Journal of Mechanical Science and Technology (KSME Int. J.), Vol. 20, No. 9, pp. 1399~ 1409, 2006
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for the Slip, the Frictional Energy, and the
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An improved friction model was proposed with consideration of the effect of the sliding speed,
the contact pressure and the temperature, and it was implemented into a user subroutine of a
commercial FEM code, ABAQUS/Explicit. Then, a smooth tire was simulated for free rolling,
driving, braking and cornering situations using the improved friction model and the Coulomb
friction model, and the effect of the friction models on the slip, the frictional energy distribution
and the cornering force and moment was analyzed. For the free rolling, the driving and the
braking situations, the improved friction model and the Coulomb friction model resulted in
similar profiles of the slip and the frictional energy distributions although the magnitudes were
different. The slips obtained from the simulations were in a good correlation with experimental
data. For the cornering situation, the Coulomb friction model with the coefficient of friction of
1 or 2 resulted in lower or higher cornering forces and moments than experimental data. In
addition, in contrast to experimental data it did not result in a maximum cornering force and
a decrease of the cornering moment for the increase of the speed. However, the improved friction
model resulted in similar cornering forces and moments to experimental data, and it resulted in
a maximum cornering force and a decrease of the cornering moment for the increase of the speed,

1399

showing a good correlation with experimental data.
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1. Introduction

As a tire rotates, a friction force acts between
the tire and the road, and the friction force can be
expressed as a coefficient of friction multiplied by
a normal force. As for the coefficient of friction,
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the Coulomb friction model has mostly been used.
In the Coulomb friction model, the coefficient of
friction is assumed to be constant, and the friction
force increases linearly as the normal force in-
creases. For some cases, it is also assumed that the
friction force is limited by a critical value. How-
ever, it is noteworthy that the coefficient of fric-
tion is usually not a constant, rather it depends on
the slip speed, the contact pressure, the tempera-
ture, the contact materials and the contact surface
(eg. road) condition (Clark, 1981). Thus, an ex-
ponential friction model, in which the coefficient
of friction decreases exponentially from the static
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coefficient of friction to the kinetic coefficient of
friction as the slip speed increases, was proposed
(ABAQUS, 2000). In addition, a power law or a
quadratic formula for the coefficient of friction
was also proposed, based on friction test data for
various slip speeds and contact pressures (Dorsch,
2002).

In general, for a specific combination of the
contact materials and the contact surface the co-
efficient of friction can be expressed as a function
of the slip speed, v, after measuring it for various
slip speeds. Especially for rubber friction, the
temperature can be taken into account through
the shift factor, ar, which can be obtained from
the WLF equation (Williams, 1955). Since the
friction force between rubber and road results
from the hysterestic deformation of rubber over
asperities on road, the coefficient of friction and
the elastic modulus have the same temperature
dependency (Persson, 2001). Thus, the function
for the coefficient of friction for rubber at another
temperature can be obtained by shifting it by ar
along the log scale speed axis. That is, the coefti-
cient of friction can be expressed as a function of
log(arv), which is called a master curve of the
coefficient of friction. This means that the effect of
the slip speed and that of the temperature on the
coefficient of friction can be taken into account
altogether. Moreover, it has been well known that
the coefficient of friction decreases as the contact
pressure increases ; it is inversely proportional to
the contact pressure raised to the power of about
1/3 for a smooth road or about 1/9 for a rough
road (Clark, 1981). Thus, the dependency of the
coefficient of friction on the slip speed, the tem-
perature and the contact pressure can be express-
ed by the function of log(arv) multiplied by the
ratio of the contact pressure to the reference pres-
sure raised to an exponent, eg. 1/3 or 1/9. This
functional form of the coefficient of friction was
proposed and successfully used for tire simula-
tions by two authors of this paper (Lee, 2001). In
this paper, the same functional form with a dif-
ference master curve was used and it was named
an improved friction model.

