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Abstract 
 
The article deals with the processes of changing the vertical forces acting on the propulsion of mobile machines, causing soi l compaction 

when changing the driving speed and vertical accelerations of a mobile machine moving on a deformable soil. The influence of parame-
ters and characteristics of the running gear system of the wheeled tractor, as well as the traction load on the value of vertical accelerations 
when moving along the soil, is determined. The dependence of the influence of vertical accelerations on the dynamic loads on the axle of 
the tractor front and rear axles is determined. The dependence of the soil density variation caused by the action of dynamic loads from 
the propulsion of the tractor front and rear axles has been determined. 
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1. Introduction 

When rolling an elastic wheel on a deformable surface, the defor-
mation of the soil occurs, resulting in the formation of a gauge, 
and deformation of the tire. Studies show that energy costs for 
overcoming hysteresis losses are considerably less than the cost of 
soil deformation. They make no more than 10 – 15% of the total 

energy consumed by rolling the elastic wheel on a deformable 
surface. Therefore, under considered conditions, the rolling re-
sistance can be reduced mainly due to the deformation of the soil, 
i.e., the decrease of the depth of the gauge formed by the rolling 
wheels. This can be achieved by increasing the tire contact area, 
which requires reducing the air pressure in the tire. At the same 
time, the energy losses in the tire will increase, but the total rolling 
loss will still be less. Depending on the design features of the trac-

tor chassis (the type and characteristics of the suspension, propel-
lers, etc.), the degree of impact on the soil varies considerably. 
The propulsion parameters (the shape and dimensions of the 
groundwall, the air pressure in the propeller, etc.) have a signifi-
cant effect on the soil compaction. 

2. Analysis of Publications and Studies 

Soil compaction is one of the most destructive effects of machine 
traffic. Compaction increases soil mechanical strength and reduces 
its porosity, plant rooting and ultimately the yield [1]. When cal-
culating the magnitude of the impact caused by the wheel propel-
ler on the ground, the main difficulty is the complex geometric 
shape of the wheel [2, 3]. In the general case, the bearing surface 
of pneumatic wheels having the corresponding tread consists of 
protrusions and recesses of various configurations. In this case, the 

line of intersection of the radial plane passing through the axis of 

wheel rotation and the outer surface of the tire tread of the unload-
ed by external forces machine has a finite radius [4, 5]. The above 
features greatly complicate the creation of calculated dependen-
cies necessary to identify the distribution of the contact pressure of 
pneumatic tires on the wheel support, which is soil [6-8]. Two 

schemes, which are used for mathematical description [9-11] of 
the wheel interaction with a bearing surface, are known. In the 
first scheme they consider the fixed moment of a rolling wheel on 
the support surface. In this case, in all variants of the given 
scheme, it is common that the front and rear parts of the deforma-
ble wheel or the front and rear parts of the deformable bearing 
surface are not the same (an unsymmetrical diagram of contact 
pressures distribution, the length of the tire loading and unloading 

branches vary, a different level of the front and rear support sur-
faces [12]. In the second scheme they consider the compression of 
a cylindrical body with an initially cylindrical surface. 

3. Purpose and Objectives of the Study 

The purpose of the study is to develop a method for estimating the 

influence of the driving speed and vertical acceleration of the mo-
bile machine on the change of soil packing in various driving re-
gimes. To achieve this goal, it is necessary to solve the following 
tasks: 
– to determine the influence of parameters and characteristics of 
the running gear system of the wheeled tractor on the value of 
vertical accelerations; 
– to determine the dependence of the influence of vertical acceler-
ations on the dynamic loads on the axle of the tractor front and 

rear axles; 
– to determine the dependence of the soil density variation caused 
by the action of dynamic loads from the propulsion of the tractor 
front and rear axles. 

http://creativecommons.org/licenses/by/3.0/
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4. Research Results 

One of the ways to reduce soil compaction is to reduce the specific 
pressure of propulsion to the soil. However, the problem of soil 
compaction cannot be solved only by reducing the specific pres-
sure of tractor propulsion. The fact is that when conducting spring 

field work on the cultivation of grain crops (moisture closure, pre-
sowing cultivation, sowing, harrowing or sowing of crops), 50-
60% of the field area are compacted by the driving machines of 
the tractor, and while cultivating common crops, more than 90% 
of the field area are compacted. Moreover, up to 30-40% of the 
field area is compacted twice, and up to 10-20% is compacted 
three times. 
 

