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ABSTRACT. This paper deals with the influence of road texture on normal pressure distribution
for tyre/road contact in statics, within the framework of rolling noise prediction. A contact
model is developed in statics where the tyre tread is modelled by an elastic half-space and the
road surface by several perfectly rigid asperities. The problem is solved using a Two-scale
Iterative Method (TIM) which is fast and efficient. The numerical results give high resolution
contact patterns for real road surfaces. Predicted results are compared to contact pressures
measured between a slick tyre and several road surfaces. The agreement is fairly acceptable
by keeping in mind both the precision of the measurement device and the simplicity of the
model. The best correlations are obtained for model surfaces composed of spherical punches
and real road surfaces of moderated or high macro-texture. The results are less conclusive
for road surfaces of fine macro-texture. The efficiency of the TIM at a tyre/road contact scale
is an encouraging first step before introducing dynamical effects.

KEYWORDS: Tyre/Road Contact, Road Texture, Tyre Print, Pressure Measurements, Numerical
and Experimental Methods




1. Introduction

Tyre/road contact is an important issue for many road applications, such as skid-
ding resistance, tyre noise emission and tyre rolling resistance. In the case of noise
emission, the normal excitation of the tyre in the contact patch is the main cause of
tyre vibration. Road texture has a great influence on this excitation and thus on noise
emitted by the tyre/road interaction during rolling. Statistical correlations between
tyre/road noise and road texture were first established by Sandberg and Descornet
(1980) on a large variety of dense road surfaces. They found that road texture is corre-
lated with tyre/road noise in two different frequency ranges: low frequency noise (f <
1000 Hz) 1s positively correlated with macrotexture (50 to 100 mm wavelengths) and
high frequency noise levels (f > 1000 Hz) are negatively correlated with small texture
wavelengths (2 to 5 mm). Similar correlations were obtained for road surfaces includ-
ing porous asphalts (Anfosso-Lédée and Do, 2002, Klein et al., 2004) or specific road
surfaces within the TINO project (La Torre et al., 1999). These statistical results are
of great interest for identifying the part of the different texture scales in the generation
of tyre/road noise. However, despite these correlations have been established for more
than 20 years, the quantitative prediction of tyre/road noise from a given road surface
is still an open issue. This is partly due to the difficulty of modelling the dynamic
contact stresses between the road surface and the tyre tread during rolling.

Three main approaches were proposed in the literature for modelling tyre/road
contact forces within the framework of tyre/road noise prediction. The first uses a
Winkler bedding model in two (Kropp, 1992) or three dimensions (Hamet and Klein,
2000). The second is based on boundary element methods in two (Clapp et al.,
1988, Klein et al., 2004) or three dimensions (Wullens and Kropp, 2004). The last
one is a multi-asperity approach also in two (Fujikawa et al., 2005) or three dimen-
sions (Sameur, 2004). In these different approaches, the tyre tread is often modelled
by an elastic half-space in contact with a perfectly rigid road surface. For all these
approaches, only normal contact forces are calculated since they are the main source
of tyre radial vibrations responsible for noise emission. Thus friction is not taken
into account in the models at the moment. Except the approach of Kropp (Kropp,
1992, Wullens and Kropp, 2004) that includes the dynamic response of the tyre belt
using an orthotropic plate model, a recurrent hypothesis is that the contact during
rolling is evaluated from several contact patches in statics or quasi-statics for succes-
sive time steps. Considering this last hypothesis, the resolution of tyre/road contact in
statics becomes the main difficulty of the problem. For three dimensional models, the
results are still limited to relatively large elements (Wullens and Kropp, 2004) or to
asperities of simple shapes (Sameur, 2004), like spherical or conical indenters. Hence
the prediction of normal contact pressures does not take into account the complex-
ity of road surface texture at a fine scale. Moreover, the proposed models were not
compared to experimental tyre/road contact patches measured in statics.

This study presents a simplified method for predicting the normal contact pres-
sure for tyre/road contact in statics, which was developed by the authors within the
framework of tyre/road noise prediction. The contact problem is solved at a fine scale



and gives contact area and pressure distribution for real road surfaces in contact with
a smooth tyre. The numerical results are compared with experimental contact data
measured at the contact interface using a pressure sensitive device. After present-
ing the tyre/road contact model, some numerical results will be given and discussed.
Then comparisons with experimental contact data are carried out before concluding
remarks.

