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Abstract 
Approximately 60 000 tonnes of tyres are produced annually in Sweden to meet the 
demand in the market. It is believed that 10 000 tonnes of rubber particles contaminates 
the Swedish roads every year. Some of the elements in the emitted particles can 
negatively impact the environment. These elements can lead to leaching in water that 
can cause serious problems to aquatic organisms. Furthermore worn out tyres negatively 
influence the driving dynamics. It increases the risk of aquaplaning which can have fatal 
consequences. Innovative ways of recycling tyres are constantly being developed but 
still faces major challenges. It is therefore important to understand tyre wear, what 
influences it and how to reduce it. 

The aim of the project is to acquire knowledge related to tyre wear, its environmental 
impacts, use a mathematical model to simulate tyre wear and study how the different 
parameters influences wear. 
First a literature survey was performed to acquire knowledge related to tyre wear. It was 
found that tyre wear is mainly due to adhesive and hysteresis wear. Several factors were 
found to affect tyre wear for example velocity, slip angle and the type of road surface. 
The environment impact was also studied and the results show the composition of the 
particles emitted to the environment. Some of the emitted particles negatively affect the 
aquatic organism and human beings. 
In the second part of the project a mathematical model based on the well-known brush 
tyre model was used to simulate how wear changes with different parameters. The 
model created at KTH Vehicle Dynamics is named the expanded brush tyre model 
(EBM). The wear model chosen for this evaluation was the Archards wear law. This 
model was used to be able to quantify wear and study how it is influenced by different 
factors. 
The result of the mathematical models shows clearly an exponential increase in the 
volume of wear with increases in velocity, slip angle and vertical load. The analysis was 
done using zero camber angle.  

For future work it is recommended to investigate camber angle as it is also one of the 
major factors that affects wear. Temperature is also another factor that was not taken in 
to account in the study. It can also be studied in future work. 
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Sammanfattning  
Varje år produceras ungefär 60 000 tons däck i Sverige på grund av den efterfrågan som 
finns på svenska marknaden. Till följd av den trafik som kör på vägarna, förorenar 
10 000 ton gummi partiklar de svenska vägarna varje år. En del av dessa emitterade 
partiklar har skadliga effekter på miljön. Dessa partiklar kan läcka ut i vatten och orsaka 
allvarliga problem för vattenlevande organismer.  

Ett slitet däck försämrar fordonets kördynamik och ökar risken för vattenplaning som 
kan få allvarliga konsekvenser. Det finns innovativa återvinningsmetoder som 
kontinuerligt förbättras än har inte problemen lyckats bli lösta. Det är därför viktigt att 
förstå däckslitage, vad som påverkar det och hur det kan minskas. 

Målet med detta arbete är att få ökad kunskap om däckslitage, dess miljöpåverkan, samt 
använda en matematisk modell för att simulera däckslitage och studera hur olika 
parametrar påverkar däckslitaget.    
Först utfördes en litteraturstudie för att förvärva kunskap om däckslitage och det visade 
sig att däckslitaget uppkommer på grund av adhesiv nötning och ”hysteresis” nötning. 
Flera faktorer som påverkar slitage är bland annat hastighet, avdriftsvinkel och slip 
förhållande. Miljöpåverkan har också studerats och resultatet visar att de emitterade 
partiklarna påverkar miljön negativt.   

I andra delen av arbetet används en matematisk modell som är baserad på den välkända 
Borstmodellen för att simulera hur däckslitage ändras med olika parametrar. Modellen 
som har används i detta arbete har utvecklats på KTH Fordonsdynamik och heter ”The 
Expanded Brush Tyre Model” (EBM). Archards slitage modell har valts och 
implementerats i EBM för att kunna beräkna mängden slitage och analysera vilka 
faktorer som påverkar däckslitage.  

Resultatet visar att mängden däckslitage ökar exponentiellt när bland annat fordonets 
hastighet, avdriftsvinkel, slip förhållande och vertikala tyngden ökar. Vid dessa analyser 
camber vinkel satt till noll.  
För framtida arbete rekommenderas analysering av camber vinkeln eftersom den är en 
viktig faktor som påverkar däckslitage. Temperatur är också en annan faktor som inte 
har tagits någon hänsyn till i det här arbetet. Detta kan också studeras i framtida arbete.  
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1 Introduction 
1.1 Background 
The pneumatic tyre was first made in 1888 by John Dunlop for a tricycle. Since then the 
tyre has developed and has become a very important component in motor vehicles. 
Today an average passenger vehicle can run around 40 000 km before it is worn out [1]. 
During its lifetime around thirty percent of the tread is worn off and emitted into the 
environment. These emitted particles negatively influence the environment and humans. 
The vehicle performance is also affected by the tyre wear. It is therefore important to 
understand tyre wear and factors that influence tyre wear.  
1.2 Aim 
The aim of the project is to acquire knowledge related to tyre wear, its environmental 
impacts, use a mathematical model to simulate tyre wear and study how the different 
parameters influences wear. 
1.3 Method   
A literature study is first to be conducted and thereafter a mathematical wear model is to 
be used to study the parameters that influences tyre wear. 

