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Introduction

◼ Key role of tyres:

◼ Apart from the aerodynamic loads, all control forces act 
through the tyre contact patches and the tyre ground 
interface which is not larger than a hand shape

◼ Knowing and understanding the physical phenomena at work 
in the contact patch is a key issue to tackle vehicle dynamics

◼ Tyre are essential elements:

◼ To insure directional control and stability of the vehicle

◼ To guarantee road holding

◼ To preserve passenger comfort
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Introduction

◼ Tyre has three main functions:
◼ Sustain the vertical load while insuring a first damping 

against the loading from the road

◼ Develop longitudinal forces to enable acceleration and 
braking

◼ Develop lateral forces to act against centrifugal loads in 
turning and dynamic manoeuvres

◼ Meanwhile, the tyre is subject to severe operational 
constraints
◼ To be able to operate during a long life time i.e. a high 

mileage with a high level of reliability

◼ To exhibit the smallest rolling resistance and save energy in 
various travel conditions
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Introduction

◼ Construction complexity of tyres:

◼ Geometry : toroidal body

◼ Material : rubber is viscoelastic material reinforced with 
fibres making a complex composite material system

◼ Refinement and optimisation of its material and geometrical 
properties make it a complex and non linear structural 
system which is difficult to model and to identify its 
parameters

◼ The behaviour of the tyre strongly depends on many 
parameters:

◼ Operating conditions : speed, inflating pressure, presence of 
water, texture and nature of the road, etc.

◼ Construction characteristics
8



Introduction

◼ Two approaches to investigate tyre properties:

◼ Analysing experimental data results

◼ Phenological approach

◼ Modelling to deduce the properties

◼ Require numerical models with a high level of complexity to 
predict quantitatively the behaviour and the properties

◼ Simple analytical models are able to predict only the trends of 
the properties and the main influence of the parameters and to 
reveal physical explanation of the observed behaviour, but they 
are not able to match exact experimental values
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Tyre construction
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Tyre construction

◼ Mechanical layout:

◼ Toroidal hollow shell composed of:

◼ The carcass: a flexible shell made of rubber reinforced with several 
plies of high modulus fibre layers

◼ Some stiff beads made of steel cables keeping the contact between the 
tyre and the wheel rim

◼ The tread, which offers high wear resistant layers in contact with the 
ground, insuring a good life time, water and snow evacuation, thermal 
cooling between the tyre and the external flow.

◼ The internal pressure due to inflation

◼ Set the structure into a prestressed state so as it maintains the 
shell in a tension state in any time, whatever should be the 
deformation state.
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Tyre construction

Tread

Wheel

Bead

Carcass

Belts Side walls
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Tyre construction
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Tyre construction

◼ Tyre is made of rubber mixed with other compounds such as oil
and black carbon.

◼ A typical truck tyre = 12 kg among which 4 kg of rubber, 
2kg of black carbon, 2 kg of oil, 3 kg of steel fibres, and 1 kg 
of rayon fibres or other fibres

◼ Rubber density in tyres: 1200 kg/m³

◼ Heat capacity: cp=1200 J/kg.K

◼ Heat conductivity is too small so that it requires black carbon to 
increase the conductivity: 

◼ k20° = 0.23 W/mK

◼ k = k20° (293/T)  (between 0° and 150°)
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Tyre construction

◼ Two basic construction layouts

◼ Radial tyre

◼ Bias-ply tyre

Gillespie Fig. 10.1
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Tyre construction
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Radial tyre

◼ The carcass = layers of parallel fibres  
laminate of rubber materials reinforced with 
nylon fibres, rayon, polyester, or glass fibres. 
Fibres run from one bead to the other with 
an angle close to 90° with respect to the tyre 
mid plane and circumferential direction.

◼ Compliant side wall providing a soft 
suspension but they are unable to insure the 
directional control

◼ Stiff reinforcement belts made of steel or 
composite plies running around the 
circumferential direction between the carcass 
and the tread. The usual angle of the belt 
plies with the circumferential direction is 
typically 20° with respect to the tread. 
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Radial tyre

◼ The belts provide the directional control. 
The belts stabilize the tread and keep it 
flat with respect to the road surface even 
in case of lateral deflection.

