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THE ROLE OF A TIRE IN VEHICLE AND ROAD INTERACTION
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Abstract. Major difficulties in road surface description lies in the evaluation of the tire and road interaction. Main purpose
of this paper is to analyse the influence of the tire in vehicle and road interaction with the purpose to choose more
commons, but enough precise tire models. Data of profile used in investigations were measured in real roads. For the
investigation of the tire’s smoothing function two models were used: flexible narrow ring — 2D estimates the tire and road
contact in a line and flexible band — 3D estimates dimensional contact between the road and tire. Results of computations
are presented in figures. There were determinate that tire does not fully smooth irregularity of surface texture level.
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1. Introduction

We are facing the problem of the road surface de-
scription in vehicle movement on the known road tract,
even if a road profile is known [1, 2]. Major difficulties in
this description lie in the evaluation of tire and road inter-
action. In this paper this interaction is investigated in two
aspects:

1. The rolling wheel does not reflect the irregulari-
ties of the road, but the tire has a smoothing ability and
this must be evaluated in the description of a very uneven
road [3-5].

2. It evaluates the changes in the length of a tire
and road contact during the deformation of the tire, if a
wheel rolls on the road irregularities.

Theoretically, even if the deformation is linear, the
tire must be described as a nonlinear element because the
contact area with a road surface is constantly changing.
The dependence between contact dimensions (contact
length) and vertical deformation, if the tire is deformed, is
distinctly not linear.

Lately the authors who investigate the interaction of
tire and road, when they solve noise problems [6-8], they
pay attention to the fact that the tire not always can smooth
even the texture level irregularities of the road surface.

The main purpose of this paper is to analyse the in-
fluence of a tire in the vehicle and road interaction in order
to choose more common, but enough precise tire models.
The investigation of the estimation of tire and road con-
tact is limited by linear and flat models, but the structure of
a tire (kvazistatic model) was not evaluated.
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2. The Description of a Road

The data of the typical Lithuanian road tracts are taken
from the experiments [9, 10] and were measured in differ-
ent real roads. The data of every road profile have specific
indication that are characteristic only to this tract; in this
case the possibilities of formalization of particular road
profile data were analyzed. In data formalization it was
evaluated that the main part of road profile records was
made with a laser profilograph DYNATEST 5051 RSP which
software estimates the road roughness in IRI (International
Roughness Index). In this case, road profile data records
are discreet and the step is big enough. According to the
calculation method [11] the data, the information about
the roughness height in one line is registered at every
0.147 m. In dimensions the road profile registration is per-
formed only at every 1 m. The texture of the road surface is
not registered with this profilograph. Data analysis con-
firms that it is possible to estimate essential differences of
even and uneven asphalt concrete and gravel pavement
roads profile with summarized data.

The waviness characteristic of all three types of the
tracts was investigated in paper [9] and correlation func-
tions of different road profile {Fig 1) prove this statement.
Perpendicular or crossed and some banded to the axis, but
not heigh, waves (Fig 2) are characteristic of the afore-
mentioned waves.

According to the ¢lassical method [9] the data of the
road tract profile were analysed. Dispersion of roughness
o q2 and correlation function Rq were calculated:

6,2 = lim J-quq 2(x)dx )
I Ly Lg 0 J
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Fig 1. Correlation functions of summarized road tracks:
1 — even asphalt concrete; 2 — uneven asphalt concrete;
3 - gravel

Fig 2. Dimensional fragment of the road profile
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where, Lq — length of analysed section, g, — height of
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The analysis of the road profile is simplified because
dimensional profile records (3D) are presented thicker by
track by profilograph DYNATEST 5051 RPS. It makes pos-
sible more precise restoring of profile specific character in
the contact zone of the tire. The data of road surface tex-
ture from [12] were used. Three types of surface textures
(Table 1)-relative by even (I), middle (II) and very rough
(III) were used. In Fig 3 the view of the dimensional sur-
face textures is presented.

The statement that texture is a collection of acciden-
tal irregularities with the specific dominating form is pos-
sible. It was noticed that the surfaces with rough texture
distinguish waviness with the shorter than profile waves

(Fig4).

Fig 3. Dimensional fragment of the road surface texture

The data about the characteristics of the analyzed
profiles and surface textures are presented in Table 1.

Determinative method of computation was used. Real
road profile record was formed in one line for 2D type
model of the tire and dimensional profile record for 3D
type tire model. Surface texture of the road was estimated
placing the data of surface texture on the road profile data.

