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the starting mode
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Annotation. Problem. Rolling resistance is one of the most important operational characteristics of a
car tire. First of all, the fuel consumption, durability and service life of the tire depend on the rolling
resistance. Of course, the higher the rolling resistance, the faster and more intensively the tire will wear
out. Also, car braking parameters, such as deceleration and, accordingly, the braking distance, may
indirectly depend on the rolling resistance characteristics. In turn, rolling resistance is influenced by
the properties of the tire itself, as well as the condition of the road surface and weather conditions. It is
especially important to evaluate the operational characteristics of a car tire in the starting period of
movement, because at this time the behaviour of the tire is unpredictable. Goal. The purpose of this
work is to improve the methodology for evaluating the rolling resistance of a car tire in the starting
period of movement. Knowing how the rolling resistance changes during the starting movement, it is
possible to evaluate the operational properties of the car. Methodology. Refined assessment is carried
out with the help of dependencies obtained in previous scientific works. But in order for the result of the
rolling resistance assessment to be correct, it is necessary to determine the necessary characteristics of
the tire. Namely, we are talking about the characteristics of radial stiffness. In the work, these
characteristics are determined both by conducting experimental studies and by using FEM. Results.
Thanks to the conducted research, significant results were obtained on the change in rolling resistance
during the starting motion. It was established that with an increase in internal pressure from 0.17 MPa
to 0.225 MPa, as a result of the starting motion, the rolling resistance decreases by approximately
20-25%. Originality. From the analysis of the literature, it can be concluded that in most of the studied
works, the peculiarities of the interaction of automobile tires with the supporting surface in the starting
period are not taken into account during various studies. It can be said that the originality of this work,
on the one hand, is that the rolling resistance is investigated during the starting motion, and on the other
hand, that its assessment is carried out both on the basis of the results of experimental studies and with
the help of FEM. Practical value. In this work, it is possible to highlight the obtained results, thanks to
which we can estimate the rolling resistance of a car tire with sufficient accuracy. The methods of
determining the operational characteristics of a car tire, presented in the work, can be used during its
operation and at the design stage.

Key words: automobile tire, starting period, rolling resistance, experimental research, finite element
method, refined assessment, stabilization, safety.

Introduction period is not taken into account when evaluating
various properties of tires and the car. That is, in
most works, the tire is considered already
warmed up (it has constant values of internal
pressure, temperature, etc.). Also, quite often the
research does not take into account the weather
conditions under which the experiments are con-
ducted, namely the ambient temperature. It
should be noted that the condition and behavior
of the tire significantly depends on the tempera-
ture of the surrounding environment.

In the starting period of movement, it is im-
portant to know how the operational

The condition and behavior of a car tire in the pe-
riod from the start of driving on "cold" tires to the
stabilization of its operational characteristics are un-
predictable. The above-mentioned movement pe-
riod is usually called the "starting period" [1]. At
this time, the main characteristics of the tire change,
such as the internal pressure of the gas filler (mainly
air), the temperature of the tire, etc. [1-2].

After analyzing the scientific publications in
which the operational characteristics of car tires
are studied, it can be concluded that the starting
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characteristics of a car tire will change, among
which the most important characteristic is rolling
resistance. Of course, this characteristic depends
on a combination of many factors, such as: the
condition of the car tire and bearing surface, envi-
ronmental conditions, etc. The rolling resistance of
a tire directly affects the durability and service life
of the tire, as well as fuel economy. In one of the
previous works, the methods of indirect assess-
ment of the rolling resistance of a car tire in the
starting period have already been given. In the cur-
rent work, a refined assessment of rolling re-
sistance is carried out. For this assessment, param-
eters are used, which are determined as a result of
conducting experimental studies and due to the ap-
plication of the finite element method (FEM).

Currently, it can be confidently stated that
FEM is the most common in solving many engi-
neering problems of varying complexity [3-4].
This is primarily due to the high accuracy of cal-
culations and relative ease of application of this
method. There are a large number of software
systems based on FEM, sometimes it is not even
necessary to fully understand this method, be-
cause all calculations are performed automati-
cally. In this work, FEM will be used to deter-
mine the radial deflection, otherwise we can say
to evaluate the stiffness of the car tire. But it is
also worth noting that when solving the problem,
some assumptions will be made that, on the one
hand, greatly simplify the problem, and on the
other hand, do not entail significant errors. In
more detail, the application of FEM to solving the
problems of car tire mechanics will be indicated
in the corresponding section.