◼ Most of tyres for passenger cars have 2 
plies on the side walls and 1 or 2 plies of 
steel fibres or 2 to 6 plies of rayon.
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Bias-ply tyre

◼ The carcass of bias ply tyres is made of an 
even number (2 or more) balanced plies, 
running from one bead to the other but 
crossing the circumferential direction with 
an angle between 35° to 40°.

◼ The ply angle results from a compromise 
between high angles (90°) which would 
give a soft behavior and good vertical 
comfort, and on the other hand values 
close to 0° with would give the best 
directional control. 
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Bias-ply tyre

◼ Even if the bias ply carcasses are stiffer that 
radial carcasses, the tread of bias ply tyre 
can twist with respect to road during the 
turn. Because of the twist deformation of the 
tread, the load is prone to be transferred 
onto the external shoulder of the contact 
patch, reducing the uniformity of the contact 
pressure. This is unfavourable to generate 
large cornering forces. 

◼ The bias ply construction gives rise to a 
larger twist of the contact patch and the 
toroidal shape can be more deformed and 
elongated.

◼ They generally lead to a lower performance 
than radial tyres.
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Tread design

Rain tyre
Definition of tread parts

Types of tread geometries
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Tread design

◼ Tread has three main functions:

◼ To insure a high wear resistance

◼ Water and snow evacuation…

◼ Heat exchange with the air external flow to insure a 
sufficient cooling of the tyre rubber

◼ In general, tread has not a significant structural 
mission
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Codes and dimension
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Size, load, and velocity indices
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Size, load, and velocity indices

Size description of the tyre

WW / HH R Dd    Li Vm
◼ WW: Rubber width (generally in mm)

◼ HH: Height of the rubber tyre: aspect ratio (%) height / width

◼ ‘R’: radial tyre

◼ Dd: Diameter at the wheel rim (often expressed in inches)

◼ Li: The load index tells what is the maximum vertical load that
can be sustained by the tyre rolling at high speed.

◼ Vm: Maximum speed symbol: a letter indicating the maximum
speed for the tyre.
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Size, load, and velocity indices

Reimpel: Fig 2.11Heisler Advanced vehicle Technology Fig 8.28
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Size, load, and velocity indices
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Size, load, and velocity indices

◼ Example:

◼ 195/60 R 15  91V

Width 195 mm, 

aspect ratio 60%, that is side wall height 

195*0,6=117 mm

R= radial, 

Wheel diameter 15 inch, 

Index of the velocity V=240 km/h, 615 kg @max speed

Outer diameter: 15*25,4 + 2*117 = 615 mm

(R=307,5 mm)
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Size, load, and velocity indices

The wheel sizes
◼ Characterized by

◼ Diameter of the wheel (in inches)

◼ Its width

◼ The iron profile (normalized) 

◼ Example: 61/2 J x 14

Width 6,5 inches, J = type, diameter of the wheel = 14 inches,
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Size, load, and velocity indices

The wheel sizes
◼ The details of the rim profile (normalized)
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Size, load, and velocity indices

The wheel sizes
◼ Comparison of B and J profiles for passenger cars
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Terminology
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Terminology and axis system (SAE)

◼ Wheel plane: central plane of 
the tire normal to the axis of 
rotation

◼ Wheel centre: intersection of 
the spin axis with the wheel 
plane

◼ Centre of Tire Contact: 
intersection of the wheel plane 
and the projection of the spin 
axis onto the road plane

◼ Loaded radius: distance from 
the centre of tire contact to the 
wheel centre in the wheel plane
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Terminology and axis system (SAE)

◼ X-axis : is the intersection of the 
wheel plane and the road plane, 
with a positive direction pointing 
into forward direction.

◼ Z-axis: is perpendicular to the 
road plane with a positive 
direction downward.

◼ Y-axis: is in the road plane; it is 
perpendicular to both X-axis 
and Z-axis and chosen to make 
an orthogonal right hand 
reference system. Y-axis points 
to the right hand side of the 
driver. 

◼ Origin O: is located in the 
wheel centre

34
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Forces

◼ Forces and moments are accounted positively when acting onto
the vehicle and in the positive direction with respect to the 
considered frame

◼ Corollary 
◼ A positive Fx force propels the vehicle forward

◼ The reaction force Rz of the ground onto the wheels is accounted 
negatively.

