Proceedings of the American Control Conference
Arlington, VA June 25-27, 2001

Tire Friction Modeling under Wet Road Conditions *

Xavier Claeys ', Jingang Yi¥, Luis Alvarez!, Roberto HorowitzY, Carlos Canudas de Wit!! and Laurent Richard**

1Y Department of Mechanical Engineering, University of California, Berkeley, CA 94720-1740, USA

§  Instituo de Ingenieria Nacional Auténoma de Mézico, 04510 Coyoacdn DF, Mézico

Il Laboratoire d’Automatique de Grenoble, UMR CNRS 5528, ENSIEG-INPG, ST. Martin d’Hres, France
**t  Direction de la Recherche RENAULT, 1. Av du Golf, 78288 Guyancourt, France

Abstract

This paper reviews the physics of tire/road contact un-
der wet conditions. A technique to include road mois-
ture in physical tire models is proposed. Stationary-
friction base tire models (see [2, 15, 5, 6]) are used to
illustrate these developments. '

1 Introduction

This paper addresses the influence of wet road condi-
tions on the frictional characteristics between the tire
tread and pavement. The results pertain to applica-
tions involving the design of new automatic vehicle fea-
tures (e.g. brake control or road monitoring systems
based on observers). There are many investigations re-
ported in the literature that include useful interpreta-
tions concerning the development of tire models. Differ-
ent road conditions are represented, in most cases, by
several static mappings; each one of them describing a
particular hygrometry level of the road (dry, wet, etc.).
This technique is very simple but has serious limitations
for simulation and control. A physical justification of
the empirically derived mappings is not possible. These
shortcomings are a major concern for the development of
accurate simulation tools and the design of new braking
and traction control algorithms.

In this paper we develop a new dynamic friction model
for traction and braking control, which describes the
tire/road interaction under wet conditions. Most cur-
rent models do not give a comprehensive interpretation
of the physics of the tire/road contact interface. In many
cases the model focuses on the deformation properties
of the tire, using empirical or physical relations (for a
parametric approach see Pacejka or Burckhardt [11, 1, 4]

or for finite element approach see [9]), but does not ex- .

plain in detail the friction effects between the tire and
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road. As a consequence, wet road conditions that affect
primary friction (through lubrication) are not easily in-
cluded in the model. Secondly, many tire models are
over-parametrized and do not include the physical geo-
metric parameters as part of the large number of coeffi-
cients used to parameterize the model [11, 1, 9]. There-
fore, it is difficult to include dependencies on external
conditions inside these expressions such as the humidity
of the road, which affects the geometry of the contact
surface. Finally, it is also difficult to include external
or internal perturbations in current models, since their
underlying physics is not well understood.

A first step in the analysis of this problem was to develop
a comprehensive description of the tire which is capable
of separating different conditions that affect the dynam-
ics of the tire/road interaction [6]. Hence, we identify
three different aspects of a tire model: the friction be-
tween tire and road, the deformation of the tire shell,
and the contact patch area. The contact interface is a
consequence of the deformation of the shell although it
changes affect the dry friction effective surface. In order
to include new disturbances that affect the tire model,
we have to analyze what are their effects on the different
aspects of the tire (shell, friction forces, and contact ge-
ometry). Through this analysis, a clearer interpretation
of the tire/road friction dynamics is possible because, in
this case, we do not examine at the influence of a per-
turbation on the global model but rather its effect on a
particular component.

This idea has been applied successfully in several in-
stances. [7] separated the model into elementary blocks
including tread groove depth of the tires and other phe-
nomena such as pressure distribution. This model is
interesting since it provides an initial description of the
contact patch area as well as the pressure distribution.
We believe this step is necessary for considering different
road conditions, because the contact patch is the only
part of the tire that is in real contact with the ground.
It should be noted that the physical motivation given
in previous papers is still limited. A similar study was
performed in [9], where the patch surface variation with
respect to tire shell deformation was determined, and
the pressure distribution was also derived from a shell
deformation finite element description. Unfortunately,
the description was so complicated that this model is
rarely used for control and cannot be easily extended to
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Figure 1: Schematic representation of tire under wet road

account for variations in the external conditions.