Therefore, it can be said that the question of
evaluating the rolling resistance of a car tire when
driving in the starting mode is relevant and de-
serves careful research, especially with the use of
modern technologies.

Analysis of publications

As it has already been repeatedly stated, the is-
sues related to the safety of road transport are
very important and require detailed research to
further ensure traffic safety. Traffic safety di-
rectly depends on the condition of car tires [5].
Accordingly, there is a large number of scientific
works devoted to the study of these issues.

It should be recalled that this work is a contin-
uation of the scientific work [2], which presents
the methods of indirect assessment of the rolling
resistance of a car tire during the start-up period.
The work [2] also presents the results of experi-
mental studies of changes in the internal pressure
of the gas filler and the temperature of the tire.

The value of the increase in the internal air pres-
sure in the tire was determined and the starting
time for the cars under study was approximately
determined. It was found that the most intense
temperature increase occurs in the shoulder zone
of the tires. Also, the starting time of the studied
cars was determined. Namely, the internal pres-
sure in the tire, in the mode of starting movement,
stabilizes after about 20-30 minutes of uniform
movement, the temperature of the surface layers of
the tire stabilizes after about 30-40 minutes. The
temperature of the surface layer of winter tires in-
creases less than that of summer tires, and accord-
ingly, driving on winter tires is safer at tempera-
tures close to 0°C and below. This confirms the
well-known statement that it is necessary to re-
place summer tires with winter tires in a timely
manner (when the ambient temperature can reach
+5°C and below), thanks to this, road safety can be
significantly increased. As a result of an indirect
assessment, it was established that the rolling re-
sistance during the starting movement changes by
approximately 15% [2]. But still, it is worth noting
that during the indirect assessment, not all the
physical and mechanical properties of the investi-
gated tires were indicated. In this work, it is
planned to carry out a refined assessment of rolling
resistance in the starting period, taking into ac-
count the properties of the tire material.

Works [6-7] present a method for estimating
the rolling resistance coefficient, which is based
on the elliptic-degree model of the absorbing
property of the tire. This model is built by math-
ematically describing the experimental character-
istics of normal stiffness. As you know, the stiff-
ness characteristic, in the form of the area of a
closed loop, reflects the energy spent during de-
formation due to the action of inelastic resistance
forces (hysteresis losses). The stiffness character-
istics of the tires obtained in the dynamic loading
mode are presented in Fig. 1.

Based on the obtained characteristics and tak-
ing into account the functional dependence of the
values of the inelastic resistance force on the am-
plitude values of the radial deformation of the
tire, the mathematical description of the elliptic-
degree model of the absorbing property of the tire
can be determined by equation (1).

f — 21_n leLL[h:ZL-:'—TI]’]aX (1)
¢ Sﬂ:rd PZ ,

where K, —the proportionality factor between the

length of the contact zone and the normal deflec-
tion of the tire; H,, — the proportionality factor
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between the value of the inelastic resistance force
and the normal deflection; h, ., — full deflec-
tion of the tire in the radial direction, mm;
ry — dynamic wheel radius, mm; P, — normal

load on the wheel, N; n — exponent (reflects the
degree of absorption capacity).
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Fig. 1. Characteristics of radial stiffness of tires
[6]: a—tire 245/70HR16, no rotation
(P,=9kN, p=0,24MPa); b-tire
LR70-15 GL, with rotation (P, =9kN,

p=0,24MPa,w, =172min™");

The proposed method of determining the roll-
ing resistance coefficient is based on the charac-
teristics of the normal stiffness of the tire. This
approach is more reliable than experimental
methods of direct measurement of rolling re-
sistance forces. Note that for the correct use of
equation (1), it is necessary to determine the nec-
essary tire parameters. To find them, both the re-
sults of experimental studies and the results of
modeling the interaction of a car wheel with the
supporting surface of the FEM will be used. The
methodology of experimental research on deter-
mining the area of the contact zone is well cov-
ered in the work [8].