The finite element method (FEM) has long
been used for tire response simulations and tire
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design (Gall, 1995 ; Goldstein, 1996 ; Wang, 1996 ;
Kao, 1997 ; Wu, 1997 ; Kabe, 2000) . Recently, dy-
namic responses of tires were analyzed by using
an explicit FEM code such as LS-DYNA3D,
FCRASH, and PAM-CRASH (Kao, 1997 ; Wu,
1997 ; Kabe, 2000). Note that static responses of
tires can also be analyzed by using an explicit
FEM code in a way that an average value taken
from a stable region of a response is assumed to
be a static response (Kabe, 2000). However, in all
the computational simulations mentioned above
only the Coulomb friction model was used, and
the effect of the slip speed, the contact pressure or
the temperature on friction was not taken into ac-
count. Dorsch et al. used a power law or a quad-
ratic formula for friction for tire simulations using
an implicit FE code (Dorsch, 2002).

In this paper, the improved friction model was
first implemented into a user subroutine for fric-
tion, VFRIC, in a commercial explicit FEM code,
ABAQUS/Explicit, and then a smooth tire was
simulated for free rolling, driving, braking and
cornering situations using the improved friction
model or the Coulomb friction model. As in a
previous study (Kabe, 2000), a steady-state solu-
tion was obtained from a stable region of the
solution. Then, the effect of the friction models
on tire responses such as the slip, the frictional
energy distribution, and the cornering force and
moment was analyzed. For free rolling, driving
and braking situations, the profiles of the longi-
tudinal slip and the frictional energy distribution
did not change significantly by using one of the
two friction models. However, as the torque chang-
ed either up to +500 Nm or down to —500 Nm,
the profiles as well as the magnitudes of the longi-
tudinal slip and the frictional energy distribution
changed drastically. Especially, the longitudinal
slips for a torque of 0 Nm, +250 Nm and —250
Nm were compared and proven to be in a good
correlation with test data (Clark, 1981).

For cornering testing, a smooth tire was driven
at 10 km/h or 65 km/h on a flat surface tire test
machine, and the cornering force and moment
were measured for several slip angles ; they were
measured up to the slip angle of 14° at 65 km/h,
but they were measured only up to the slip angle
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of 6° at 10 km/h because the tire did not slip ra-
ther it was scraped at high slip angles. The test
data measured at 65 km/h showed that as the slip
angle increased, the cornering force increased and
then decreased slightly over the slip angle of 8°,
and the cornering moment increased and decreas-
ed sharply over the slip angle of 4°. In addition,
as the speed increased from 10 km/h to 65 km/h,
the cornering force increased slightly, but the
cornering moment decreased noticeably at the slip
angle of 4°. For the cornering simulations, the
friction models affected significantly the corner-
ing force and moment. In general, the Coulomb
friction model with the coefficient of 1 or 2 result-
ed in lower or higher cornering forces and mo-
ments than the test data, and the cornering force
monotonically increased as the slip angle in-
creased. In addition, the Coulomb friction model
did not resulted in the decrease of the cornering
moment for the increase of the speed. However,
the improved friction model resulted in cornering
forces and moments similar to the test data, and
the cornering force increased and decreased slight-
ly as the slip angle increased. In addition, it re-
sulted in the decrease of the cornering moment for
the increase of the speed. That is, the results ob-
tained by using the improved friction model were
in a better correlation with the test data than those
obtained by using the Coulomb friction model.

2. An Improved Friction Model
and Its Implementation

2.1 Friction models

In the Coulomb friction model, the coefficient
of friction is a constant regardless of the slip speed,
the contact pressure and the temperature. In the
exponential friction model, the coefficient of fric-
tion decreases exponentially from the static value
to the kinetic value as the slip speed increases,
and it is expressed as follows.

1=+ (us— ) €% (1)

Here, us is the static coefficient of friction, g is
the kinetic coefficient of friction, and d. is the
decay constant.

