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A b s t r a c t

The paper presents the phenomena related to the deflection and springiness of pneumatic
tired wheels moving on a deformable soil foundation. These phenomena are described referring
to the ideal medium theory, which provided the basis for developing four models verified under
real conditions.
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S t r e s z c z e n i e

Przeanalizowano zjawiska zachodz¹ce w czasie uginania i odprê¿ania ko³a pneumatycznego
poruszaj¹cego siê po odkszta³calnym pod³o¿u glebowym. Zjawiska te opisano w sposób
przybli¿ony za pomoc¹ teorii o o�rodkach wyidealizowanych, co pozwoli³o na stworzenie
czterech modeli, które zosta³y zweryfikowane w warunkach eksploatacyjnych.
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Introduction

The results of tests on the stability of machinery sets, with the use of
dynamics models (SZCZYGLAK 2005), are considerably affected by the accuracy
of calculations of road wheel strain and soil foundation deformation, caused by
changing load. In the working environment of machinery sets the most common
type of foundation is the soil foundation. The value of strain in the pneumatic
tired wheel-soil foundation system is dependent on two groups of factors, i.e.:
� factors characterizing the wheel: velocity of rolling, wheel load, structural pro-

perties of the wheel;
� factors characterizing the soil foundation: compaction, moisture content, poro-

sity, load history, organic composition.
The strain measured on pneumatic tired wheels is reversible and

accompanied by energy dissipation. In the case of soil deformation, permanent
plastic strain is also present, which significantly increases energy loss. The
relationship between load and strain in the pneumatic tired wheel-soil foundation
system is very complex and may be determined roughly only. The expanded
ideal medium theory enables to develop simplified models, maintaining high
accuracy of reality representation. The nature of changes in load and strain or
deformation may be described using ideal constraints.

Models of flexibility of the pneumatic tired wheel-soil
foundation system

Simplified models of the flexibility of the pneumatic tired wheel-soil
foundation system are presented in Figure 1.

In the above models the values of rigidity and damping were determined
based on the time courses of strains and loads recorded during the experiment:
� in the models with ideally elastic constraints rigidity was determined by the le-

ast squares method, using WinStat99 software;
� in the models with ideally elastic and damping constraints rigidity and damping

were determined by the optimization method, using MatLab software (�fmins�
function) (MICHALSKI, SZCZYGLAK 2004, WI�NIEWSKI 1999).

The models were saved in digital form using Delphi software. The �Flexibility�
application (Fig. 2) obtained in this way allows to generate the time courses of
strain caused by excessive load.
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Fig. 1. Simplified models of the pneumatic tired wheel-soil foundation system: a � elastic model
(constant rigidity), b � elastic model (variable rigidity), c � elastic-damping model (constant

rigidity and damping), d � elastic-damping model (variable rigidity and damping). Where:
Fk-pr � radial load of the wheel, Ykz � vertical component of the soil response affecting the wheel,

kk-p � vertical rigidity in the pneumatic tired wheel-soil foundation system,
ck-p � vertical damping in the pneumatic tired wheel-soil foundation system,

sk-p � vertical strain in the pneumatic tired wheel-soil foundation system,
hok � distance between the wheel axle and the soil surface
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Fig. 2. Graphical device interfaces in the "Flexibility" program

Experimental

The aim of experimental tests was to determine the time courses of strain
and deformation in the pneumatic tired wheel-soil foundation system, caused by
changing load. The results were used to calculate rigidity and damping in the
models applied in the study. In order to attain the above goal, the model shown
in Figure 3 was used.

The wheels of a MF 235 tractor moving on a soil foundation (loamy, newly-
cultivated soil) were analyzed. The MF 235 tractor had the following tires:
� front wheels � 6.00-16 Stomil Olsztyn (internal pressure � 0.2 MPa);
� front wheels � 12.4/11-28 Stomil Olsztyn (internal pressure � 0.1 MPa).

