to agricultural bridge
equipment wheels to perform such
operations as vertical crushing of the
soil and the formation of compacted
tracks and friction of the tire tread upon
the supporting surface in the contact
area. Therefore, in order to reduce the
coefficient f, during the movement of
agricultural bridge equipment along

the tracks of permanent traffic lanes, it
needs to be a practically undeformable
surface. When moving along such
a solid and dense supporting surface,
the wheel rolling resistance is minimal.

Based on the aforementioned,

the rolling resistance coefficient
of agricultural bridge equipment
wheels moving along soil tracks

of permanent traffic lanes can be
sufficiently accurately estimated by
the track hardness value. This allows
establishing a relationship between
the equipment wheel parameters
and physico-mechanical properties
of soil tracks with the indicators of
track formation. For this, we equate
dependencies (2) and (9). As a result,
thereis:

3
0.86 iz =
k. -b,-D;

0.0247H? —0.2093H +0.499

(1

From the obtained equality (Eq. 11),
it is possible to express the coefficient
of volumetric crushing of soil:

k, =
0.636-G,
b, - D; (0.0247H’ ~0.2093H + 0.499)3

(12)
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Fig.6 Dependence of the rolling resistance coefficient f, of agricultural bridge
equipment wheels on the density p of soil tracks of permanent traffic lanes
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By substituting the 9.5R32 tire
parameters D, and b, of agricultural
bridge equipment (of own design),
and the value of normal vertical
load G, acting upon the equipment
wheels, an analytical dependence (Eq.
12) was obtained, which establishes
a relationship between the coefficient
of volumetric crushing k, of soil in
tracks of permanent traffic lanes and
soil hardness H (Fig. 7).

Analysing the dependence
presented in Fig. 7, with an increase of
2.5-4.0 MPa in hardness of soil tracks of
permanent traffic lanes, the coefficient
of volumetric crushing of soil also
increases from 4 MPa to 45 MPa.
Further increasing of soil hardness did
not result in any significant increase in
the coefficient of volumetric crushing
of soil. The experimentally obtained
graphicaldependence (Fig.7)issuitable
for indirect estimation of the k, value
by the soil hardness indicator H, since
the very methodology of determining
the coefficient of volumetric crushing
of soil is somewhat more complicated
than determining its hardness.

The results indicate that indirect
estimation of the rolling resistance
coefficients of agricultural bridge
equipment wheels moving along
the tracks of permanent traffic lanes,
and the coefficient of volumetric
crushing of soil in terms of its hardness
is sufficiently exact. This allows, if
necessary, to determine the indicated
parameters analytically from the
experimentally measured values of
hardness of soil tracks of permanent
traffic lanes according to Eqs 9 and 12.

Conclusions

1. When the moisture content of
soil tracks of permanent traffic
lanes increases from 10% to 45%,
the rolling resistance coefficient
of agricultural bridge equipment
wheels (of own design) increases
from 0.06 to 0.1, which is 66%.

2. When the hardness of soil tracks of
permanent traffic lanes increases
from 2.8 MPa to 4.5 MPa and its
density from 1.3 g-cm™to 1.6 g-cm?,
the rolling resistance coefficient
of agricultural bridge equipment
wheels moving along the lanes
decreases from 0.1 to 0.06, and it is
of a quadratic nature.

3. Increasing the hardness of the soil
tracks from 2.5 MPato 4.0 MParesults
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in intense increasing of the coefficient of volumetric
crushing of soil from 4 MPa to 45 MPa. However, further
increasing of hardness of soil tracks did not lead to any
practical development of the coefficient of volumetric
crushing of soil.

4. To reduce the rolling resistance coefficient of agricultural
bridge equipment wheels moving along the soil tracks of
permanent traffic lanes, the contact surface needs to be
undeformable.
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