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Tire-road Estimation methods have been the objective of many research programs throughout
the world. Most of these methods aim at estimating the friction components such as tire lon-
gitudinal slip rate κ and friction coefficient µ in the contact patch area. In order to estimate
the maximum available friction coefficient µmax, these methods generally use a probabilistic
relationship between the grip obtained for low tire excitations (such as constant speed driv-
ing) and the grip obtained for high tire excitations (such as emergency braking maneuver).
Confirmation or invalidation of this relationship from experimental results is the purpose of
this paper.
Experiments have been carried out on a reference track including several test boards corre-
sponding to a wide textural spectrum. The main advantage of these experiments lies in the
use of a vehicle allowing us to accurately build point by point the relationship between κ and
µ. This relationship has been determined for different tires, pavement textures.
Finally, the curves obtained are analysed to check the validity of the relationship between the
current friction coefficient used by the car during normal driving conditions and µmax.

Keywords: Tire-road friction; Available grip; Longitudinal slip rate; Road texture;
Embedded measurement

1. Introduction

Today’s vehicles use more and more driver assistance systems and vehicle handling
systems : antilock braking system (ABS), electronic stability program (ESP),
adaptive and stop-and-go cruise control, downhill speed regulator, advanced
automatic driving, etc. From this point of view, embedded tire-road friction
estimation is advantageous for improving the driver assistance system efficiency
and to provide drivers with an instantaneous warning about the available grip and
limits for their possible driving actions.

Due to the importance of tire-road friction, many research programs have been
carried out. Two main methods named ’cause based’ and ’effect based’ have been
investigated and developed. ’Cause based’ methods [1], [2] attempt to measure
external parameters such as pavement texture characteristics [3] or water thickness
[4], which directly impact tire-road friction. Due to specific sensors and velocity
sensitivity, these methods are quite difficult to implement and are not reliable
enough for industrial applications. ’Effect based’ methods [5], [6], [7] are more
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Figure 1. Example of function µ = f (κ) for a wet pavement.

widely used. Their objective is to estimate the friction components such as tire
longitudinal slip rate κ and friction coefficient µ in the contact patch area from low
or high grip requirement driving conditions. Generally in ’effect based’ methods,
these estimates are obtained thanks to on board equipment delivering the following
signals for each side of the vehicle :

• front angular wheel speed ωf , corresponding to the driving wheel speed

• rear angular wheel speed ωr

• effective wheel radii Rf and Rr of front and rear wheels respectively

• front longitudinal traction force Fx

• front normal ground reaction force Fz

These signals are used to compute the longitudinal slip rate κ according to,

κ = (Rfωf − Rrωr) /Rfωf if Fx > 0

κ = (Rrωr − Rfωf ) /Rrωr if Fx < 0
(1)

and the friction coefficient µ,

µ = Fx/Fz. (2)

The tire-road interaction is represented in the (µ, κ) space which is often used in
the literature, see [8], [9], [10] and [11]. Figure 1 shows an example of the variation
of the friction coefficient µ as a function of slip κ for a wet pavement. At a given
speed and for a given vehicle weight (Fx and Fz are constant), driving conditions
correspond to one value of µ. The curve of the figure 1 can be divided into three
parts. The first part of the curve shows a quick linear rise corresponding to stable
braking. During the second part, the curve reaches a maximum (µmax) correspond-
ing roughly to ABS braking. µmax depends on the micro-texture and macro-texture
of the pavement and its lubrication. The third part of the curve shows a smooth
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downward slope until a bound (µlock), corresponding to the grip available during
a locked wheels braking with 100% slip, is reached.
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Figure 2. Brush model during driving.

Uchanski [9] proposed an analytic expression of this relation based on the tire-
road brush model. Figure 2 shows a representation of this model during accelera-
tion. In the tire-road brush model, a tire is considered as an unstretchable cylinder
which can deform under the axle load to provide a contact patch area of 2a long
and 2b wide. Attached to this cylinder are small rubber brush elements showing
a longitudinal stiffness kp. The coordinate of a point in the contact patch is given
by its localisation along the ξ axis, which has its zero reference at the beginning of
the contact patch and its positive direction pointing towards the rear of the patch.
The end of the brush element in contact with the ground is A and its coordinate
is ξA. The connection between the cylinder and the other end of the brush element
is B, its coordinate is ξB. The coordinate ξs fits with the boundary between the
sticking zone and the micro-sliding zone. In the sticking zone, the bristles are not
completely stretched and the point A is fixed to the ground. In the micro-sliding
zone, the bristles are completely stretched and the A point moves from the ground.
The bristles located in the micro-sliding zone use the maximum available grip µmax.
Finally the µ = f (κ) is given by :

µ = 3
C

Fz
κ − 3

C2

µmaxF 2
z

κ2 +
C3

µ2
maxF 3

z

κ3 (3)

where C = 4
3a2bkp is a constant in relation to the contact patch size and the

longitudinal stiffness of the bristle tire gum.