2. Modelling tyre/road contact in statics
The general hypotheses used for modelling the contact between the tyre and the

road surface are illustrated in Figure 1. The problem is described using cartesian
coordinates (x,y, z).
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Figure 1. Contact between an elastic half-space and several rigid punches

First the tyre tread is modelled by a three dimensional elastic half-space with a
Young’s modulus £ and a Poisson’s ratio v. This means that the complex structure of
the tyre is not described in details and its stiffness is approached by the global value of
the Young’s modulus of the half-space. The geometric curvature of the tyre surface is
taken into account in the model by adding it to the geometry of the road surface. Thus,
the surface of the half-space modelling the tyre tread can be considered as perfectly
flat.

Then the road surface is described by several perfectly rigid asperities with random
shapes. It is assumed that the position and the geometry of each asperity is known
from texture measurement for instance. Additionally the relation between the local
load and the local penetration at the tip of each asperity is assumed to be known from
analytical or numerical results, as it will be explained in Section 2.2. Note that the
determination of an asperity is related to the scale at which the problem is considered,
but the full contact problem can be solved by combining different texture scales.

Finally, the surfaces in contact are assumed frictionless, which means that there is
no tangential tractions and only the normal pressure is taken into account in the contact
area. In first approximation, the problem is solved assuming small strains. The total



load P applied on the tyre is known and the suspension is simply modelled by a pivot
of longitudinal axis, allowing the tyre surface to rotate around the x-axis and the total
load to be well distributed at the contact interface in the transverse direction (y-axis).

2.1. Formulation of the contact problem

Considering the general hypothesis mentioned above, the classical contact problem
of Boussinesq (1885) has to be solved. The unilateral contact problem is defined by
the following equations:

Va,y) €T, ulz,y) = / / p(&, )T (2 €, m)décn 1]
V(z,y) € X, u(w,y)=0—2(z,y) and p(z,y) >0 2]

where Y. is the surface of the half-space, ... is the contact area, u is the displacement
at the surface of the half-space and p is the normal pressure at the contact interface.
Equation [1] gives the integral relation between w and p, where 7' is named the influ-
ence function of Boussinesq and is defined by:

1
V(z,y:2',y) € 22, T(zx,y;2',y) = 3
(z,y; 2", y) (z,y; 2", y) N ISP e e [3]

where E* = E/(1 — v?). Equation [2] contains two relations which have to be
respected at the contact interface. The first one describes the fact that the surfaces of
the contacting bodies can not penetrate. The distance ¢ is called the penetration and z
is the function characterizing the geometry of the indenting surface:

V(z,y) €2, z(x,y) =z (z,y) — z(z,y) + ay [4]

where z,. is the surface of the road, z; the surface of the tyre tread and « is the angle of
rotation around the longitudinal axis (O, =) induced by the pivot (« is assumed to be
small). The second relation in Equation [2] is the compressive condition which means
that the pressure in the contact area must be strictly positive (adhesion effects are not
taken into account).

In the problem given by Equations [1] and [2], the unknowns are the contact area
Y., the pressure distribution p, the penetration ¢ and the angle . Then if the total
load P applied on the tyre is known, the equilibrium in statics gives the two following
equations:

. / /2 (e )i 5]

0 = //Ecnp(ﬁ,n)dﬁdn [6]



Equation [5] corresponds to the equilibrium of the normal forces while Equation [6]
results from the equilibrium of moments of the normal forces at point O. These equa-
tions are necessary for determining ¢ and .

2.2. Resolution of the contact problem using a two-scale method

The contact problem formulated above is solved using a Two-scale Iterative
Method (TIM) which takes the advantage of the multi-asperity description of the road
surface. First the contact force distribution at the tips of the asperities is calculated
using an iterative scheme. This first step is called the macro-scale calculation step.
Then, in a second step called micro-scale, the pressure distribution at the contact in-
terface is estimated using the macro-scale contact forces as input data of a local Matrix
Inversion Method (MIM) scheme (Johnson, 1985).

Recall that the classical MIM consists in dividing the surface of the half-space into
identical square elements of side noted /& on which a constant pressure is assumed.
Then Equation [1] becomes a vectorial equation of the form Ap = b, where the
pressure vector p is unknown, A is called the influence matrix and b is the known
displacement vector. Usually the contact area is not known in advance and an itera-
tive scheme is used for solving the contact problem. In the classical MIM algorithm,
the global matrix A is first built from an overestimated contact area. Then the linear
problem Ap = b is inverted and the pressure vector p is obtained. The negative pres-
sure values are removed and a new problem is solved from the points with a positive
pressure. This procedure is repeated several times until only positive pressures are
found. When the problem involves a large number of points the MIM can become
very time-consuming.