The literature study will cover the parts and function of the tyre. What factors causes 
and affects wear, will be investigated. Furthermore the impact of the emitted particles 
and its effects to the environment will be investigated. 
In the second part a wear model will be used in the expanded brush model to investigate 
which factors affects wear in tyres 
 
1.4 Limitation        
This report will only focus on tyre wear and the wear of the contact surface will not be 
taken into consideration. The study is also limited to the brush model. No other tyre 
model will be used. The Expanded Brush Model program is limited in certain ways. The 
model doesn’t take into consideration properties such as temperature that affects tyre 
wear.  
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2 Theory  
In this section, the tyre will be in focus, with the aim of getting a comprehensive 
understanding of its structural components, its functions and the types of wear that it 
gets subjected to. The factors that influences and increases tyre wear will also be 
discussed. Furthermore the environment impact of wear particles will be studied. 
2.1 The tyre 
The tyre is a very important component of every road vehicle. Tyres are designed 
specifically for a certain model and play an important role in the functionality and 
driving experience of the vehicle. Vehicle manufacturing companies work hand in hand 
with the tyre manufactures to get the best tyre model for their vehicles. Manufacturers 
use different materials in the construction of their tyres, to obtain different quality and 
characteristics. This is why tyres are graded focusing on certain key factors like 
temperature. 
The materials used in modern tyres include; synthetic rubber, natural rubber and other 
compounds. They are mixed with different fillers and additives to improve the material 
properties such as resistance to wear and friction [2].  The tyre is made up of different 
layers and components that together give the tyre its structural properties. Figure 1 
shows the different layers that constitute a tyre. Table 1 shows the name and description 
of the different layers of the tyre as shown in Figure 1. 

Table 1: Name and description of the different layers of a tyre. 

No Name Description 

1 Inner wall It’s made up of a layer of airtight synthetic rubber and it’s the equivalent 
of the modern inner tube. Its purpose is to seal in the pressurized air. 

2 Casing Ply It is made up of thin textile fibre cords bonded into the rubber. It is laid 
down in straight line and sandwiched in the rubber [3]. The cords are 
responsible for strengthening the tyre and resisting the air pressure. 

3 Lower bead area This is where the tyre grips the metal rim. 

4 Bead wires These clamp the tyre firmly against the wheel rim and ensure that no air 
escapes.  

5 Side wall It is made of hard rubber which protects the tyre against impact with 
pavements and pot holes. It is also marked with information regarding 
the tyre [3]. 

6 Casing ply It is made of fine, resistant steel cords that are bonded into the rubber. It 
is largely responsible for the strength of the tyre and helps in resisting 
stresses, strains and doesn’t expand due to the rotation of the tyre. 

7 Cap ply This is a safety layer that reduces heating due to friction and helps 
maintain the shape of the tyre. 

8 Tread This is the part of the tyre that is in contact with the road. It is made to 
provide grip on all types of surfaces, resist wear, withstand significant 
stresses, and heat up as little as possible due to friction [3]. 
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Figure 1: Cross-section of a tyre structure [3]. 

2.2 Tyre wear 
When the tyre is in use, the treads depth gradually reduces due to wear. The tyre 
performance slowly changes as the tread wears out. The depreciation of tread depth is 
what is referred to as tyre wear. 

The tread is the only part of the tyre that comes in contact with the road surface during 
normal driving. The type of contact surface influences wear and has to be clearly 
defined. 

Energy dissipation due to friction generated between the road and the tyre causes the 
wear of the rubber [4]. Adhesion and hysteresis contributes to friction on rough surfaces 
producing abrasive and fatigue wear respectively.  
Adhesion and abrasive wear 

Adhesion occurs when two solid surfaces slide over each other under pressure. When 
the tyre is in contact with the ground, the two solids undergo molecular attraction forces 
of the Van der Waal type. These bonds are torn apart due to continuous sliding which 
results in abrasive wear [4]. The condition of the contact surfaces is crucial because it 
determines the intensity of the adhesion effect. 
Vertical load and sliding velocity are two factors that influence adhesion. If the tyre is 
supporting a larger vertical load, it will cause the rubber material to squeeze more in 
depth between the irregularities of the road surface. This is shown in Figure 2 which 
compares rubber-surface contact with different vertical loads. 
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Figure 2: Rubber - surface contact with different vertical load [4]. 

A higher sliding velocity will also cause the temporary bonds to be torn faster, therefore 
causing more abrasive wear. 

Hysteresis wear 
Hysteresis wear originates from the penetration of the texture peaks of the road surface 
into the rubber. It occurs when the rubber is compressed or stretched elastically. The 
rubber experiences an elastic release as it loses contact with the surface. The constant 
compression and extension result in energy loss. This is what constitutes a hysteretic 
deformational friction component [5]. A negligible permanent deformation occurs 
which takes place without significant wear. 
 
2.3 Factors that affect tyre wear 
There are many factors which contribute to wear of tyres. The main factors are; the 
contact geometry, interacting material surfaces, the length of exposure, sliding speed, 
environmental conditions and the normal force. 