In order to estimate the maximum available friction coefficient µmax, ’effect
based’ methods generally use a probabilistic relationship between the grip obtained
for low tire excitations (such as constant speed driving) and the grip obtained for
high tire excitations (such as emergency braking maneuver). This relation assumes
that the slope of the µ = f (κ) curve in the linear part of the curve contains in-
formation about the maximum available grip : the greater the value of µmax, the
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greater the slope λ. The derivation of expression (3) contains information about
µmax and confirms these assumptions (see (4)). A variation of µmax involves a
variation of λ.

∂µ

∂κ
= 3

C

Fz
− 6

C2

µmaxF 2
z

κ + 3
C3

µ2
maxF 3

z

κ2 (4)

From an experimental point of view, the literature does not offer many results
concerning the influence of µmax on the slope λ. Gustafson [5, 12] produced the
main experimental result showing two distinctive slopes λ between a dry and a snow
covered pavement. Many researchers used Gustafsson’s results as a starting point
[9, 13, 14]. This approach requires big and expensive trial means. This explains
the lack of experiments. Another approach can be found in the Michelin patent
[15] which describes an invariant relationship between coordinates of the top of the
µ = f (κ) curve and coordinates of a point belonging to this linear part (see (5)).
This paper aims to compare these results to experimental data in order to confirm
or invalidate these approaches.

µmax

κ|µmax

µ
(

κ|µmax

/2
)

κ|µmax

/2

= Inv = 0, 58 (5)

2. Methods of measurement

To study the relationship between µmax and λ, our goal is to acquire (µ, κ) accu-
rate coordinates for different pavements and different tires. Usually, the relation
µ = f (κ) is computed with measurements coming from dedicated test benches
called rolling machines or from dedicated vehicles including a measuring wheel.
The first and second paragraph of this section aims at explaining why these test
benches and dedicated vehicles are hardly appropriate to our objectives. Another
way to calculate the relation µ = f (κ) is to store data during an emergency frontal
braking. The third paragraph of this section shows the metrological difficulties of
such a system. Finally, our trial means, based on controlled deceleration of the
vehicle, are described.

2.1. Specific test benches

To easily determine the relation µ = f (κ), tire and car manufacturers use specific
test benches called rolling machines. These machines make it possible to subject a
tire to specific conditions : the tire can be loaded, swung, accelerated and inflated
to a specific pressure. There are three types of rolling machines :

• Internal steering wheel rolling machines : tires are inside a large and rigid steering
wheel,

• external steering wheel rolling machines : tires are outside a large and rigid
steering wheel,

• flat-track rolling machines : tires are on an horizontal metallic belt, see figure 3.
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Despite their good performances, rolling machines, are not entirely suitable for
varying the pavement texture and pavement lubrication. Only flat-track rolling
machines can change the micro-texture of the abrasive paper of its rolling belt.
But any rolling machine can add water in the contact patch area. This parameter
variation is essential to determine the impact of pavement characteristics on tire
grip. As a conclusion, rolling machines are well suited to determine tire charac-
teristics but not to determine tire-road mechanisms. On the contrary, experiments
based on vehicle satisfy these constraints.

Figure 3. Exemple of a test bench for tire behavior study : MTS Flat-trac.

2.2. Five wheels test vehicles

To take into account the influence of pavement texture and pavement lubrication on
tire road friction, specific vehicles have been developed. These vehicles are usually
4 wheels tank trucks which are equipped whith an extra wheel for tire/road friction
measurement and a pavement lubrication system. The added wheel is either inside
the vehicle or on a pulled trailer. In the following, these vehicles are called ’five
wheels test vehicles’.

There are roughly two types of devices : devices for measuring the conventional
skid resistance which are often managed by road authorities and devices for research
activity.

2.2.1. Measuring devices for conventional skid resistance

In order to manage the maintenance of national road networks, authorities need
specific measuring devices to control quickly and effectively the grip offered by
the road. If we focus on the longitudinal friction coefficeint, some equipments are
enable to measure the skid resistance within the respect of operating constraints.
In Europe the main ones are : the Adhera 2 in France, the BV 12 in Sweden and
the RoadStar in Austria [16]. The figure 4 shows the Adhera 2.
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Figure 4. Exemple of ’five wheels test vehicles’, ADHERA 2.

