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Abstract. The article analyses the relation between the slippage of driving wheels and the traction characteristics
of a tractor. The indicators for estimating wheel slippage are a coefficient of tractor weight force utilization for driving
wheel grip and a coeflicient of the ratio of trailer and tractor mass. The dependencies of wheel slippage on the weight
utilization coefficient of tractors and the ratio of trailer and tractor mass are overviewed. The presented and carried out
analysis of the equations of weight utilization coefficient ¢, determined its dependencies on rolling resistance coefficients
fof ameans of transport, working speed v and acceleration a on the mass ratio of a trailer and tractor m,/m,. The results
of experimental research on acceleration and constant speed regimes in a cultivated soil and stubble are presented. The
dependencies of slippage on the ratio of trailer and tractor mass and the weight utilisation coefficient of a tractor and

trailer are viewed.
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1. Introduction

Work of a tractor and trailer in a cultivated soil and stub-
ble is always affected by the slippage of a driving wheel.
The slippage of driving wheels is inherently connected
with traction force. The dependencies of the slippage of
tractors having different mass on traction force in the
same soil are different and depend on the vertical load (G)
of driving wheels, see Skotnikov et al. (CxoTHNKOB 1 Aip.
1986); Giedra and Janulevicius (2005). These loads only
determine the grip of driving wheels with the soil and
slippage. Therefore, to compare different tractors, we must
use comparative indicators. One of these is weight utiliza-
tion coefficient @, see Guskov et al. (Iycpkos u 1p. 1988);
Janulevi¢ius and Juostas (2007). For evaluating the slip-
page of a tractor and trailer, we propose the coefficient of
the ratio of trailer and tractor mass m,/m, see Giedra and
Janulevicius (2005); Janulevicius and Giedra (2007).

The weight utilization coeflicient as a comparative
indicator to evaluate the slippage of the tractor is widely
used in various origins of literature. It is used to evalu-
ate slippage on the settled speed regimes. With reference
to the dynamic theory of operating a tractor, we can see
that the greatest traction resistance and slippage exist on
acceleration and run up, see Guskov et al. (I'ycbkoB u ap.
1988); Skotnikov et al. (CxorHukos u gp. 1986) and Gu-

skov (I'ycokoB 2007). However, no exhaustive results of
similar investigations are available.

Work speed is one of the main indicators of work-
ing on a tractor as a means of transport. To obtain prop-
er work speed, a means of transport must accelerate as
quickly as possible. Run-out is not the only way of ac-
celerating a tractor and trailer. Work speed constant-
ly changes within the process of work. If a tractor and
trailer can not quickly accelerate (reach proper speed),
its productivity decreases and runs into difficulties of
controlling it. The great slippage of driving wheels is a
frequent obstacle to fast acceleration.

The purpose of work is to investigate the depend-
encies of the slippage of driving wheels and the weight
utilization coefficient of a tractor and trailer on accelera-
tion and constant speed regimes. The dependencies of
the slippage of driving wheels and the ratio of trailer and
tractor mass are also researched.

2. Theoretical Analysis

The slippage and characteristics of the traction of tractors
greatly depend on the exploitation parameters of driv-
ing wheels and the physical and mechanical properties
of the soil. Slippage and traction force also depends on
the interaction between driving wheels and the soil. The
above mentioned tractor parameters also depend on the
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conditions of the interaction between driving wheels and
soil. The notable studies include Ivanov, Rusev and Ilchev
(2006); Jun et al. (1998); Neunaber (1997); Lober and
Neunaber (1998); Prentkovskis and Bogdevicius (2002);
Upadhyaya et al. (1997); Giedra and Janulevic¢ius (2005).
The coefficients of the grip and rolling resistance of driv-
ing wheels define the interaction between the soil and
driving wheels. Rolling resistance coeflicient fvaries when
wheel vertical load and developed torque M, change. On
hard surface roads, when vertical wheel load varies in the
range of 80-110% of nominal load limit, rolling resist-
ance coefficient f varies insignificantly. Overloading mo-
toring wheels by 20%, rolling resistance coefficient f in-
creases by around 5%. The vertical load of the wheel has a
significant influence on rolling resistance coefficient f for
low pressure tyres (tractors) and on the roads distorted
by wheels, see Air pressure... (2005) and Skotnikov et al.
(CxotHuxoB n fp. 1986). For calculating rolling resist-
ance coeflicient fand estimating driving torque and verti-
cal wheel load value, we could use Litvinov and Farobin
(JIntBuzoB 1 ®apobun 1989) formula:

a, M,r,~—r,
f:_P+M, (1)
T Rzrdrrv

where: a, - the distance between wheel vertical axis and an
attached point of vertical reaction force; r; - a dynamic ra-
dius of the wheel; r, - wheel rolling radius; r,, - a rolling
radius of the wheel in driven regime; R, — the force of wheel
vertical reaction; M, - the torque of a driving wheel.