Problems related to the study of the radial
stiffness of tires are quite common. In [9], the ra-
dial and tangential stiffness of the tire is deter-
mined. Two different load schemes were used to
determine the vertical (radial) stiffness. The dif-
ference between the schemes lies in the contact
area of the outer cylindrical surface of the tread
with the load, i.e. in the first case the contact area
constantly increases (with increasing load), in the
second case the contact area remains constant. As
a result of the conducted research, functional de-
pendences for the radial and tangential defor-
mation of the tire from the external load were ob-
tained.

The method of determining the radial rigidity
is also presented in works [5,10]. Thus, the
work [5] describes the stand that was developed
at the KNAHU. This stand allows you to deter-
mine the dynamic radial stiffness and damping
coefficient of car tires. This stand uses the
method of free oscillations of the system, the
elastic element of which is a pneumatic.

Purpose and Tasks

The main goal of this work is to evaluate the roll-
ing resistance of a car tire when driving in the
starting mode. As has been repeatedly stated,
rolling resistance is an extremely important oper-
ational characteristic. In order to determine this
characteristic with sufficient accuracy, it is nec-
essary to clarify the already existing methods of
predicting the amount of rolling resistance.

To apply already known dependencies, it is
necessary to know the relevant parameters of the
tire, including stiffness characteristics and geo-
metric parameters. That is, to determine the spec-
ified parameters, experimental studies should be
conducted, and the stiffness of the tires can also
be estimated by using the FEM. For its correct
application, it is necessary to create a model of
the investigated car tire with appropriate (allow-
able) simplifications.
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Experimental studies of car tire stiffness

The purpose of conducting experimental research
is to determine the stiffness characteristics of a
car tire, namely, the radial deflection. Having ob-
tained the dependence of the radial deflection on
the internal pressure of the tire gas filler, it is pos-
sible to indirectly predict how the rolling re-
sistance coefficient will change. To determine the
rolling resistance, using equation (1), it is neces-
sary to determine the area and length of the con-
tact zone of the tested tire with the support sur-
face at different values of internal air pressure.

In fig. 2 presents the process of obtaining an
impression of the contact zone.

Fig. 2. The process of obtaining an impression
of the contact zone of the 235/55R18 tire
under study

The experiment was conducted on a techni-
cally sound Lexus RX300 car equipped with
235/55R18 winter tires. The air temperature in
the room where the measurements were taken
was +20°C, humidity - 80%. It is also worth not-
ing that the study was carried out on a "flat" sup-
port surface to ensure the correct result of meas-
uring the geometric characteristics of the contact
zone. In addition to the car, a jack, a sheet of A3
format (preferably Whatman paper) and copy pa-
per are needed to conduct the research. It can be
immediately noted that this experiment is quite
simple from the point of view of the necessary
tools for its implementation.

As a result of the research, a number of im-
pressions of the tire contact zone with the support
surface at different values of internal pressure
(from 0.16 to 0.225 MPa) were obtained. One of
the prints is shown in fig. 3.
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Fig. 3. Imprint of the contact zone of the
235/55R18 tire with the supporting
surface (value of internal pressure
p = 0,225 MPa)

Next, we measure each print and calculate the
areas of contact zones. The results of the calcula-
tions are summarized in the table. 1. The depend-
ence of the area of the contact zone on the value
of the internal pressure is presented in Fig. 4.

Table 1. Results of contact area measurements

Parame- Internal pressure, MPa

ters |0.17] 0.18 | 0.19 | 0.2 | 0.21 |0.225
Area.10-92910.0267(0.024710.0239/0.0235)0.0224
Length,

mm 158 | 153 | 153 | 141 | 135 | 120
Deflec-

tion, | 6.2 | 5.8 5.8 5 4524 | 3.57
mm
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Fig. 4. Dependence of the area of the contact
zone on the internal pressure in the tire
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The application of the finite element method
to solving the problems of the mechanics of a
car tire

The finite element method is a progressive tool
for solving a wide range of engineering problems.
The fundamental principle of FEM consists in di-
viding the studied area into elementary areas of
finite dimensions (finite elements) [11]. In each
such element, the unknown function is approxi-
mated by a polynomial. Currently, there are many
software systems based on FEM for solving var-
ious engineering problems. The most developed
and well-known is the "Ansys" system. However,
it can be said that other, more affordable systems
can be used to solve relatively simple problems.
In this work, we will solve the problem of evalu-
ating the radial stiffness of the tire using the "Au-
todesk Inventor™ program.