For exemple, characteristics of Adhera 2 are given. This equipment is designed to
measure the Longitudinal Friction Coefficient (LFC). The measurement is done by
a sensor wheel subjected to a constant vertical load (250 daN) which is pulled at
a constant speed by a tank truck which spreads a 1 mm watter layer on pavement.
During the measurement, the rotation of the wheel is prevented along a distance
of 20 m. Then the LCF is deduced from the measurement of the average torque
ensuring balance with the friction torque exerted by the pavement on the tire.

Generally, such vehicles measure a single point on the curve µ = f (κ). For
example, tests with Adhera 2 are conducted locked wheel. This constrain implies
that this device delivers only the value of the friction when the slip rate is 100%.
Moreover, these devices are equipped with a standard tire that is not representative
of actual tires used on a passenger car. For example, Adhera 2 is equipped with
the PIARC tire which is a smooth and narrow tire [17].

In short, these standardized test devices are relevant to monitor the quality of
a pavement but do not inform us about the relationship between stiffness and
maximum available friction coefficient µmax, for a classical vehicle.

2.2.2. Measuring devices for research activities

Besides devices for measuring the conventional skid resistance, some research
equipments have been developed to measure the entire curve µ = f (κ). There are
the Michelin vehicle C 35, the trailer Dynatest and the Adhera Research [18]. The
Adhera Research has the same architecture as the Adhera 2 previously presented.
The control of the braking procedure and the data processing is more sophisticated
than for Adhera 2. It enable to measure a longitudinal friction coefficient with a
slip ratio ranging from 0% to 100% (locked wheel) [19].

While performing, these devices are rare, expensive, difficult to carry out on a
test track. They give a global view of the curve µ = f (κ) and are not appropriate
to our purpose which is to zoom on the beginning of the curve, i.e. to study the
grip at low solicitation. Moreover, the behaviour of a measuring wheel is different
from the one of a wheel in a real vehicle. So, it will be difficult to extrapolate these
results to a real car.

2.3. Emergency frontal braking

To take into account the influence of pavement texture and pavement lubrication
on the µ = f (κ) curve, for a given tire, trial vehicles seem to be a good solution
[16]. In order to obtain the full curve, the pilot makes a frontal emergency braking

Accepted Manuscript

6



without anti-lock braking system. On such vehicles, the longitudinal slip rate κ is
calculated using an optical velocity sensor (like Correvit), used as a reference, and
high resolution encoders on braking wheels and the longitudinal friction coefficient
µ is computed using the acceleration signal from an inertial system injected in a
bicycle model. On some trial vehicles, the friction coefficient can be provided by a
dynamometric wheel. Figure 5 shows the evolution of µ as a function of κ and their
evolution as a function of time for an emergency braking from an initial vehicle
speed of 90 km/h.
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Figure 5. The central subfigure represents the evolution of µ as a function of κ for an emergency braking
on a wet pavement. The left subfigure and the lower subfigure represent respectively the evolution of µ as
a function of time and the evolution of κ as a function of time.

As shown on figure 5, the time to reach µmax is very small (about 0.2 s) and the
time to reach 100% of the slip rate and to lock braking wheels is also very small
(about 0.2 s). Due to the rapidity of the mechanisms, it is quite a real challenge
to characterize emergency frontal braking metrologically. Indeed, a record of 0.2 s,
using for example a sampling frequency of 100 Hz leads to only 20 couples of
(µ, κ) coordinates. Moreover, an emergency braking corresponds to a succession of
transitory mechanisms of tire-road interaction (shearing of the pieces of gum, load
transfer, rise of temperature, etc). Consequently these 20 points are very noisy and
do not allow us to study of the variation of the slope λ.

2.4. Controlled deceleration

The proposed solution is braking with controlled deceleration. This method takes
advantages from all the techniques previously detailed. The ability to control the
vehicle deceleration provides the stability observed with a rolling machine. In addi-
tion the use of a trial vehicle allows to take into account the influence of pavement
texture and pavement lubrication with an actual tire of passenger car. The vehicle
is a classical car : this means that the measured friction is the one required by a
car and not an approximation obtained with an artificial device. In addition, this
procedure is easy to carry out on a test track.
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2.4.1. Theoretical analysis

Our trial vehicle is equipped with a modified braking system that allows it to
achieve pure frontal braking by disabling the braking distribution and taking the
rear brakes out of service. A controlled pump generates the required pressure on
front brakes. Pressures of front brakes are measured and forwarded to the pump
regulator. In practical terms, once the vehicle runs at 90 km/h, a pressure step
command is sent to the braking system. After the load transfer, a stabilized braking
associated with a stabilized deceleration is observed for several seconds. This steady
state allows a very accurate measurement of slip rate κ and friction coefficient µ
for a specific tire operating point on a real pavement showing a determined level
of lubrication.
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Figure 6. Illustration of the stability of our measurement method. The upper subfigure represents the
evolution of ẍ as a function of time and the lower subfigure represents the evolution of Fz as a function of
time for a controlled deceleration braking.