The grip coefficient of driving wheels depends on
slippage and is estimated in the theory of the interaction
between the soil and driving wheels. The dependence of
the grip coefficient of slippage was investigated: Guskov
(TycpkoB 2007); Guskov (I'ycpkoB 1966); Guskov et al
(TycpkoB m gp. 1988); Janulevi¢ius and Giedra (2004,
2007). The grip coefficient ¢ can be denominated by
the ratio of the greatest tangential traction force F, and
vertical load G,(¢ = F, ,0x /G, or ¢ = F,/G,) calculating
tangential force F, from the torque of the engine or F, -
from the force of wheel grip with the soil, see Guskov et
al. (TycpkoB u fp. 1988); Wong (Bonr 1989); Juostas and
Janulevicius (2008). When a driving wheel interacts with
the soil, two different tangential forces are generated: one
of those is the force of friction between the tire and the
soil and another is the force originated by tire spurs that
cut and press the soil. For calculating a summary of tan-
gential force, an equation by Guskov et al. (IycpkoB u fp.
1988); Guskov (I'ycpkos 2007) could be applied:
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where: L, b and Ty - the length and width of wheel tread
and section module; h, and ¢ - spur height and tread;
f¢— slip friction coefficient; f, - static friction coefficient;
fs=fs fp) - a reduced coefficient of friction; k., - defor-
mation coefficient.
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By setting up optimal vertical load on driving
wheels, we recommend accepting maximal tangential
traction force F, ,, not exceeding maximal admissible
wheel slippage. The physical and mechanical properties
of the soil are not equal and not constant, and therefore
it is difficult to count maximal tangential traction force
due to the difficulties in counting what force can give
tire spurs pressed in to the soil. Therefore, the maximal
horizontal reaction greatly affecting the wheel is set by
an experimental test. This force is named the grip force
(Ry max = Fy). According to the value of this force, the
grip coefficient of the tyre ¢ is counted. The theory of the
interaction between tractor wheels and the soil propose
that the grip coeflicient of a driving wheel is connected
with the slip, see Guskov et al. (IycpkoB u np. 1988); Na-
gaoka et al. (2001).

To decrease traction force, a great vertical load of
the wheel is partially used, for example, if the traction
force of tractor F;,= 5 kN, and its mass m, = 5000 kg
therefore @, = F,,/m, = 5000/(5000x9.81) = 0.101, where
¢, — weight utilization coefficient. If F;, = 20 kN and the
mass of a tractor m; = 5000 kg, ¢,= 0.408. In this case,
when the grip coefficient in the field ready for sowing
is about ¢ = 0.5 at wheel slip 8 > 50%, the coefficient of
wheel grip utilization ¢, becomes the coefficient of grip
@, see Guskov et al. (I'ycpkoB u ap. 1988), Gonsharenko
et al. (Tonuapenko u gp. 2007).

A driving wheel load of a working tractor will be
optimal when driving force will be near to grip force
(Fy > F,) and slippage will not exceed the allowable bor-
der. The prescribed requirements for a tractor working
in a steady regime on the horizontal surface can be ex-
pressed by the equation:

P
%S Am,¢g, (3)

where: P, - an effective power of the engine; n,, - the
coeflicient of transmission efficiency; v — ground speed;
\ — the load coefficient of driving wheels (when all driv-
ing wheels A = 1); m, - the mass of a tractor.

In this case, the value of the grip coefficient ¢ will be
close to the value of weight utilization coefficient ¢, and will
correspond to agro technical requirements allowable for a
maximal meaning of the grip coefficient ¢;;. On operat-
ing time, soil physical and mechanical properties differ and
are not fixed and the load of driving wheels is not optimal.
Therefore, vertical load force for the grip of driving wheels
is only partially used. Thus, the slippage of tractor driving
wheels § and other dynamic parameters is purposeful to re-
late to the coeflicient of weight utilization for grip ¢,.

