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Abstract: The paper presents a static lateral stability of a sub-compact tractor MT8-070 Mini in
relation to a safe tractor operation. Axle weight distribution of the tractor was measured to calculate
the vertical and longitudinal coordinates of a centre of gravity (COG). Experiments were aimed at
the tractor equipped with no and four levels of rear wheel ballast weights (30.5, 61, 91.5 and 122 kg)
at standard and extended overall width on tyres. A static overturning angle was calculated and
experimentally measured when the tractor with right wheels touching the ground was in a state of
unstable equilibrium. Comparing the experimental data with ISO 16231-2 (2015), the differences
were 2.57%, 2.80%, 3.04%, 3.42% and 3.88% in the case of the standard overall width on tyres and
2.40%, 2.61%, 3.11%, 3.67% and 3.99% in the case of the extended overall width on tyres at 0, 30.5,
91.5 and 122 kg of the rear wheel ballast weight. Considering the vertical tyre deformation and the
lateral shift of the tyre, the differences decreased to 0.95%, 1.11%, 1.29%, 1.85% and 1.42% (standard
overall width on tyres) and 0.91%, 1.18%, 1.69%, 2.27% and 2.57% (extended overall width on tyres).
The length of a rubber lug of a tyre contact patch did not change when the tractor was inclined
at various ballast weights and did not affect the static overturning angle calculation according to
ISO 16231-2 (2015). Results showed higher static overturning angle experimentally measured in
comparison with calculated according to ISO 16231-2 (2015) due to the tyre deformation. Limiting
the tractor operation on the basis of the static overturning angle calculated according to ISO 16231-2
(2015) avoids the tractor usage under dangerous operation conditions.

Keywords: static overturning angle; centre of gravity; ballast weight; tractor safety; tractor tyre

1. Introduction

Tractor overturning is a dangerous accident, by which a tractor operator is endangered
and tractor damaged. Improvements in the design of tractors cannot fully eliminate the
risk of these accidents. A constantly increasing demand for agricultural products has also
led to cultivation of areas that are non-ideal for mechanization due to geo-orographic
conformation of the land, particularly due to very steep, sloping grounds, albeit with
interesting agronomic characteristics in terms of climate and solar radiation [1]. Tractor
overturning remains a serious problem in agricultural activities. A detailed analysis of
problems and causes leading to a tractor overturn have revealed that by improving tractor’s
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static stability we can positively influence the safety as early as during the concept phase [2].
Overturning accidents cost time and money as well as causing injury and sometimes death.
A full understanding of stability on slopes is needed in order to establish safe operating
limits which can be accepted throughout the land-based industries [3]. Agricultural tractors
as manufactured are characterised by high rates of standardisation and feature a range
of additional attachments which allow a wider use of each tractor and greatly facilitate
its operation [4]. The need for tractors and agricultural machinery to be tested from the
point of view of their suitability for agricultural use will grow continuously because these
machines directly affect agricultural production [5].

An extreme variety of situations that an agricultural machine can meet does not find an
adequate match with the test situations actually proposed by standards. Indeed, although
all real situations must be necessarily simplified and standardized to be investigated exper-
imentally, the tests that are currently adopted to inquire a rollover stability of machines,
although simple and effective in their way of operating, have many basic deficiencies [6].
Standards require main measures to eliminate the errors negatively affecting the results of
calculation methodologies [7]. An elimination of the errors during the measurements of
the parameters needed for calculation of the static overturning angle improves the results
of the calculation model. Defining the tractor lateral stability, the calculation of the static
overturning angle is based on the technical parameters of the tractor and the coordinates of
COG [8]. The calculation methodology uses the location of COG in relation to the stability
triangle. [9] presented that the dimensions of the vehicle such as: wheelbase, overall width
on the tyres and weight distribution between axles are the main factors that affect the
tractor stability.

The next factor affecting the tractor stability is the tyre deformation which depends on
the different elastic properties and weight acting on the wheel. The tyre deformation affects
the tractor dimensions and COG coordinate used for calculation of the static overturning
angle. When the tractor is inclined, the shift of the centre of gravity affects the static
overturning angle and the tractor lateral stability. Many authors of papers aimed at
the tractor stability presented that the effect of shifting the centre of gravity is small in
comparison to the tractor dimensions which essentially affect the tractor lateral stability [10].
The next important effect of the tyre deformation is the lateral tyre shift formed by tractor
weight. It reduces the stability of the tractor. If other moments act in the same direction
and are large, the tractor might overturn. To evaluate this influence, the sidewall deflection
rates must be known [11].

