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Investigation of the Effects of Axle Load on Tyre Behaviour in 

Vehicles  
 

Highlights 

❖ The effects of axle load variation on important parameters of vehicle tyre mechanics such as slip angle, 

lateral force, self-aligning torque, and camber thrust were investigated. 

❖ The mathematical model based on the Fiala tyre model was verified. 

Graphical Abstract 

In this study, the effect of axle load on important parameters of tyre mechanics and tyre behaviour in vehicles was 

investigated mathematically. 

 
Figure. The flow chart of the mathematical model 

Aim 

It was aimed to examine in detail the effect of axle load change on tyre behaviour in vehicles. 

Design & Methodology 

The study was carried out with the mathematical model based on the Fiala tyre model. A single-wheel sample with a 

standard 205/55R16 pneumatic tyre was investigated in terms of flexible wheel-rigid ground road interaction under 

dry asphalt road conditions. 

Originality 

The dynamic load distribution on vehicle axles is constantly changing for some reasons such as braking, acceleration, 

and road slope. The force, torque, and slip values observed in each wheel are different from each other. With the 

model presented in the study, it is possible to obtain information about the behaviour of the tyres moving parallel to 

each other, as well as the front or rear axle. 

Findings 

For axle load values, significant parameters such as slip angle, lateral force, self-aligning torque and camber thrust, 

as well as pneumatic trail, tyre contact area pressure distribution, lateral tyre deflection, cornering stiffness and 

camber stiffness were determined. 

Conclusion 

Tyre behaviour in vehicles is greatly affected by the axle load as well as tyre mechanical properties and tyre 

dimensional properties. 

Declaration of Ethical Standards 

The authors of this article declare that the materials and methods used in this study do not require ethical committee 

permission and/or legal-special permission 
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 ABSTRACT 

In this study, the slip angle which is a significant parameter in the operation of vehicle safety and control systems was investigated 

mathematically. With the model developed based on the Fiala tire model, the variation of the lateral force and self-aligning torque 

depending on the slip angle was obtained for the axle load values between 1000 N and 6000 N. By using these parameters, 

pneumatic trail, tyre contact area pressure distribution, tyre contact area maximum pressure value, lateral tyre deflection, and 

cornering stiffness were calculated. Similarly, for certain values of camber angle, camber thrust, and camber stiffness were 

examined. The changes of all these parameters which are of great importance for tyre mechanics depending on the axle load was 

investigated. A single-wheel sample with a standard 205/55R16 pneumatic tyre was investigated in terms of flexible wheel-rigid 

ground road interaction under dry asphalt road conditions..   

Keywords: Axle loads, tyre mechanics, slip angle, lateral force, vehicle dynamics. 

Taşıtlarda Aks Yükünün Lastik Davranışına Etkilerinin 

Incelenmesi 

ÖZ 

Bu çalışmada, taşıt güvenlik ve kontrol sistemlerinin işletilmesinde önemli bir parametre olan kayma açısı matematiksel olarak 

incelenmiştir. Fiala lastik modeli temel alınarak oluşturulan matematiksel model ile aks yükünün 1000 N ile 6000 N arasındaki 

değerleri için yanal kuvvet ve kendini ayarlama torkunun kayma açısına bağlı değişimi belirlenmiştir. Bu parametreler ile pnömatik 

iz mesafesi, temas alanı basınç dağılımı, temas alanı maksimum basınç değeri, yanal lastik sapması ve viraj rijitliği değerleri 

hesaplanmıştır.  Benzer şekilde kamber açısının belirli değerleri için ise kamber itki kuvveti ve kamber rijitliği değerleri 

incelenmiştir. Lastik mekaniği için büyük önem arz eden tüm bu parametrelerin aks yüküne bağlı olarak değişimleri araştırılmıştır. 

Çalışmada 205/55R16 ebatlarındaki standart bir pnömatik lastiğe sahip tek bir tekerlek örneği, kuru asfalt yol şartlarında, esnek 

tekerlek-rijit zemin yol etkileşimi açısından araştırılmıştır. 

Anahtar Kelimeler: Aks yükü, lastik mekaniği, kayma açısı, yanal kuvvet, taşit dinamiği.