Figure 6 shows records of the evolution of the longitudinal acceleration ẍ of the
center of gravity of the vehicle and the evolution of the normal ground reaction
force Fz as a function of time from our trial vehicle for a controlled deceleration
braking. On both curves, the level ẍ and Fz is relatively constant and can be
maintained for several seconds (≈ 3 s). During the braking, only very small and
smooth variations can be observed showing that the variations of load transfer can
be neglected during braking. These characteristics illustrate the great stability of
our measurement method.

We now show the stable state of the vehicle during a braking maneuver using
a converse Lyapunov theorem. For the sake of clarity, stability is studied using
a simplified model. In the case of a more complex model, the stability has been
verified numerically. Figure 7 illustrates our simplified model based on the torque
balance at wheel-road contact :

Jω̇ = Reff × µ(κ)Fz − TB (6)
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Figure 7. Torque balance at wheel-road contact.

with :

• J : the main inertia of the wheel.

• TB : the braking torque which is constant.

• Reff : the effective radius.

• Fz : the reaction of the road which supports the wheel. It is supposed that the
load transfer is stabilized. Therefore, Fz is assumed constant.

• ω (resp. ω̇) : the angular velocity (resp. acceleration) of the wheel.

By assuming that the braking process is the same for the front right wheel and for
the front left wheel (rear brakes are disconnected), the equation of the movement
for the vehicle along the longitudinal axis is :

Mẍ = −2µ(κ)FZ (7)

with :

• M : the mass of the vehicle.

• x,ẋ,ẍ : the longitudinal position, speed and acceleration of the center of gravity
of the vehicle.

Our objective is to prove that the braking process is stabilized around a constant
slip rate when a suitable constant braking torque is applied. Before, remember the
definition of κ :

κ =
ẋ − Reffω

ẋ

Using 7 and 6, the derivative of κ is given by :

κ̇ =
1

ẋ

(

ReffTB

J
+ µ(κ)Fz

(

−
R2

eff

J
−

2(1 − κ)

M

))

(8)
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The stationary slip κ∗ is obtained when equation 8 is set to zero.

µ(κ∗)Fz

(

R2
eff

J
+

2(1 − κ∗)

M

)

=
ReffTB

J
(9)

Considering the function µ(κ), illustrated on figure 1, this last equation has :

• no root if the braking torque is too high,

• two roots if µ is included between µmax and µlock. In the following, it will be
demonstrated that one of these two solutions is unstable,

• one root if µ is smaller than µlock.

Let us now suppose that the braking torque is small enough to get a friction µ
below µmax. This is coherent with our experimental procedure.

Now, the stability of the ordinary differential equations 8 is studied around the
equilibrium point κ∗. For this purpose, κ̃ = κ − κ∗ is introduced.

According to equation 8,

˙̃κ =
1

ẋ
f(κ̃ + κ∗) (10)

where f summarizes the part of the equation which varies only with κ. This
equation is linearized :

˙̃κ =
1

ẋ

(

f(κ∗) +
∂f(κ∗)

∂κ
κ̃ + o(κ̃)

)

(11)

with lim
κ̃→0

o(κ̃)
κ̃ = 0.

By definition, f(κ∗) = 0, the linearized system is :

˙̃κ =
1

ẋ

∂f(κ∗)

∂κ
κ̃ (12)

According to the theorem 4.15 of the book [20], and under the assumption that
the function µ(κ) is smooth enough, κ∗ is an exponentially stable equilibrium
point for the nonlinear system 8 if, and only if, zero is an exponentially stable
equilibrium point for the linear system 12.