Normal force 
Wear is dependent on the vertical load on the tyres. When the tyres are subjected to a 
larger normal force, the rolling resistance increases. This will also increase the frictional 
force between the tyre and the road surface. Abrasive wear also increases with a larger 
normal force. 
Velocity  

Velocity is also one important factor which has to be considered in the wear 
investigation. Sliding between the two contact surfaces cause wear and the amount of 
wear depends on sliding velocity. The faster surfaces slide over each other the more 
wear between the surfaces.  

Interacting material surfaces 
The road surface that is in contact with the tyre is never a smooth surface. This uneven 
surface causes abrasive wear. Abrasive wear is also dependent on the size of the vertical 
load and how uneven the road surfaces are. 

The contact geometry 
The tyre’s inflation pressure  is crucial in reducing wear. Correct inflation pressure 
maximises the contact area with the road surface. Figure 3 shows how different inflation 
pressure affects the surface area that is in contact with the road. 
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Figure 3: Surface contact area with different inflation presure [3]. 

Over inflation will cause excessive wear around the centre part of the tread because this 
is the section that is always in contact with the ground [6]. Under inflation will cause 
excessive wear on the shoulder area of the tyre. It is therefore crucial to have the correct 
tyre pressure as the tyre will wear out evenly and increase its lifespan. 
Material composition and hardness 

The material used to create the tyres  have a major impact on the tyre wear. Different 
rubber compounds wear out differently and also influence the frictional force in the 
contact area. Soft tyres are usually used for racing. They are made from a blend of soft 
and natural synthetic rubber compound and offer the best possible grip against the 
texture of the road surface [7]. They however wear out faster compared to tyres made 
out of hard rubber compounds. 

Environmental influence 
The environment can also influence tyre wear. Sustained high temperature can cause the 
material of the tyre to degenerate and this will reduce the tyres’ life. Furthermore can 
excessive temperature lead to sudden tyre failure [6]. This is why tyres are graded 
according to their ability to dissipate heat. 
Water from rainfall can act as a lubricant between the road and the surface. This will 
reduce the frictional force between the road and the surface. This can help in reducing 
tyre wear but at the same time is dangerous as it can lead to aquaplaning. 

Wheel settings 
Wheel settings also influence how the tyres wear out. There are four main factors that 
can affect tyre wear. They are wheel alignment, camber, toe and caster angle. 
Alignment refers to an adjustment of the vehicle suspension and the system that 
connects the vehicle to the wheels. The angle of the tyres is adjusted to get a better 
contact with the road [8]. If the wheels are not aligned, it will cause uneven wear of the 
tyres. It will also cause the vehicle to pull to one side while driving. 
Camber is the inward or outward angle of the tyre when viewed from the front of the 
vehicle [8]. Too much inward or outward tilt indicates improper alignment and this can 
cause uneven wear to the tyres. Figure 4 shows both negative and positive camber 
angles. The contact with the road is different depending on the camber angle. 
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Figure 4: Positive and negative camber angles [8]. 

Toe is the angle to which the wheels are out of parallel with the longitudinal axis of the 
vehicle. It can be seen when you view the vehicle from above. This is illustrated in 
Figure 5. 

 
Figure 5:  Illustration of toe-in and toe-out angles [8]. 

 
Toe settings affect three major areas of performance: tyre wear, straight-line stability 
and corner entry handling characteristics. When driving straight the wheel should point 
directly ahead. Excessive toe-in or toe-out causes the vehicle not to be able to drive 
straight. This will cause the tyres to be steered all the time relative the direction of travel 
and this increases tyre wear [8]. 

Caster is the angle to which the steering pivot axis is tilted forward or rearward from the 
vertical axis, as viewed from the side. If the pivot axis is tilted backward, then the caster 
is positive; if it's tilted forward, then the caster is negative. The caster angle should be 
the same on both sides to avoid the tendency of the vehicle to pull to one side. If the 
vehicle pulls to one side all the time, it will force the driver to keep steering and this 
will increase tyre wear. 

 
2.4 Sustainability and impact on the environment  
The world’s population is growing, consumption increases and this leads to among 
other things, more production of vehicles. Life standard is becoming higher and higher 
and more pressure is being put on manufacturers to produce more environmentally 
friendly products. In this section the objective is to understand wear particles impact on 
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the environment and how essential it is to decrease the amount of tyre wear particles in 
the environment.     
An average passenger vehicle tyre can run around 40 000 km before it is worn out and 
during its lifetime around thirty percent of the tread is worn off and emitted into the 
environment. Tread rubber contains different damaging particles that can leach to water 
and cause serious problems on aquatic organisms [12]. Table 2 shows how much tread 
rubber leaches out to the environment every year in a few countries with high standard 
of living [12]. 
 

Table 2: Amount of leaching rubber particles to environment (kg per year) [12]. 