During measurements load was applied to the wheels by changing the
ballast in a three point suspension system. The measurements were performed
at a velocity V = 0.5 (m/s). The tractor was moving straight ahead on a flat soil
surface. The measuring apparatus for testing flexibility in the pneumatic tired
wheel-soil foundation system, installed on a MF 235 tractor, is shown in Figure 4.
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Fig. 3. Pneumatic tired wheel-soil foundation system as an object of studies: Fk-pr � radial load of
the wheel, sk-p � vertical strain in the pneumatic tired wheel-soil foundation system, C � set of

constants (driving moment, velocity of rolling), Z � set of disturbances

Fig. 4. Tractor with a measuring system: a � rear view, b � front view, c � side view; 1 � transducer
of radial load of a rear wheel, 2 � transducer of driving moment on the wheel, 3 � transducer of
vertical strain in the rear wheel-soil foundation system, 4 � transducer of radial load of a front

wheel, 5 � transducer of vertical strain in the front wheel-soil foundation system, 6 � transducer of
traveling speed, 7 � recording device, 8 � variable weight ballast in a three point suspension system,
sk-p � vertical strain in the pneumatic tired wheel-soil foundation system, Fk-pr � radial load of the

rear wheel, Mn � driving moment on the wheel, V � traveling speed, m � ballast weight

Fk-pr (t)

load

input

sk-p (t)

strain

output
variables

C c c= { , ..., }

constans

1 n

Z z z= { , ..., }

disturbances

1 m

pneumatic tired wheel
– soil foundation system

c

a b

3

2

1

m

4

5

2
6

7 7

7

8

8

m

V

sk-p sk-pFk-pr

Fk-pr

Mn



116 Piotr Szczyglak

1elbaT

gnipmaddnaytidigirfoseulaV

.oN ledoM
epyteriT

61-00.6erit 82-4.21erit

1
citsale

(k ).tsnoc=
k p-k )mm/N(353.13= k p-k )mm/N(569.55=

2 citsale
k p-k ·200694149000.0�= s p-k

2

·556672550392.0+ s p-k
*)mm/N(150211505174.51+

k p-k ·33116560500.0�= s p-k
2

·873667547461.1� s p-k
*)mm/N(169629848950.221+

3
gnipmad-citsale

(k ,.tsnoc= c ).tsnoc=
k p-k )mm/N(376.92=
c p-k )mm/s·N(818.06=

k p-k )mm/N(971.65=
c p-k )mm/s·N(629.24=

4 gnipmad-citsale

k p-k ·200694149000.0�= s p-k
2

·556672550392.0+ s p-k
*)mm/N(150211505174.51+

c p-k ·940.2= k p-k )mm/s·N(

k p-k ·33116560500.0�= s p-k
2

·873667547461.1� s p-k
*)mm/N(169629848950.221+

c p-k ·467.0= k p-k )mm/s·N(

nevigebtsumtneiciffeoclaimonylopeht,tnemerusaemytidigirfoycaruccahgiheveihcaotredroni*
secalplamicedevlewttsaelotetarucca

Model verification

The following criteria of consistency between theoretical (estimated based
on models) and experimental values were adopted (LOZIA 1998):
� mean relative differences between estimated and measured time courses;
� maximum relative differences between estimated and measured time courses.

Examples of time courses of vertical deflection in the pneumatic tired
wheel-soil foundation system, determined experimentally and estimated based on
models, are illustrated in Figure 5a. Figure 5b shows a comparison between
recorded and calculated time courses.
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Fig. 5. Vertical deflection and springiness in the pneumatic tired wheel-soil foundation system
(wheels with 12.4-28 tires, loamy, newly-cultivated soil; pw = 0.1 MPa, Fk-os = 0 N, V = 0.5 m/s,
Mn = 845 Nm): a � time courses recorded during the experiment and calculated based on models,

b � comparison between recorded time courses and time courses estimated based on models
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Conclusions

The lowest differences between time courses calculated theoretically and
determined experimentally were observed in the case of the model with elastic
and damping constraints with variable rigidity and damping. This model permits
the determination of deflection in the pneumatic tired wheel-soil foundation
system, taking into account the phenomenon of energy dissipation that occurs
during the operation of wheeled vehicles. The other models also provide high
accuracy, and their advantage is greater simplicity.
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