1. INTRODUCTION 

 Deaths and injuries resulting from traffic accidents are 

an important problem globally. The number of deaths in 

traffic accidents around the world increased rapidly from 

2000 to 2018, rising from 1.15 million to 1.35 million. 

Therefore, approximately 2.37% of the 56.9 million 

deaths worldwide are caused by traffic accidents [1,2]. 

For this reason, studies on the prevention of traffic 

accidents continue increasingly [3-6]. The development 

of vehicle safety systems is at the forefront of efforts to 

prevent traffic accidents. In the past few decades, various 

vehicle safety systems have been developed to improve 

vehicle and passenger safety. These systems try to 

prevent undesirable vehicle behaviour through the active 

vehicle control. Thus, it helps drivers to maintain vehicle  

control more safely and comfortably. ABS, ESC, and 

TCS are the leading vehicle safety systems used in 

today's vehicles [7-10]. 

ESC, an important vehicle safety system, was developed 

and started to be used in the early 1990s. The ESC system 

has been developed to increase vehicle stability by using 

the distribution of braking forces [11,12]. Thus, vehicle 

safety is increased by improving driving stability. For 

this reason, the ESC system has been used as a basic 

feature in all vehicles since the late 2000s [13,14]. In 

general, ESC is a system that ensures vehicle stability by 

observing vehicle conditions and driver inputs in real 

time. Many sensors are needed for this purpose in 

vehicles. However, the least possible number of sensors 

are used in vehicles in order to reduce costs. Therefore, 

reducing the number of sensors has become one of the 

important issues in studies on ESC. Stability in vehicle 

dynamics can be achieved by determining the slip angle 

and lateral forces. These two parameters are of great 

importance in the control of the ESC system. 

Additionally, there is a direct relationship between the 

slip angle value of the vehicle tyre and the lateral forces 

generated in the tyre. This situation has led to an increase 

in studies on the slip angle. It is seen that model observer 
*Sorumlu Yazar  (Corresponding Author)  
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methods such as Kalman Filter and Luenbenger [15-17], 

full vehicle experiments using GPS or driver recorder 

[18-20], finite element method or some simulation 

software such as CarSim and MATLAB Simulink [21-

23] and tyre models such as Magic Formula are used 

extensively in vehicle slip angle estimation [24,25]. 

Various studies have been carried out by developing 

many different approaches to the accurate determination 

of the slip angle. In the literature, basically three 

approaches are used to estimate the slip angle or its effect 

on the vehicle. The first method is to use the data 

provided by the lateral slip velocity sensor in the ESC 

system instead of the slip angle. However, it is known 

that the prediction performance is affected by the errors 

caused by the deviations of the sensors, road slope, and 

bank angle [15]. The second approach which designs the 

sensors to predict slip angle needs accurate information 

about vehicle speed, road friction coefficient, and some 

tyre parameters that need to be measured directly. 

Although this approach has difficulties in data collection, 

it provides the most accurate result if the data can be 

obtained correctly, since the method is directly based on 

analytical modelling [14-17]. 

The third method is to estimate the slip angle with the 

help of measurements of systems such as GNSS and 

GPS. For this purpose, a combination of GPS and INS 

has been used to estimate the lateral slip angle accurately 

[26]. In other studies, data provided by components such 

as wheel force converters, optical encoders and IMU, and 

GPS data are processed together to create systems that 

perform slip angle estimations [27-31]. However, 

satellite signals are extremely sensitive to changes in the 

environment and weather. Therefore, the GPS data is not 

always reliable enough. This situation creates a 

significant disadvantage for the third method. If the 

vehicle’s general condition in motion can be accurately 

determined, systems that are more sensitive than the 

other two methods can be designed with the second 

method to estimate the slip angle. Therefore, many 

studies have been conducted on estimating nonlinear 

wheel forces [32-35] and developing new methods for 

slip angle estimation in order to solve this problem 

effectively [36-39]. 