In this paper, we will discuss the inclusion in the model
of road contamination by water. In section 2, a short
review of the physics of water contamination will be
presented. Then in section 3, a method for modeling
these effects is proposed. Finally, in section 4 we illus-
trate this model using a stationary friction-based tire
model. Simulation results for water contamination pro-
vides encouraging results. Concluding remarks are given
in section 5.

2 Effect of water contamination

Road conditions have a tremendous effect on the tire
behavior. The depth of water on the road greatly influ-
ences tire/road friction. These phenomena are complex
and related to the different aspects of the contact patch
between the tire and the road. Previous analysis made
use of different water level categories such as thin or
thick film of water on the road [3, 14, 13]. Even if the
distinction between these two situations sounds artifi-
cial, it helps in understanding the contamination of the
tire/road contact patch by water. In the limiting sit-
uation of a thin water layer, the contact between tire
and road is completely lost due to full contamination of
the interface *. This problem is called viscous hydro-
planing {12, 10]. On the other hand, for a thick water
layer, an extra force is generated in front of the tire due
to the accumulation of water (hydro-dynamic forces).
In this situation, the contact between the two surfaces
could be lost without necessarily full contamination of
the interface but mostly because of the hydro-dynamic
force. This phenomenon is named dynamic hydro plan-
ning. The last case is more general than viscous hydro-
planing due to the fact that other hydro-dynamical ef-
fects take place during the contact process.

Consequently, we can summarize these remarks as fol-
lows: for every set of experimental conditions in wet
weather, there exists a definite velocity called the hydro-
planing limit, beyond which hydro-planing occurs (see

*When water has invaded the complete contact area between
the tire and the road

[10]). At this velocity, the wheel is in general supported
by (see Fig. 1):

¢ A hydrodynamic upward thrust, just ahead of the con-
tact area of the tire. The magnitude of this force is de-
termined by the water layer depth Ay (for thick films)
and vehicle velocity v. An expression for the upward
thrust, Fy, can be found in {10]. It has been shown to
depend upon v?, where v is the velocity of the vehicle:

Fy = kMhoo )2 Fy = YrFy (1)

Here Yr is a ratio, defined as a function of a constant x,
the normal load Fi, and a geometric angle A, which is
a function of the road water level ho:

=\ () - (R) - () - (&)
“NGr) \&) TRV ) "

(2

Where L is the nominal contact patch length, and R, is

the free radius of the tire.

o A squeezed film and wiping effect in the contact area.
The squeezed film effect is due to the inability of the
tread elements traversing the contact area to remove the
last few tenths of a millimeter of water in the available
time. The wiping effect is due to the longitudinal and
lateral relative motion of the tire elements in the contact
area.

Remark 2.1 Fy approaches the load of the wheel at
high velocities (over 200 km/h, which is not realistic)
depending of the amount of water ho, on the road. Thus,
as stated before, the hydrodynamic thrust Fy is not the
only factor contributing to hydro-planing. This discrep-
ancy is due to variations in the contact area due to a
thin film of water squeezed at the tire/road interface:
the thin water layer supports a fraction of the load of
the wheel, and hence the effective contact area and the
effective normal load decreases. o

The inclusion of all of these effects in the tire model is
possible if we can develop dynamic expressions for the
contact patch and the effective load of the tire, based
on physic laws. Determining the contact patch is a dif-
ficult problem, and several empirical or semi empirical
approaches have been proposed in the literature [8, 12].
In these references, the road/tire interface (contact area)
is divided into three areas, where the major effects are
different: dry contact, micro-water layer region, and
macro-water layer region. A simple model can then be
obtained to scale the effective contact area, given certain
drainage characteristics of the ground and the tire.

These discontinuous interpretation of the three areas is
not satisfactory for simulation or control purposes, be-
cause this requires a significant amount of characteriza-
tions and experimental measurements. In the next sec-
tion we will propose a more sophisticated interpretation
of the contact patch dynamics based on fluid mechanics
to solve this problem.
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2.1 Contact surface variation models

A preliminary version of this technique was presented in
[10]; further developments are given in [13]. This tech-
nique is very promising but has to be simplified for use in
actual tire models. We first present some basic concepts
from the literature and then study one example.