The driving force of tractors on the horizontal sur-
face and under conditions of constant speed regime is a
sum of rolling resistance and traction forces (F, = Fy+ F,,).
However, on the horizontal place and under conditions
of tractor acceleration, the sum of forces acting the trac-
tor consists of rolling resistance Fy, traction F, and inertia
F, forces (F, = Fy+ F,+ F,) that can be expressed by the
equations presented by Litvinov and Farobin (JIntsuHOB
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u QapobuH 1989); Guskov et al. (I'ycpkoB u mp. 1988);
Skotnikov et al. (CxorHuKOB 1 mp. 1986):

O Am, g = fmg+F,, (4)

+F, +a(8 m, +65pmp) (5)

Qo Am g = fymg
where: m,, — the mass of a trailer; §, and J, - the coeffi-
cient of the inertia of the revolving mass of a tractor and
trailer; f; - the coefficient of the rolling resistance of a
tractor; F,, - traction force; a — acceleration.

The equations of the dependencies of weight utiliza-
tion coefficient @, on tractor traction force follow from
equations 4 and 5:

(ﬂ )
mg

ft By +—[8 +3,, " ] . (7)
mg g mt

The traction resistance of a trailer has similar prop-
erties. The traction force of a tractor and trailer in a
working order on the horizontal surface and constant
speed regime equal to the force of trailer rolling resist-
ance: F, = f,m,g; where: f, and m, - the coefficient of
rolling resistance and the mass of a trailer. Considering a
possibility of writing the coefficient of weight utilization
¢, and the ratio of trailer and tractor masses m,/m, the
interaction equation is as follows:

%( £+, %J (8)
g{% +3,, %J . )

The main indicators that define machine racing
are acceleration, time and driven oft distance. From the
equation of acceleration (a = dv/dt), it is possible to cal-
culate acceleration time which is dt = dv/a. To calculate
acceleration time (t;) from the beginning of racing up to
the point when a means of transport gains the required
speed v, we must integrate the presented equation:

1 m,
=—| f+f —+
A et d, m,

t, = j-dv/a. (10)
0

From equation 9 it is possible to get the dependen-
cies of weight utilization coefficient ¢, on working speed
v, acceleration time t;, and the ratio of trailer and tractor
masses m,/m; on the regime of acceleration:

m 4
1 8y +08,— jﬂ , (11)
g mt 0 ti

1 m,
=—| f+f,—+
A Jet 1, m,

A value of acceleration given in equation 5 inserted
into equation 10 makes possible to receive an equation
having the shortest acceleration time:

v m, +90 m
=—f o [0 (12)
g% (let fom, = fpm,

Taking into account that the coefficient of the roll-
ing resistance of a tractor and trailer is similar and mark-
ing it by the symbol f, we will write the interaction equa-
tion of the coefficient of weight utilization ¢, and the
ratio of trailer and tractor masses 1,/ m:

0, ={(1+Tn—‘;} (13)

In consideration that the coeflicient of the roll-
ing resistance of a tractor and trailer is the same (f =

Fp _ Fg L . .
= ), we will write the interaction equation of
m,g mg

the ratio of trailer and tractor masses my/m, the forces
of the rolling resistance of trailer Fy, and tractor Fy and
traction force F,,:

m, Fp E, (1)
m, Fﬁ Fﬁ

The interaction equation between the coefficient
of weight utilization ¢, the ratio of trailer and tractor
masses m,/m, of a tractor and trailer working on the hor-
izontal surface and acceleration regime is:

1

where: §, - the coefficient of the inertia revolving masses
of a means of transport. Following equation 15, it can
be accepted that: §; = 8, = §; 8, — the coefficient of the
inertia of the revolving masses of a tractor; §, - the coef-
ficient of the inertia of the revolving masses of a trailer.
The experiments show that the acceleration of a trac-
tor and trailer increased from zero to 6+8 km/h during
2+4 seconds. The average acceleration of the vehicle is:

a,= . (16)

Accepting that the initial speed v, of the vehicle
equals 0 km/h and working speed v is expressed by theo-
retical speed v, the following equation of medium accel-
eration is obtained:

avzl:M) (17)
‘. £

1 1

where: t; - an acceleration period of a vehicle.
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3. Testing Equipment and Methods

All test measurements were carried out using tractor
MTZ-82.1 (60 kW) and trailer GKB—8323. The scheme
of the load and measurement of an experimental trac-
tor — trailer is presented in Figure 1.

The tractor scaled 3950 kg not including extra
weights with 31% (1225 kg) load on the front axle. The
tractor was equipped with 15.5 R38 rear and 11.2 R 20
front tires. The mass of a trailer is 2600 kg and it has 2
axles. During the experiments, the differential of the
rear axle was locked and the front axle was engaged.

All test measurements were carried out in a cul-
tivated soil and stubble. The 6th slow gear was tested
maintaining 2000 min~' engine speed. The trailer was
loaded with bags full of sand.

