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Abstract. The article is devoted to the description of the experimental results regarding the
measurement of static radial deformation characteristics of the selected tire and its impact on the
size of the contact surface and contact pressure. The given measurement was carried out on the
diagonal tire Mitas TS05 10.0/75-15.3 PR10 in the area of the soil test channel. The radial
deformation characteristics of the tires in question were determined for inflation pressures of
300 kPa, 220 kPa, 160 kPa and 100 kPa, with aradial stress of the tire varying in the range of
567.9 kg to 1025.09 kg. The prints of the tire's contact surfaces were made at the same time for
the corresponding inflation pressure and the corresponding radial stress. The size of these prints
was subsequently planimeterized by the digital polar planimeter Koizumi KP-90N. The values of
the medium contact pressure on a solid support were subsequently calculated from the tire radial
stress values and the obtained contact surfaces. The calculated static radial stiffness values were
obtai ned through the linearization of the measured deformation characteristics according to Jante.
The course of the deformation characteristics and the calculation of static radial stiffness imply
that static radial stiffness is significantly dependent on the tire inflation pressure. A suppler tire
structure at a lower inflation pressure alows for greater values of the contact surfaces and lower
values of contact pressures. This feature can be used when selecting appropriate tire inflation
pressures when driving off-road to reduce soil degradation and improving the vehicle's passability
through the terrain.
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INTRODUCTION

The radial stiffness of tires (whether static or dynamic) does not only affect the
cushioning of the energy means in the terrain, but also other characteristics of the tire
relating to its contact with the surface of the terrain it moves on. It affects the size of the
tire's contact area, the size of the contact pressure, the size of the internal as well as
external rolling resistance component, and thus affects the energy losses in the overall
performance applied to the whedls of mobile working means (Antille et al., 2013;
Abraham et al., 2014). Radial tire deformation characteristics of mobile technology used
in forestry and agriculture are therefore an important attribute for solving contact
problems between the tire and the surface. The size of the contact pressureis influenced
mainly by the size of the tire’s contact area and its normal stress. The size and course of
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the tire's contact pressure greatly affects how this will behave, for example, on soil, how
it will damage the soil (e.g. by compression or excessive slipping) and what driving and
operating propertiesthe mobile meanswill achievewith it under the given soil conditions
(Braunack, 2004; Cedik & Prazan, 2015). Research tire deformation characteristics was
dealt with in the past by several authors, for example, Dockal et al. (1998), Zhang et al.
(2002), Krmela (2008), Koutny (2009), and, who in their work also highlighted the
impact of tire deformation properties on their driving and contact properties. In the
research of mutual ties between the tire wheel deformation characteristics and contact
variables, especially the size of the contact area and the contact pressure distribution on
a solid support, progressive methods of research using various physical principles of
tactile sensing elements have also been used. These dlow precisely determining the
composition of the contact pressure in the tire’s contact area with the surface, and
accurately determine the size of the contact area. Thus the conceived work isindicated
by authors, such as De Beer & Fisher (1997), who applied atactile matrix consisting of
strain-gauge sensing elements to map the contact area and contact pressure. An
interesting application of tactile sensing elements, or aforce sensor consisting of tactile
sensing elements, was introduced by the authors Roth & Darr (2012). To monitor the
contact pressure of the tire and the size of the contact surface, they used Tekscan
FlexiForcetactile force transducers, which they installed directly on the tractor tire tread
close to the herringbone tread figures. What isinteresting about this work isthe fact that
they used the above method of installing the sensors to monitor the contact voltage
between the tire and the soil surface. Optical methods are aso used for the investigation
of contact tasks and their relation with the deformation characteristics of tires. The
utilization of holographic interferometry methods in this area is described by authors
such as Cadtillo et al. (2006).

As seen from the above brief overview, thetopic is still relevant and it is currently
being dealt with through advanced technologies brought by microelectronics. In this
article, we will also try to suggest a link between the radia deformation characteristics
of the selected tire and the size of the contact area and contact pressure.