Lateral overturning of agricultural tractors is a very dangerous accident. The objectives
of this study were (a) to compare the static overturning angle calculated according to
standard [12] with experimental data using the sub-compact agricultural tractor with rear
wheel ballast weights at standard and extended overall width on tyres, (b) to analyse the
influence of a vertical tyre deformation, a lateral shift of the tyre and dimensions of a
tyre contact patch changed due to tyre deformation (when the tractor was tilted) on the
calculation of the static overturning angle, (c) to analyse the factors affecting the tractor
lateral stability in relation to safe tractor operation.

2. Materials and Methods
2.1. Experimental Tractor and Measurement Procedure

The experiments were performed with a sub-compact tractor MT8-070 Mini (Agrozet a.
s., Ceské Budgjovice, Czech Republic) equipped with a petrol four-stroke air-cooled (Briggs
and Stratton) engine. The experimental tractor with rear-wheel drive has the transmission
with four forward gears and one reverse gear. It is equipped with a differential lock and
hydraulic system with manually driven piston hydraulic pump. Detailed properties of this
tractor were presented by [13-15]. Rear wheels (fixed axle) were equipped with the Mitas
TS-02, 6.5/75-14 tyres, (Mitas a. s., Prague, Czech Republic), and front wheels (swivelling
axle) with the Barum Industrie NB 44, 4.00-8 tyre (Barum a. s., Otrokovice, Czech Republic).
The basic technical specifications of the experimental tractor are listed in Table 1.
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Table 1. Specifications of the experimental tractor Mini 070.

Parameter - Value
Cylinder number of engine - 1
Displacement of engine, ccm - 400
Engine power, kW /rpm - 8/3600
Wheelbase L, m - 1.15
Overall width on tyres of the Standard 0.795
fixed axle 0, m Extended 0.885

To simulate the real operation conditions of the tractor, a driver seat was loaded with
a ballast weight of 75 kg corresponding with the average human body weight. [16] presents
that the COG of a human body lies in the area of the 3rd to 4th sacral vertebra. The ballast
weight of three sandbags (the weight of one sandbag is 25 kg) equals to 75 kg and they
were fixed to the tractor driver seat by the tension belt ratchet lashing strap, Figure 1. The
height of three sandbags placed at each other is 45 cm, then we consider the COG in the
same position as in the human body.

Figure 1. Tractor driver seat: (a) three sandbags to simulate the human body, (b) empty seat.

Standards [12] and [17] specify the method to determine the centre of gravity (COG)
of self-propelled machines. The standard recommends several measures to eliminate the
measurement errors caused by various factors. To determine the COG coordinates, these
measures were considered during the measurements. The measurements were performed
on a horizontal surface of the flat laboratory floor. The measurements were performed
using the scales (wheel weighting pads) and support crane (Figure 2). Two weighting pads
were placed under both wheels of the rear axle. The height of the weighting pad was 0.058
m. To provide the horizontal (level) position of the tractor, wood pads (the same height as
the weighting pads) were placed below the wheels of the other axle. In the next step, the
mass on both wheels on the left and right side of the tractor were measured to state a lateral
position of COG. The exact mass of the rear wheel ballast weight (steel discs) was measured
as shown in Figure 2c). When the front axle (swivelling axle) was lifted, the rear wheels
on the scales were free to rotate (brakes were not applied, and the transmission was in
neutral). To eliminate the measurement errors caused by the tyre deflection, standard [12]
recommends increasing the tyre inflation pressure to the maximum permissible value. All
tyres were inflated to the maximum pressure of 150 kPa recommended by manufacturer. In
the fuel tank, the liquid moves and changes the COG location of the tractor. To eliminate the
measurement error due to liquid shift, the fuel tank was full of gasoline (recommendation
of [12]).
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Figure 2. Determination of COG coordinates: (a) scheme for calculation of longitudinal coordinate of COG: (b) scheme for

calculation of vertical coordinates of COG [18], (c) weighting scales measuring the reactions of tractor wheels and steel

discs (ballast weight): L—wheelbase; ¢, d—longitudinal coordinates of COG; h—vertical coordinate of COG; J—tread width;

G—tractor weight; Y7, Y, Yp, Y1,—ground reactions; r)—static rear wheel radius; w—lifting angle, L'—vertical projection

of wheelbase, Y7/, Y,’—reaction when the tractor is in raised position.

Standard [12] allows to use various techniques to tilt the tractor with or without all
tractor wheels on a tilting platform (point 5.7 in the standard). [19] used a tilting platform
to test the lateral overturning of the tractor. In this case, all tractor wheels are placed on
the platform. [20] tilted the tractor, using a tilting platform, to determine the angle at the
moment when the tractors were resting in a state of unstable equilibrium on the wheels
touching the ground. [21] laterally tilted the tractor by elevating the right wheels with a
forklift until the unstable equilibrium position was reached. Following the standard and
authors mentioned above, the tilting platform (Figure 3) was used to measure the lateral
stability of the tractor on the basis of static overturning angle «. The tractor was tilted up to
a state of unstable equilibrium on the wheels touching the ground. In this state, the wheels
on the opposite side of the tractor lose contact with the tilting platform when it reaches
the static overturning angle. When the tractor reaches the unstable equilibrium point, it
returns to the horizontal position.