The main idea in [10] is to identify the dynamics of the
sinkage of the tire when a thin film of water is present
at the tire/road interface. The fluid at the interface is
modeled as viscous, and the sinkage dynamics of the tire
can be determined using for example the Navier-Stokes
equations. At the time these studies were performed,
computers were not sufficiently powerful, thus simple
analytic solutions were developed. A numerical solution
was also derived in [13] using some simplifications.

The effective tire/road contact surface is a function of
the time taken by the tire to achieve contact with the
ground. As a consequence, all the parameter calcula-
tions are based on the water clearance time or time of
sinkage. This time will vary for different wheel speeds,
tread stiffness, ground pattern characteristics, etc.

Definition 2.1 The sinkage time of the tire Aty is de-
fined as the time for the water level to decrease from its
initial height ho (ho is the initial height of water in the
squeeze film area) to a final height Amin, where hAmiyn is
small enough so that we can consider that the tire and
road surfaces are in contact. .

The time for a portion of the tire to cross the contact
patch is given by At; = Lw, where L is the footprint
length, w the wheel angular velocity, and R, was defined
earlier as the tire free radius.

If At; > Ats, the water level is not sufficient to com-
pletely prevent dry contact and the portion of the tire
in dry contact has length

Lwater _ Row(At; — Atp) =YgrL, (3)

with Yg being the fraction of the tire that is in real
contact with the ground.

A simple method for solving this problem uses the anal-
ogy between the behavior of the tire in the sinkage zone,
or squeeze film area, and the sinkage of a flat plate over
a randomly rough surface area. Considering the sink-
age of a flat plate over a rough surface, there is a bulk
flow of escaping fluid between the plate and the asperity
tips, and an open channel flow between asperities (cqlled
channelization). As the plate approaches the peaks of
the asperities, there is virtually no bulk flow, and the
channel flow becomes closed because the plate provides
an upper boundary in this position. This approach gives
a good intuitive understanding of the problem (see [10]),
but it is still very crude and we are currently looking for
a better model. It appears that describing each tread
element individually using viscous flow theory may pro-
vide such a model. Two solutions are important in the
analysis of viscous flow at the interface:

Top view Ro

Front view

Lubricant

"o

hitx.y)

Figure 2: Film of water between a tread block and the ground,
with ho being the water film thickness, d the tread el-
ement thickness, hr(f) the mean position of the tread
element (assuming the tread is rigid) and h(t,z,y)
the position of the tread element (assuming that the
tread is flexible)

a) Time varying solution: The Navier Stokes equation
for the flow is a partial differential equation. Identifying
the time dynamics of the water level under the tire is dif-
ficult, since many parameters such as the tire tread stiff-
ness, speed, etc. affect these dynamics. Several approxi-
mations are necessary to obtain an analytical solution to
the problem. In this paper, we will assume that the tire
tread elements are rigid. Then, the Reynolds equation
becomes a simple time varying equation. The solution
of this equation is important to evaluate whether water
is removed quickly enough from the contact patch, in
order to achieve dry friction.

b) Stationary solution: Finding a time varying solution
to the problem is not useful if one wishes to apply this
theory to an actual tire model, since we want to deter-
mine the time required by a tread element to achieve
contact with the ground and relate this quantity to the
effective contact surface. Thus, as an alternative we will
tune a static model with respect to the road conditions.
This solution is still quite simple since several dynamic
effects have not yet been included in the problem (slip
dynamics, tread flexibility, etc.).

To derive a stationary solution for a circular tread ele-
ment shown in top of Fig. 2), we will study the following
governing equation for the descent of the tread element
through a thin film of water:

190, 5. 0P

RaR(H BR)
R = T{X is a normalized radius where r is the radial
coordinate and Ry is the tread radius. H = —"- is the
normalized water height, where hg is the mmaf height

of water in the squeeze film area (for simplicity we take
ho = hoo/100). P = T’,E,—, is the normalized pressure,

ram
w dt’

4
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Figure 3: Effect of the pattern design on the setting time. For
example, the setting time is smaller for a triangular
pattern than for a squared pattern for the same tex-
ture amplitude. On the other hand no texture at all
implies a larger setting time.

2
where p is the tread pressure and Py = 1—2”—",:3’-&.
Vyes is a reference velocity and u is the fluid viscosity.