In this study, slip angle which is an significant parameter 

in the operation of vehicle safety and control systems 

such as ESC was mathematically investigated. In other 

words, the analytical approach which is the second 

method in the literature was taken as a basis for 

determining the slip angle. Based on the Fiala tyre model, 

the lateral force and self-aligning torque values were 

determined for certain values of the slip angle. Using 

these values, pneumatic trail, tyre contact area pressure 

distribution, maximum pressure value at the center of 

tyre contact surface, lateral tyre deflection, and cornering 

stiffness were obtained. Similarly, camber thrust and 

camber stiffness were investigated for certain values of 

camber angle. The changes of all these parameters which 

are of great importance for tyre mechanics depending on 

the axle load were investigated. The dynamic load 

distribution on vehicle axles is constantly changing due 

to some reasons such as braking, acceleration, and road 

slope [40]. Therefore the force, torque, and slip values 

observed in each wheel are different from each other. 

With the model presented in the study, it is possible to 

obtain information about the behaviour of the tyres 

moving parallel to each other, as well as the front or rear 

axle  

 

2. TYRE MECHANICS 

2.1 Slip Angle and Camber Thrust 

 Under normal conditions, when a vehicle is moving in a 

straight direction, the wheel moves in a plane coincident 

with the direction of travel. In this case, a lateral force 

acting on the wheel does not arise. However, in case of 

lateral movement of the vehicle, the direction of 

movement is unaligned with the plane of rotation. As 

seen in Figure 1, this angle between the wheel’s direction 

of travel and the plane of rotation in the case of lateral 

movement is called the slip angle [7,41]. Additionally, 

the lateral force acting on the wheel during rotation 

creates a lateral holding force on the tyre contact patch. 

It is desired that the lateral force acting on the lateral 

moving wheel be as large as possible considering the 

independent movement of the vehicle, the steering 

effects, and the reaction of the vehicle [42,43]. The forces 

acting on the wheel are constantly changing along the 

tyre contact patch between the tyre and the road. A tyre 

in lateral motion is deformed from the tyre contact patch 

and its outer circumference as shown in Figure 1. While 

this deformation in the tyre causes a change in the contact 

patch, it also causes the movement of the lateral force 

along this surface [44]. The lateral force generated during 

deformation is not on the same axis as the center of the 

contact patch. Therefore, the lateral force produces a 

moment called self-aligning torque at the center of the 

tire contact patch [7,45]. This torque occurs in the 

direction that reduces the slip angle of the tyre. The 

distance between the point where the lateral force acts on 

the contact patch and the vertical tyre axis is the 

pneumatic trail. The distance between the rotation axis 

and the points where the vertical tyre axes coincide with 

the ground is the mechanical trail [46]. 

The angle between the wheel center axis and the vertical 

axis is the camber angle. The wheel center axis is the axis 

passing through the center of the wheel. The vertical axis 

is the axis perpendicular to the ground. In positive 

camber, the upper part of the wheels appears more 

outward compared to the lower part and is further away 

from the vehicle body. On the other hand, in negative 

camber, the upper part of the wheels appears more inward 

than the lower part and is closer to the vehicle body [47].  
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Figure 1. Slip angle and tyre deflection 

 

Figure 2 shows a wheel with a negative camber angle. 

With the appropriate camber angle, it is aimed to 

minimize the mechanical loads on the wheel alignment 

and suspension parts, to provide smooth tyre wear, to 

improve road holding, and to provide ease of turning 

[43]. In a free movement of a wheel with a camber angle, 

the contact patch follows a central circular path. 

However, when the tyre is forced to move in a straight 

direction, shear stress occurs between the tread rubber 

and the road, and deformation is observed in the tyre. A 

lateral force causing this deformation acts on the contact 

patch as seen in Figure 2. This second source of lateral 

force acting on the tyre is called camber thrust [42,48]. 

The camber thrust is observed in the direction of the tyre's 

slope. 

 

Figure 2. Camber angle and camber thrust 

 

As seen in Figure 2, a negative camber angle creates a 

negative camber thrust for the wheel [49]. For this 

reason, with the negative camber angle, the lateral and 

cornering forces of the tyre are increased and the camber 

thrust force is utilized in the best way [45]. Especially in 

front-wheel drive vehicles, it is desirable for the rear 

wheels to increase the negative camber angle according 

to the amount of vehicle rotation. This is not useful as it 

will cause problems in transferring the traction power to 

the ground at the drive wheels [48]. 