Here only a local MIM is involved at the micro-scale step, which makes the TIM
more time efficient. In the following, the two calculation steps of the TIM are de-
scribed in details.

2.2.1. Load-penetration function for a single asperity

The macro-scale calculation in the multi-asperity case was motivated by macro-
scale results for the contact between an elastic half-space and a single rigid asperity.
In this case, the relation between the total load P and the penetration ¢ can be written:

P = CE*§? [7]

where C' and ~ are constants depending on the shape and the size of the asperity.
These constants are analytically known for axisymmetric punches (Sneddon, 1965),
like flat-ended, spherical or conical punches.

In this study, the same relation as Equation [7] was found for a single asperity of
random shape. An example is given on Figure 2 for a real road aggregate. The surface
of the aggregate was finely measured and was then used as input of the classical MIM.
The surface was divided into identical square elements of side A = 0.1 mm on which



a constant pressure was assumed. For several values of ¢ the MIM gives the normal
pressure distribution from which the total load P is calculated by integration. Then the
load-penetration relation was estimated (Figure 2, right) by linear regression (dotted
line) on the numerical points (Ind,In(P/E*)) (cross marks). In this example, the
constant C' was equal to 2.29 and v was equal to 1.53. Similar results were found for
other asperities of random shape.
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Figure 2. Measured isocurves and load-penetration function for a 3D real aggregate

2.2.2. Macro-scale calculation: contact force distribution

For macro-scale calculation, it is assumed that the relation between the local con-
tact force Py and the local penetration dy, is known for each asperity k (k € [1, N])
and can be written as follows:

Vk € [1,N], P, = Ck;E* [514: H((sk)]fyk [8]

where C}, and ~;, are constants depending on geometry of the asperity and H is the
Heaviside’s function which ensures that the contact force is null when ¢y, is negative,
corresponding to no contact on the asperity.

Then, from Equations [1] and [2], the displacement on the punch k, noted wuy,
inside the local contact area .., can be written:

up(z,y) =0 — z(z,y) — Z// pi(&§,n)T (x, y; €, n)dEdn 9]
l;éllc

Assuming that the distance between the asperities is large enough in comparison with
the size of the local contact areas, the influence function of Boussinesq remains almost
constant for each asperity [ interacting on the asperity k. Thus the influence function
can be estimated from its value at the tips of asperities k and !:

1
Ty =T (zk, yr: 1, Y1) = [10]
TE*\/(zk — 21)% + (yr, — u1)?




Consequently, Equation [9] becomes:

N
up(w,y) ~ 6 — 2(x,y) = > _ TP [11]
7
and knowing that the local penetration d;, corresponds to the displacement at the sum-
mit of the punch k of coordinates (zy, yx, 2k ):

N
Ok = uk(xr,yn) =6 — 21 — Y _ TPy [12]
ot
Replacing ¢ in the system of Equations [8] by the expression given in Equation [12]
leads to a system of N non-linear equations of N + 2 unknowns which are the NV
contact forces P, the global penetration ¢ and the pivot angle «. Then the problem
can be solved using the equilibrium Equations [5] and [6], which expression at the
macro-scale is:

N

P = > B [13]
k=1
N

0 = > wh [14]
k=1

This problem of non-linear equations is solved using the iterative method of Newton-
Raphson and finally gives the contact force distribution at the tip of each punch, the
penetration ¢ and the angle a.

2.2.3. Micro-scale calculation: contact pressure distribution

From macro-scale results, the normal pressure distribution at the contact interface
can be approximated using a local MIM (Johnson, 1985) at the scale of each individual
punch. On each asperity, the interface is discretized into square identical elements of
side h and coordinates (z,, Y, ) on which the pressure is assumed constant. Then the
micro-scale contact problem on the k" punch can be discretized and written as:

N
Vi € [1,ng], Ug;, = ZAkij Pk; [15]
j=1
V(l’kl,ykl) € Xk, O — Uk, — RZk; = 0 and Pk, > 0 [16]
Nk
Po=h*) p, [17]



where ny, is the number of elements on the k™ punch and Akij 1s the influence coef-
ficient between elements ¢ and j. This is analytically calculated from the following
expression:

ykj+h/2 :ij—}—h/Q
ykj_h/2 :Ekj—h/Q

Equations [16] and [17] lead to a local matrix inversion problem of the form

Aix; = by, with the unknown vector x; = {pg,," - ,pknk,ék}T, the vector
br = {2k 2k, — Py /h?}T and the influence matrix A}, such as:
A/</’11 e Aklnk —1
A, = . : : [19]
Aknkl t Aknknk _]'
1 ... 1 0

This problem can be solved using the classical MIM on the punch £ for a known
loading force P,. Then the local pressure vector on punch k, noted pj, is ob-
tained. When the calculation is completed on each punch, the pressure distribu-
tion at the contact interface is estimated and is given by the global pressure vector
p=1{pP1, ", Pky ", P N}T. In a first approximation, p gives a good prediction
of the pressure distribution in the contact area. It can be improved by the introduction
of an iterative process that will not be described here but can be found in (Cesbron,
2007).