The measurements included engine speed, driv-
ing speed, acceleration time and distance, wheel slip-
page and traction force. Traction power was calculated

Marks for measuring
wheel revolutions
and distance

Front axle engaged

m, = 3950 kg

Differential s
locked

1 0.69 m,g
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using traction force and drive speed. The traction force
of the tractor was measured using a spring dynamom-
eter. The measurement borders of the dynamometer
were 0-20 kN, graduation value — 200 N. The slippages
of tractor driving wheels were measured by calculating
the wheel revolutions and measurement of a driven dis-
tance. The measurements were performed on the move
off, acceleration and constant speed regimes.

4. Results and Discussion

The results of the investigation into move off, accelera-
tion and constant speed regimes are presented in Figures
2 and 3.

As shown in Fig. 2, the allowable 15% slippage in
a cultivated soil driving the trailer loaded with 7.7 tons
of weight on constant speed was achieved. Slippage was
about 10% in stubble loading the trailer with the same
weight. 15% of the slippage border have not been achieved

\ Load 6 (m,=1020 kg)
Load 5 (m,=1020 kg)
Load 4 (m,=1020 kg)
Load 3 (m,=1020 kg)

Load 2 (m,=1020 kg)
] Load I (m,=1020 kg)

Dynamometer

m,= 2600 k

0.5(mp+mL)g EO.S(mP+ mp)g

Fig. 1. The scheme of the load and measurement of an experimental tractor — trailer

60 -
0.21
y= 8.13¢ * y= 798¢ 0.20x
R*=0.96
45
A constant speed on stubble
O acceleration on stubble
© O constant speed on a cultivated soil
i <& acceleration on a cultivated soil
°0 30 A
&
Z y=243¢ " y = 205"
R*=0.95 R*=0.98
15 A1
0 T T T 1
2 4 6 8 10

Full mass of trailer, tons

Fig. 2. The dependence of wheel slippage on the full mass of the trailer



18 A. Janulevicius, K. Giedra. The slippage of the driving wheels of a tractor in a cultivated soil...

16
W move off on a cultivated soil
14 4 O move off on stubble
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Traction force, kN
oo
1

AT

6 _
4
0 _
2.60 3.62 4.64

5.66 6.68 7.70 8.72

Full mass of trailer, tons

Fig. 3. The dependence of traction force on the fully loaded trailer

in stubble with the trailer loaded with the weight of 8.72
tons. Traction force in a cultivated soil was about 10 kN,
whereas in stubble it made about 8.5 kN with the trailer
full of 7.7 tons of weight.

Traction force in stubble was about 10 kN with the
trailer loaded with the weight of 8.72 tons. Traction force
and acceleration time was 30—50% greater on moving off
while slippage exceeded from 1 to several times.

Considering the results of traction forces and char-
acteristics of the investigated transport, the values of the
coefficients of trailer and tractor mass ratio, weight utili-
sation and rolling resistance can be calculated.

The dependence of the rate of traction features (the
ratio of the mass of a trailer and tractor and grip and roll-
ing resistance coeflicients) on the indicated weight of the
trailer is presented in Figure 3.

The received coeflicients of rolling resistance fall in the
borders presented by other researchers. Crop stubble makes
0.08+0.10 and the field prepared for sowing - 0.15+0.18,
see Litvinov and Farobin (JIutBuzoB n ®apobus 1989);
Guskov et al. (IycpxoB u ap. 1988), and Skotnikov et al.

(CxotHukoB u fip. 1986). The value of the coefficient of the
weight utilisation approach to the value of the grip coeffi-
cient is shown in the articles of scientific literature (the grip
coeflicient of stubble is 0.6+0.8 and in the field prepared for
sowing — 0.4+0.6, see Litvinov and Farobin (JIntBuHOB 1
®apobun 1989) Guskov et al. (Iycpkos u mp. 1988), and
Skotnikov et al. (CxoTHuKOB 1 fip. 1986).

The tests show that the value of the coefficient of
weight utilisation approaches the value of grip coeflicient
when the tractor pulls a fully loaded trailer carrying the
weight of 8+8.72 tons. In stubble, under the tested condi-
tions, the value of the coeflicient of weight utilisation has
not received the value of the grip coefhicient.