Note that the dependency of the coefficient of

friction on the slip speed, the contact pressure and
the temperature can not be taken into account in
the Coulomb friction model, and the dependency
of the coefficient of friction on the contact pres-
sure and the temperature can not be taken into
account in the exponential friction model. In ad-
dition, the coefficient of friction usually increases
and then decreases as the slip speed increases in
contrast to the exponential friction model (Clark,
1981). Therefore, a friction model, in which the
effect of the slip speed, the contact pressure and
the temperature was taken into account, was pro-
posed by two authors of this paper (Lee, 2001).

First, for a specific combination of contact ma-
terials and road condition, the master curve of the
coefficient of friction can be expressed as a func-
tion of log(arv). The shift factor, ar, can be
obtained from the WLF equation, which is given
as follows (Williams, 1955).

 —886(T—Ty)
log ar=—r"7"016 (2)

Here, T is the temperature in usage in ‘C and T
is the reference temperature in C, which is the
glass transition temperature plus 50C. From Eq.
(2), the shift factor was easily determined to be
0.00158 around room temperature 25°C for natu-
ral rubber of T equal to —22°C. The master curve
is shown in Fig. 1 as a solid line along with two
dotted lines of coefficient of friction of 1 or 2. The

—— VFRIC
++ =+ Goulomb 1.0
— — Coulomb 2.0

-4 -2 0 2 4

log(a;v} [¥ in cm/sec]
Fig. 1 The coefficient of friction used in the im-

proved friction model (solid line) and in the
Coulomb friction model (dotted line)
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general profile of the master curve was found in
the literature (Clark, 1981), and the dotted lines
were set at 1 and 2 around the medium value of
the solid curve.

Second, the effect of the contact pressure was
taken into account as follows.

1= (p/po) ~"f (log(arv)) (3)

Here, p is the contact pressure, p, is the reference
contact pressure, 7 is the exponent which usually
depends on the road condition, and f represents
a master curve such as the solid curve shown in
Fig. 1. When the contact pressure, p, was less than
the reference contact pressure, p,, p was set to be
equal to p,. In addition, p, was set to be 1.5 X 10°
Pa because the coefficient of friction is almost
independent of the contact pressure around this
value (Persson, 2001), and # was set to be 1/9 be-
cause the track on the flat surface tire test machine
used in this study was kind of rough. Eq. (3) is
the function of the coefficient of friction propos-
ed in this paper in which the effect of the sliding
speed, the temperature and the contact pressure
is taken into account. However, it is noteworthy
that for a different road condition or for a differ-
ent pair of contact materials, the exponent # and
the function f should be set up differently.

2.2 Implementation of the improved friction
model

The improved friction model was implemented
in the user subroutine for friction called VFRIC
in ABAQUS/Explicit (ABAQUS, 2000). The main
program passes the slip increment of every node
in the contact zone, the normal force acting on the
node, the surface area associated with the node
and the time increment to VFRIC. Thus, it was
possible to calculate the slip speed and the con-
tact pressure at each node in the contact zone,
and subsequently to calculate the coefficient of
friction by using Eq. (3) and finally to calculate
the frictional force acting at each node. It was also
possible to calculate the frictional energy from a
dot product of the frictional force and the slip
increment. In addition, the longitudinal slip, i.e.
the summation of the slip increment, and the fric-
tional energy of each node in the contact zone
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were defined as state variables, and they could be
updated at every time increment.

3. Tire Simulations

3.1 Free rolling, driving and braking simu-
lations

A smooth tire (185/65R14) was simulated for
free rolling, driving and braking situations. The
finite element model of the tire with the global
and local coordinate systems was shown in Fig.
2. It consisted of 8-node solid elements and 4-
node membrane elements. In addition, rubber was
modeled as a viscoelastic material with long term
Young’s modulus of 4.7 X 10° Pa, Poisson’s ratio
of 0.49 and four Prony series parameters, and the
carcass and the belts were modeled as reinforce-
ment fibers using the REBAR option in ABAQUS.
The membrane of the carcass was modeled as an
elastic material with Young’s modulus of 3.5 X 10°
Pa and Poisson’s ratio of 0.49, and the cord of
the carcass was modeled with Young’s modulus
of 3.9X10° Pa and Poisson’s ratio of 0.3. In ad-
dition, the membrane of the belts was modeled
with Young’s modulus of 5.5X10° Pa and Pois-
son’s ratio of 0.49, and the cord of the belts was