2.3. Example of numerical results for tyre/road contact

The TIM approach was successfully compared with the classical MIM (Johnson,
1985) in a preliminary work (Cesbron, 2007). For small surfaces composed of seven
identical punches at the same height (spherical, conical or flat-ended) the TIM gave
the same results as the classical MIM, taken as a reference method. For these config-
urations, the convergence of the TIM in terms of CPU time is faster than the classical
MIM by a factor of more than 10. This ratio is even higher when the number of
punches increases (a factor of 70 was observed in the case of 24 spherical punches).
This makes the TIM a suitable tool for the prediction of normal contact forces between
a tyre and a rough road surface including a large amount of asperities. To demonstrate
the capacity of the method, calculations were performed at the scale of a real tyre print
on a road surface. For a given road surface, the calculation is divided in three main
steps as 1llustrated in Figure 3.

The road surface is described in the cartesian coordinates (X,Y, 7). The pre-
processing step consists in the identification of the asperities from a three-dimensional
texture of the surface obtained with a micro-measurement optical device. The mea-
sured surface is an array of 955000 coordinates distributed on a 200 mm by 191 mm
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Figure 3. Calculation overview of tyre/road contact pressures in statics

rectangular surface with a spacing of 0.2 mm. This data set is then pre-processed by
a labelling procedure that identifies and numbers the asperities. The procedure is de-
scribed in detail in Appendix A. Each identified asperity can include different texture
scales which are directly related to the roughness measured on the surface. Then the
load-penetration function is determined for each identified punch by the numerical
approach described in Section 2.2.1. Finally the surface is composed of N asperities
for which the coordinates of the tip (X, Y%, Z)) and the coefficients C, and ~y; of the
load-penetration function are known.

Knowing these surface parameters, the macro-scale calculation step of the TIM
can be performed. Additional input parameters such as the total load P applied on
the wheel, the Young’s modulus £ and the Poisson’s coefficient v of the tyre material
are needed in the model. The curved geometry of the tyre z;(x,y) and the position
(Xo,Yp) of the point where the total load P is applied are also introduced in the
model. Then the macro-scale calculation gives the force distribution on all the defined
punches. Finally, the local MIM is applied on each punch in order to get the pressure
distribution and the contact areas at the micro-scale.

In Figure 4, examples of numerical results in terms of pressure distribution (right
column) are shown for three different surfaces (left column). The first one on the top
1s a periodic model surface composed of identical spherical punches of radius equal
to S mm. The second one in the middle is a real Dense Asphalt Concrete road surface
with aggregate maximum size of 10 mm. The last one at the bottom is a real Porous
Asphalt road surface with aggregate maximum size of 10 mm. A total load P of 2950
N is applied on the surfaces by a slick tyre of diameter 57 cm and width 186 mm. The
Young’s modulus of the half-space used to model the tyre tread is £/ = 2.4 MPa and
the Poisson’s coefficient v is 0.5, which is common for rubber-like materials. The first
contact pattern was obtained in about 10 minutes (CPU time) while the two others
for real road surfaces were obtained in less than one hour (CPU time) on a standard
computer (PC Pentium 4/3.40 GHz).

For the three surfaces, the results of Figure 4 give realistic contact prints at a fine
texture scale and the contact pressure values are within the expected range. The ratio
between the mean radius of the local contact areas and the mean distance separat-
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Figure 4. Measured 3D texture (left) and calculated pressure distribution in tyre prints
(right) for three surfaces
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ing the asperities is in the order of 5. This is enough for treating the asperities as
sparse enough at the macro-scale and as isolated at the micro-scale. The mean strain
within the contact area can be assessed by dividing the mean contact pressure p,,, by
the Young’s modulus F. This gives a mean strain in the order of 30 % for the sur-
face composed of spherical asperities (p,, = 0.8 MPa) and around 40 % for the real
road surfaces (p,, = 1.0 MPa). Then the small strain assumption can become limited,
but the contact results obtained with the model are coherent and may be a first good
evaluation within the framework of tyre/road noise prediction.