Contry kg/year 
Great Britain  57 000 000 
Germany 60 000 000 
Italy 50 000 000 
Sweden 10 000 000 
Denmark 7 500 000 
USA 500 000 000 

   
Almost 60 000 tons of vehicle tyres are used every year in Sweden and due to tyre wear, 
approximately 10 000 tonnes of rubber particles contaminates the Swedish roads 
annually. Some of these particles contain polyaromatic hydrocarbons (PAHs) , which 
are considered as toxic, carcinogenetic and mutagenic [11]. 

Toxicity is a degree to which a substance may harm humans or animals. Carcinogenetic 
substances are those substances that are directly involved in causing cancer by 
disruption of cellular metabolic process in human’s body. Mutagenic substances are 
those substances that change genetic material, usually DNA, of an organism and this 
leads to increasing of mutations that can cause cancer [13].  
Tyre manufacturers use oil such as High Aromatic oils (HA), which contains PAHs, to 
make the rubber more elastic. Every finished product contains about 1 kg of HA oil. 
Some studies in this area has shown that the concentration of PAH in fish from a lake 
close to a highway is five time larger than PAH concentration in a reference lake [11].  
Another substance used in tyre manufacturing, is Zinc (Zn). Manufacturers use ZnO to 
activate the rubber vulcanization process. The final product approximately contains 
about 1.5 % of Zn.  As the tyre tread wears, these particles are released to the roads or 
atmosphere and ends up in rivers or air [12]. 
Zinc occurs naturally in water, air and soil but concentration of this metal is rising 
unnaturally; this increase may be due to tyre wear particles. High concentration of Zinc 
may lead to eminent health problems such as stomach cramps and skin irritation. Zinc 
has also negative effect on plants and aquatic organisms that cannot tolerate high zinc 
concentration [14].  

Table 3 gives a summary of the different rubber constituents, their ingredients, functions 
and their environment aspects [11]. 
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Table 3: Major constituents, ingredients, functions and environmental aspects of rubber in vehicle tyres [11]. 

Constituent (s) 
(Percentage) 

Ingredients  
  

Function  
  

Environmental aspect  
  

Rubber polymer 
(40–60%)  
  

Natural rubber  
Isoprene rubber 
Styrene–butadiene 
rubber, Butadiene 
rubber, Chlorobutyl 
rubber  

Main component that 
provide elastic 
characteristics, which 
gives comfort and friction 
to the road  
 

Have a long degradation 
time, but not likely to have 
any toxic degradation 
products  
  

Reinforcement 
aids (25–35%) 
  

Mainly carbon black 
  

Added as reinforcement 
aid and filler. A tyre 
containing carbon black 
last about 40–80 times 
longer than a tyre 
without carbon black 

Not labeled dangerous or 
carcinogenic. Contains trace 
amounts of PAH 
  

Softener       (15–
20%) 
  

Usually HA oil but 
can be replaced with 
other oils 

Act as a softener, filler, 
and extender 
  

HA oil contains PAHs, 
which are carcinogenic and 
toxic to aquatic organisms 

Vulcanization 
agents (1–2%) 
  

Mainly sulphur 
  

The vulcanization 
process changes the 
chemical structure of the 
rubber. It  increases the 
rubber elasticity 

May contribute to 
acidification when 
combusted 
  

Accelerators 
(0.5–2%) 
  

Chemical 
compounds, e.g.: MBT, 
CBS, TBBS, MBS, 
HMT, MBTS, DCBS 
and TMTDb 
  

Added to speed up the 
vulcanization rate 
  
  
  
  

Several are in some of their 
forms either dangerous to 
health or to the environment, 
Some (e.g. TMTD) form 
nitro amines, which have 
been proven to be 
carcinogenic 

Activators      
(2–5%) 
  

Zinc oxide+ fatty acid, 
or alternatively zinc 
stearate 
  

Act as a activator in the 
vulcanization process 
  

Zinc is a heavy metal that 
are harmful to plants, 
animals and humans even at 
low concentrations 

Antidegradants 
(1–2%) 
  

Antioxidants and 
antiozonants, e.g. 
TMQ, IPPD, 6PPD and 
77PDc 
  

Improves the durability 
of the rubber by giving 
antidegradant stability 
against oxygen, ozone, 
light and heat 

Several are dangerous either 
to health or to the 
environment 
  

  
  
Most of the ingredients in Table 3 are labeled as damaging particles which can harm 
both the environment and humans. That’s why it is essential to reduce leaching tyre 
wear particles and therefore studies in this area are important. 

3 Tyre modelling 
Before analysing the tyre model and wear, certain standardised definitions and 
parameters must be understood and defined for the tyre. Furthermore, how lateral and 
longitudinal force are generated as that it is essential when analysing wear.  
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3.1 The tyre plane system and different key definitions 
When studying tyre dynamics a right-handed cartesian coordinate system is used as 
illustrated in Figure 6a. Different tyre radii are shown in Figure 6b. 
 

 

Figure 6: a) Tyre axis system with xyz coordinates [9], b) Definition of the three tyre radii [9]. 

Forces and moments that acts from the road on the tyre can be divided using the 
different directions. They are longitudinal force, lateral force and vertical force. They 
act along the x, y, and z axis respectively. Moments around each axis is also defined. 
They are called overturning, driving and aligning moments.  