MATERIALSAND METHODS

We investigated the radia deformation characteristics of the selected tire for
different values of inflation pressure and different values of vertical stressin soil test
channels (Fig. 1). The vertical load on the tire was inferred through steel weights from
the value of 567.90 kg to 1,025.09 kg. We selected the stress on thetire so that at agiven
tire inflation pressure we would not exceed the maximum stress indicated by the
manufacturer. The construction of the supporting frame of the whed (Item 3, Fig. 1)
does not alow to achieve atire stress lower than 480 kg. It is due to the fact that the
entire drive mechanism of the tested wheel is mounted on thisitem, which isused in the
traction tire tests (together with Items 5 and 6, Fig. 1). As atest tire we selected a Mitas
TS05 10.0/75-15.3 PR10 ply tire with atread profile. Its basic technical parameters are
listed in the following Table No.1.
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Figure 1. Soil test channel: 1 — soil test channel’s body (frame); 2 — side guiding; 3 — wheel
support frame; 4 — the guide frame, 5 — tensile force sensor; 6 — brake device.

Table 1. Basic technical parameters of the monitored tire

i i . . Rolling

Tire Dimension PR Tfe?d Rim Width  Diameter Radius circumference
type profile (mm)  (mm) (mm) (mm)

itaMs TS05 10.0/ 10 TSO05 9.00x153 264 790 395 2,295

75-15.3 PR10

We have carried out the actual measurement of the radial deformation
characteristics so that we lifted the supporting frame with the mounted tire using a
workshop crane with a lifting capacity of 5,000 kg, and supported the wheel on the
evened-out soil surface with a 15 mm thick stedl substrate. We examined the actual tire
compression using an atimeter with a nominal size of 1,000 mm. In addition to these
measurements, we investigated the necessary parameters of the tire’s contact area with
the substrate. We imprinted the contact surface of the tire on rough drawing paper,
painting it with ink beforehand. We always made two imprints for the given load and
tireinflation pressure. One of the contact surfaces of the tire with the solid substrate and
the second of the imprint surface, which is closer to the contact area, is on the soil
surface. We then determined the size of the contact surface and the tire contact surface
via a Koizumi KP-90N digital polar planimeter (Fig. 2). The obtained radia tire
deformation characteristics were obtained for the following inflation pressures: 300 kPa,
220 kPa, 160 kPa and 100 kPa.

From the obtained deformation characteristics, we then calculated the static radial
stiffness of the examined tire. The course of dependence of the vertical stress on thetire
deformation is a second degree polynomial in the form:
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Q=Ay+B.y’[N] (1)

where: Q — vertical stress on the tire, [N]; A, B — functional dependence constants
Q (), []; y - vertical deformation of thetire, [m].

The linearization of the dependence was carried out according to Jante (Cvekl
et a., 1976) on the basis of the statement that the work expended to deform the tire,
expressed as follows:

E, = [(Ay+By)dy(] @
0

isasbig asthework expended to deform thetirein alinearized form. The sought constant
of the linearized stress process stiffness then follows from the following equation:
ymax 1
2
Ep = j C.ydy = E'c'yn‘ax [J] (3)

0

where: Ep — work expended to deform the tire, [J]; ¢ — radia static stiffness of the tire,
[N mY]; ymax — maximum vertical tire deformation at the corresponding stress and given
inflation pressure, [m].

Figure 2. Koizumi KP-90N digital polar planimeter.

We then calculated the mean contact pressure values from the values of the
measured contact surface and vertical |oad.
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The results of the measurements and calculation of work expended for the tire
deflection and static radial stiffness of thetire are shown in Table 2. All the calculations
and reported functional dependencies of work were developed in a MS Excel
spreadsheet. The measured tire deformation characteristics for individual inflation
pressures are graphically illustrated in Fig. 3. The given functional dependencies of the
tire stressdepending on the vertical deformation can be approximated by a second degree
polynomial. The obtained functiona dependencies, indicating the coefficient of

RESULTS

determination, are shown in Table 3.