To solve the given problem, it is first neces-
sary to create a model of the tire under study. At
first glance, it may seem that a car tire is a fairly
simple element of a car wheel. But in fact, it is an
extremely complex structure in the form of a shell
made of composite material (cord) with a con-
necting rubber (Fig. 5).

L /

Fig. 5. Meridional section of the tire [12]:
1 —innerliner; 2 — carcass; 3 — bead filler;
4 — chafer; 5 — bead wire wrapping;
6 -sidewall; 7 — under-belt corner;
8 — belt; 9 — tread.

It is clear that each of the elements of the tire
has different physical and mechanical properties,
about which, by the way, it is not always easy to
find information. So, to solve the problem, you
need to make certain assumptions about the car
tire model. At the first stage of FEM modeling,

we can assume that the tire consists of one conti-
nuity, isotropic and homogeneous material.
Moreover, the specified material will have the
physical and mechanical properties of the side-
wall. After all, in our case, when it is necessary
to determine the radial deflection, the main role
is played by the sidewall of the tire.

To apply FEM, it is necessary to know the fol-
lowing properties of the tire material: composite
modulus of elasticity, shear modulus, Poisson's
ratio, density, yield strength, and strength limit.
The definition of the composite modulus of elas-
ticity is considered in detail in [12-13].

But again, in order to determine the composite
Young's modulus, it is necessary to know many
parameters, for example, the curl angle of the
frame cord rope, the density of threads per unit
length, etc. Therefore, we finally choose the ma-
terial properties according to [5].

Before creating a model of a 235/55R18 car
tire, it is necessary to determine the geometry of
the meridional section. From the marking, the
mounting diameter, width and height of the tire
profile are known. It is clear that the manufactur-
ers do not provide complete information regard-
ing the geometric parameters of the tire. There-
fore, it is necessary to independently create a sim-
plified drawing of the meridional section based
on the known dimensions (Fig. 6).

235

24

129,25

94572

] P

Fig. 6. Geometric parameters of the simplified
meridional section of the 235/55R18 car
tire

Based on the drawing (Fig. 6), we create a
model of a car tire in the Autodesk Inventor en-
vironment (Fig. 7), and set the above properties
for its material.
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Next, we create an approximate model of a car
disk and connect it to the tire, and also create an
element that will imitate the supporting surface
and then position the car wheel relative to the
supporting surface. We run the simulation with
the same inputs as in the actual experiment de-
tailed in the previous section.

Fig. 7. Car tire model 235/55R18

In fig. 8 shows the result of modeling the in-
teraction of a car wheel with a support surface, at
the value of the internal pressure p = 0,225 MPa
and wheel loads P =5000 N . In this case, the ra-
dial deflection is — h =3,85mm, which almost
coincides with the result of a real experimental
study.

Fig. 8. The result of modeling the interaction of
a car tire with a support surface
(p=0,225MPa,P =5000N)

Next, we perform simulations at different val-
ues of internal pressure and summarize the results
in the table. 2.

The dependence of the area of the contact
zone on the value of the internal pressure, accord-
ing to the results of FEM simulation, will be close
to the graph shown in Fig. 4.

Table 2. The results of measurements of the contact
zone in the simulation of FEM

Internal pressure, MPa

Parame-
ters 1017|018 | 019 | 0.2 | 0.21 |0.225

Arfza’ 0.031| 0.029 | 0.027 | 0.026 | 0.026 | 0.024
Length,| 161 | 170 | 162 | 148 | 143 | 128
mm
Deflec-

tion, |6.55| 625 | 6.1 | 515 | 47 | 3.85
mm

Evaluation of the rolling resistance of a car
tire

Based on the results of experimental research and
simulation of FEM, it is possible to estimate the
rolling resistance of a car tire using equation (1).
To do this, we calculate the necessary parameters
that will change as a result of the change in inter-
nal pressure: k; — the proportionality factor be-
tween the length of the contact zone and the nor-
mal deflection of the tire; H , — the proportion-

ality factor between the value of the inelastic re-
sistance force and the normal deflection;

h, max — full deflection of the tire in the radial di-

rection, mm; ry — dynamic wheel radius, mm.

Recall that the load in each case remains constant
P =5000N.