Another important definition is the tyre radii. In general a tyre is considered to have an 
unloaded radius, a loaded radius and an effective rolling radius [10]. Figure 6b shows 
the different tyre radii. The loaded radius, Rl, is the distance from the centre of the 
contact patch to the wheel centre measured in the wheel plane. The effective rolling 
radius, Re, is the ratio of the linear velocity of the wheel centre in the x direction to the 
angular velocity of the wheel. 

3.2 Longitudinal force and slip 
The brake and traction forces arise through friction between the tyre and the road 
surface. This can be illustrated in Figure 7. Imagine that you have a tyre with tread 
elements. During acceleration the following will happen in the tread; when the tread 
elements come into contact with the road they are deformed and shear stresses arises 
because the road and the tyre have different speed i.e. It will be a speed difference 
between the inner part of the tread and the outer part of the tread elements. The further 
the tread element gets into the contact zone, the more it is deformed and the more shear 
stresses arise.  
When the lateral force in the tread element has reached the maximal friction force 
between the tyre and the road, the tread element starts to glide. As the tread element 
comes to the end of the contact zone it goes back to its undeformed state. The friction 
force will be zero at the end of the contact surface. This set of events can be seen in 
Figure 7. 
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Figure 7: Illustration of bristles deformation in the contact surface [3]. 

Due to this, there is an adhesion zone close to the entrance of the contact zone and a 
sliding zone at the end. The contact zone is about the size of a human hand. The sliding 
zone starts at a point where the lateral force reaches its maximum. The length of this 
zone is what is referred to as sliding distance. 

When a rolling wheel is subjected to an external driving or braking moment, its angular 
velocity ω will be different from when free-rolling [9]. One way of quantifying this 
velocity difference between the inner part (Re*ω) and the outer part (Vx), is termed as 
longitudinal slips. It can be calculated using Equation 3.1: 

 𝑠 =
𝑅!𝜔 − 𝑉!

𝑉!
 (3.1) 

Since the tread layer is elastic, this velocity difference between the tread inner layer and 
outer surface in the contact area, introduces longitudinal shear deformation of the tread. 
When a tread element contacts and adheres to the road, its shear deformation is zero. As 
the element travels through the contact area, it will be subjected to an increasing shear 
deformation due to the velocity difference [9].  

When longitudinal force is plotted against the slip, both traction and braking curves 
begin with a steep rise in force matched proportionally with degree of slip. This is 
shown in Figure 8. When the slip increases further, the tread elements at the trailing 
edge of the contact area reach their distortion limit and begin to slide. 
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Figure 8: Longitudinal force as a function of longitudinal slip  [9]. 

The traction force curve has both a higher and more pronounced peak. Beyond the peak 
a further increase in slip produces an unstable condition with a reduction in force. 
	  
3.3 Lateral force and the slip angle. 
The slip angle is defined as the angle between the wheel centre velocity and the wheel 
plane. This is illustrated in Figure 9a. When a tyre is forced to roll in a direction 
different from the one defined by the wheel plane it will develop a lateral reaction force.  

 
 

 

 

Figure 9: a) Definition of slip angle,  b)  Lateral force as a function of the slip angle [9]. 

The lateral force is proportional to slip angle until a certain point where it ceases to be 
proportional. In the elastic region practically no sliding occurs between the tread and   
the road surface. The generated lateral force is thus a result of the elastic properties of 
the tyre and the slip angle only. 
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3.4 Tyre wear models 
In this section, different tyre wear models will be briefly described and discussed. There 
are different types of wear models that are used to quantify wear. This section will focus 
in describing the Archard’s wear model, the Schallamach’s model and the Bulgin and 
Walters approach.  

The Archard’s wear model expresses the abrasive wear as expressed in Equation 3.2: 
 

𝑄 =
𝐹! ∗ 𝑙
𝐻 ∗ 𝐾 (3.2) 

 
Q is the amount of wear expressed in m3, K is a dimensionless wear coefficient that can 
be obtained for different materials. Fn is the normal load, l is the sliding distance and H 
is a hardness factor expressed in N/m2. It provides a linear relationship between the 
amount of wear and the normal force [11].  
Schallamach model is generated from research focusing on the wear of slipping wheels. 
Schallamach used an expression which has a similar structure as the wear model of 
Archard. The expression of Schallamach is however concentrated on tyre wear instead 
of rubber wear in general, and the derived general abrasion model  formula is expressed 
in Equation 3.3: 

 𝐴 = 𝛾 ∗ 𝑠 ∗ 𝐹! (3.3) 
	  
Where A is the abrasive quantity, s is the sliding distance, 𝛾 is the abrasion per unit 
energy dissipated and 𝐹! is the normal force. The abrasive wear is also proportional to 
the sliding distance and the normal force, 𝐹! [11]. Schallamach does not mention the 
units of these parameters. 

Bulgin and Walter approach uses a combination of fatigue and abrasive wear giving an 
empirical relationship of tyre wear. The advantage of this approach is that it takes care 
of the change in slip angle. It is however the only parameter that affects the outcome of 
the result [12]. 