The data of surface texture (control points are at ev-
ery 2.5 mm) are selected from the basic data file using
generator of random numbers. In this way the calculated
data of the road profile g(x) or g(x, y) were obtained.

We specify that the essential differences of the cor-
relation function during the evaluation of the texture were
not found (Fig 5).

Fig 4. Correlation function of different surfaces texture
(table 1) 1 -T; 2 —I1I; 3 - III
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Table 1. Characteristics of the analyzed road surface profile and texture.

41

Quality of road surface Dispersion Characteristic wavelength, m
g, mm
Even asphalt concrete 3,492 50-52
Uneven asphalt concrete 12,437 75-77
Gravel 13,667 45 - 47
I (relative by even texture) 0,276 0,04 - 0,10
II (middle texture) 0,695 -
111 (very rough texture) 1,667 0,06 - 0,14
a
q(x)

Fig 5. Correlation function of the profile evaluating the
texture: 1 — with texture; 2 — without texture

3. Models of a Tire for the Description of the Smoothest
Vehicle Movement

Depending on the purpose of the model few models
of the car tire are offered distinguishing linear [1, 2, 3, 13]
or nonlinear [6, 4, 14, 15] characteristics.

For the more detailed investigation of the tire smooth-
ing function we selected the model of the flexible narrow
ring (2D) and a flexible band (3D). The first one (Fig 6, a)
estimates the tire and road contact in a line and it is used
when the record of profile is simplified, i.e. the road profile
data in one line are known. The second one (Fig 6, b)

estimates a dimensional contact between road and tire, Fig 6. Models of tire: a — flexible ring; b — flexible band

but it demands on the full profile data where conditions of
traffic band are reflected.

In both models the length of a tire contact was
determinated according to the vertical deformation of the
tire. Two extreme cases were analyzed: The tire does not
get deformed in the radial direction and the contact length
is equal to the arc length (this presumption is not precise
because experimental data [2] confirm that then the tire in
the contact zone 1s pressed). The second case is when the
tire protector is crushed to chord length. The results con-
firm that computational method of the contact length does
not have distinct influence on the results, if the rolling of
the modern tires in good quality roads is analyzed.

Quarter car model (Fig 7) 1s used to determinate ver-
tical deformation of the tire. Making presumption that stiff-
ness characteristics of the tire and suspension are linear,
the model can be described by the equation system:

L,
I

Fig 7. Quarter car model
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where m1, — the sprung mass of car; m, — the unsprung
mass of car; o, —stiffuess of ure; ¢, —stiffness of suspen-
sion clements; k, — tire demping; g ~ middle ordinate of
the road surface profile under the car’s wheel; z) — vertical
displacement of the unsprung mass; z, — vertical dis-
placement of the sprung mass.

The system of equations 1s solved by the method of
Runge - Kutta, In the initial calculations the model of a
quarter car corresponds to VW Golf automaobile, the driv-
ing speed is equal to 100 xm/hi. Using this model the limits
of changas of the fire contact length are established driv-

ing on the roads of diiferent guality (Fig 8). Moving on
the asphalt concrete roads the contact length changes in
the hmits of 16 %. Atabout 15 % of the way this length is
ciose 10 the length under static load conditions. On the
uneven gravet road (Fig 8) the curve of the contact lengih
is located in a more wide range. The cases were registered
when the tire looses touch with the road and has the high-
est possible deformation. In this way the role of the tive
rolling on very uneven roads 15 suppesed to be more dis-
tinct.

The roads of varicus quality and different models of
the tires are presented in Fig 8. They aliow to affirm that it
is possible to analyze the simplified tire model with the
invariable contact length corresponding to the length of
the static tire deformation when the car is moving on the
asphalt concrete.

Investigating the role of a tire in the car and road
interaction it is necessary te estimate that the damping
coefficient k, (Fig 7) can be differeni for the different
models of the tire construction. Different authors present
different recommendations, in some investigations {2, 3],
especially for the higher speeds, the recommended k,=0.
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Fig 8. Dustribution frequencies of the tire contact length on
various quality roads and for different models of tires:
I — even asphalt concrete 2D; 2 — even asphalt concrete 30;
3 — uneven asphalt concrete 2D;
4 — uneven asphalt concrete 3D; 5 — gravel 2D; 6 — gravel 3D
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Fig 9. Frequentative characteristic of the car mass: 1 — sprung
mass; 2 ~ unsprong mass; 3 — unsprung mass, when tire
damping k,=0
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Fig 19. Influence of the tire modzl on body oscillations
(fragment of the even asphalt concrete pavement with very
rough texture): 1 - contact point; 2 — 2D model;

3 — 3D model

The influence of the tire smoothing function on the
frequentative characteristics of the quarter car model was
analyzed. The resuits presented in Fig 9 arc obtained
analyzing the extrerne damping coefficients presuming that
the damping coefficient of the tire is equal to zero and the
results investigate the modern tive [1, 4, 5, 14]. A fre-
quentative characteristic of the quarter car model changes
only for unsprung mass, in enough wide 14-22 Hz frequency
tract wheve the dynamic coefficient of vertical deformation
increases 1.2 times.