The wheel weighting pads WWSE 10 T with a weight indicator (Dini Argeo, Spezzano
di Fiorano Modenese, Italy) were used to measure the mass of the tractor coming on the
tractor wheels (Figure 2). The rated capacity of the weighting system is 10,000 kg. The
mass of the tractor is significantly lower than the rated capacity of the weighting system.
Therefore, the weighting system was calibrated by an accredited laboratory (Brutto s.r.o0.,
Sered’, Slovak Republic) to the rated capacity of 400 kg with a measuring error of 0.125%
and resolution of 0.5 kg. To calculate the longitudinal and the vertical coordinates of the
COG, distances were measured by a measuring tape with measuring range of 2 m, accuracy
class 2 and resolution of 1 mm. Distances needed for calculation of the tyre deformation
were measured with a digital calliper CD-15CP (Mitutoyo corporation, Tokyo, Japan) with
a range of 0-150 mm, accuracy of £0.02 mm and digital step of 0.01 mm. Vertical planes
needed for distance measurements were determined using a steel set square and a plumb
line. A digital protractor Genborx 810-100 (Changzhou Skyvictor Ltd., Changzhou, China)
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with measuring range 4 x 90°, display resolution 0.1° and accuracy error 0.01° was used
to measure the static overturning angle when the tractor was tilted. All experimental
measurements were repeated three times and the mean value with standard deviation
was calculated. The regression analysis (Microsoft Excel—Office 365) was used to analyse
the effect of the rear wheel ballast weight on the coordinates of COG (longitudinal and
vertical), the static overturning angle and the parameters defining the tyre deformation
(the vertical tyre deformation, the lateral shift of the tyre, dimensions of the tyre contact
patch) at the standard and the extended overall width on tyres. The experiments were
performed at standard and extended overall width on tyres of the fixed axle at 0, 30.5, 61,
91.5 and 122 kg of the rear wheel ballast weights. Four levels of rear wheel ballast weight
were set with eight original steel discs connected with tractor wheels by three screws. Mass
of one steel disc of 15.25 kg was measured by the weighting pads WWSE 10 T, Figure 2c.

Figure 3. Test of tractor lateral stability: 1—tyre, 2—wheel rim, 3—ballast weight, 4—tilting platform, 5—portal, 6—chain

hoist, 7—digital protractor.

2.2. Calculation of Static Overturning Angle According to ISO 16231-2

The standard [12] presents a method for calculation of the static overturning angle
of the tractor with one swivelling axle without swivelling angle limiting device and pivot
point of swivelling axle in line with the centre line of the tractor, Figure 4. The standard
defines the rolling line of the tyres on the fixed axle (when rolling laterally) at 75% of the
tyre width. Abscissa AA’ is the base line of stability triangle and is calculated according to
the formula as follows:

anl© —2(p2—0.75p) 1)

where: AA’—base line of stability triangle, m; o—overall width on tyres of the fixed axle,
m; p—width of tyres on fixed axle, m
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Figure 4. Determination of tractor lateral stability according to standard [12]: o—overall width on
tyres of the fixed axle, p—width of tyres on fixed axle, u—height of pivot point of the swelling axle,
L—wheelbase, ¢, i—longitudinal coordinates of COG; h—vertical coordinate of COG; z—lateral
position of COG; a—static overturning angle, AA’—base line of stability triangle, DF—slope line.

Considering the calculation method according to standard [12], the static overturning
angle is the arc tangent of slope line DF over the vertical coordinate of COG h.

2.3. Evaluation of Tyre Deformation

The influence of tyre deformation on the difference between the static overturning
angle calculated according to standard [12] and experimental data was analysed. This
study was aimed at the tyre deformation when the tractor was tilted under experimental
conditions. The effect of tyre deformation on the measurements of COG coordinate was
not evaluated.

The tyre deforms when the weight acting on the wheel and the static overturning
angle increase. The influence of the tyre deformation on the static overturning angle was
analysed on the basis of:

Vertical tyre deformation affecting the vertical shift of the COG;
Tyres shift due to lateral tyre deformation and contact patch affecting the overall width
on tyres.