The Archard’s model is chosen to be used in the simulation model in Section 5 to obtain 
an estimation of wear.  

 

4 The brush tyre model 
The brush model is a physical model that can be used to get a deeper understanding of 
the generation of tyre forces and moments. It doesn’t give exact values but it can 
indicate trends.  

The brush tyre model consists of a row of elastic bristles that touches the road plane and 
can deflect in a direction parallel to the road surface [3]. These bristles represent the tyre 
treads because they are viscoelastic. Figure 10 shows a representation of how the 
bristles can be used to analyze the behavior of the tyre treads. 



13 
 

 
Figure 10: Brush representation of the tyre treads [3]. 

As the tyre rotates, the first element that comes in contact with the ground is assumed to 
be perpendicular with respect to the contact surface. When the tyre rolls freely without 
any driving or braking torque, and without any side slip, the wheel will move in a 
straight line parallel to the road [3]. 

When the wheel speed vector V shows an angle with respect to the wheel plane (as seen 
in Figure 10) a side slip will occur.  The wheel velocity will not be equal to the forward 
component of the wheel speed. This is shown in Equation 4.1:  
 𝜔 ∗ 𝑟! ≠ 𝑉𝑐𝑜𝑠𝛼 (4.1) 

As a result of these conditions, deflections will develop and corresponding forces and 
moment will arise as shown in Figure 10. If the force between the bristle tip and the 
road becomes too large (i.e the maximum friction limit is reached), it will start to slide. 
4.1 Lateral force at different slip angle 
When the wheel moves with a slip angle α, the bristles at point (a, 0) are forced to 
follow a straight line with a slope as long as no sliding occurs. With very small slip 
angles, no sliding can be assumed. This assumption cannot be made for larger slip 
angles. 

The total lateral force (Fy) is obtained by integration over the contact area. If the slip 
angle is so small that no sliding can be assumed, the total lateral force is calculated by 
Equation 4.2. This is obtained after the integration over the contact area where cp is the 
stiffness of the element. 
 
 𝐹! = −2𝑎!𝑐!tan  (𝛼) (4.2) 
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When the slip angle is not small, sliding will occur and this will affect the integral over 
the contact area. The simulation model will be used to investigate this further. The 
integral will be divided into two, where the second part is the region where sliding 
occurs. This is shown in Figure 11. 

	  
Figure 11: Adhesion and sliding zone in the contact area [9]. 

The condition for sliding is given by Equation (4.4): 

 −𝑐!tan  (𝛼)(𝑥 − 𝑎) ≥ µμ𝜏! (4.4) 
 
The variable λ indicates how large the contact area is linear and the point where sliding 
starts. This can be seen in Figure 11. After integration the total lateral force is given by 
Equations 4.5 and 4.6: 
 
 𝐹! = −𝐶!tan  (𝛼)𝑓(𝜆) (4.5) 
Where; 
 𝑓 𝜆 = 𝜆 2− 𝜆   𝑤ℎ𝑒𝑛  𝜆 ≤ 1

1                              𝑤ℎ𝑒𝑛  𝜆 > 1
   (4.6) 

 
4.2 Longitudinal force as a function of slip 
The longitudinal force may be treated in similar way as the lateral force. Longitudinal 
force (brake and traction) arise when the wheel has an angular velocity different from 
that of free rolling. During braking the wheel rotates slower and the bristles which are  
in contact the road will be displaced more and more as they move through the contact 
area due to the velocity difference [9]. This can be seen in Figure 12. 
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Figure 12: Bristle deformation during traction [9]. 

If the wheel centres velocity is Vx, the coordinate of the bristle tip at the contact area 
front edge after Δt will be given by Equation 4.7: 

 𝑋! = 𝑎 − 𝑉!∆𝑡 (4.7) 
 
The upper end of the bristle which moves with velocity rω will have a coordinate as 
given by Equation 4.8: 
 𝑋! = 𝑎 − 𝑟𝜔𝛥𝑡 (4.8) 
 
The longitudinal displacement is the difference of the two [9]. The longitudinal slip can 
thereafter be calculated and is given by Equation 4.9: 
 𝑠 =

𝑟𝜔 − 𝑉!
𝑉!

 (4.9) 

When the longitudinal slip is known, the longitudinal force can be calculated and the 
result is expressed in Equation 4.10: 
 𝐹! = 𝐶!𝑠𝑓(𝜆) (4.10) 

The longitudinal stiffness (Cs) is defined in Equation 4.11: 

 𝐶! = 2𝑎!𝑐! (4.11) 
 
Where, 2a is the contact area length and cp the longitudinal bristle stiffness per unit 
length. The condition for f(λ) is given by Equation 4.6. 