The longitudinal speed ẋ of the vehicle varies from Vmax to Vmin during the
braking maneuver. For our experiments, Vmax = 25 m/s. Furthermore, the compu-
tation of the slip rate is stopped when Vmin ≈ 17 m/s. Thus, the linear system 12
is stable if, and only if :

∂f(κ∗)

∂κ
< 0 (13)
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Based on equation 8, the derivative of f is calculated :

∂f(κ∗)

∂κ
=

(

∂µ(κ∗)

∂κ
Fz

(

−
R2

eff

J
−

2(1 − κ∗)

M

)

+ 2µ(κ∗)
Fz

M

)

(14)

As Fz > 0, the stability condition 13 becomes :

∂µ(κ∗)

∂κ

(

R2
eff

J
+

2(1 − κ∗)

M

)

>
2µ(κ∗)

M
(15)

Considering numerical values : Reff ≈ 0.3 m , M ≈ 1500 kg, κ ∈ [0, 0.15],
µ ∈ [0, 1.5], J ≈ 1 kg.m2, this last condition can be practically approximated by
the simplified condition :

∂µ (κ∗)

∂κ
> 0 (16)

Considering the shape of the function µ(κ) (see figure 2), the stability is ensured
if and only if the level of the braking torque corresponds to a friction coefficient
below to µmax. For this level, there exists a stable slip rate below to the optimal
slip rate corresponding to µmax. The derivative of the µ(κ) curve is positive for
this slip rate.

Our experimental procedure was carried out in order to ensure stability.

2.4.2. Trial means

• The trial vehicle : the vehicle used during our trials is a sedan. It is a front wheel
drive car equipped with a V6 engine coupled with a 5-speed automatic gear box.
Ground link is realized by a pseudo Mac-Pherson front axle and a ’H shape’ rear
axle. The vehicle weight is 1770 kg.

• Sensors : laboratory sensors with high sensitivity are embedded on the trial
vehicle. Measured signals are recorded at 1 kHz thanks to a National Instrument
acquisition system. Table 1 describes sensors and figure 8 shows the localisation
of these sensors on the trial vehicle.

• The track : during our trials, we used the Reference and Road Experiment Track
of the French Public Works Research Laboratory at Nantes. This track has the
particularity to grouping together 17 pavements representing all scales of micro
and macro-texture. The measurement zone of the track includes a number of
test boards, ranging from 100 to 250 m in length and 2 m wide. Some of these
boards feature ’extreme’ textural characteristics, i.e. : a smooth resin finish, a
2/4 mm surface dressing, and a 0/12 mm surface dressing. Other test boards
are representative of actual wearing course laid on the French highway network
(0/10 mm ultra thin asphalt concrete, 0/6 mm very thin asphalt concrete, and
high performance asphalt concrete). A mobile sprinkling system enables the wet-
ting of the various road sections. Figure 9 shows an aerial view of the experiment
track.
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Figure 8. Localisation of sensors embedded on the trial vehicle.

Table 1. Sensors embedded on the trial vehicle

Sensor N◦ Function Accuracy

Kistler S625 1 Dynamometric wheel to measure forces
and torques in the contact patch area.

Full scale linearity 0.39%

Crossbow V G700AA 2 Inertial system to measure
X, Y, Z accelerations and
Rolling, P itching, Y aw angular
velocities.

±1%

Datron S400 3 Bi-axial Correvit to measure reference
vehicle speed.

0.1%

Ivo G0355 4 to 7 Angular encoder to measure wheel
speed.

10000 points per revolution

Keyence LK − G157 8 to 9 Laser telemeter to measure tire radius
variations.

Full scale linearity 0.05%

Aquasens 10 to 11 Optical sensor to measure water thick-
ness in front of tires.

±0.1 mm

Figure 9. Reference and Road Experiment Track of the French Public Works Research Laboratory.
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3. Experimental procedure

To scan a large range of tire-road friction conditions, the experimental procedure
is very important and requires many precautions in its implementation. Factors to
be considered are :

• 5 pavements presenting conventional friction coefficient µ ranging from 0.1 to
1.2 with different micro-textures and macro-textures (see table 2).

• 2 types of tires : summer and winter (see table 3).

• 2 tire manufacturers : A and B (see table 3).

• 2 weakening levels : new and worn (see table 3).

• A fixed amount of water (In fact, surfaces are wetted for 10 minutes, i.e. : each
surface receives the same amount of water. For information, this amount of water
represents a water thickness of 0.4 mm on a traditional pavement).

The combination of these variables gives 40 cases of tire-road friction. To obtain
a point by point plot of the µ = f (κ) curves, each case includes 12 brakings with
increasing deceleration, 5 random recurrences for two distinct brakings, 1 ABS
braking, 1 locked wheels braking and finally 1 braking on a dry surface to measure
the tire’s vertical stiffness. So we obtained approximately 25 brakings for one
modality and consequently 1000 brakings during the whole trial campaign.