The results of the investigation of the quarter car
model allow to affirm that the model of the tire has no
essentiai influence when the road with asphalt concrete
pavement (Fig 10) is analyzed. Using different models of a
tire the differences of amplitude of the body oscillations
do not exceed 9 % pericds change 0.006 rad. In this case it
1s purposive (o pay greater attention to unsprung mass
oscillations.

4. 2D Tire Modei

2D model was used aiming to estimate the influence
of the surface texture, the tire contact length and the ap-
proved tire model. The results {Table 2) show that 2D model
is more sensitive to the surface textures than the dimen-
sional model.

The dependence of the unsprung mass vertical dis-
placement or the used type of the tire smoothing function
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Table 2. Dependence of dispersions G of the calculated

profile roughness on the tire model and the surface texture

Surface texture
Model
I 11 111
—
flat 0,188 0,329 0,348
dimensional 0,194 0,195 0,195

is presented in Fig 11. It is possible to state that the esti-
mation of change of the tire contact length which requires
much complicated computation scheme is not very effec-
tive on the profile level and is not much different from the
model with a point contact. The analysis of the flat tire
model shows that the estimation of the surface texture can
have the influence on the evaluation of the car movement
on the profile level, 1. e. on the level which has the influ-
ence on the operation of the car suspension. The results
are not identical, if the same tract is modelled evaluating
the texture influence and without it. The obtained results
allow to simplify the smoothing function of the tire if rough-
ness of the short waves does not have distinct influence
on wheel and road interaction. Applying the model with
the constant contact length we have established that the
influence of'the tire is more complicated. The uregularities
of the surface texture level distinguish with very short
waves (0.04 — 0.14). These irregularities have the influ-
ence on the contact between tire and road.

Fig 11. Displacement of car unsprung mass using different
methods of estimation of contact length: 1 — contact line;
2 — contact changeable length line; 3 — contact point
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Fig 12. Trajectory of the tire center for the same profile with
different surface texture: 1 —rough (III texture, Tablel),
2 —even (Il texture, Tablel); 3 — without texture

Modelling the tires rolling on the same profile road
with the different texture surface the influence of surface
texture can be distinctly observed in middle coordinates
of the tire (Fig 12). It means that the tire does not fully
absorb the irregulanties of the surface texture. Using the
linear tire contact model (2D) we cbserved the waves of
the surface texture amplitude level which lengths are lo-
cated in the range 0f 0.25 — 0.7 m, 1. e. in the range of the
profile level roughness. This problem is analysed in detail
using 3D tire model.

5.3 D Tire Model

3D tire model 1s distinguished by a more smoothing
function. In this case the surface texture has less influ-
ence. Even the determinative computation method of this
model is more receptive for different criterions, but only in
this way it is possible to estimate additional factors, such
as: contact curvature, contact zone bending on the across
and along plane.

In the dimensional surface texture data estimations it
was observed that the irregularities are distributed acci-
dentally and their forms are irregular. This statement is
illustrated by the presented view of the dimensional sur-
face texture fragment from the top (Fig 13). Here we can
see accidentally located tops of the texture irregularities.
For this reason the influence of the texture remains in the
dimensional tire models for the even surfaces, it has the
same size as in 2D model (Table 2) and for rough surfaces
it is levelled.

The dependencies characterizing the movement of
the car unsprung mass by modelling the operation of the
tire applying different models were established (Fig 14).
Dimensional mode] distinguishes the greatest smoothing
function and rather precisely estimates the influence of
the road irregularities. Analyzing the flat model of the tire
we noticed that in this case (Fig 14 curve 2) the texture of
road surface has a great influence. [t involves the increase
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Fig 13. Fragment of the dimensional road surface texture
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of amplitude of road irregularities. The simplified dimen-
sional model enough realistically reflects the irregularities
of the road, but the differences of period and amplitude
are observed, if compared with the influence of road ir-
regularities.