When a means of transport is in the mode of accel-
eration, the coefficient of weight utilisation for wheel grip
already reaches the value of 0.4 under conditions of the
trailer fully loaded with 4.0 tons of weight. Figures 4 and 5
show that the values of weight utilization coefficient ¢, and
the coefficient of ¢ are approximately the same when the
vehicle accelerates or when the tractor pulls an 8 (or more)
tons weight trailer. Pulling the trailer weighting less then 8

0.5 - 3.0
A coef. of rolling resistanton on a cultivated soil
& coef. of rolling resistanton on stubble
0.4 4 O coef. of weight utilisation on a cultivated soil O |25
O coef. of weight utilisation on stubble 2
@ ratio of trailer and tractor mass =
e
38
2 03 - 20 9
= a=]
g e
o) St
O 0.2 4 - 1.5 =
£
o
> S
g
0.1 - V 5 L1005
0.0 T T T T T T 0.5
2 3 4 5 6 7 8 9

Full mass of trailer, tons

Fig. 4. The dependence of the rate of traction features on the fully loaded trailer at a constant speed of the vehicle
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‘o 0.35 4
]
=
0.25 T T T 1
2 4 6 8 10

Full mass of trailer, tons

Fig. 5. The dependence of the coeflicient of weight
utilization on the fully loaded trailer at the time of
accelerating the vehicle

tons and using decreased traction force, the weight of the
tractor for the grip of driving wheels is partially used.

It is clear that the slippage of tractor driving wheels
can be compared with comparative indicators. A com-
mon comparative indicator of slippage is weight utiliza-
tion coefficient (¢,) for driving wheel grip.

For evaluating the slippage of the means of trans-
port consisting of a tractor and trailer, we can propose
the coefficient of the ratio of trailer and tractor mass
m,/m,. The dependencies of the slippage of driving
wheels on the ratio of trailer and tractor mass (m,/m,)
presented in Figure 6.

Figure 6 indicates the allowable 15% slippage in a
cultivated soil driving a constant speed when the ratio of
trailer and tractor mass (m,/m,> 2) was achieved.

19

Slippage was about 10% in stubble loading the trail-
er the same weight. A slippage border of 15% was not
achieved in stubble with the ratio of trailer and tractor
mass (m,/m;=2.2).

Figure 6 shows that the slippage of the driving
wheels of the vehicles was 2+3 times greater in the mode
of acceleration. A slippage border of 15% was achieved
in the mode of acceleration with the ratio of trailer and
tractor mass m,/m,> 1. The dependencies of the slippage
of driving wheels on weight utilization coefficient ¢, for
driving wheels grip are presented in Fig. 7.

Figure 7 discloses that the means of transport cor-
respond to the same coefficient of weight utilization @,
for driving wheel grip on a similar soil and slippage is
approximately the same in the modes of constant speed
and acceleration.

45
A constant speed on stubble
A acceleration on stubble
# constant speed on a cultivated soil
¢ acceleration on a cultivated soil
X 30 A
)
=
oy
=
1)
15 A
}7 =211e 5.03x
R*=0.99
A
0 T T T T 1
1.0 2.0 3.0 4.0 5.0 6.0

Coefficient of tractor weight utilization

Fig. 7. The dependence of wheel slippage on the coefficient of
weight utilization

50
# constant speed on a cultivated soil
¢ acceleration on a cultivated soil
40 - A constant speed on stubble
A acceleration on stubble
A
0.92x
30 y= 5.94¢ 1.04x y= 5.53e
° — 2
< R*=0.97 R"=0.92
50
<
&
3 20 -
10 i 0.98x
2
R =1.00
0 T T T
5.0 0.1 5.1 0.2 5.2

Mass ratio of trailer and tractor

Fig. 6. The dependence of wheel slippage on the mass ratio of a trailer and tractor
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5. Conclusions

1. Tractor weight utilization coeflicient for driving wheel
grip and the ratio of trailer and tractor mass for slip-
page indications can be used.

2. The worked out equations of weight utilization coeffi-
cient @, evaluate its dependence on the ratio of trailer
and tractor masses m,/m, the coefficient of rolling re-
sistance f of a vehicle, working speed v, acceleration
time t;, acceleration a and the coefficient of the inertia
of the turning masses §; of a means of transport.

3. Weight utilization coefficient ¢, of a tractor and trailer
can be calculated on the horizontal surface within the
mode of constant speed when working conditions are
known and include the coefficient of rolling resistance
and the masses of trailer m, and tractor m,. In addition,
within the mode of acceleration, working speed v, accel-
eration time f; and the coeflicient of the inertia of turning
masses 0, of a means of transport must be considered.

4. The carried out investigations showed that the trans-
port means corresponding to the same weight utiliza-
tion coeflicient @, under similar soil conditions, had
approximately the same wheel slippage as driving a
constant speed or under the acceleration regime.

5. The slippage of the driving wheels of a tractor - trailer
is 2+3 times greater in the mode of acceleration in com-
parison with wheel slippage on constant speed regime.
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