2.2 Tyre Structural Model 

The magic formula, FEM, and Fiala tyre models are the 

main tyre models developed until today [50]. In this 

study, the Fiala tyre model was used to examine the 

effects of axle load on tyre dynamics. This model, 

introduced by Fiala [51], provides a basis for a full 

vehicle model and tyre simulation. Additionally, this 

model is one of the widely accepted theories in the 

analysis of slip angle, lateral force, self-aligning torque, 

and camber thrust with its easy-to-understand structure 

[52]. As seen in Figure 3, Fiala's structural tyre model 

consists of four different parts. These parts are a rigid 

body equivalent to a rim, an elastically deformable 

sidewall in both the lateral and vertical directions, a thin 

steel belt connecting the sidewalls, and a tread rubber. 

According to this model, the tyre consists of many 

independent springs around it and is not circular at all 

points. While the lateral force 𝐹𝑌acting on the contact 

point and the vertical force 𝐹𝑍, called the axle load, cause 

deforming tyre, the rigid rim is not deformed. The tread 

rubber and the sidewall are subjected to bending 

deformation in the lateral and vertical directions due to 

these forces. At the same time, the shear force between 

the ground surface and the tread rubber also affects the 

deformation of the tyre [42]. 

 

Figure 3. Tyre structural model [42] 

 

3.  MATERIAL AND METHOD 

With the model created based on the Fiala tyre model, a 

lot of information about tyre dynamics can be obtained 

using a limited number of input parameters. The input 

parameters shown in Table 1 are directly related to the 

mechanical properties and basic dimensions of the tyre. 

Tyre’s basic dimensions are shown in Figure 4 
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Figure 4. Basic dimensions of the tyre 

 

The parameters shown in Table 1 for real tyre models can 

be determined by simple measurements. By combining 

the slip behaviour of the tyre in force and moment 

calculations, a more realistic version of the combined slip 

can be obtained. In addition to these advantages, 

simplifications have been made in the model, such as the 

rectangular tyre contact area and the uniform distribution 

of the contact area forces. 

Table 1. Input parameters and assumptions 

Properties Value 

𝐹𝑍 (N) 1000 → 6000 

𝑘 (kN/m) 820 

𝑘𝑒 (kN/m) 190 

𝐸 (MPa) 10 

𝑃𝐼  (kPa) 220,632 

𝛼 (⁰) -10 → +10 

𝜔 (⁰) -10 → +10 

𝑡/𝑅𝐴/𝐷 205/55R16 

𝜇 0,85 

𝜈 0,499 

𝑑 0,9. ℎ 

𝑏 0,625. 𝑡 

Contact patch shape Rectangle 

The flow chart of the mathematical model of the study is 

shown in Figure 5. In the flow chart, blue blocks are input 

parameters,  gray blocks are intermediate parameters and 

green blocks are output parameters. In vehicle dynamics, 

MATLAB Simulink software is used in many areas, from 

body behavior such as slip and roll over to suspension 

models [53,54]. In this study, in which the effects of axle 

load on tyre mechanics were investigated, important 

parameters of tyre mechanics were investigated for the 

values of axle load between 1000 N and 6000 N using the 

MATLAB Simulink software. First of all, tyre contact 

area and contact length were determined for these axle 

loads, and  𝐾0 and 𝐾1 values were calculated using the 

input parameters and assumptions given in Table 1. In the 

next step, lateral force and self-aligning torque values 

were determined for slip angle values between -10⁰ and 

+10⁰. By using these values, pneumatic trail, tyre contact 

patch pressure distribution, maximum pressure value in 

the tyre contact patch center, lateral tyre deflection, and 

cornering stiffness were obtained. Similarly, the camber 

thrust and camber stiffness were examined for the values 

of the camber angle between -10⁰ and +10⁰. A single-

wheel sample with a standard 205/55R16 pneumatic tyre 

was investigated in terms of flexible wheel-rigid ground 

road interaction under dry asphalt road conditions. 