'y, mm
57
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Fig 14. Movement of the car unsprung mass using different
models to estimate the contact of tire and road: 1 — contact
of tire and road — point; 2 — contact — line; 3 — simplified
dimensional contact; 4 — dimensional model
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Fig 15. Distribution frequency of irregularities curvature radius
in plane of wheel rolling for the different contact length of tire
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Fig 16. Distribution frequency of irregularities curvature radius
in across plane of wheel rolling for the different contact width
and for different models of tire: 1 — 150 mm, model with
constant contact length; 2 — 250 mm, model with constant
contact length; 3 — 150 mm, model with variable contact length;
4 — 250 mm, model with variable contact length

The dimensional model of the tire gave the possibil-
ity to define more precisely some specific characteristics
of the Lithuanians roads. Investigating the profile of the
road in the level of tire contact dimensions, small enough
curvature of irregularities in the longitudinal and across
planes was observed (Fig 15, 16). Curvatures of irregulan-
ties with the radius equal to the tire diameter of about 20 %
of the road tract in different road tracts were observed.
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Fig 17. Distribution frequency of pavement pitch comers in tire
contact zone: | — in along plane of wheel rolling for model with
variable contact length; 2 — in along plane of wheel rolling for
model with constant contact length; 3 — in across plane of wheel
rolling for model with variable contact length; 4 — in across plane
of wheel rolling for model with constant contact length

This must have influence on the stiffness of the tire [2].
For more exact definition of the interaction model this fea-
ture must be estimated.

The angles of road pitch in the contact zone vary in
limits of 0.3 ° in longitudinal direction (Fig 17) and 0.8 ° in
across the direction of wheel rolling. Not big angles of
inclination dominate. Comparing 3D model with constant
contact length and more precise 3D model essential
differences were not observed (Fig 16, 17). The obtained
results allow to simplify significantly further modelling of
tire and road interaction.

Performing the comparison investigation ten times
increased volumes of calculations are evaluated, if a di-
mensional model with variable contact length is used. It
allows to recommend to chose the description of smooth-
ing function corresponding to solving task. In this case,
evaluating the car smoothest movement for comparison
calculations it is possible to use the model with the point
contact of tire and road, if the profile records are made
with profilograph DYNATEST 5051 RSP. By modelling
uneven asphalt concrete, its dispersion of profile irregu-
larities is 13.86 mm; dispersion of unsprung mass move-
ment equals to 14.05 mm, if model with point contact is
used and texture is not evaluated; with flat 2D model of
tire, evaluating surface texture is 14.02 mm; with dimen-
sional 3D model, evaluating surface texture is 14.01 mm.
Standard square deviation between 2D and point models
15 0.463 mm; between 3D and point models itis 0.537 mm;
between 2D and 3D models it is 0.336 mm. The deviations
are formed because of the changes of local phases.
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Using the records of road profile the preparation of
the data with the estimated smoothing function of a tire
for the computations of the car smoothest movement is
possible. For the further modeling of suspension motion
the obtained data and the model with point contact of tire
and road are used. If it is necessary, a radius of irregularity
curvature in separate points can be presented. This prepa-
ration of data distinctly minimizes the volumes of the ini-
tial data files and further computations. There is no need
to use 3D model if data of the wheel position or contact
curvatures in the wheel rolling cross plane are not neces-
sary. For the evaluation of the suspension operations the
description of vertical displacement is necessary. For this
description the tire model with a point contact an be used.
The investigation of profile records allows to state that
the method for IRI measurement offered by M. Sayers [11]
is well considered selecting the criteria of the road profile
measurements and the roughness estimation step. They
describe the quality of the road precisely enough.

6. Conclusions

1. Using the model of a quarter car the models (with
point contact, 2D and 3D) of a tire were investigated. The
influence of tire smoothing function for the investigation
of car and road interaction was estimated.

2. It was determinated that a tire does not fully smooth
the irregularities of a surface texture level. In more precise
models not only a road profile, but the texture of surface
must be evaluated too.

3. Analyzing the records of road profile it was ob-
served that about 20 % radius of the irregularities curva-
tures at the tire and road contact zone can have the same
size as the tire diameter. For this reason it is necessary to
adjust the characteristics of tire stiffness.

4. It was determinated that the inclinations and bend-
ing angles of the contact zone are distributed in 0 2 0.6 °
range and only 4 % of them are distributed in narrow »1 °
range.

5. For the comparison of computations investigating
the smoothest movement it is possible to use the point
model of wheel and road contact.

6. It is possible to state that the method for IRI mea-
surement offered by M. Sayers [11] describes well the
features of interaction between car and road when driving
faster (80 — 100 km/h).
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