Two precautions were taken to perform these experiments. Prior to trials, all
tires were run in 1000 km in order to take off the silica layer found on new tires
and to have a good cylindrical shape for worn tires. During the trials, the tire
manufacturer’s instructions concerning tire temperature were met : winter tires
were used under 7◦c and summer tires were used above 11◦c.
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Table 2. pavement properties

Pavement Name and description

Epoxy board: Pavement manufac-
tured in epoxy resin. This board is
used for very low grip conditions.
When this board is wet, its behavior
is close to ice. CFL40a = 0.1 and
PTEb = 0.15.

Painted board: Soft bituminous con-
crete painted with pedestrian crossing
paint. CFL40= 0.50 and PTE= 0.50.

Porous board: Porous asphalt 0/6.
This surface covering 5% of the French
national network is used where it
frequently rains. CFL40= 0.67 and
PTE= 0.88.

BBSG board: Medium coarse as-
phalt (BBSG0/10). This surface is the
most widely used on the French na-
tional network (≈ 40%). CFL40= 0.71
and PTE= 0.62.

Colgrip board: Pavement manufac-
tured with a bituminous binder (bitu-
men and epoxy) and very hard aggre-
gate (refractory calcining bauxite ag-
gregate bounded between 1mm and
3mm). This surface is used for very
high grip conditions and in particular
in dangerous area. CFL40= 0.93 and
PTE= 1.54.

aCFL40 is the Longitudinal Friction Coefficient provided by a conventional measuring device named
ADHERA using a slick tire AIPCR, locked wheel, 1 mm water thickness, 40 km/h and 250 daN load.
(AIPCR = International Association For Road Congress).

bPTE is the Equivalent Texture Depth provided by a conventional measuring device named Rugolaser.
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4. Experimental results

This section presents the experimental results obtained with the means at our
disposal for the trial. In a first subsection, a typical µ = f (κ) curve is described.
The second subsection deals with the influence of pavement on the shape of µ =
f (κ) curve. The third subsection presents the influence of tire on the shape of
µ = f (κ) curve. Finally a study of the slope variation of µ = f (κ) curves is
proposed.

Remark 1 : Figures on table 3 show different notch rates in tire tread. Winter
tires are characterized by a high notch rate and a lot of gum blades in order to break
the water and snow layers on a pavement and to keep it well drained. This design
aims at improving indentation mechanism [21]. Summer tires present a medium
notch rate and a few strips in order to maximize the gum surface in contact with
the pavement. This design is used to favor adhesion mechanism. Winter tires and
summer tires are very different. Nevertheless, their vertical stiffness is similar for
a given pressure.

4.1. Point by point representation of µ = f (κ) curves

Figure 10 represents the µ = f (κ) curve for a B new winter tire on the Porous
board. This curve is built point by point, each point corresponding to a brak-
ing. As expected, the quick linear rise and the beginning of the inflexion to reach
the maximum available grip (µmax) can be observed. The repetition series for a
low deceleration braking (in diamonds) and for a middle deceleration braking (in
squares) are represented on this figure. The relative closeness of these repetition
points shows the very good measurements quality and repetitiveness of our method.
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Figure 10. µ = f (κ) for B new winter tire on the Porous board.

This very reliable measurement method allows us to analyse the variation of
the slope λ of the curve µ = f (κ). In the literature, the slope λ is also named
’longitudinal stiffness’ of the tire/pavement couple. Above the µ = f (κ) curve,
the friction coefficient values for an ABS braking (solid line) and a locked wheels
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braking (dash line) are plotted. The friction coefficient value obtained for the locked
wheels braking is obtained for a 100% slip rate. This value (µlock = 0.67) is not very
high compared with the maximum friction coefficient value reached (µmax = 0.89).
This fall of performance results from the tire temperature increase during locked
wheels braking which highly impacts the tire grip. The friction coefficient obtained
for the ABS braking (µABS = 0.84) is slightly smaller than the maximum friction
coefficient value (µmax = 0.89). This difference results from the ABS regulation
which controls the braking pressure in order to keep the wheel slip around an
operating point providing an average grip close to the maximum available grip.
The shape of the curve depicted in figure 10 and the scattering of these measuring
points are representative of all curves obtained whatever the tire/pavement couple
tested.

4.2. Pavement effect

This subsection aims to bring a first summary of the test findings. The µ = f (κ)
curves for all pavements are plotted for a given tire. This representation can be
called ’pavement effect’. To allow an easy comparison of results, every graph is
plotted using the same scale. The curves presented are obtained using inertial
system but comparable results are obtained using a dynamometric wheel. This
subsection is dedicated to the study of the quick linear rise section of µ = f (κ)
curves. Figure 11 shows the pavement effect representation for B new and worn
summer tires. This figure can be compared with figure 12 showing the pavement
effect representation for B new and worn winter tires.