The local coordinate

Fig. 2 A smooth tire model in the global and the
local coordinate systems
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modeled with Young’s modulus of 8.4X10¥ Pa
and Poisson’s ratio of 0.3. However, the carcass
and the belts could have been modeled as aniso-
tropic elastic materials of which the properties
were obtained from the Halpin-Tsai equations
and a tensor transformation (Berthelot, 1997).

For the simulations, the tire was inflated by
2.06 X10° Pa from #=0sec and subjected to a
load of 6080 N from {=0.02sec. Then, the tire
was accelerated from #=0.1 sec to {=0.2 sec, af-
ter which the speed was set at 10 km/h for the
free rolling situation. The speed being set at 10
km/h, a torque of =250 Nm or +£500 Nm was
applied at the center of the tire for the driving or
the braking situation. Only after the tire response
became stable, the average value of a simulation
result was taken and it was regarded as a steady-
state solution ; the average value was taken from
t=1sec to =1.5 sec for the speed of 10 km/h or
from ¢=0.5 sec to £=0.75 sec for the speed of 65
km/h. For the simulations, the time increment
was slightly over 1X107° sec.

From the user subroutine for friction, VFRIC,
the longitudinal slip increment and the longitu-
dinal slip of a node, and the frictional energy
acting on a node could be obtained while the
node passed through the contact zone. Since the
longitudinal slip is the summation of the longitu-
dinal slip increment, it is the total slip of a node
from the initial contact with the road. The longi-
tudinal slip increment, the longitudinal slip and
the frictional energy distribution obtained using
the Coulomb friction model with the coefficient
of friction of 1 are shown in Fig. 3(a), (b) and
(c), respectively, and those obtained using the
improved friction model are shown in Fig. 4(a),
(b) and (c), respectively. Note that the frictional
energy distribution over the contact zone could
be shown clearly by drawing the frictional energy
of a row of nodes in the lateral direction while
they passed through the contact zone. As shown
in Figs. 3(a) and 4(a), the longitudinal slip in-
crement was positive at the leading zone, negative
around the center and the trailing zone, but it
became positive again at the trailing edge. Thus,
the longitudinal slip increased, decreased and then
slightly increased as shown in Figs. 3(b) and 4(b).

In addition, the frictional energy distribution was
moderate at the leading zone, around the center
and at the trailing edge as shown in Figs. 3(c)
and 4(c). Note that the frictional energy distri-
bution was similar to the absolute value of the
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longitudinal slip increment, and the profiles of the
longitudinal slip increment, the longitudinal slip
and the frictional energy distribution obtained
using the improved friction model were similar to
those obtained using the Coulomb friction model
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tudinal slip (c) Frictional energy distribution
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although the magnitudes were different. Thus, for
the driving situation under a torque of 250 Nm
and the braking situation under a torque of —250
Nm, only the simulation results obtained using
the improved friction model were shown in Fig. 5
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and in Fig. 6, respectively.