Based on the results of the calculations, we
plot the dependence of the rolling resistance co-
efficient on the internal pressure. In fig. 9 shows
the dependence built on the basis of the results of
an experimental study.

_ 0017
5 \
£ 0.016 -
[«5)
8
8 0.015
c
3
é 0.014 \
D
£ 0.013 \.
S
e
0.012 >
0.16 0.18 0.2 0.22 0.24

Internal pressure, MPa
Fig. 9. The dependence of the rolling resistance

coefficient on the internal pressure, built
on the basis of the results of a real
experiment

In fig. 10 shows the dependence, which is built
on the basis of the results of FEM simulation.
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Comparing the results, it can immediately be
noted that higher values of the rolling resistance
coefficient are observed in the FEM simulation.
It is worth noting that the dependence (Fig. 9) is
closer to the results of determining the rolling re-
sistance coefficient obtained in [2]. It can also be
said that the general trend of change in rolling re-
sistance is quite obvious (as the internal pressure
increases, the rolling resistance coefficient de-
creases). But the shape of the curves (Figs. 9, 10)
differs from those given in [2].

A
0.022

002f——

0.018

0.016

0.014

Rolling resistance coefficient

0.012 >
0.16 0.18 0.2 0.22 0.24

Internal pressure, MPa
Fig. 10.Dependence of the coefficient of rolling
resistance on internal pressure, built on
the basis of the results of FEM

Conclusions

In the work, an analysis of the literature is per-
formed, which examines the issue of the interac-
tion of a car tire with a supporting surface. Based
on the results of the analysis of the research
works, it can be said that most of the works do
not cover the peculiarities of the mechanics of the
car tire when driving in the starting mode. That
is, when studying operational characteristics, it is
considered that the tire has already reached opti-
mal parameters (temperature, internal pressure,
etc.), that is, in other words, it can be said that the
presence of the starting period of movement is
not taken into account. In previous works [1-2],
it was already proven that in the period from the
start of movement (on "cold" tires) to the stabili-
zation of the operational characteristics of the
tire, the internal pressure and temperature change
quite significantly (by approximately 20-35%),
and accordingly other properties of the car tire
also change.

In this paper, the dependences of rolling re-
sistance on internal pressure, based on the ellip-
tic-degree model of the absorbing property of the
tire, were obtained [6]. To apply this method of
determining rolling resistance, it is necessary to

evaluate the stiffness characteristics of the car tire
and the geometric parameters of the contact
zone of the car tire with the supporting surface.
Stiffness assessment (determination of radial
deflection), as well as determination of geomet-
ric parameters of the zone of contact with the
support surface, was carried out by conducting a
real experiment and using the FEM. It is worth
noting that a simplified tire model was used to
simulate the interaction of a car wheel with the
road surface.

The following conclusions can be drawn on
the basis of the research carried out in the work
on the assessment of rolling resistance:

— the results of simulation of the interaction
of a car tire with the road surface of the MSE
almost coincide with the results of experi-
mental studies, which indicates the sufficient
accuracy and efficiency of the application of
the FEM to solve the problems of the mechan-
ics of the car tire;

—the rolling resistance of a car tire de-
creases with an increase in the internal pressure
of the gas filler, with an increase in the internal
pressure in the range from 0.17 to 0.225 MPa,
the coefficient of rolling resistance decreased
by approximately 20-25%;

— when studying the operational character-
istics of automobile tires, it is necessary to take
into account the presence of a starting period of
movement to ensure safety during this period.
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YTouyHeHa OLiHKA ONOPY KOYEHHI0 ABTOMOOLILHOT
LIMHU B CTAPTOBHIi mepioa pyxy