The experimental tractor with various levels of rear wheel ballast weights at standard
and extended overall width on tyres was inclined at the experimental static overturning
angle to measure the parameters for the tyre deformation analysis. [22] presented that the
deflection of the tyres (elastic elements supporting the tractor itself) can cause a translation
of the COG and/or an additional pitch and roll angle. The authors complexly researched
the COG translation due to the tyre deformation of the upstream and downstream wheels
when the tractor was inclined at various angles. We evaluated the tractor in the state of the
unstable equilibrium. In this state, we considered the effect of upstream wheel deformation
on the COG position as negligible, and we considered only the effect of the vertical tyre
deformation on the vertical position of COG.
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In the first, the vertical tyre deformation was evaluated. When the tyre deforms due
to tractor weight, a decrease in the vertical coordinate of the COG affects the tractor lateral
stability. In the case of our study, the distance i (Figure 5) was measured to state the vertical
tyre deformation when the tractor was inclined at static overturning angle «. The radius of
deformed tyre was calculated according to Equation (2) as follows:

Todef =T +icosw (2)

where: eref—radius of deformed rear wheel tyre, m; r—rim radius, m; i—vertical distance
of tyre section height, m; a—experimental static overturning angle.

Figure 5. Determination of vertical shift of centre of gravity due to vertical tyre deformation.

Using the radius of deformed rear wheel tyre and coordinates of COG, the vertical
shift of COG was calculated by goniometric functions. Distance A; expresses the change of
rear axle position. The tyre deformation of front wheel affects insignificantly the position
of COG due to relatively low weight coming on the front axle, so it can be ignored.
Considering the tyre deformation of the rear wheel, the vertical coordinate of COG can be
expressed by Equation (3) as follows:

haer = h — A 3)

where: h,r—vertical coordinate of COG considering vertical tyre deformation, m; h—
vertical coordinate of COG, m; A,—vertical shift of COG, m.

Besides the vertical tyre deformation, the tyre shift m occurs due to lateral tyre defor-
mation when the tractor is inclined. Decreasing the overall width on tyres, the tyre shift
affects the length of the base line of the stability triangle and the value of the static overturn-
ing angle calculated according to standard [12]. The tyre shift can be calculated according
to Equation (4) using the distance v measured between the corner of the tyre-tread pattern
touching the ground and vertical line touching the wheel rim, Figure 6. When the tractor
is not inclined, the corner of the wheel rim corresponds with the corner of the tyre-tread
pattern in a top view, Figure 6¢. The base line of the stability triangle reduced due to the
tyre shift is calculated according to Equation (5).

m=v—itga (4)

—-2(p—07
where: AA’—base line of stability triangle, m; o—overall width on tyres of the fixed axle,

m; p—width of tyres on the fixed axle, m
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Figure 6. Determination of tyre shift due to lateral tyre deformation: (a) no rear wheel ballast weight, (b) highest rear wheel
ballast weight, (c) vertical line of the steel set square touching corner of the tyre-tread pattern and wheel rim.

The base line of the stability triangle AA” (Figure 4) is an important parameter affecting
the calculation of the static overturning angle. The change of tyre contact patch dimensions
also influences the distance AA’. Therefore, the tyre contact patch was analysed. The
contact patch of deformed tyre was analysed from the footprint of the tyre on the paper
sheet (A4 paper format), as shown in Figure 7. Two chain hoists (3) and strap belts (6)
were used to lift the tractor (1) in inclined position at static overturning angle a. When the
tractor was lifted, petroleum jelly was lain on the tyre-tread pattern and the paper sheet
(4) was placed below the lifted tyre. The digital protractor (2) was used to keep the tractor
at static overturning angle while it was moving down. The tyre was in the same position
during all measurements with different rear wheel blast weights (5), as shown in Figure 7b.
Measurements were repeated three times and average values of main dimensions of the
contact patch (Figure 7c) were calculated. The length of the contact patch u and the length
of the rubber lug n were measured.

a) ©)

Figure 7. Analysis of tyre contact patch: (a) tractor at static overturning angle, (b) tyre position during
experiments, (c) sketch of tyre contact patch on the paper sheet, 1—tractor, 2—digital protractor,
3—chain hoist, 4—sheet of paper, 5—ballast weight, 6—strap belt, and 7—portal.

3. Results and Discussion
3.1. Tractor Stability Parameters

Considering the technical parameters of the experimental tractor, the coordinates of
COG and the static overturning angle were calculated according to standard [12], as listed
in Table 2. The lateral positions of COG z of 0.0038 m and 0.0043 m were calculated in
case of the standard and extended overall width on tyres. The value of this parameter is



Appl. Sci. 2021, 11, 381

9of 17

relatively low in regarding to other tractor dimensions, but it was used for next calculations
by the reason of systematic errors elimination.

Table 2. Data calculated according to standard [12].