The Reynolds Eq. (4) written in dimensionless form is
valid only for a thin film of water (he < 0.2mm). How-
ever if we assume that downward water inertia is re-
moved in the hydrodynamic region of the upward thrust,
this part of model describes only the thin squeezed film
of water h.(t) remaining at the tire/road interface.

The effect of slip has been neglected in this equation,
but can be added if necessary. However, in most cases,
it turns out to be negligible. Since we are interested in
the load W () that the fluid supports at each instant of
time, with W(T) = 2n fol P(t,r)RdR = wP , we may
integrate Eq. (4) to get

1dH ' R}dR
ot J, B (5)

with H considered as a constant at each instant of time.
Eq. (5) reduces to

W(t) =

1dH 1
& ©
This equation can be solved for a simple time varying

function H(T') where T’ = t‘“r/f;i is the normalized time
to obtain L

VI+I(TY

with I(T) = AfoT W (r)dr and A = 16. Notice that the
constant A in this expression will be different for differ-
ent tread element geometries (for example. A = 18.1
for a square element instead of 16 for a round element).
Thus, the above results are valid for other geometries.

Wi(t) =

H(T) = )

We have described the descending dynamics of the tread
in the fluid (in dimensionless form). Suppose that there
is contact for H < Hpmin, where Hp;pn is a given nor-
malized limit spacing between the tire and the road
(Hmin = h—;'l‘a'—'l and Apin is the minimum spacing be-
tween tire and road). Then, we can determine the set-
ting time from the solution given in Eq. (7). Supposing

that the pressure distribution is uniform and constant,
we obtain this result in a non-normalized form

_12uRE[ 1 1
At Amp [ h%]'

(8
h‘?m'n
Using this expression and definition 2.1, we can find Yy
in Eq. (3), the fraction of the tire in contact with the
road.

Using the same method, it is possible to include the ef-
fect of the ground surface. This task is however more
difficult and it is helpful to consider the work devel-
oped in [13]. A similar equation to (4) can be written if
the ground texture is isotropic and a solution similar to
Eq. (8) is obtained. In this case the setting time At; is
a function of amplitude ¢ of the road texture. The tex-
ture density p will modify the mathematical expression
of At,. For a triangular road texture,

120R3 [ 1 1
Aty = -
& Arp K2, —€ hE- 62] ©)

min

For three different textures, the setting time is given
as a function of the water level in the transition zone
h, (Fig. 3). We observe that the initial water level in
the transition zone ho does not affect greatly the setting
time. An interesting result is that the effective fraction
of the tire in contact with the ground (Yg) is a func-
tion of both the texture amplitude ¢, and the angular
wheel velocity w. In other words, for a given level of
water on the road ho, and a fixed travel velocity v, the
hydroplaning limit (or the adhesion characteristic) will
vary only as a function of the road surface properties
(texture and density) and the wheel acceleration input.
Notice that in this example we have neglected the tread
deformations, which could interfere with this process.

Using this result, we can now describe the tire behavior
in wet road conditions as a function of the external con-
dition (he), the internal state (w, v and Fy) and the
road properties (¢, p). Keeping track of the road texture
properties will become an important issue in tire/road
friction modeling and estimation under wet road condi-
tions.

2.2 Preliminary conclusions
The following conclusions can be obtained from the con-
tact interface model that has been discussed.

e In the case of a uniform tire pressure distribution,
the normal force resulting from the load of the vehicle
depends on the ratios Yp and Yr defined in previous
sections (see Eqgs. (1) and (3)):

L/2 L
Fwa.ter — / Pwdf _ / PwaterwdE
~L/2 0

=(Yr—-Yr)Fn =Y Fny (10)
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Figure 4: Convention for slip definition. Two cases are consid-
ered: braking and traction

e The contact patch length has an expression which de-
pends on the given ratio Yy as well:

Lwater = YRL (11)

3 Application to tire models

The friction-based tire models presented in [5, 2, 15]
have been shown to reproduce the classic stationary fric-
tion coeflicient vs. slip ratio curves known as the “Magic
Formula”. We will use in this paper a stationary version
of the derived tire model extended to three dimensions
(see [6]) and discuss the consequences of previous results.

3.1 Definition of slip

Most tire/road friction models are based on the impor-
tant observation that a tire is slipping while rolling on
a road surface. The slip has been used as a natural
phenomenon to parameterize tire models.