◼ Because of the inconveniency of this definition, the SAEJ670e 
« Vehicle Dynamics Terminology » denotes by normal force a 
force acting downward while vertical forces are referring to 
upward forces

35



Terminology and axis system (SAE)

◼ Longitudinal Force Fx :
component of the force acting 
on the tire by the road in the 
plane of the road and parallel to 
the intersection of the wheel 
plane with the road.

◼ Lateral Force Fy : component of 
the force acting on the tire by 
the road in the plane of the 
road and normal to the 
intersection of the wheel plane 
with the road plane.

◼ Normal Force Fz : component of 
the force acting on the tire by 
the road which is normal to the 
plane of the road.
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Terminology and axis system (SAE)

◼ Overturning Moment Mx : moment 
acting on the tire by the road in 
the plane of the road and parallel 
to the intersection of the wheel 
plane with the road plane.

◼ Rolling Resistance Moment My :
moment acting on the tire by the 
road in the plane of the road and 
tending to rotate the wheel about 
the y axis.

◼ Aligning Moment Mz : moment 
acting on the tire by the road 
which is normal to the road plane.
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Terminology and axis system (SAE)

◼ Slip Angle (a): angle between 
the direction of the wheel 
heading and the direction of 
travel. 

A positive sideslip corresponds 
to a tire moving to the right 
while rolling in the forward 
direction.

◼ Camber Angle (g): angle 
between the wheel plane and 
the vertical direction. 

A positive camber corresponds 
to the top of the tire leaned 
outward from the vehicle.
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RADIUS OF THE TYRE

◼ The radius definition is important for the 
formulation of the longitudinal slip ratio

◼ One can see:

◼ The unloaded tire radius Ru: this is the 
rigid tire without deformation, inflated at 
standard pressure

◼ The loaded radius Rl: is measured by the 
distance between the wheel rotation 
center and the central contact patch 
point

◼ The effective rolling radius Re: it is the 
radius calculated to the constant ratio 
between the velocity and the rotation 
speed

Ru

Rl

Re



V

39



RADIUS OF THE TYRE

◼ Relation between the three radii

◼ In the flat part of the contact patch

◼ The kinematic relationship of the virtual 
rigid tyre rolling with slippage

◼ It comes
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RADIUS OF THE TYRE

◼ If we expand the sinus Df 

◼ Let’s now calculate Df  in terms of Rl:

◼ Again using Taylor expansion

◼ It comes
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RADIUS OF THE TYRE

◼ Finally we have

◼ So

◼ Order of magnitude:
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Tyre Force Generation Mechanisms
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Tyre force generation mechanisms

Mechanism of force generation at the ground–tire interaction

Gillespie. Fig 10.4 et Fig10.5
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Tyre force generation mechanisms

◼ Hysteresis mechanism

◼ Viscoelastic material is characterized (among others) by a lower 
unloading forces compared to the load that is necessary during the 
load increase 

◼ Even if the surface is lubricated, rubber allows to develop an 
adherence force because the rubber will exert a different pressure 
on the front faces of road asperities where load is increasing while 
pressure is lower on rear faces where load is decreasing.

F

d

F

d
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Tyre force generation mechanisms

◼ Hysteresis mechanisms

F

d

F

d

Direction glissement

Force de friction due à l’hystérésis

Déchargement
Chargement
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Tyre force generation mechanisms

◼ Corollary of hysteresis mechanisms

◼ The hysteresis mechanism is weakly impacted by the presence of 
water. So rain tyres can make use of high hysteresis materials in 
the tread.

◼ The friction coefficient does not depend on the scale of the road 
asperities but mostly on the roughness and on their angles. 
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Tyre force generation mechanisms

◼ Corollary of hysteresis mechanisms

◼ Conversely to many pairs of materials, the rolling adhesion 
coefficient of rubber is dependent of the contact surface, 
because of its viscoelastic nature.

◼ Increasing vertical load does not increase the contact 
surface in the same ratio. Contact surface growths with a 
lower rate than linear.

◼ Thus friction coefficient µ=FT/FN decreases with the 
pressure force. Typically the adhesion coefficient is reduced 
like power –0.15 of the mean pressure.
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Tyre force generation mechanisms

◼ Adhesion forces at the interface:
◼ Rubber is able to build intermolecular bondings (Van der 

Waals forces) between rubber and road surface molecules

◼ The phenomenon is mainly present on dry road surface and 
it is greatly reduced on wet roads because of the polar 
property of water molecules. It comes that adherence forces 
drop in rain conditions and they are cut by a factor two.