The observation of maximum friction coefficient values, µmax, of figures 11 and 12
provides the ranking of pavements as a function of their grip for a given tire. For
all tires the same ranking is observed and is given by :

• 1st : Colgrip board.

• 2nd : BBSG board.

• 3rd : Porous board.

• 4th : Painted board.

• 5th : Epoxy board.

This ranking shows the very good performances of the Colgrip board always asso-
ciated with the same maximum friction coefficient value (µmax = 1.22) for all tires.
Thus, the Colgrip board can correct bad performance of a worn tire. BBSG board
and Porous board are very close so these two pavements cannot always be distin-
guished. This ranking is in accordance with our a priori knowledge of these surfaces.

The small variations of maximum friction coefficient values µmax will be
discussed in the next subsection dedicated to the ’tire effect’.

Figures 11 and 12 exhibit the great difficulty of linking the longitudinal stiffness
to the maximum friction coefficient in order to provide an estimate of it. In the
following, these figures are interpreted from low slip rates to extreme slip conditions.
Theses curves can be divided into two parts.

(1) At low slip rates, all the curves are merged i.e. : all the curves µ = f(κ)
seem to present the same longitudinal stiffness for a given tire although the
maximum available grip significantly differs from one pavement to another.

(2) When the solicitation increases, an inflexion point is reached. From this
inflexion point the curves can be separated : the higher the longitudinal
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stiffness, the higher the braking power required to reach the inflexion point.
For example, on the lower part of figure 11, the inflexion is located at 90%
of the maximum available grip. On the upper part of figure 12, the inflexion
is located at 75% of the maximum available grip.

These considerations demonstrate that it will be very difficult, maybe impossible,
to estimate the maximum available grip knowing the longitudinal stiffness.
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Figure 11. µ = f (κ) for B new (upper subfigure) and worn (lower subfigure) summer tire.
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Figure 12. µ = f (κ) for B new (upper subfigure) and worn (lower subfigure) winter tire.

4.3. Tire effect

In this subsection, the µ = f (κ) curves, for all tires, have been plotted for a
given pavement. This representation allows us to consider the ’tire effect’. As for
previous results, every graph is plotted using the same scale. Here again, the curves
presented are obtained using an inertial system but similar results are obtained
with a dynamometric wheel. This subsection is also dedicated to the study of the
quick linear rise section of µ = f (κ) curves. Figure 13 shows the tire effect for
the Colgrip board (upper subfigure) and the BBSG board (lower subfigure). This
figure can be compared with figure 14 showing the tire effect for the Porous board
(upper subfigure) and the Painted board (lower subfigure). Results of the Epoxy
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Figure 13. µ = f (κ) for Colgrip board (upper subfigure) and BBSG board(lower subfigure).

board cannot be represented because high grip cannot be reached on this pavement.

Observation of maximum friction coefficient values µmax of figures 13 and 14
provides the ranking of tires according to their grip for a given pavement. For all
pavements, except the Colgrip board which improves the poor performance of worn
tires, the same ranking is observed :

• 1st : New summer tires.

• 2nd : New winter tires.

• 3rd : Worn summer tires.

• 4th : Worn winter tires.

This ranking is in accordance with our knowledge of tire characteristics.
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Figure 14. µ = f (κ) for Porous board (upper subfigure) and Painted board (lower subfigure).

Let us take into account the water thickness which is 0.4 mm on a traditional
pavement. For this thickness, new tires are slightly more effective in draining water
than worn tires. This explains the advantage of new tires.

The winter tires are more efficient at draining water. The high notch rate of
the tire tread of winter tires implies a smaller gum surface in contact with the
pavement than for summer tires. Consequently, winter tires are less efficient in dry
conditions than summer tires. The quantity of water used in our experiments is not
sufficient to show that their ability in draining water compensates their weakness
in dry conditions. This explains the slight advantage of summer tires.

This ‘tire effect’ is emphasized on poor surfaces. On figures 13 and 14, the
maximum available grip for the Painted board varies from µmax = 0.35 for a
A worn winter tire to µmax = 0.55 for a A new summer tire. This difference in
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friction can be explained by the difference in tread depth. A new summer tire has
deeper tread than a worn winter tire (see table 3) so allowing it to drain more water.