Rear Wheel Ballast
Weight, kg 0 30.5 61 91.5 122

. . . h, m 0.446 0.436 0.427 0.420 0.413

Vertical and longitudinal ;'\, g708 0.735 0.760 0.781 0.801

coordinates of COG om 0442 0.415 0.390 0.369 0.349
Standard overall width on tyres (0.795 m), AA’ is 0.361 m

Static overturning angle . © 31.71 33.06 . 34.20 35.22 . 36.13
! Extended overall width on tyres (0.885 m), AA’ is 0.406 m

34.68 36.09 37.28 38.38 39.30

The static overturning angle was measured under experimental conditions. Using the
tilting platform and the portal crane, the experimental tractor with right wheels touching
the ground was tilted. When the tractor was inclined at the moment when it is resting in
a state of unstable equilibrium, the experimental static overturning angle (Table 3) was
measured by the digital protractor. Experiments were carried out with various rear wheel
ballast weights at two overall widths on tyres. An increase in load causes an increase in
tyre deformation characterized by the vertical distance of tyre section height i and distance
v, as listed in Table 3.

Table 3. Experimental data.

Rear Wheel Ballast
Weight, kg 0 30.5 61 91.5 122
Lo Average 3255  34.01 3527 3647  37.59
Standard overall Standard 0387 0405 0291 0324 0378
idth on tyres deviation
wi , Average 0.0541  0.0490  0.0458  0.0419  0.0348
(0.795 m) i, m Standard
1da 00017 00021 00015  0.0008  0.0012
deviation
v, Average 3568  34.64 3450  32.62  29.87
m Standard 00012 00014  0.0008 0.0011  0.0013
deviation
Lo Average 3553  37.06 3848  39.81 4093
Extended overall Standard 0385 0217 0129 0361 0.281
idth on tyres deviation
wi . Average 0.0535 0.0479  0.0425 0.0365 0.0319
(0.885 m) i, m Standard
1da 0.0013  0.0009 00016  0.0009  0.0011
deviation
v, Average 4030 3816 3728 3342  31.16
m Standard 00012  0.0013  0.0009 0.0014  0.0016
deviation

The effect of rear wheel ballast weight on the stability parameters, namely the ver-
tical and longitudinal coordinates of COG and static overturning angle, was statistically
analysed at standard and extended overall width on tyres. [23] confirmed the fact that the
choice of selection of the rear track width in the stability of vehicles working on side sloping
terrains is indeed a very important one. The rear wheel ballast weight was selected as an
independent variable for regression analysis. Considering the 95% confidence interval, a
statistically significant relationship between the variables was stated because the p-values of
fitting a linear regression model (Figure 8) were lower than 0.05. The regression coefficients
R? of linear regressions were higher than 0.99. The statistical significance demonstrated the
effect of the rear wheel ballast weight on the static overturning angle. This relationship
allows predicting the tractor lateral stability at various rear wheel ballast weights. [24]
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Static overturning angle a, ©

statistically analysed the effect of the weight of tractor protective structures on the vertical
coordinate of the COG regarding the tractor lateral stability. Regression analysis showed a
significant relationship between the protective structure weight and tractor stability. [25]
presented similar results in the paper aimed at the influence of the tractor weight on lateral
stability. [26] also verified that the ballast weight can substantially change the lateral and
longitudinal stability angles.

42 7 0.8 42 r y = 0.0444x +35.654 1 08
. R?=0.996
40 y=0.0411x +32.669 g Y-
R?2=10.997 il
38 07 g B 38 ° = 197 g
- ] B -
. : S i o8
“ o 1069 F & ' 106G
g y=0.0361x +31.864 s EREa °
. R*=0.994 3 5oy L E
y =-0.0003x +0.4447 1 05 5 2 y =—0.0003x + 0.4447 105 5
30 R?=0994 5 £ 30 | R=0994 s
=3 3 ii\e\e\e\e =3
28 o 1o0a® B 25| ° o Toa”
y =—0.0008x +0.4394 ° _ ° :
% 0o | y=—10.0008x +0.4394 o
R*=0.995 ° 26 R*=0.995 °
24 I I L I 0.3 24 . 0.3
0 30.5 61 915 122 0 31 61 » 122
) Rear wheel balast weight m, kg Rear wheel ballast weight m, kg
8 Experimental data 0 Experimental data
m1SO 16231-2 @ISO 16231-2
O Vertical coordinate of COG (h) 0 Vertical coordinate of COG (h)
© Longitudinal coordinate of COG (¢) © Longitudinal coordinate of COG (c)
(a) (b)

Figure 8. Static overturning angle and coordinates of COG: (a) standard overall width on tyres (0 = 0.795 m), (b) extended
overall width on tyres (0 = 0.885 m).

3.2. Comparison of ISO 16231-2 (2015) with Experimental Data and Tyre Deformation Analysis

Differences between the static overturning angles calculated according to standard [12]
(Table 2) and experimental data (Table 3) at various rear wheel ballast weights are presented
in Figure 8. The difference reached the highest value in case of the highest rear wheel
ballast weight. The lowest difference was observed in case of the tractor without any ballast
weight. Considering different slopes of linear regression models, the influence of rear
wheel ballast weight on the difference between the data calculated according to [12] and
experimental data are expressed by different constants of regression equations.