For the driving situation, the longitudinal slip
increment was positive at the leading zone, close
to zero around the center, and highly positive at
the trailing edge as shown in Fig. 5(a). Thus, the
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Fig. 6 (a) Longitudinal slip increment (b) Longi-
tudinal slip (c) Frictional energy distribution
for the braking under a torque of —250 Nm

obtained using the improved friction model
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longitudinal slip increased gradually from the
leading edge to the center, leveled off to the trail-
ing zone, and increased rapidly at the trailing
edge as shown in Fig. 5(b). In addition, the fric-
tional energy distribution was moderate at the
leading zone, and high at the trailing edge, but it
was almost zero at the center as shown in Fig.
5(c). For the braking situation, the longitudinal
slip increment was positive at the leading zone,
crossed zero before the center, and negative at the
center and the trailing zone as shown in Fig. 6(a).
Thus, the longitudinal slip increased slightly at
the leading zone, decreased almost steadily before
the center to the trailing edge as shown in Fig.
6(b). In addition, the frictional energy distribu-
tion was low at the leading zone, but it was high
at the center and the trailing zone as shown in
Fig. 6(c).

The driving situation under a torque of 500 Nm
was also simulated, and the results were similar
to those under a torque of 250 Nm except that the
magnitudes were bigger, the longitudinal slip in-
crement was not as close to zero around the cen-
ter as the case of 250 Nm, and consequently the
longitudinal slip did not level off at the center
rather increased gradually. The braking situation
under a torque of —500 Nm was also simulated,
and the results were similar to those under a tor-
que of —250 Nm except that the magnitudes were
bigger, the longitudinal slip increment was always
negative, and consequently the longitudinal slip
never became positive, decreasing slowly before
the center but decreasing rapidly toward the trail-
ing edge. In addition, the profile of the friction-
al energy distribution under a torque of 500 Nm
or —500 Nm was almost the same as that under
a torque of 250 Nm or —250 Nm although the
magnitude was bigger.

It is noteworthy that the profiles of the longi-
tudinal slip for the free rolling, the driving and
the braking situations shown in Fig. 3(b) (or
Fig. 4(b)), Figs. 5(b) and 6(b), respectively, are
similar to the corresponding experimental data
(Clark, 1981). In addition, the longitudinal slip
and the friction energy distribution changed dras-
tically as the torque changed to =250 Nm or +500
Nm. For a given material, the frictional energy is
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related to the amount of wear ; the higher fric-
tional energy is, the more wear occurs. Therefore,
a different frictional energy distribution for each
driving situation implies for a different wear pat-
tern and amount.

3.2 Cornering simulations

As shown in Fig. 7, a smooth tire was rotated
with respect to the axle, and at the same time it
was translated in the lateral direction to simulate
a cornering situation with slip. The angular and
the lateral speeds of the tire were set in a way
that the resultant speed of the tire remained at 10
km/h or 65km/h. That is, as the lateral speed
increased, the angular speed of the tire decreased
accordingly. By increasing the lateral speed of the
tire, the slip angle, @, i.e. the angle between the
longitudinal velocity and the resultant velocity,
could be increased.

For the cornering simulations, the slip angle
was set at 1°, 2° or every 2° thereafter, and the
cornering force and moment were obtained using
the Coulomb friction model with the coefficient
of friction of 1 or 2 or using the improved friction
model. The cornering force is a resultant reaction
force, and the cornering moment is a reaction
moment acting with respect to the vertical axis.
In addition, the cornering force and moment for

F . S N ¢4

CoTETIng F
\ _ 1
ROAD 2 ‘—| 3

Fig. 7 The slip angle and the cornering force in the

cornering situation

the smooth tire were measured at a flat surface
tire test machine. The slip angle was increased up
to only 6° for the speed of 10 km/h because the
tire did not slip rather it was scraped over the
slip angle of 6°, but it was increased up to 14° for
the speed of 65 km/h. The cornering force and
moment for the speed of 10 km/h obtained both
from the simulations and from the tests are shown
in Fig. 8(a) and (b), and those for the speed of
65 km/h are shown in Fig. 9(a) and (b). The test
data shown in Fig. 9(a) and (b) indicate that the
cornering force increased gradually to its maxi-
mum occurring around the slip angle of 8° and
decreased slightly thereafter, and the cornering
moment increased to its maximum occurring around
the slip angle of 4° and decreased rapidly there-
after. As the speed increased from 10 km/h to 65
km/h, the cornering force increased slightly be-
cause the centrifugal force increased and conse-
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quently the contact force increased. However, as
the speed increased from 10 km/h to 65 km/h,
the cornering moment at the slip angle of 4° de-
creased by 18% because the slip speed at the trail-
ing zone increased and consequently the coeffi-
cient of friction as well as the friction force de-
creased. In other words, the moment arm, so call-
ed the pneumatic trail, decreased from 31.5 mm to
23.5 mm although the cornering force increased.