Table 1: Degree of tractor propulsion impact on the soil 

Tractor brand Mass, kg 

Specific propul-

sion pressure, 

kg/cm
2
 

Single pass soil 

compaction, 

g/cm
3
 

DT – 75 7000 0.5 1.15 

Т – 4А 8300 0.5 1.2 

МТZ – 80  3760 1.2 1.32 

Т – 150К -09  8200 1.4 – 2.0 1.35 

К – 701  13500 1.5 – 2.5 1.42 

К – 744R2 15700 1.6 – 2.6 1.5 

К – 744R3 17500-20000 1.7 – 2.7 1.55 

The vertical dynamic impact of the wheel on the soil is complex, 
which is difficult to describe mathematically. To simplify the use 
of a mathematical device, the load impacts of the wheel propul-
sion on the soil can be represented as periodic (harmonic) that 
arise when moving on aligned fields. 

When calculating the dynamic loads from the wheel to the soil, we 
assume that the loads are harmonic in nature [13, 14]. 
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Fig. 1: Dynamic model of a wheeled tractor with vertical vibrations on a 

deformable support base 

 
At the initial moment of tractor driving, the shock loads from the 
wheel to the soil appear due to the wheel falling from a certain 
height of the roughness, at the same time, at the initial moment of 

time (t=0), the mechanical stresses increase by a jump from zero 

to the maximum of m , and then changes according to corre-

sponding equations 
 

,,0,0

;0),1(








ttwhen

twhen
t

m                         (1) 

 

where m  is the maximum stress in the contact spot of the pro-

peller with the soil, Pa;   is the half-period of oscillations, s1.  

Solving the equation (1), we obtain a change in the relative defor-
mation of the soil from the acting shock (dynamic) loads of pro-
pulsion. 
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m  are coefficients taking into account the soil 

properties and the magnitude of mechanical stresses. 
When driving a tractor on periodically repeated irregularities, the 
stress in the soil varies according to the formulas 
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where  is the frequency of angular forced oscillations, s1; 
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T is the period of forced oscillations, s; 
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where L is the length of irregularities of the support surface, m; 
V is the tractor speed, m/s. 
Solving equations (2), we obtain a change in the relative defor-

mation of the soil caused by the operating sinusoidal loads of pro-
pulsion 
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are the coefficients taking into account the soil properties and the 
mechanical stress acting on it. 
The rolling of a wheel propeller is presented in the form of a two-
mass equivalent vibrational system (in the case of a suspension 
bracket, the front axle, Fig. 1) moving along the support surface 
given by the equation. 
 

,sinmax tyy                                           (7) 

 

where maxy  is the maximum height of the surface roughness, m. 

After calculating the value of the relative soil deformation, it is 
possible to determine the change in soil density after the impact of 
wheel propulsion on it according to the dependence known from 
the mechanics of soils [6] 
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where ab  , is the soil density before an impact (initial) and after 

an impact, g/cm3;   is the relative deformation of soil. 

To determine vertical movements of the tractor body, let’s con-
struct the equations of projection of forces on the vertical Z axis 
[6] 
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where G is the force of gravity, N; Fin is the force of inertia of the 
tractor body, N; Fspr is the force of the elastic element of the sus-
pension (springs) of the front axle, N; Fabs1 is the force created by 
the shock absorber of the front axle suspension, N; Ftir2  is the 

force created by the elasticity of the rear axle tire, N; Fabs tir2  is the 
force that takes into account the damping properties of the rear 
axle tire, N; Ncl is the vertical component of traction force, N; 
Pdr is the horizontal component of traction force, N; m2 is the mass 
of the rear tractor axle, kg; g is the acceleration of free fall, m/s2. 
The strength of the elastic element of the front suspension of the 
tractor 
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where 1stf  is the static deformation of the springs of the front 

suspension, m. 
The force created by the shock absorber of the front suspension is 
determined by the formula 
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The force generated by the tire elasticity is determined by the 
formula 
 