Practical experiments showed that the increase in rear wheel ballast weight affects
the tyre deformation. When the tractor was tilted at the static overturning angle, the
weight on the wheel touching the ground reached the maximal value. Therefore, the tyre
deformation was measured in the state of unstable equilibrium. Using vertical distance
of tyre section height i (Table 3), the parameters A; and A, were stated to calculate the
vertical coordinate of COG and the static overturning angle considering the vertical tyre
deformation (Table 4). The vertical tyre deformation decreases the vertical coordinate of
COG and increases the static overturning angle «, as shown in Figure 9. The experiments
showed that this parameter improves the tractor lateral stability.



Appl. Sci. 2021, 11, 381 110f17

Table 4. Data calculated according to standard [12] considering the vertical tyre deformation.

Rear Wheel Ballast

Weight, kg 0 30.5 61 91.5 122

A1, m 0.0189 0.0206 0.0216 0.0232 0.0265
Standard overall width ~ Ap;, m 0.0083 0.0085 0.0085 0.0086 0.0093

on tyres (0.795 m) hdef/ m 0.437 0.427 0.418 0.410 0.403
«,° 32.21 33.61 34.77 35.01 36.65
A1, m 0.0171 0.0191 0.0214 0.0242 0.0272
Extended overall width Ay, m 0.0075 0.0079 0.0083 0.0089 0.0095
on tyres (0.885 m) hdefr m 0.438 0.428 0.419 0.411 0.404
«,° 35.3 37.06 38.48 39.81 40.93
42 r 42 r y = 0.0444x +35.654
R2=0996 _g
o 0 . 0T y=0.0387x+35518 & -
3 - 3 R*=0.997
S I ¥=0.0411x +32.669 K S|
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Figure 9. Influence of the vertical tyre deformation on the static overturning angle calculated according to standard [12]: (a)
standard overall width on tyres (0 = 0.795 m), (b) extended overall width on tyres (0 = 0.885 m).

When the tractor was tilted at the experimental static overturning angle, the parameter
v (Table 3) needed for calculation of the tyre shift due to the lateral tyre deformation, was
measured. The tyre shift m was calculated according to Equation (4), and the base line
of the stability triangle AA’ was calculated according to Equation (5), as listed in Table 5.
Considering the tyre shift, the base line of the stability triangle and the static overturning
angle were decreased. The tyre shifts due to lateral tyre deformation negatively affected
the tractor lateral stability, Figure 10.

Table 5. Calculated data considering the tyre shift (lateral tyre deformation).

Rear Wheel Ballast

Weight, kg 0 30.5 61 91.5 122

. m,m 000106 000158  0.00211  0.00253  0.00314
Stagfirfez‘zgr;;é‘ﬁ‘)ﬂh AA,m 0361 0.360 0.359 0.359 0.358
yres L. &, © 31.62 32.92 34.07 35.01 35.87

. m,m 000153 000199  0.00248  0.00302  0.00361
Extended overall width /" 70z 0.404 0.404 0.403 0.402

on tyres (0.885 m) w, © 34.57 35.94 37.14 38.11 39.02
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Figure 10. Influence of the tyre shift (lateral tyre deformation) on the static overturning angle calculated according to
standard [12]: (a) standard overall width on tyres (0 = 0.795 m), (b) extended overall width on tyres (0 = 0.885 m).
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Considering both effects of tyre deformation, namely the vertical tyre deformation
and the tyre shift, the calculation methodology according to standard [12] was modified.
The static overturning angles calculated in this way are presented in Figure 11 and Table
6 in case of the tractor with the standard and the extended overall width on tyres. The
experiments presented a minimal decrease in the static overturning angle due to the tyre
shift in comparison with an increase in it due to the vertical tyre deformation. The summary
effect of the tyre deformation increased the static overturning angle.
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Figure 11. Comparison of static overturning angle calculated according to standard [12], [12] considering the vertical tyre

deformation and tyre shift with experimental data: (a) standard overall width on tyres (0 = 0.795 m), (b) extended overall
width on tyres (0 = 0.885 m).

Table 6. Calculated data considering vertical tyre deformation and tyre shift.

Rear Wheel Ballast
Weight, kg 0 30.5 61 91.5 122
Standard overall width
om s (0795 m) 32.24 33.63 34.81 35.79 36.68
Extended overall width 35.21 36.62 37.83 38.91 39.88

on tyres (0.885 m)
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Comparison of the experimental data with the data calculated according to [12]
considering the vertical tyre deformation and tyre shift showed lower difference than in
case of [12] ignoring the tyre deformation (Table 7). Besides the measuring errors, the
difference between data calculated according to [12] and experimental data depends on the
tyre deformation, regarding the results of experiments.

Table 7. Percentage difference between calculated and experimental data.