The cornering force and moment obtained using
the Coulomb friction model with the coefficient
of friction of 1 or 2 were close to the test data at
low slip angles of up to 1° or 2°. However, at
medium and high slip angles they were lower in
the case of the coefficient of friction of 1 than
the test data, and they were higher in the case of
the coefficient of friction of 2. It is noteworthy
that the Coulomb friction model did not result in
a maximum cornering force, but it resulted in a
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monotonically increasing cornering force. In ad-
dition, the Coulomb friction model did not re-
sult in the decrease of the cornering moment for
the increase of speed from 10 km/h to 65 km/h.
However, the improved friction model resulted
in a maximum cornering force occurring around
the slip angle of 10°, and it also resulted in the
decrease of the cornering moment for the increase
of speed. There are still some differences between
the simulation results obtained using the improv-
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Fricion Ene

(a) Frictional energy distribution obtained
using the Coulomb friction model for the
slip angle of 6° (b) Frictional energy distri-
bution obtained using the improved friction
model for the slip angle of 6°
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ed friction model and the test data, but the im-
proved friction model showed a better correla-
tion with the test data than the Coulomb friction
model with the coefficient of friction of 1 or 2.

The frictional energy distribution for the slip
angle of 6° obtained using the Coulomb friction
model with the coefficient of friction of 2 and
that obtained using the improved friction model
were shown in Fig. 10(a) and (b), respectively.
The frictional energy increased gradually from the
leading edge to the trailing edge when the Cou-
lomb friction model was used, but it was high at
the center of the contact zone and the trailing
edge when the improved friction model was used.
For the sake of brevity, the frictional energy dis-
tributions for other slip angles were not shown
because the trend was the same. However, the two
different friction models resulted in different cor-
nering forces and moments as well as frictional
energy distributions, implying for different tire
characteristics and wear patterns during cornering
with slip.

4. Conclusions

An improved friction model, in which the effect
of the sliding speed, the contact pressure and the
temperature can be taken into account, was pro-
posed in this paper, and then it was implemented
into a user subroutine for friction, VFRIC, pro-
vided in ABAQUS/Explicit 5.8 or above. The
friction model was successfully used in the an-
alysis of the slip and the frictional energy distri-
bution for the free rolling, driving and braking
situations and in the analysis of the cornering
force and moment and the frictional energy dis-
tribution for the cornering situation.

The simulations for the free rolling, the driving
and the braking situations indicated that when a
different friction model was used for the same
situation, the magnitudes of the longitudinal slip
and the subsequent friction energy distribution
were different, but the profiles were almost the
same. However, the profiles as well as the magni-
tudes changed drastically as the torque changed,
and these different friction energy distributions
implied for different wear patterns and amounts.

It is noteworthy that the longitudinal slip profiles
obtained from the simulations were in a good
correlation with experimental data (Clark, 1981).
For the cornering simulations, the Coulomb
friction model and the improved friction model
resulted in different cornering forces and moments.
The Coulomb friction model resulted in either a
higher or lower cornering force and moment, and
it did not show a maximum cornering force. In
addition, the Coulomb friction model did not
show a decrease of the cornering moment for the
increase of the speed. However, the improved fric-
tion model resulted in a maximum cornering force,
and it also showed a decrease of the cornering
moment for the increase of the speed. That is, the
improved friction model resulted in a better corre-
lation with the test data. Therefore, it can be con-
cluded that it is necessary to consider the effect of
slip speed, the contact pressure and temperature
for tire and other rubber contact simulations.
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