◼ Energy liberated by adhesion bonding is not important but 
breaking them at the end of the contact patch also require 
some additional energy input that increases a little bit the 
rolling resistance. 

Direction glissement

Forces d’adhésion moléculaire 49



Tyre force generation mechanisms

◼ Sliding dry friction:

◼ When local dry friction coefficient is exceeded, rubber 
experiences slippage and dry friction occurs in a limited part 
of the contact patch. 

◼ This mechanism is not massively present and does not 
provide the main contribution to the force generation. 

◼ The two first mechanisms are function of a moderate 
relative slippage at the tire ground interface. 
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Distribution of contact pressure

◼ Adherence generation 
mechanism is sensitive 
to the contact pressure, 
especially to a uniform 
contact pressure 
distribution.

◼ A proper inflation of the 
tire allows to produce a 
uniform pressure 
distribution all over the 
contact patch.
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Tire rolling resistance
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Rolling resistance forces

◼ Under free rolling conditions, it is necessary to apply a torque to 
maintain the motion and counteract the rolling resistance 
moment.

◼ The rolling resistance covers a large number of phenomena of 
different natures:
◼ The energy dissipation in the tire due to the hysteresis of the 

material due to alternate motion in the sidewalls and in the tread 
blocks

◼ Air drag inside and outside the tire

◼ The scrubbing of the tire on the ground

◼ The friction in the driveline

◼ The dissipation of energy in the shock absorber

◼ The misalignment of the tires, the longitudinal and lateral slip

◼ The deformation of the road surface
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Rolling resistance forces

◼ Experiments show that generally, the global rolling resistance 
force FRR can be, with a very good agreement, modelled by a 
linear function of the vertical force Fz applied onto the tire

The coefficient fRR is the rolling resistance coefficient

◼ The rolling resistance coefficient fRR, ratio between the 
rolling resistance force and the normal force encompasses the 
complicated and interdependent physical properties of the tire 
and the ground.
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Rolling resistance forces

◼ 1st cause: hysteresis of the tire materials (viscoelastic rubber) 
because of cyclic deformation loading

◼ Other sources:

◼ Frictions during slippage

◼ Air ventilation inside and outside

◼ Example: truck tire at 130 km/h 

◼ 90-95 % = hysteresis

◼ 2-10 % friction

◼ 1.5 – 3.5 % aerodynamic dissipation

55
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Rolling resistance forces

◼ The resulting contact force is 
located in front of the 
theoretical contact point.

◼ The pressure distribution gives 
rise to a rolling resistance 
moment that is statically 
equivalent to a resistance force 
in the contact patch
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Rolling resistance forces
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Rolling resistance forces

◼ Rolling resistance is higher on soft grounds because of the 
additional deformation work of the soil

58

Genta Fig 2.7 : Origin of the rolling resistance



Rolling resistance forces

◼ Hysteresis generates heat that :

◼ Increases the tyre temperature and its internal pressure and 
so reduces the tyre deformation in the contact patch

◼ Increases wear of the tyre

◼ Reduces the bending fatigue life time

◼ The rolling resistance is influenced by the tyre structure: 

◼ The rolling resistance of bias tires is higher than radial tires

◼ Tires with low max speed has also a lower rolling resistance 
at low velocities
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Influence of tire construction

◼ Tyre construction 
has been improved 
along the years

◼ Following several 
technological 
evolutions (inflated 
tire, radial 
structure, silicate 
compounds…)

◼ For the benefit of 
safety and energy 
consumption
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◼ Lower speed index tires have a 
lower RR at low speed but 
experience a sharp RR increase 
after critical speed

Influence of tire construction

61

◼ Radial tires have a lower rolling 
resistance
◼ Bias ply tires ~ 0,015 to 0,020

◼ Radial tires ~ 0,010 to 0,013

Wong Fig 1.3 Reimpel et al. Fig. 2.31



◼ Increase of RR on deformable 
ground

◼ Road roughness and degradation 
increase the RR

Influence of ground nature

62
Wong Fig 1.8



Rolling resistance forces

◼ The operating conditions mainly:

◼ The inflating pressure: the rolling resistance is reduced for a 
higher inflation pressure

◼ Vertical load also increases rolling resistance

◼ Temperature elevation reduces the energy dissipation and 
reduces the rolling resistance

◼ The vehicle speed: one observes a slight increase of FRR with 
v at low speed. A sharp and dramatic increase of FRR after a 
critical speed because of the development of high-energy 
standing waves

◼ The longitudinal and lateral slip: the rolling resistance 
increases as the square of the side slip.
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Influence of inflation pressure and vertical load

◼ Influence of inflation 
pression is positive on RR 
reduction for hard soils and 
negative for soft grounds

64

◼ RR increases nearly linearly 
with respect to the vertical 
load increase

Wong Fig 1.8



Influence of temperature

◼ Shoulder temperature 
decreases the RR

65Wong Fig 1.12

Wong Fig 1.11



Influence of temperature and rubber quality

Gillespie Fig. 4.32 : Influence of the rubber quality, dissipation 
rate and working temperature
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Influence of velocity

◼ Velocity influence

67

◼ Sharp increase of RR after 80-
100 km/h

◼ Increase like power 4 of velocity
Wong Fig 1.3

Reimpel et al. Fig. 2.31



Rolling Resistance forces

◼ At high speed, after a certain critical speed that depends on the 
prestress tension and the tread mass density, one observes 
stationary vibration waves developing in the tread. 

◼ These ones lead to a large energy dissipation and a rapid 
growth of the rolling resistance.

◼ The tread wear also increases abruptly

68

Wong Fig 1.10



Influence of speed

◼ Shape of RR coefficient vs speed

◼ Best fit (V in km/h)

◼ Rolling resistance approximation recommended by SAE for road 
resistance expression
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Influence of speed

◼ Wong’s expression of rolling resistance coefficient
◼ For passenger car radial tires

◼ For passenger car diagonal tires

◼ For truck radial tires

70
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Influence of lateral forces

Gillespie Fig. 4.33 : Influence of side 
slip angle and cornering forces

71



Influence of lateral forces

◼ For a given side slip angle

◼ Component in longitudinal direction 
of vehicle → resistance

◼ Influence of 1° of side slip
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Influence of longitudinal forces

◼ Longitudinal forces increase rolling resistance

73
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Influence of presence of water

◼ RR drastically 
increases on wet and 
snow roads

◼ n~1.6 if h< 0.5 mm

◼ n~2.2 if h> 2.0 mm

◼ w tire width

◼ V velocity

◼ A coefficient
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Influence of tyre size on RR

◼ RR is reduced when increasing the tyre size (radius) Ru

and reducing its aspect ratio ht/wt.
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Longitudinal forces
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Origine of longitudinal forces

◼ Longitudinal forces are much beyond what can be expected 
from the pure dry friction of the rubber

◼ Large road adhesion coefficients are due to the tire elastic 
deformation of the tire tread and side wall 

➔ Brush model
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Longitudinal force generation in tires

◼ When braking, the tire 
rotation speed is lower than 
the equivalent ground 
velocity in the contact patch

◼ Tread and side walls radial 
fibers are in shear because 
of the local friction between 
road and tire

◼ Slip occurs only at the end of 
the contact patch

◼ The resultant of the shear 
forces in the contact patch 
gives rise to the longitudinal 
force developed by the tire

Gillespie Fig 10.6: 
Deformation due 
braking in contact 
patch

“Brush” model

78Gillespie Fig. 10.6



Free wheel rolling

Blundel. Fig. 5.15

◼ If the tyre is freely rolling, one 
observes the development of 
shear stresses due to the 
enforced tire radius reduction 
when tread elements are 
pushed into the contact patch

◼ For a given rolling rotation 
speed W0, the tangential 
speed is dropping to a
minimum before increasing 
again

◼ This leads to a shear stress 
distribution that is alternated
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Longitudinal force

◼ Shear stress distribution (3) in the 
contact patch is the superposition of 
two effects:

◼ The alternated shear stress 
distribution due to the radius 
reduction as in free rolling conditions 
(1)

◼ A triangular shape distribution related 
to the brush model with increasing 
shear from the beginning to the end 
of the contact zone (2)

◼ The shear stress (exerted by the 
road onto the tire rubber) is acting 
frontward and tread elements are 
bended forward (2) 

◼ Local shear loads are linearly 
increasing

Tractive force

Milliken. Fig. 2.14
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Longitudinal force

◼ Tractive torque ➔ tractive force 

deforming the contact patch 
frontward, setting the tread 
elements in compression state 
in front of the contact patch

◼ The shear force drops at the 
end of the contact patch 
because the contact pressure is 
vanishing and shear forces are 
locally exceeding the local dry 
friction capability. There is a 
local slippage between the tire 
and the road in the rear part of 
the contact patch.