3. Experimental validation

The purpose of this last part is to compare the numerical results of the TIM to
tyre/road contact measurements in statics. The study is carried out for a slick tyre in
contact with several road surfaces. First the measurement procedure is presented and
experimental results are given. Then the adaptation of the input data of the model to
the experimental contact configuration is described. The last part is concerned with
the comparisons between experimental and numerical results.

3.1. Measurements of tyre/road contact stresses in statics

3.1.1. Pressure measurement system

Contact pressures and areas were measured using the digital pressure sensing de-
vice I-Scan® developed by Tekscan©, which is reliable for the contact between mod-
erate rough surfaces. The system is illustrated in Figure 5. It is composed of a matrix-
based sensor linked to an acquisition card and a PC. The data acquisition display and
analysis is monitored by software.

Tekscan sensor 3150 ———» PC with acquisition set

Sensitive cells

Tekscan
handle T -J—J

Figure 5. Schematic view of the pressure measurement system

The contact pressure distribution between two bodies can be measured in real time
at a sampling frequency of 207 Hz. The sensor consists in two thin and flexible
polyester sheets which have conductive electrodes placed in a regular mesh. Between
the sheets, a semi-conductive layer provides an electrical resistance that varies pro-
portionally to the pressure applied. Thus, when placing it at the contact interface, the

11



sensor is an array of pressure sensitive cells measuring the pressure distribution be-
tween the two surfaces. The sensor used in the experiment has the reference number
3150. Its active area is a rectangle of 432 mm by 368 mm divided in an array of 2288
square sensitive cells of side Az = 8.38 mm. The sensor is very thin (thickness of 0.1
mm) which minimizes the intrusion when placed between the two contacting bodies.

The measurement system provides raw data between 0 and 255 and a calibration
must be applied in order to link these data with physical pressure values. The sensor
response 1s not linear and depends on the sensitivity of the sensor, the geometry of the
surfaces and the loading procedure. However, in a first approximation, the relation
between the pressure and the digital values can be assumed linear around a given
loaded configuration (Tekscan Inc., 2003). Thus, the manufacturer recommends to
calibrate the sensor for a loading condition similar to the one in the measured case
in terms of loading amplitude and duration. In practice, the total load P applied on
the tyre, measured independently on a weighting device, is used as the calibration
reference on each measurement. Following this calibration procedure, the precision
of the system given by Tekscan is 10 % within the studied range. Additionally shear
forces at the interface can damage the sensor or create noisy data, but such effects
were not observed as only static contact was studied.

3.1.2. Material and method

The experimental setup for contact pressure measurement under static loading is
shown in Figure 6. The tests were carried out on a passenger car fitted with two slick
tyres on the rear wheels. Contact pressures were measured between the right rear
slick tyre and several surface samples. The tyre was slowly and carefully loaded on
the surface using a lift system for taking down the vehicle. The total load P applied on
the tyre was measured previously and was equal to 2950 N. It was used for calibrating
the sensor as explained above. Each measurement was repeated four times for better
significance of the results.

Figure 6. Experimental setup: (1) Vehicle, (2) Lift system, (3) Measurement area, (4)
Slick tyre, (5) Tekscan sensor 3150, (6) Tested surface, (7) Tekscan handle
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Eight surface samples were used for the tests and can be seen on Figure 7. All
surface samples are squares of 400 mm by 400 mm. Two of them are model surfaces
composed of spherical punches. The Model Surface 1 (MS 1) is made of spheres of
radius 5 mm with a periodic honeycomb distribution. The Model Surface 2 (MS 2) is
made of spheres of radius 4, 5 and 6 mm with a random distribution. The other six
surfaces are taken from real roads. One is a Smooth Epoxy (SE) surface. Three are
asphalt concretes with 10 mm maximum aggregate size: a Dense Asphalt Concrete
(DAC 0/10), a Thin Layer (TL 0/10) and a Porous Asphalt (PA 0/10). The last two
surfaces are a Fine Surface Dressing (FSD 0.8/1.5) and Sand Asphalt (SA 0/4), both
composed of small size protruding aggregates.

------
.....

MS 1 MS 2 DAC 0/10

TL 0/10 PA 0/10 FSD 0.8/1.5 SA 0/4

Figure 7. Upper view of the eight surfaces used for the tests

For all surface samples, the texture was measured in a rectangular area of 200 mm
by 191 mm as described previously in Section 2.3. The contact tests were performed
in this area in order to be able to compare the measured contact data with numerical
results in the following.