Table 2. Measured and calcul ated results, the Mitas TS05 10.0/75-15.3 PR10 tire

Normal

Tirerolling Deformation Work expended

I(_k(;a)\d Force Z(r:;l re radius of tire on deformation (Slgf;??)ss
(N) (mm) (mm) O)
1,025.09 10,056.13 300.00 376.00 19.00 94.77 525,000
847.14 8,310.44  300.00 379.00 16.00 69.19
709.30 6,958.23 300.00 381.00 14.00 54.82
567.90 5571.10 300.00 384.00 11.00 36.88
0.00 0.00 300.00 395.00 0.00 0.00
1,025.09 10,056.13 220.00 373.00 22.00 126.46 522,500
847.14 8,310.44  220.00 377.00 18.00 90.53
709.30 6,958.23 220.00 380.00 15.00 67.98
567.90 5,571.10 220.00 384.00 11.00 43.18
0.00 0.00 220.00 395.00 0.00 0.000
847.14 8,310.44 160.00 376.00 19.00 76.39 423,200
709.30 6,958.23 160.00 379.00 16.00 53.57
656.48 6,440.07 160.00 380.00 15.00 46.88
567.90 5,571.10 160.00 382.00 13.00 34.86
0.00 0.00 160.00 395.00 0.00 0.000
847.14 8,310.44 100.00 369.00 26.00 64.99 192,300
709.30 6,958.23 100.00 372.00 23.00 42.20
656.48 6,440.07 100.00 373.00 22.00 35.52
567.90 5,571.10 100.00 375.00 20.00 23.53
0.00 0.00 100.00 395.00 0.00 0.00
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Figure 3. Radial deformation characteristics of the examined tire Mitas TS05 10.0/75-15.3 PR10

We subsequently used the coefficient values of these obtained approximation
functional dependencies (Table 3) to calculate the potential energy (deformation work)
according to Equation 2 and to calculate the radia static stiffness of thetire according to
Equation 3.

Table 3. Dependencies of the deformation characteristics for the Mitas TS05 10.0/75-15.3 PR10

Tireinflation pressure Function R?

300 kPa y = 1E+07.x2 + 208,866.x + 1,800,2 0.9977
220 kPa y = 6E+06.x2 + 199,416.x + 2,586.4 0.9993
160 kPa y = 1E+06.x2 + 424,967.x — 136.92 0.9995
100 kPa y = 1E+06.x2 + 410,363.x — 3,060.6 0.9995

Note: y — vertical load on thetire, [N] x — tire deformation, m.

The results of measuring the contact surface size and the contact area of the
examined tire for individua stresses and tire inflation pressures are shown in Table 4.
Thistable also showsthe cal culation of the mean contact pressure for individual stresses
and the imprint surfaces, aswell asthe tire contact surface. Unfortunately at present we
do not have a device that would allow us to measure the value of mean contact pressure
or to measure the total contact pressure distribution in the tire’s contact area, so we just
proceeded to their calculation.

DISCUSSION

The dependence of tire deflection on the stress (Fig. 3) isnon-linear and describable
by the polynomial of the second degree (quadratic function). The indicated static radia
stiffness values were obtained by the linearization of these functions according to Jante
(Cvekl et d., 1976), Table 2. The dependence of the tire imprint area on the stress and
inflation pressure (Fig. 4) showsthat theimprint areaclearly increases with an increasing

1366



radial load and decreasing tireinflation pressure. The maximum isreached at an inflation
pressure of 100 kPa and a maximum stress of 847.14 kg. In this dependence, we may
discern some variation consisting in a significant reduction of the tire contact area
depending on the stress and inflation pressure when inflated to 160 kPa. This may be
caused by certain flaws in the performance of the measurement or a small number of
performed measurements.
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Figure 4. Dependency of the tire imprint surface on the normal force and inflation pressure.

The tire contact area with a solid substrate depending on the stress and inflation
pressure behaves essentially the same asin the previous case.

In the dependence of the mean tire contact pressure on the load and inflation
pressure (Fig. 5) we can observe that the mean contact pressure of the tire increases not
only due to increasing vertical stress, but also due to the rising inflation pressure of the
tire. It reaches its maximum at 300 kPa inflation pressure and a vertical stress of
1,025.09 kg. The dependency of the mean tire contact pressure on a hard substrate
depending on the tress and inflation pressure for a contact surface has a similar course
asin the previous example.

Regarding the mutual size proportion of the imprint surface and thetire contact area
(Table4), based on the measured datawe can say that thetire contact areawas on average
3.14 times smaller than the imprint surface. The contact surface essentially represents a
contact area of the tread profile on a solid substrate. It is affected by the fullness of the

tread profile, i.e. the number and arrangement of gear figures of the tires with an arrow
tread profile.
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Figure 5. Dependency of the mean tire contact pressure (Imprint surface) on the stress and
inflation pressure.