Tyre contact area 𝐴𝐶and contact length l are of great 

importance in determining the lateral force 𝐹𝑌, self-

aligning torque 𝑀𝑍, slip angle α, and camber thrust 𝐹𝐶 

values [44,55]. In the study where the contact area is 

considered to be rectangular and the tyre tread structure 

is not taken into account these parameters are determined 

as follows. Here, 𝐴𝐶 is the tyre contact area, 𝐹𝑍 is the 

vertical load, also called the axle load, b is the tyre 

contact area width, l is the tyre contact area length, and t 

is the tyre width. In the created model, the cases where 

the ratio of tyre contact area width to tyre width is 

between 0.55 and 0.70 were examined. As an example, 

the width of the tyre contact area is assumed to be 0.625 

of the tyre width. 

𝐴𝐶 =
𝐹𝑍

𝑃𝐼

= 𝑏. 𝑙 (1) 

 𝑏 = 0,625. 𝑡 (2) 

After determining the tyre contact area and contact 

length, the calculated 𝐾0 and 𝐾1 1 values are expressed 

as follows [42]. Here k is the spring constant per unit 

length, G is the shear modulus of the tread rubber, E is 

Young's modulus of the tread rubber, d is the tyre 

sidewall height during deformation, v is the poisson's 

ratio of the tread rubber, I is the moment of inertia of the 

contact surface area, h is the tyre sidewall height, and RA 

is the tyre section ratio. In this study, cases where the 

ratio of the deformed tyre sidewall height to the tyre 

sidewall height is between 0.85 and 0.95 were examined. 

As an example, the deformed tyre sidewall height is 

assumed to be 0.90 of the tyre sidewall height. Tyre 

sidewall height is calculated using tyre width and section 

ratio values 

𝐾1 =
𝐾0

1 +
𝛽3.𝑙3

12.𝑘
. 𝐾0

     (3) 

𝐾0 = 𝐺.
𝑏

𝑑
=

𝐸

2. (1 + 𝜈)
.
𝑏

𝑑
 

 (4) 

𝛽 =
1

√2
. (

𝑘

𝐸. 𝐼
)

1

4

  (5) 

𝐼 =
𝑙. 𝑏3

12
 (6) 

𝑑 = 0,9. ℎ (7) 

ℎ =
𝑅𝐴. 𝑡

100
 (8) 
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The lateral force 𝐹𝑌 and the self-aligning torque 𝑀𝑍 are a 

function of the axle load 𝐹𝑍 and the slip angle α expressed 

as follows. In addition to the mechanical and dimensional 

properties of the tyre, the contact area length l and the 

friction coefficient of the ground μ also have a significant 

effect on these parameters. 

𝜑 =
𝐶. 𝑡𝑎𝑛𝛼

𝐹𝑍. 𝜇
 (9) 

 𝐹𝑌 = 𝜇. 𝐹𝑍. (𝜑 −
1

3
. 𝜑2 +

1

27
. 𝜑3) (10) 

𝑀𝑍 =
𝜇. 𝐹𝑍

6
. (𝜑 − 𝜑2 +

1

3
. 𝜑3 −

1

27
. 𝜑4) (11) 

The cornering stiffness value C, which provides an idea 

about the cornering ability of the vehicle, is expressed as 

the differentiation of the lateral force 𝐹𝑌 with respect to 

the slip angle α. 

𝐶 =
𝐾1. 𝑙2

2
= −

𝑑𝐹𝑌

𝑑𝛼
|

𝛼=0
 (12) 

The pneumatic trail 𝑇𝑃 is determined by the ratio of the 

self-aligning torque 𝑀𝑍 to the lateral force 𝐹𝑌 

𝑇𝑃 =
𝑀𝑍

𝐹𝑌

 (13) 

The pressure distribution 𝑃𝐶𝑆on the tyre contact area 

center axis, the maximum pressure value 𝑃𝑀, and the 

amount of tyre lateral deflection y are expressed as 

follows. 