3.1.3. Measurement results

Examples of measured contact patch are given in Figure 8 for surfaces MS 1, DAC
0/10 and PA 0/10. The representation allows to visualize both pressure values and
contact areas for a given surface. Each square colored element represents a cell of
the Tekscan sensor. Pressure values range between 0 and 0.86 MPa, which is the
saturation pressure of the sensor. The contours of the asperities of the surface are also
represented in light gray for each sample.

For the model surface (MS 1), the periodicity of the asperities leads to a periodic
pressure distribution. On surfaces with random texture, the pressure distribution is
irregular. On the porous surface (PA 0/10) the measured pressures show more gaps in

13
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Figure 8. Examples of measured normal pressure distribution

the pattern (cells with a zero pressure) and higher maximum values than on the dense
asphalt surface (DAC 0/10).

Due to the low spatial resolution of Tekscan sensor 3150, the real contact area
on each asperity can not be identified in details. The pressure measured on a cell
can be due to several asperities. Thus the total measured area, noted A, is closer to
the apparent contact area than to the real contact area. For the eight tested surfaces,
the total area was in the order of 135 cm?. It was larger in the transversal direction
(around 15 cm) than in the longitudinal direction (around 9 cm). These results are
in conformity with those of the literature for radial pneumatic tyres (Clark, 1981, De
Beer et al., 2002). Additionally, the mean contact pressure, noted p,,, was around
0.22 MPa which corresponds to the inflating pressure of the tyre.

3.2. Adaptation of the contact model to the experimental setup

3.2.1. Multi-asperity description of each surface

For each tested surface except the smooth one (SE), the measured texture was
pre-processed as described in Section 2.3. The asperities were identified using the
labelling procedure (Appendix A) and the five parameters (X, Yi, Zi, Ck, Vi) were
obtained for each of them, allowing macro-scale calculation in the contact model.

From this pre-processing step, additional global parameters were defined for each
surface. These are the mean distance and the mean relative height between the tips
of the asperities, noted 7 and h respectively, the density, noted d, which corresponds
to the number of asperities per surface unit and finally the mean values of the contact
parameters C' and -, noted C' and 7 respectively. Table 1 gives the global parameters
obtained for each surface sample and their associated standard deviation (square root
of the unbiased variance estimator, noted o).
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Table 1. Global parameters and standard deviation obtained for the 7 rough surfaces

Surface MS1 MS2 DAC TL PA FSD SA
7 (mm) 1465 14.16 13.24 1322 1348 13.22 13.22
o, (mm) 4.08 379 470 472 447 469  4.68
h (mm) 0.03 0.04 0.37 044  0.69 0.22 0.18
oy (mm) 0.02  0.08 0.27 0.34  0.58 0.16 0.16
d (asp./em?)  1.14 1.00 242 1.64 1.02  9.65 6.44

C 285 294 238 313 3.00 152 197
oc 0.10 024 200 355 204 082 1.17
0l 1.51 1.49 1.58 1.70  1.65 1.55 1.58
o 0.04 0.03 020 036 019 019 0.19

The results show that the mean distance  between the asperities is in the same
order for all the textures. The relative height h is very small for the model surfaces
for which the tips of the spherical asperities are all in the same plane. For the road
surfaces, the relative height increases with the size of the asperities and the porosity
of the surface. The maximum relative height is found for the porous asphalt (PA
0/10). The density increases when the size of the asperities decreases, which is not a
surprising result. Concerning the contact parameters, the results for model surfaces are
in good agreement with the analytical values of C' and 7 expected from Hertz’s theory
for spherical asperities, which are respectively 2.98 and 1.5. For real road surfaces,
the value of C increases with the size of the asperities and the values of 4 show that
the load-penetration function exponent globally ranges between 1 and 2, which are the
extreme values obtained respectively in the case of a flat-ended punch and in the case
of a conical punch.

These global parameters could be used as a first approach for the modelling of real
road surface by asperities of simple geometry, on which the load-penetration function
is analytically known. It could be also interesting to correlate these surface param-
eters with measured tyre/road noise levels in order to establish the influence of each
parameter on noise emission. In a first step, the correlation of the parameters with the
characteristics of the road surface could also be performed.