 ,22st.tir2tir2tir ybzfCF                                      (14) 

 

where 2y  – is the profile of irregularities under the rear wheels, 

m. 
The profile of irregularities under the rear wheels, taking into 

account the deformation of the soil 2  and the retardation of the 

effect  , is represented by the following dependence 
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  is the delay of the perturbation under the rear 

wheels of the tractor, s; 
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tr2

l

V
  is the perturbation  

frequency, s-1. 

Let’s determine the stress in the contact spot of the rear wheel 

with the soil 2  by the following dependence 
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where kkk
4

F bа 


  is the contour area of the contact spot of 

the wheel with the soil, m2; kk , bа   is the length and width of the 

contact area, m.  
Forces from the suspension – shock absorbers and springs, as well 
as the force of gravity, the force of inertia and the moment of iner-

tia of the mobile machine (Fig. 2) act on the tractor body. 
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Fig. 2: Forces acting on the spring tractor mass 

 
The static deformation of the rear tires is determined by the for-
mula 
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The force that takes into account the tire damping properties 
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where 2y  is the rate of change in the height of the road profile 

under the rear wheels, m/s.  
Spring-suspended weight 
 

gMG  ,                                                                                 (20) 

 
where g is the acceleration of free fall, g = 9,81 m/s2; M is the 
mass of the tractor body, kg. 
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where z  is the acceleration of the tractor body movement in the 

vertical direction; 2m  is the mass of the rear tractor axle. 

From the equation (9) obtained we express the value of the dy-
namic load applied to the rear axle wheels 
 

.sin costr22212 рkptirabsabsk FPNmFFG     (22) 

 
Substituting the equations (10) - (21) in (9) we obtain 
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Let’s divide the resulting equation by  2mM   then 
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To determine the angular displacement of the tractor body, we 
make the equation of the sum of moments relative to the center of 
mass 
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where Min is the moment of forces of inertia of the spring weight 
relative to the center of mass; J is the moment of inertia of the 
spring weight relative to the center of mass, kg×m2; J2 is the mo-
ment of inertia of the rear axle relative to the center of mass of the 

tractor body, kg×m2. 
The moment of inertia of the tractor body is determined by the 
formula 
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where M is the spring weight of the tractor, kg; 

 in   is the radius of inertia of the tractor body, kg×m2;  
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Substituting the equations (13) – (20) and (17) – (30) into equation 
(26), we obtain 
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Let’s divide the resulting equation by )( 2JJ   then 
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Various forces act on the unsprung mass of the tractor, that is the 

front axle 1 , the scheme of application of which is presented in 

Fig. 3 
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Fig. 3: Forces acting on the front axle of the tractor 

 
Let’s apply the external forces, the reactions of bonds and the 
forces of inertia (Fig. 3) to the unsteady mass and write the sum of 
projections of forces on the vertical axis.  
The sum of projections of forces acting on the front axle of the 
tractor 
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where Ftir 1 is the force generated by the tire elasticity; 
 Fabs tir 1 is the force that takes into account the tire damping prop-
erties; 
 

 111tirst1tir1tir yfCF  ,                                                (35) 

 

where 1y  is the height of the profile of the road under the front 

wheels, m; 
The height of the profile of the road under the front wheels, taking 

into account the deformation of the soil 1  is determined by the 

following dependence 
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where 1  is the deformation of soil caused by passing of front 

wheels, m.  
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where 1y  is the rate of change in the height of the profile of the 

road under the front wheels, m/s; 
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From the equation (34) obtained we express the value of the dy-
namic load applied to the front axle wheels 
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Substituting equations (35) - (40) into equation (34), we obtain 
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Let’s divide the resulting equation into 1m and then 

 

.
mmmm

mmmm

1
1

1
1

1

1

1

р

1

р

11

р
1

1

1р
1

1

1р
1

y
C

y
kaCak

z
C

z
kCCkk

tirtir

ptirtir





















         (44) 

 
To simulate the deformation of the support surface, that is the soil, 
we adopt a model that takes into account both the elastic and vis-
cous properties. The general view of the soil model is presented in 
Fig. 4.  
Let’s compile equations for the upper and lower parts of the model 
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where DE  is the dynamic soil elasticity modulus, Pa;   is the 

mechanical stress that acts on the soil, Pa;   is the relative defor-

mation of soil. 
 