𝑃𝐶𝑆 = 4. 𝑃𝑀 .
𝑥

𝑙
. (1 −

𝑥

𝑙
) (14) 

𝑃𝑀 =
3. 𝐹𝑍

2. 𝐴𝐶

 (15) 

 

 

 
Figure 5. The flow chart of the mathematical model 
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𝑦 =
𝐹𝑌. 𝛽3. 𝑙2

2. 𝑘
.
𝑥

𝑙
. (1 −

𝑥

𝑙
) (16) 

The camber thrust 𝐹𝐶 is directly affected by the 

mechanical and dimensional properties of the tyre, 

similar to the lateral force 𝐹𝑌. It is also a function of 

camber angle 𝜔 and effective tyre radius 𝑅0 [42]. 

𝐹𝐶 =
𝐾1. 𝑙3

12. 𝑅0

. 𝜔 (17) 

The effective tyre radius 𝑅0 is expressed by the unloaded 

tyre radius 𝑅, the vertical force 𝐹𝑍, and the longitudinal 

tyre spring constant 𝑘𝑒. 

𝑅0 = 𝑅 −
𝐹𝑍

𝑘𝑒

 (18) 

Finally, the camber stiffness 𝐶𝑐 is defined as the 

differentiation of the camber thrust  𝐹𝐶 with respect to the 

camber angle 𝜔. 

𝐶𝐶 = −
𝑑𝐹𝐶

𝑑𝜔
|

𝜔=0
 (19) 

 

4 RESULTS AND DISCUSSION 

A sample of the relationship between lateral force and 

slip angle for an automobile, depending on the input 

parameters and the mathematical model, is shown in 

Figure 6. The amount of lateral force increased linearly 

at small slip angles for all axle load values. After the 

linear increase, the lateral force increase slowed down 

and reached its peak. The peak of the curve obtained 

shows how much lateral force the tyre can produce with 

its mechanical and dimensional properties. After the 

peak, the lateral force decreases slightly and becomes 

satiated at large slip angles. When the effect of axle load 

on lateral force is examined, it is seen that the amount of 

lateral force increases in proportion to the increase in the 

axle load. As the amount of axle load increased, the 

lateral force variation due to the unit slip angle also 

increased, and the effect of the axle load was more 

evident at the satiation levels of the lateral force. It has 

been determined that the amount of lateral force reaches 

satiation at smaller slip angles with increasing axle load 

amount. 

When the variation of the self-aligning torque depending 

on the slip angle is examined in Figure 7, a linear increase 

is observed similar to the lateral force graph for small slip 

angles. With increasing slip angle, the self-aligning 

torque also increased rapidly and reached a maximum at 

one point. It has been found that the maximum self-

aligning torque is reached at smaller slip angles for large 

axle load values. As the axle load value decreased, the 

peak was observed at greater slip angles. After this peak, 

as the slip angle increases, the self-aligning torque value 

decreases and tends to be zero at large slip angles. It is 

seen that the effect of axle load on self-aligning torque is 

quite high at all slip angles. The main reason for this is 

that the tyre contact area length increases with increasing 

axle load, and therefore the amount of moment generated 

by the lateral force acting on the tyre also increases.  

 

 
 

Figure 6. Slip angle versus lateral force for different vertical loads 

 



INVESTIGATION OF THE EFFECTS OF AXLE LOAD ON TYRE BEHAVIOUR IN VEHICLES … Politeknik Dergisi, 2024; 27(2) : 603-614 

 

609 

The slope of the linear region seen at small slip angles in 

Figure 6 corresponds to the change in lateral force per 

unit slip angle of the tyre and is called the cornering 

stiffness. The lateral movement of a vehicle also takes 

place within this linear region which is usually seen at 

small slip angles. The cornering stiffness value is one of 

the significant parameters in interpreting the cornering 

ability of the vehicle. The change in cornering stiffness 

depending on the axle load is shown in Figure 8. 

Cornering stiffness increased exponentially up to an axle 

load of about 2000 N. However, it increased almost 

linearly at higher axle loads.  