The observation of tire/pavement longitudinal stiffness λ shows that the
longitudinal stiffness of summer tires is greater than that of winter tires and
the longitudinal stiffness of worn tires is greater than that of new tires for a
given pavement. This observation is in accordance with our knowledge of tire
characteristics. The gum trips of winter tires are smoother than those of summer
tires in order to mould to the shape of road aggregates during bad weather. In
addition the very small size of gum strips of worn tires increase their longitudinal
stiffness.

4.4. Study of the slope variation of µ = f (κ) curves

This part presents a more detailed study of the variation of the longitudinal stiff-
ness λ as a function of the maximum available grip µmax. This study attempts to
ascertain whether (or not) it is possible to estimate the maximum available friction
coefficient µmax from the longitudinal stiffness λ under normal driving conditions.
In part 4.2, a doubt was expressed about this possibility. Figure 15 represents the
longitudinal stiffness λ as a function of the maximum available friction coefficient
µmax, for all our test pavements and tires. For the sake of the clarity of the plot,
µmax values have been replaced by the board name. The Colgrip board presents
µmax = 1.24, the BBSG board presents µmax = 0.90, the Porous board presents
µmax = 0.89 and the Painted board presents µmax = 0.4. Results for the Epoxy
board are not available because the regression cannot be performed on these data
with a representative correlation coefficient.
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Figure 15. Longitudinal stiffness variation as a function of pavements.

Figure 15 shows that longitudinal stiffnesses obtained for the Painted board and
for all tires are generally a bit lower than the others. The small amount of data
measured on this board makes it a tricky calculation. Nevertheless, the values ob-
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tained for λ using this board are close to the others and do not allow to distinguish
it from other boards. Concerning the three other pavements, their longitudinal
stiffness varies within the range λ ∈ [15, 32] and present small differences. Conse-
quently, their longitudinal stiffness λ does not allow discrimination between these
four pavements, while their maximum friction coefficients vary from simple to triple
and they present very different textures. Moreover, the results obtained show that
it will be very challenging, maybe impossible, to estimate the maximum available
grip µmax from the longitudinal stiffness λ.

5. Discussion and conclusion

The purpose of this paper has been to present a measurement and a characteri-
sation methodology for tire/pavement longitudinal friction. This work has been
carried out to attempt to decide on the possibility, or not, on estimating the
maximum available friction coefficient µmax from the longitudinal stiffness λ for
normal driving conditions. Moreover, this work has been motivated by the degree
of importance of the knowledge of µ = f (κ) curves for models and applications
described in the literature.

Due to the measurement difficulties, very few experimental works focus on the
existence of the relationship µmax = f (λ). This paper has presented experimental
results. Using a trial vehicle equipped with a controlled deceleration system,
µ = f (κ) curves have been obtained point by point on 5 different pavements
and for 8 different tires. Test surfaces have been selected for their characteristics
and representativeness of the French road national network. Different constant
deceleration forces were applied to describe the totality of µ = f (κ) curves until
ABS triggering and for a locked wheels braking. Using the proposed method, the
high accuracy and repetitiveness of measurements have allowed us to study and to
quantify the tire/pavement longitudinal stiffness and its variation as a function of
the maximum available grip µmax. The analysis of experimental data clearly show
that there is no ’pavement effect’. In other words, a relationship µmax = f (λ)
does not exist.

This result is not in accordance with the literature. It questions the representa-
tiveness of some tire-road friction models and warns about the apparent simplicity
of use of (5). Neverthelesse from the pavement manufacturer point of view,
experimental results show that a good pavement like Colgrip can improve tires
performances. This observation opens a new investigation way for the design and
the use of road in order to increase the controlability of future vehicles whatever
the type or the weakness of their tires.

Moreover a new and efficient embedded method is proposed to tire/pavement
characterisation. This method can be used as a complement to traditional tests
using rolling machines or ’five wheels test vehicles’ and presents the advantage of
using real pavements with different texture scales with a real car.

This paper is also fruitful for road authorities for two reasons :

• Results increase the understanding of the influence of the road in the friction
mechanisms. In particular, it will be useful to study the link between the con-
ventional skid resistance (LFC), controlled by road authorities, and the skid
resistance required by a real car.
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• The procedure of controlled braking with a classical car opens new perspectives
for measuring conventional skid resistance in area where the traditional ’five
wheels test vehicles’ cannot operate as in urban area.

Finally, we hope that the interest of the scientific community, which has invested
much effort and time in tire/pavement friction estimation methods, will be renewed
by these new results.
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de Technologie Michelin, 2002.

[16] P. Vandanjon, M. Do, Y. Delanne, A. Andrieux, and P. Daburon, Comparison of different systems of
measurement of skid resistance, Proceedings of the FISITA World Automotive Congress, Yokohama,
Japan (2006).
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