5 Simulation with the EBM 
The tyre model chosen in this work to study tyre wear is the Expanded Brush model 
(EBM) which has been developed by researchers at KTH Vehicle Dynamics. The model 
is based on the well-known brush tyre model that has been described in section 4. [13]  

The EBM have been developed in order to study the energy losses of the tyre during 
driving. Compared to the basic brush tyre model, the EBM contains multiple lines of 
bristles which makes it possible to study the contact patch and the effect of camber. In 
the basic brush tyre model the bristle is modelled by a spring but in the EBM the bristles 
are modelled by a more advanced rubber model.    
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5.1 Simulation model structure  
The EBM model has input parameters that can be changed to analyze different tyre 
properties. The input parameters are the slip ratio, slip angle, camber angle, longitudinal 
tyre speed, vertical load, number of bristles in each line, number of lines of bristles and 
the time step for iteration. The tyre geometry and specific data are defined to be able to 
compute the different tyre properties. Frictional properties are also defined to be able to 
determine the sliding region. 

The initial condition of the model is defined in the main program. Such as that the 
energy and the vertical force are zero. This can be interpreted as the tyre has no contact 
with the ground. The force and moments that are created when the tyre is in contact 
with the ground are all zero and no bristle deformation has occurred. 

The numbers of bristles are defined in the input parameters together with the number of 
lines. This can be interpreted as the contact patch resolution and the more lines the code 
run with, the better the results. This however limits the speed of the code and an 
optimum number of lines is used which doesn’t compromise the results.  

The bristle deformation in the contact patch is calculated for a specific time point. The 
forces and moments that are created are also calculated. The iteration is repeated with 
an increment in time to calculate new forces and moments. This iteration continues until 
the time limit is reached. At the end of this time, a steady state would have been reached 
and this value is almost constant with a further increment of time. 
Using this model, lateral and longitudinal force can for example be plotted as a function 
of slip angle and longitudinal slip respectively. Archard wear model is implemented in 
order to analayse how wear changes for example with increase in longitudinal speed of 
the tyre. 
5.2 Analysis of longitudinal and lateral force variation 
The longitudinal force that is created is dependent on the longitudinal slip . The EBM is 
used to study the relationship between the two. The longitudinal slip is one of the input 
parameters of the EBM. A vector that consists of different longitudinal slip from 0 to 1 
is created. One iteration is created and for each longitudinal slip, a force is computed 
and the stable value is saved. The input parameters used are given in Table 4. 

Table 4: Input parameters used to study longitudinal force and slip. 

Input parameter Value 
Slip angle (degrees) 0 
Camber angle (degrees) 0 
Longitudinal slip  (𝒌) 0-1 
Vertical load (N) 4000 
Tyre speed(m/s) 18 

The result is plotted (see Figure 13). The results show that, at the beginning, the 
longitudinal force increases proportional to the longitudinal slip (𝑘). This however stops 
at a certain longitudinal slip and thereafter the force is almost constant. This result is 
computed using zero camber angle and a constant longitudinal velocity. 
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Figure 13: Longitudinal force as a function of slip during straight ahead driving. 

The same study is made for the lateral force. The force is calculated for different slip 
angles. This is calculated using the input parameters shown in Table 5. The results are 
plotted in Figure 14. 

Table 5: Input parameters used to study the lateral force and slip angle. 

Input parameter Value 
Slip angle (degrees) -20 to 20 

Camber angle (degrees) 0 
Longitudinal slip 0 
Vertical load (N) 4000 
Tire speed (m/s) 18 

 
Figure 14: The change in lateral force as the slip the slip angle increases.	  

The increase of lateral force is proportional to small slip angles. As the angle increases 
the lateral force increment decreases to almost a constant value. The slope of the line 
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when the force is proportional is quite steep and is dependent on the longitudinal 
velocity.  
5.3 Archard’s wear model used in the EBM 
The Archard wear model is used to describe the relationship between wear and 
longitudinal velocity. It gives a relationship between wear and the normal force acting 
on the contact area. The wear model is expressed in Equation 3.2.  This can be 
expressed further using the frictional work done in the lateral and longitudinal direction 
(Wy and Wx) according to Reyes hypothesis [11]. The relation changes and is expressed 
in Equation 5.1: 

 
𝑄 =

𝑊! +𝑊!
𝐻 ∗ 𝐾 ∗ 10! (5.1) 

 
where Q is the volume of wear produced, K is the dimensionless wear coefficient and H 
is the hardness factor.  

Using the EBM, the amount of wear is calculated for different longitudinal speed, 
longitudinal slip, slip angle and vertical load. This gave a relationship between the wear 
and different parameters. The value of the hardness factor is chosen to be 70 N/m2 and 
the K factor to be 10-9. The K factor is a value that varies, but the value chosen for this 
simulation yields the least volume of wear. The two factors are also chosen based on the 
type of material [11].  

 
5.4 Simulation results 
Simulation is done and different parameters are used to study wear. The result shows a 
exponential relationship between the amount of wear per sliding distance and the 
longitudinal velocity of the tyre as it is illustrated in Figure 15. The volume of wear 
increases with the longitudinal velocity. Table 6 shows the parameters used. 

Table 6: Parameters used to study wear and longitudinal speed. 