As mentioned above, we just calculated the value of the mean contact pressure
using the known value of the vertical tire stress and the measured imprint surface and
the contact area. Currently we do not have technical equipment that would allow us to
measure this parameter or determine the distribution of the contact pressure in the tire’s
contact area. Several authors suggest in their work that the mean contact pressure value
is approximately equal to the tire inflation pressure (Faria & Oden, 1992; Grecenko,
1995; Noor & Peters, 1995;). However, thisideal situation would be valid if the tire was
perfectly elastic. In redlity, it isnot. Our results showed the following. At atireinflation
pressure of 100 kPa, the mean contact pressure value when considering the imprint area
was around 127 kPa to 189 kPa, which is consistent with the theory that the real value
of the mean contact pressurein areal tireisaways greater than thetireinflation pressure.
At a tire inflation pressure of 160 kPa, the values of mean contact pressures were
approximately on alevel equal to thetire inflation pressures. At the inflation pressure of
220 kPa, the contact pressure was somewhat lower, moving at 168 kPato 193 kPa. At a
tire inflation pressure of 300 kPa we obtained mean contact pressure values of 184 kPa
to 221 kPa.

Given that the tire contact area is on average 3.14 times smaller than the entire
imprint area, the mean contact pressure values are also greater by thisfold, ranging from
440 kPa at the tire inflation pressure of 100 kPa, to 588 kPa at the inflation pressure of
300 kPa and maximum stress.

The course of the deformation characteristics and the calculation of static radial
stiffness (Fig. 2, Table 2) show that this is heavily dependent on the tire inflation
pressure. The lower the tire inflation pressure, the more pliable the tire (lower radial
stiffness). At inflation pressures of 100 kPa it is nearly 2 times lower than at 300 kPa.
The radial gtatic stiffness value and thus the flexibility is affected not only by the tire
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inflation pressure, but also the very structure of the tire. It depends on whether the
structure of thetireisradial or diagonal, the number of cord layers, and the material of
cord layers.

A suppler tire structure at lower inflation pressure alows for greater values of the
contact surfaces (at a given load) and lower values of contact pressures (Schreiber &
Kutzbach, 2008; Barosa & Magalhies, 2015). This feature can be used when selecting
an appropriatetireinflation pressure for off-road driving on aflexible substrate to reduce
soil degradation and reducetherolling resistance of thetire. On asolid surface, however,
the reduced tire inflation pressure at the given stress clearly leads to the increased
internal component of the tire rolling resistance. Here, therefore, we strive to achieve
that the tire is adequately stiff (inflated to the highest pressure proportionate to its
maximum stress), which provides an acceptable rolling resistance value while reaching
the optimum life.

CONCLUSION

In conclusion, we would like to mention that the very soil test channel which we
conducted our measurement on is not quite suitable for detecting the deformation
characteristics of tires. The main limiting parameter isthe fact that it does not allow us
to ensure the lower stress of the observed tire than 480 kg without having to dismount
thewheel drive mechanism. As mentioned above, the vertical stressonthetireisinferred
here by means of mechanica weights, their manual handling cumbersome, time-
consuming and physically strenuous for the equipment operation staff. A device called
the static adhezor is more preferable for verifying the deformation characteristics of the
tire wheels, enabling the accurate measurement of individual deformation characteristics
(not only in the radia direction) of the tires. Our workplaces, however, currently do not
have this piece of equipment. In the future we would like to continue in the given
research area of deformation characteristics and refine the given measurements to the
desired level.

The measurements performed by us do not provide any fundamentally new results,
but confirm the view that the tire inflation pressure, as well as the selection of an
appropriate tire size for specific mobile work equipment, plays an important role in the
energy efficiency of these machines. We think that we have managed to suggest a link
between theradial stiffness of thetire and the size of its contact areaand contact pressure.
These characteristics of tires must be reviewed even before thetireisfitted to the specific
mechanization means. Based on the results of this verification, it is then possible to
determine the tire’s suitability for the particular mechanization means, so that its work
in theterrain is as efficient as possible.
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