Milliken. Fig. 2.14
81
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Longitudinal force

◼ A braking torque yields a net force 
pointing to the back of the tire. 
Contact patch is forced to deform 
rearward. Tread elements are 
compressed at the rear of the 
contact patch while front ones are 
stretched.

◼ For moderate braking, the 
elements in contact with the road 
are stretched.

◼ The shear stresses are linearly 
growing

◼ When the pressure is fading in the 
rear of the patch, there is a limited 
local slip between tire elements 
and road surface.

Milliken. Fig. 2.15

Braking force

82



Longitudinal force generation in tires

◼ Longitudinal slip (Slip ratio)

If Re is the effective rolling radius of the tire

◼ Free rolling (W =W0): SR = 0

◼ Wheel blocked in braking (W =0): SR = -1

◼ Spinning (W =2 W0): SR = +1

◼ Free slipping (W0→ 0): : SR →∞

◼ The tractive/braking forces can be plotted in terms of the slip 
ratio
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Longitudinal force

Milliken. Fig. 2.17Milliken. Fig. 2.16

Passenger tire with bias ply carcass 84



Longitudinal force

◼ Peak value µp: maximum 
tractive force arises for a 
moderate slip ratio

85

Wong Fig 1.16

◼ Sliding value µs: tractive 
force for a tire totally 
blocked

◼ Longitudinal stiffness Ci: rate 
of tractive force per unit of 
side slip around zero side 
slip



Coefficient of longitudinal friction

◼ One can define a coefficient of longitudinal friction:

◼ The first part of the curve can also be linearized (l=SR<10%)

◼ Peak value reached for moderate slip ratio l= SR~15% to 20%

◼ For l= SR=100%, the tyre is sliding as a whole
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Longitudinal force

◼ Strong influence of the 
operating conditions:
◼ Humidity

◼ Nature of the road

◼ Level of water

◼ Ice, snow…

87

Wong Fig 1.18



Typical values of peak and sliding longitudinal 
coefficients
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Influence of tyre construction and 
inflating pressure

89

◼ Tyre construction has a moderate 
influence on the peak and sliding 
values of longitudinal friction 
coefficients

◼ Inflation pression has a weak 
influence on the peak and sliding 
values of the longitudinal friction 
coefficients

Wong Fig 1.19



Influence of velocity and vertical load on the 
longitudinal friction coefficients

◼ The effect of speed on 
braking / tractive force 
generation is quite big.

◼ Increasing speed reduces 
the peak value µP as well as 
the sliding value of the 
friction coefficient µS.

◼ The longitudinal stiffness 
coefficient Cs is not affected 
by the speed.

90
Wong Fig 1.20



Influence of velocity and vertical load on 
longitudinal friction coefficients

◼ The effect of vertical load Fz

on braking / tractive force 
generation is illustrated with 
a bias ply truck tire on dry 
asphalt.

◼ The longitudinal stiffness 
coefficient Cs increases 
noticeably with the increase 
of the vertical load Fz.

◼ For a given inflation 
pressure, larger vertical load 
leads to longer contact 
patches, which is favorable 
to develop more 
braking/tractive forces. 91

Wong Fig 1.21



Longitudinal force

Variation of longitudinal 
adhesion coefficient with 
operating conditions
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Definition of longitudinal sliding rate

◼ Definition by SAE (SAE J670):

◼ Re effective rolling radius in free rolling conditions (zero slip angle)

◼ Definition by Calspan TIRF (for testing machines):

◼ Rl loaded radius (measured between the belt and the ground)
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Definition of longitudinal sliding rate

◼ Pacejka:
◼ Practical slip quantity :

◼ Independent slip quantity :

◼ Sakaï (JSAE):
◼ Tractive 

◼ Braking
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