Fig. 4 illustrates the notation that will be used in this
paper. Vg is the speed of the moving frame given by
Vr =V, where V is the vehicle speed (the frame moves
with the tire). V. is the circumferential velocity of the
tire given by V; = R.w, where R, is the “free” radius of
the tire, w is the wheel angular velocity, and « is the slip
angle. Finally, V; and V}, are the two components of the
frame speed Vg, and V,; and V3, are the two components

of the slip vector V; defined by V, = /(Vz ~ V)2 + V2.

As slipping occurs in both in longitudinal and lateral
. directions, two relations can be defined for lateral and
longitudinal slip. We also use two conventions to dis-
. tinguish the braking and traction cases (see Fig. 4), so
that the slip is well defined even when the wheel speed
becomes zero.

o In the braking case, longitudinal slip S,, and lateral

slip S, are given respectively by

Vo=V
S = Yz Ye
8 I/z
Say, = |tanq| (13)

Since V; > V. and V, # 0 during braking, S,;, > 0.

o In the traction case, longitudinal slip S, and lateral
slip S,, are respectively given by

S, = Ve-Ve (14)

Ve
Sa, = (1-5,)|tan af (15)

(12)

Since V. > V; and w # 0 during traction, S,;, > 0.

3.2 Three dimensional friction tire model

Finally, we include the road condition given by Eqs. (10)
and (11) in the model. The extended stationary model
in traction is given by the following expression:

F. : ; v
'ﬁf = =YY (Ve )sign(Var)gz (Ves) [1 + ?%fs)j
903 YRLSs,
(" otvimy -+ 1)] +Yz(o1, + 02, )Vaz (16a)
Fy . gll(Vﬂl)
< = Y Yolon S
. 1Yy (Vay)sign(Vey )9y (Vay) [1 + YrLoo, Sa:
_%0yYRLSa, .
[CEA 1)] + Y (o1, + 02, )Vay (16b)
. a Sa
Mo 'ry(Vu)Slglzl(V-w)gﬁ(Vw) R +
Fn ZO'OvSag
20, YRLSa,
20vVe) (v (16c)
YRLdochn

Where «y; are two functions defined as in [5, 6] for the
lateral and longitudinal cases, and oy, g; are the clas-
sical parameters of the LuGre dry friction model, for
the lateral and longitudinal directions ({ = 1,2,3 and

j = z,y). For the braking case a similar formula can be

. . s s
— 3 — o
derived with S,, = _-Ll_s‘b and Sy, = —‘L‘l_s,b-

4 Numerical example

The results of a numerical simulation are illustrated in
Figs. 5 and 6, for a typical tire referenced as 165-65R14.
The model was first tuned to fit the classical “Magic
Formula” on a dry surface, and then it was simulated
for different water films and various texture amplitudes.
Fig: 5 illustrates the hydro-dynamic properties of the
tire under wet road conditions. As predicted, increasing
the thickness of the water on the road ke for a given
travel velocity v dramatically reduces the resulting fric-
tion. Furthermore, Fig. 6 shows the effect of varying
the texture amplitude € on the friction characteristics.
In this case, the water layer ho, is given and the road
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pattern is specified as triangular. As ¢, is varied the set-
ting time is slightly affected. We observe that friction
increases as texture amplitude increases.

slip angle (deg)

Figure 5: Effect of water depth hoo on a stationary tire model
(v = 25m/s and triangular texture of amplitude € =
0.06mm)

LI

° or sy,
20000633 b btcor o ig

W ¥ %
slip angle (deg)

Mz(N)

] %
slip angle (deg)

Figure 6: Effect of road texture amplitude F on a stationary
tire model (texture: triangular motif, v = 25m/s and
oo = 30mm)

5 Conclusion

An approach to include variations in road moisture in a
tire/road friction model has been described in this pa-
per. In particular, both the hydrodynamic and lubrica-
tion effects of the contact zone have been discussed. Dif-
ferent road textures and densities can be introduced in
friction based tire models (LuGre) using relatively sim-
ple methods. It is known that the tread stiffness charac-
teristic affects the sinkage time and this point should be
investigated more carefully. Furthermore, a technique
to decouple the effects of the road pavement from those

of the tire under wet conditions has been proposed, and
could lead to an important breakthrough for embedded
road or vehicle diagnostic tools.
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