3.2.2. Relative position of the tyre and the tested surface

From the identified asperities, another difficulty was to perform the calculation
at the same relative tyre/road position as during the tests. This corresponds to the
position of the tyre frame (O, x,y, z), noted R, in the tested surface reference frame
(0", X,Y,Z), noted R'. The coordinates (Xy, Yy) of point O were estimated from
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the coordinates of the experimental force center. These are different for each test and
are calculated as follows:

Ar? & - Az & .
Xo = 3 ;Xipi et Yyp=-—- Zszz [20]

where P is the total load applied during the test, Az? is the area of a sensor cell, n
is the number of loaded cells during the test, (X;, Y;) are the coordinates of the cell
i in the frame R’ and p; is the measured pressure on the cell 7. Thus the position of
Tekscan sensor in the frame R’ has to be known for an accurate estimation of point O.
This position is illustrated in Figure 9 and was carefully respected during the tests.

. : Measured
1 1
: | : |:| contact patch

| : - A Surface
! —_— sample
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Measured 3D
texture area

'. =" Tekscan sensor
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|
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Figure 9. Position of the tyre in the road surface reference frame

Knowing the position of the tyre, the potential contact asperities are determined
using a rectangular interest area centered around the point O and noted .. The number
of punches inside Y. is noted N and the contact model can be implemented using these
asperities.

3.2.3. Geometrical and mechanical parameters of the tyre

The surface of the slick tyre z; was estimated from the revolution of a surface
profile measured in the transverse direction with an optical device. The generated
surface was added to the height of the road surface z,., as described in Equation [4].

The equivalent Young’s modulus of the elastic half-space was fitted from the con-
tact between the slick tyre and the smooth surface (SE). The contact problem was
numerically modelled using the MIM for a known total load P. The calculation was
performed using square elements of side 0.5 mm and introducing the surface of the
tyre in the model. The Poisson’s coefficient v was fixed to 0.5, corresponding to
incompressible rubber-like materials. The Young’s modulus in the model was then
adjusted in order to get the best agreement between the measured mean contact pres-
sure and the one obtained with the numerical simulation. The result is illustrated
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Figure 10. The optimal Young’s modulus is equal to 2.4 MPa. It gives a calculated
mean contact pressure p,,, of 0.228 MPa, which is perfectly equal to the measured one.
Let’s remark that the calculated pressure distribution is perfectly symmetrical while
the measured one is asymmetrical. This difference may be explained by an effect of
the wheel suspension during measurements.

-50 0 50 0 50 100 p(MPa)

501

100}

1501

Measured pressure Calculated pressure (MIM)

Figure 10. Estimation of the Young’s modulus E of the half-space by fitting the pres-
sure distribution measured on the Smooth Epoxy surface (left) and the one calculated
on a perfectly rigid plane surface (right)

3.3. Comparisons between calculated and measured contact pressures

3.3.1. Integration of micro-scale calculation at Tekscan sensor scale

Knowing input parameters, the TIM was implemented for each surface except for
the smooth one. The calculation was performed at a fine scale (h = 0.4 mm) and
gave results similar to those presented in Section 2.3. Then the spatial resolution
of the calculated results is very fine, whereas it is much wider for the measurement
results (spacing of the sensor cell Az = 8.38 mm). Thus the micro-scale numerical
results were integrated on surface elements equivalent to the sensor cells. Examples
of calculated pressure distribution after integration at the sensor scale are shown in
Figure 11 for surfaces MS 1, DAC 0/10 and PA 0/10. These results can be compared
to the experimental data of Figure 8. It can be seen that qualitatively the agreement
between measured and calculated prints is good. The periodicity of the model surface
leads to similar periodic results in both cases. On surfaces with random texture, the
calculated pressure distribution is still irregular. Higher maximum pressure values are
found for the porous asphalt. This can be attributed to the relatively open texture of
this road surface. The predicted contact areas are also similar to the measured ones.
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Figure 11. Calculated numerical pressure integrated at Tekscan sensor scale

3.3.2. Correlation between global contact parameters

The predicted and measured contact areas and mean pressures are compared for
the eight surfaces in Figure 12. Each symbol corresponds to a road surface. The
coefficients a and b of the regression line (solid line) are indicated together with the
coefficient of correlation p. The dotted line is the one-to-one line. The agreement
between predicted and measured data is qualitatively correct, especially when consid-
ering the accuracy of the measurement device (specified as + 10%). The predicted
contact area is slightly underestimated in the case of porous asphalt and thin layer
asphalt, leading to an overestimation of the mean pressure for these two surfaces. It

corresponds to the two rougher surfaces.