Standard Overall Width on Tyres (0.795 m) Extended Overall Width on Tyres (0.885 m)
Rear Wheel Ballast ISO 16231-2 Considering ISO 16231-2 Considering
Weight, kg ISO 16231-2 the Vertical Tyre ISO 16231-2 the Vertical Tyre
Deformation and Tyre Shift Deformation and Tyre Shift
0 2.57 0.95 2.40 0.91
30.5 2.80 1.11 2.61 1.18
61 3.04 1.29 3.11 1.69
91.5 3.42 1.85 3.67 2.27
122 3.88 242 3.99 2.57

Considering the decrease in vertical coordinate of COG due to the vertical tyre defor-
mation and the overall width on tyres due to tyre shift, the calculation method according
to [12] was improved because the difference between calculated and experimental data
was decreased. The constants of the regression equations (Figure 11) showed the different
slope of the linear models of the calculated and experimental data. The difference between
calculated and experimental data increases when the rear wheel ballast weight increases.
The tyre deformation is a complex problem defined by various parameters ([27,28]). To
detailly describe the tyre deformation and eliminate the increase in difference between the
calculated and the experimental data due to the increase in the rear wheel ballast weight,
complex measurements are needed. Regarding small absolute values of the percentage
difference, there is no point in next complex measurements.

The results showed the difference between the experimental data and calculated
according to [12] due to tyre deformation. In practice, this difference is not dangerous
because the tyre deformation decreases the vertical coordinate of COG, increases the static
overturning angle and therefore improves the tractor’s lateral stability. [19] studied the
changes in lateral overturning angle by movement of the centre of gravity coordinates due
to asymmetric connection of the harvest system to the tractor. The study of these authors
presented a positive and negative change in static overturning angle at a decrease and
increase in the vertical coordinate of COG.

The tyre contact patch was analysed according to the length of rubber lug # and length
of contact patch u, Figure 7c. The tyre footprints on the paper sheet showed the tyre contact
patches of the tractor with various rear wheel ballast weights when the tractor was inclined
at the static overturning angle. An example of the tyre contact patch of the tractor equipped
with 122 kg of the rear wheel ballast weight (standard overall width on tyres 0 = 0.795 m) is
shown in Figure 12.

Figure 12. Experimental example for tyre contact patch.

Experimental measurements confirmed the fact that the rear wheel ballast weight
affects the tyre deformation. Inclining the tractor at the experimental static overturning
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angle, the length of the tyre contact patch u (Table 8) depended on the rear wheel ballast
weight due to the tyre deformation. The increase in the rear wheel ballast weight caused
an increase in the length of contact patch (Figure 13a). Nonlinear regression equations
pointed out that the tyre deformation is a complex problem. The coefficients of determi-
nation R? higher than 0.98 and p-values lower than the significance level of 0.05 present a
significant effect of tyre deformation due to the rear wheel ballast weight on the length of
the contact patch.

Table 8. Dimensions of tyre contact patch at various rear wheel ballast weights.

Rear Wheel Ballast Weight, kg

Standard Overall Width on Tyres (0.795m)  Extended Overall Width on Tyres (0.885 m)

0 30.5 61 91.5 122 0 30.5 61 91.5 122
Length of rubber lug 1, m 0.0588 0.0585 0.0586 0.0583 0.0587 0.0546  0.0547 0.0546 0.0549 0.0547
Standard deviation, m 0.0011 0.0012 0.0009 0.0009 0.0014 0.0006  0.0008 0.0007 0.0012 0.0011
Length of contact patch 1, m 0.120 0.124 0126  0.129 0.131 0.128 0.129 0.130 0.132 0.133
Standard deviation, m 0.001 0.0008 0.0015 0.0011 0.0007 0.0087 0.0012 0.0014 0.0011 0.0007
50 -
130 s 6E-05x2+0.0539x + 128.01 0 -
. 1401 R*=0.983 . y=-0.0012x + 58.684
30 L g R2=0.083
i" 130 I’:/,g,——”*r”* E 60 g . . . .
= 120 o y=-0.0002x2+0.111x + 120.41 =
2 R*=0.991 g o * 4 A
3. 110 " 5 y =0.0008x +54.701
o 5 = 2
£ 100 | 2 R>=0.094
= =
S 2
5 | & Standard overall widd 0.795 :
) ¢ . - res (0.795 -
2 80 + @ Standard overall width on tyres ( m) = 40 m Standard overall width on tyres (0.795 m)
2 ) ] =
E 70 - 4 Extended overall width on tyres (0.885 m) = a Extended overall width on tyres (0.885 m)
60 L 1 L ) 30 1 L 1 )
0 30.5 61 91.5 122 0 30.5 61 91.5 122
Rear wheel ballast weight m, kg Rear wheel ballast weight m, kg
(a) (b)

Figure 13. Dimensions of tyre contact patch: (a) length of contact patch, (b) length of rubber lug.