 
Fig. 4: General view of the soil model 

 
The equation of connection has the following form 
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where E is the modulus of elasticity, Pa; 

  is the coefficient of viscosity, Pa∙s. 

We express from equation (44) 
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Substituting the resulting equation into equation (45) we obtain 
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The maximum mechanical stress in the contact spot of the front 
and rear axle wheels with the soil is calculated according to the 
formula 
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Then the connection between the deformation of the soil and the 
mechanical stress caused by the wheel, taking into account the 
properties of the soil, appears to be a dependence 
 

























.

,

2

22

2

2
222

1

11

1

1
111

CD

CD

EE

EE







                                               (54) 

 
During the operation of the machine-tractor unit on the field at 
different areas of the contact spot of the tire, the soil is compacted 
with the formation of a track of varying depth (Fig. 5). 

 
Fig. 5: Soil compaction caused by a tractor 

 
The solution of most tasks on the choice of optimal parameters 
and operating modes of mobile machines and tractors is based on 
experimental data. 

Experimental studies of the dynamic properties of mobile ma-
chines (Fig. 6) are based on measuring the driving parameters by 
various inertial sensing elements and systems in real driving con-
ditions. The method of partial acceleration proposed by the au-
thors of the paper [15] allows determining the dynamic indices of 
mobile agricultural machines and aggregates using three-

component linear acceleration sensors. But in this case, the tests 
must be carried out on a particular agricultural background with a 

hinge of a particular agricultural tool. 

 
Fig. 6: Mobile agricultural machine (New Holland T8.390 + DLM-8.0) 

 
With straightforward motion, all the points of the mobile machines 
have the same kinematic parameters. When conducting dynamic 
tests, parameter control is carried out using a measuring and re-
cording complex equipped with three-component accelerometer 
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sensors (Fig. 7). In order to ensure a qualitative process for con-
trolling the dynamics of the unit, it is necessary to install such a 
number of sensors, which will allow controlling all directions of 
the axes of degrees of the mobile aggregate freedom. 

 
Fig. 7: Installation the sensors (MMA-7260QT) of measuring and 

recording complex on mobile agricultural machine New Holland T8.390 

 

In the process of conducting experimental tractor driving studies, 
changes in vertical accelerations were recorded, using a mobile 
measuring system. 
To ensure the required accuracy of measurements, it is necessary 
to minimize the errors of the transient and steady-state operating 
modes of the MTA. When choosing a filtration algorithm, the 
following conditions must be followed: speed of convergence, 
adaptability, stability, requirements to computing resources. Thus, 

in order to improve the quality of the signal coming from accel-
erometers in dynamic testing of mobile machines, it is necessary 
to use or construct an adaptive filter. 
Since the Butterworth’s first-order filters have good characteristics, 
many researchers use them in their work. In practice, filters with 

order 8...2n  we usually used. Let’s filter the signal, Fig. 8. 

 
Fig. 8: Filtering of raw accelerometer records 

 
After filtration of the signal, we can determine the forces acting on 
the body and the tractor undercarriage system. 

5. Conclusions 

Based on the research carried out, the modeling of the effect of 

dynamic loads and vertical accelerations of the wheeled tractor on 
the change in soil density is based on the following conclusions: 
– The influence of parameters and characteristics of the running 
gear system of the wheeled tractor, as well as the traction load on 
the value of vertical accelerations when moving along the soil, is 
determined; 

– The dependence of the influence of vertical accelerations on the 
dynamic loads on the axle of the tractor front and rear axles is 
determined; 
– The dependence of the soil density variation caused by the ac-
tion of dynamic loads from the propulsion of the tractor front and 
rear axles has been determined. 
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