Anomauin. Ilpoonema. Onip xouenwro € 0OHi€W 3
HAUGANCAUBIUUX eKCIIYAMAYITIHUX XAPAKMEPUCIUK
asmomoobinbrol wiunu. B nepwy uepey 6io onopy xo-
YEHHIO 3aNexcams Umpama naiued, 008208iUHICHb
ma pecypc wuHU. 3pO3yMino, Yum euuje onip Ko-
YEHHIO, MUM WeUoule ma iHMmeHCcugHiue Oyoe 3HouLy-
samucsa wuna. Taxkodc 6i0 Xxapaxmepucmuxu onopy
KOUEHHIO HenpAMO MONCYMb 3a1excamu napamempu
2aNbMYBAHHA ABMOMOOIIA, MAKI K YNOGLIbHEHHS Md
8I0N0BIOHO 2anbMisHull wisax. B ceoio uepey na onip
KOUEHHI0 MAlomb 6NIUG 5K 8IACTNUBOCIT CAMOI WUHU,
maxk i cman O0OpPOACHLO20 NOKPUMMSA MA NO200HI
ymosu. OcodauBo 6aNCIUBOIO € OYIHKA eKCNIYAmAayiii-
HUX XAPAKMepucmux agmomoOiibHol WuHU 6 cmap-
moguil nepiod pyxy, addice 6 yeul 4ac NoseoiHKa WUHU
€ Henpoenozosanow. Mema. Memoro danoi pobomu €
800CKOHAIEHHS MEMOOUKU OYIHKU ONOPY KOYEHHIO a6-
MOMOODINbHOI WUHU 8 CMAPMOoGuil nepioo pyxy.
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3uarouu K 3MIHIOEMbCSL 8 NPOYECE CMApPMo8o20 Pyxy
ONip KOUEHHIO MOJICHA OYIHIOBAMU Ul eKCNILyamayititi
enracmusocmi asmomo6inri. Memodonozia. Ymou-
Hena oyinKka 30MICHIOEMbCSL 3d O0NOMO20I0 3ANEHCHO-
cmetl, wo OyIU OmMpumaHi 8 NONepeoHix HAYKOBUX
npaysax. Ane 0nsa mozo wjod pe3yibmam oyiHKU Onopy
KOYEeHHIO 6)8 KOPEKMHUM, NOMPIOHO BUSHAYUMU He-
00xi0HI xapakmepucmuxu wunu. A came, mosa tide-
MbCs NPO XaApAKMePUCTHUKU PAOIanbHOI HCOPCMKO-
cmi. B pobomi 0ani xapakxmepucmuxu 8USHAYAOMbCs
AK WIAXOM NPOBEOeHHs eKCNepUMEHMANbHUX O0CTi-
Ooicenb, mak i 3a donomoeor 3acmocysarusi MCE.
Pesynomamu. 3a80aku nposedeHum 00CHIONCEHHAM
ompumani 8a2omi pe3yrbmamu 3MiHU ONOPy KOYEHHs
6 nepiod cmapmosoeo pyxy. Bcmarnogneno, wo 3i 30i-
JIbWEHHAM 6HYMPIwHb020 mucky 6i0 0,17 MIla 0o
0,225 Mlla, énacniook cmapmoeozo pyxy, onip Ko-
yennio smenuyemocs npubauzno na 20-25%. Opuzi-
HanbHicmb. 3 ananizy aimepamypu MOXCHA 3p0oumu
BUCHOBOK, W0 8 DLIbUOCmI 3 BUBUEHUX pobim, 0coo0-
JUBOCMI 83AEMOOTT ABMOMOOITGHUX WUH 3 ONOPHOIO
NOBEPXHEI 8 cMapmoguil nepiood He 8PAX08YIHOMbCs
nio uac pizHomaHimuux Oocnioxcenv. Moowcna cka-
3amu, wo opucinanbHicms O0aHoi pobomu 3 00HO20
OOKY nonseae ¢ momy, wo onip KOYEHHIO O0CI0NCY-
EMbCSL 8 NEPIOO CMAPMOBO20 PYXY, A 3 IHULO20 6 MOMY,
wo 1020 oyiHka 30MUCHIOEMbCA K HA  OCHOBL

Dpe3yabmamie eKCnepuMeHmanbHux 00Cai0#ceHb max i
3a oonomozoro MCE. Ilpakmuune 3uauenus. B oaniti
POOOMI MOJCHA BUOLIUMU OMPUMAHI Pe3yTbmamu,
3a80AKU AKUM MOACHA 3 00CMAMHBLOI MOYHICIIO OYi-
HIO8AMU ONIp KOUeHHI0 agmomo0dinbroi wunu. Memo-
OUKU GUSHAYEHHS eKCIIYAMAYIUHUX XaAPAKIMEPUCUK
a8MOMOOINbHOT WUHU, WO NpeoCmasieHi 8 pobomi,
MOJICHA BUKOpUCMOBY8amu npu ii excniayamayii ma
Ha cmaoii npoeKmyanHs.
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