On the other hand, the results of experiments showed that the length of rubber lug n
(Table 8) did not change at various rear wheel ballast weights, Figure 13b). The coefficients
of determination R? lower than 0.1 and p-value higher than 0.05 express a statistically
insignificant relationship between the rear wheel ballast weight and the length of the
rubber lug. The increase in the rear wheel ballast weight causes an increase in the static
overturning angle which compensates the increase in the length of the tyre rubber lug
due to tyre deformation. Considering the experimental results, the dimensions of the tyre
contact patch did not affect the calculation of the static overturning angle because the
length of the contact patch u did not affect the distance AA’ and the length of rubber lug n
did not change.

The tractor overturns around the rolling point when it reaches the limit value of the
static overturning angle and loses stability (equilibrium). [6] present that the standard is
intended for the calculation of static overturning angle in case of different tractor types
with different agricultural tyres. Agricultural tyres are different in dimensions and elastic
properties affecting the forces between the ground and tyre. The standard [12] defines the
position of the force below the tyre in the rolling point of the fixed axle as three quarters
(0.75) of the tyre width (Figure 4). If higher or lower value than 0.75 of tyre width p is
considered, the calculated value of static overturning angle is higher or lower because the
length of the base line of the stability triangle AA’ is changed. In the case of experimental
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tractor equipped with standard tyres, the higher inclination of the tractor (better lateral
stability) due to higher wheel weight compensates the higher tyre deformation.

4. Conclusions

Four levels of the rear wheel ballast weight and extended overall width on tyres were
applied to analyse the agricultural tractor lateral stability. The ballast weight placed in the
rear wheels decreased the vertical coordinate of COG. The extended overall width on tyres
widened the base line of the stability triangle of the tractor. The experiments confirmed
the improvement of the tractor stability using the rear wheel ballast weight or increase
in the overall width on tyres. The statistically significant relationship between the ballast
weight and the height of COG can be used to predict the tractor lateral stability. The tests
performed to characterize the tractor stability check the static overturning angle and are
helpful for real operation conditions.

Comparing the static overturning angle calculated according to [12] with the experi-
mental data, the difference was observed. The deference reached the values of 2.27%, 2.8%,
3.04%, 3.42% and 3.88% in the case of standard overall width on tyres and 2.14%, 2.61%,
3.11%, 3.67 and 3.99% in the case of extended overall width on tyres, at 0, 30.5, 61, 91.5 and
122 kg of the rear wheel ballast weight. Considering the measurement instruments with
adequate precisions and statistical tools to decrease the standard measurement errors, the
influence of the tyre deformation on the difference between [12] and experimental data
were analysed. When the tractor was tilted, the vertical tyre deformation increased the
static overturning angle due to the vertical shift of COG. This parameter is a component
of the tyre deformation causing the improvement of the tractor stability. On the other
hand, the lateral shift of the tyre decreased the static overturning angle due to the decrease
in overall width on tyres. The tyre lateral shift is a component of the tyre deformation
worsening the tractor stability and safety of the tractor operation. Both parameters act
together resulting from the tyre deformation. Combination of the vertical tyre deformation
and the lateral shift of the tyre decreased the difference between the experimental data and
data calculated according to [12]. The difference reached the value of 1.81%, 1.33%, 0.98%,
0.73% and 0.22% in the case of standard overall width on tyres and 1.95%, 1.73%, 1.28%,
0.74 and 0.34% in the case of extended overall width on tyres at 0, 30.5, 61, 91.5 and 122 kg
of the rear wheel ballast weight. The tyre contact patch was also analysed. The increase in
the rear wheel ballast weight caused an increase only in the length of the contact patch, but
this parameter does not affect the tractor lateral stability. The length of the rubber lug of
the tyre tread pattern did not change because the tractor inclination corrected the influence
of the weight increase on the tyre deformation. The result showed that the changes of the
tyre contact patch due to tyre deformation did not affect the rolling point below the tyre
and the static overturning angle.

Experiments showed the increase in the difference between experimental data and
data calculated according to the standard [12], considering different constants of the
regression equations of models. This problem results in the deformation characteristics of
the tyre which can be described in detail by the complex analysis of the tyre deformation.
Considering the minimal influence of this problem on the tractor lateral stability, the
experiments defining the complex tyre deformation was not the aim of this article.

The static overturning angle calculated according to [12] is lower in comparison with
the experimental data at both overall width on tyres and all rear wheel ballast weights.
Based on results relating the tyre deformation analysis, it can be concluded that the differ-
ence is caused by the different tyre deformation when the front axle is lifted during the
measurement of the COG coordinates in comparison with the tractor tilted at the static
overturning angle during the experimental measurements. In practice, it means that the
operation of the tractor according to [12] improves the tractor safety.
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