Input parameter Value 
Slip angle (degrees) 0 
Camber angle (degrees) 0 
Longitudinal slip 0.05 
Vertical load (N) 4000 
Tire speed(m/s) 0-40 

 
The results however vary depending on the chosen K factor. There is no determined 
fixed value of this factor and this can change the volume of wear obtained in the results. 
The volume is also dependent on the chosen H factor. Using a slip ratio of zero didn’t 
give a significant change in the volume of wear. 
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Figure 15: The relationship between volume of wear and longitudinal velocity. 

 
Slip angle is also varied to study how it will affect wear. The result shows that wear 
increases with an increase in slip angle as illustrated in Figure 16. Table 7 shows the 
parameters used to obtain the results 

Table 7: Parameter used to simulate wear as a function of slip angle. 

Input parameter Value 
Slip angle (degrees) 0-20 
Camber angle (degrees) 0 
Longitudinal slip 0 
Vertical load (N) 4000 
Tire speed(m/s) 18 

 
	  

 
Figure 16: The relationship between wear and slip angle . 
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Wear is also affected by slip ratio. Table 8 shows the input parameters used in the EBM. 
The amount of wear increases exponetially with increase in slip ratio. The result is 
illustrated in Figure 17. 

Table 8: Input parameters to study wear as longitudinal slip increases. 

Input parameter Value 
Slip angle (degrees) 0 
Camber angle (degrees) 0 
Longitudinal slip 0-1 
Vertical load (N) 4000-6000 
Tire speed(m/s) 18 

 

 
Figure 17: The relationship between longitudinal slip and amount of wear. 

 
Another parameter studied is the vertical load. The input parameters used are shown in 
Table 9. 

Table 9: Input parameters used to study the volume of wear at different vertical load. 

Input parameter Value 
Slip angle (degrees) 0 
Camber angle (degrees) 0 
Longitudinal slip 0-1 
Vertical load (N) 4000-6000 
Tire speed(m/s) 18 

Wear increases as the vertical load increases. There is a slight increase in wear between 
4000 N and 5000 N. Therefter wear increses sharply as illustrated in Figure 18.  
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Figure 18: How vertical load influences wear. 

 

6 Discussion of the results 
The EBM was used to study the relationship between longitudinal force and slip ratio. 
Different input parameters were used to investigate how this relationship changes. The 
results shows that the longitudinal force and slip had a linear realtionship until a certain 
peak value is reached. Beyond the peak value, an increase in slip ratio produces a non-
linear relationship and there is a reduction in force. The same study was conducted for 
the lateral force and slip angle. The lateral force was linear to the slip angle until a peak 
value was reached. After the peak value the force reduces to almost a constant value.  

The simulation result has shown that wear is influenced by certain parameters. The 
results obtained is compared to other results done to relate wear to these parameters 
[11]. The comparison shows a similar increase in the amount of wear. This comparison 
is used to validate our results.  

At higher speed the amount of wear is higher as compared to lower speed. The amount 
of wear is influenced by the dimensionless wear factor K, which is chosen depending on 
the material. This factor hasn’t clearly been defined for studies of tyre wear and it varies 
from 10!! to 10!!. The chosen K factor yields the least amount of wear. The results  
can be interpreted that at higher velocity the frictional work done is greater, yielding 
more volume of wear. 
Another factor studied was how slip angle affected the volume of wear. At larger slip 
angle the volume of wear was greater than at small slip angle. This is because of the 
increase of lateral force as the slip angle increases. The archard wear law gives a 
relationship between the sliding distance and the normal load. It is therefore expected, 
that when the lateral force increases the amount of wear will increase. 

Longitudinal slip  that occurs due to the longitudinal velocity of the vehicle also 
influeces wear. Slip conditions due to accelaration is studied and shows that when the 
slip ratio increases, the volume of wear also increases.  
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Another parameter that influenced wear was the vertical load. The volume of wear 
increases exponentially. At low vertical loads the amount increases slowly because of 
low frictional work done. The scale of the axis around 4000N is small and therefore 
shows the volume of wear is almost zero. A simulation of wear was done around 4000N 
and shows that it is increasing slowly. The vertical load is an important factor as the 
value of wear increases sharply for heavier loads. 
 

7 Conclusion and future work 
The goals in this project was to acquire knowledge related to tyre wear, its 
environmental impacts, use a mathematical model to simulate tyre wear and study how 
the different parameters influence wear. 
The report explains why it’s important to study wear and which factors influences tyre 
wear. The EBM model was used to determine how longitudinal, lateral forces are 
related to slip ratio and slip angle respectively. 

The Archards wear model was chosen and implemented in the EBM. This made it 
possible to simulate, quantify, and identify factors that influence the volume of tyre 
wear. Velocity, slip angle and vertical load has shown to be factors that influence the 
volume of wear.  

The simulation code used was slow and therefore it took about 6 minutes to run the 
program. The iteration made in the main program had to run the input parameters script 
everytime creating this problem. The simulation time was long but the expected results 
were obtained. 

The EBM doesn’t take any into acccount tyre temperature as a factor. This is a factor 
that influnce wear and can be studied in future work. Another factor that wasn’t studied 
was how the camber angle influences wear. This can also be done in future work. 
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