150¢

calculated

120¢

Figure 12. Comparison of calculated and measured contact areas A (left) and mean
contact pressures p,, (right) for the eight surfaces
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3.3.3. Correlation between contact pressure distributions

For the seven rough surfaces, predicted and measured pressure values were com-
pared in each area corresponding to a sensor cell. The results for surfaces MS 1,
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DAC 0/10 and PA 0/10 are displayed in Figure 13. The regression line is plain with
coefficients indicated at the top left. The agreement is really encouraging since for
these three examples the slope of the regression line is close to one and the regression
coefficients are above 0.77.
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Figure 13. Comparison of calculated and measured pressure values

As it can be seen in Table 2, comparisons for other surfaces are of the same order,
except for the last two surfaces due to a slight overestimation of predicted results at
high pressure. These two surfaces (FSD and SA) correspond to relatively smooth
surfaces with very small protruding aggregates inferior to 1.5 mm and for which the
multi-asperity model can become limited at macro-scale.

Table 2. Correlation coefficient p for the 7 rough surfaces

Surface MS1 MS2 DAC TL PA FSD SA
p 088 082 077 0.73 0.80 0.53 0.59

Globally, the differences observed can be attributed to small spatial shifts between
the experimental and the modelled mesh. For high pressure values, the predicted
results may be slightly overestimated in the case of very rough surfaces such as the
TL 0/10 or the PA 0/10. This can be explained by the saturation of the sensor for local
pressures higher than 0.86 MPa. Furthermore, the approximation in the calculation of
the pressure vector p by local MIM may be inaccurate when several adjacent punches
are seen by the penetrating tyre as one single punch.

4. Conclusions
In this paper, an efficient predicting approach for the modelling of normal contact

stresses between a tyre and a rough surface in statics was presented and implemented.
The resolution method of the contact problem, called the Two-scale Iterative Method
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(TIM), 1s much faster than other traditional methods. It makes possible the predic-
tion of contact forces and pressures distributions on a surface with a large amount of
punches, as it is the case for tyre/road contact.

An experimental validation of the model was performed by measuring contact
pressure distribution in statics between a slick tyre and different surface samples,
including real road surfaces. The input parameters of the model were carefully es-
tablished from the contact configuration during the tests. The comparison between
measurements and calculation is encouraging. A good agreement was found for the
model surfaces composed of spherical punches and for the Dense Asphalt Concrete
0/10 with moderated macro-texture. The results are also good for the surfaces with
high macro-texture such as the Thin Layer 0/10 and the Porous Asphalt 0/10. On the
contrary, the measured and predicted data were poorly correlated for the Fine Surface
Dressing 0.8/1.5 and the Sand Asphalt 0/4 with fine macro-texture. This may be ex-
plained by a limitation of the multi-asperity model when the surface is composed of
very small protruding aggregates.

This study shows that road texture has a great influence on the tyre/road contact
pressures in statics, which can be quantitatively predicted using the proposed contact
model. Further developments will include the belt of the tyre in the model, for instance
by calculating the influence matrix of the contact problem from the deformation of a
tyre model including the belt and the tread. Future works will also address the dynamic
measurements and calculation of tyre-road contact and the relations with the rolling
noise emitted on different road textures. Further numerical developments will include
friction in the model. This could enable to predict high frequency noise due to rubber
friction during rolling. It would also extend the model for other applications where
tyre/road contact is involved, such as skidding or rolling resistance. Finally, the visco-
elasticity of the rubber and the vibration of the tyre structure during rolling could also
be included in the model in the future.
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Appendix A. Algorithm for the identification of the asperities

The algorithm for the identification of the asperities was developed by the authors
using labelling techniques of image processing (Bijaoui, 1984). The procedure starts
from the data of the measured surface, i.e. 955000 points of coordinates (X, Y;, Z;).
An asperity is characterized by a set of connected points above a given height hy. A
labelling algorithm is used as illustrated in Figure 14. First the measured surface is
transformed into a binary image where the points above the height h take the value 1
and the others the value 0. Then from the binary image different groups of connected
pixels are identified and the same integer, called label, is given to the pixels of the same
group. Finally each labelled group corresponds to an asperity which tip of coordinates
(Xk, Y, Z1) and load-penetration function can be identified.
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Figure 14. Labelling algorithm used for the identification of the asperities

An example of identification is given in Figure 15 for the DAC 0/10 road surface.
For clarity, the results are given in a small area of 50 mm by 50 mm (right), but the
asperities are detected on the whole measured surface (left). On the right figure, the
crosses correspond to the tips of the asperities and the contours of the base of the
asperities are also given.
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Figure 15. Example of identification of the asperities for the DAC 0/10

Concerning the time for identification, the measurement of the surface texture
takes approximately 8 hours. Then the labelling procedure and the determination of
parameters C' and ~ for each asperity takes less than one hour for each surface. This
is done only one time and the results are saved for use in contact calculations.
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