The distance between the point where the lateral force 

acts on the contact patch and the vertical tyre axis is the 

pneumatic trail. In other words, the pneumatic trail is the 

ratio of the lateral force to the self-aligning torque. As 

seen in Figure 9, it has been determined that the 

pneumatic trail has a maximum value at 0⁰ slip angle, 

decreases close to linear with increasing slip angle, and 

reaches zero. The increase in axle load caused the 

pneumatic trail to reach zero at larger slip angles. The 

reason for this can be considered as the self-aligning 

torque tends to zero at much smaller slip angles as the 

axle load value increases.  

The tyre contact area pressure distribution, seen in Figure 

10, expresses the pressure values acting on the tyre tread 

along the tyre contact area center axis and appears as an 

asymmetrical parabola. For all axle loads, the maximum 

pressure was determined to be approximately 210 kPa, 

and it occurred at the pneumatic trail points. The reason 

why the curves are asymmetrical is that the maximum 

pressure values occur at the pneumatic trail points. A 

balanced pressure drop across the contact area was 

observed   on   either   side   of   the   maximum pressure 

 
 

Figure 7. Slip angle versus self-aligning torque for different vertical loads 

 
 

Figure 8. Cornering stiffness versus vertical load 
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Depending on the increasing axle load, the tyre contact 

area length increased, and the change in the pneumatic 

trail became more evident. It has been determined that 

the maximum pressure value in the tyre contact area 

center axis is not affected by the axle load. Figure 11 

shows the amount of lateral deflection in the tyre contact 

area center axis along the tyre contact length. The lateral 

tyre deflection studied for a lateral force of 3000 N is 

obtained as an asymmetrical parabola as in the contact 

area pressure distribution. This is because the 

deformation direction on the front of the tyre is almost 

parallel to the tyre’s travel direction. Relatively no 

slippage is observed in this region. The actual slip is 

observed at the rear of the tyre contact surface and the 

greatest lateral deformation has occurred in this region. It 

has been determined that the amount of lateral tyre 

deflection also increases in direct proportion to the 

increasing contact length depending on the amount of 

axle load.  

 

 
 

Figure 9. Normalized pneumatic trail versus slip angle for different vertical loads 

 
 

Figure 10. Tyre contact surface pressure versus tyre contact length for different vertical loads 
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Figure 12 shows the change in camber thrust depending 

on the camber angle. Here the slip angle is zero. It has 

been determined that the camber thrust increases with 

increasing camber angle, almost linearly. On the other 

hand, the increase of axle load, increased the change in 

camber thrust per unit camber angle. 

As seen in Figure 13, camber stiffness which is the 

change in camber thrust per unit camber angle of the 

wheel increased almost linearly with increasing axle  

 

 

 

 

 

load. The camber stiffness value gives information about 

the current camber angle of the wheel and how it 

responds to the change in camber angle. It can be said 

that camber stiffness has similar properties to cornering 

stiffness. While the increase in the camber stiffness at 

low axle loads was quite small, the increase in the camber 

stiffness with the increase in the axle load also reached 

very high levels.  

 

 

 

 

 

 

 

 
 

Figure 11. Lateral tyre deflection versus tyre contact length for different vertical loads 

 
 

Figure 12. Normalized camber thrust versus camber angle for different vertical loads 
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5. CONCLUSIONS 

In this study, the effects of axle load on slip angle were 

investigated. For this purpose, different parameters 

affecting tyre mechanics are handled according to axle 

load. First, the variation of the lateral force and self-

aligning torque with the slip angle was determined. Then, 

using these parameters, pneumatic trail, tyre contact area 

pressure distribution, tyre contact area maximum 

pressure value, lateral tyre deflection, and cornering 

stiffness were calculated. Additionally, the camber thrust 

and camber stiffness values were investigated 

independently of the slip angle. It was observed that the 

amount of lateral force increased in proportion to the 

change in axle load. The effect of the axle load was more 

evident at the satiation levels of the lateral force. The 

maximum self-aligning torque is achieved at small slip 

angles for large axle load values. It has been determined 

that the effect of axle load on self-aligning torque is quite 

high at all slip angles. The cornering stiffness progressed 

at a low rate of increase up to certain axle loads. It 

showed an almost linear increase at large axle loads. The 

increase in axle load caused the pneumatic trail to reach 

zero at larger slip angles. For all axle loads, the maximum 

pressure was determined to be approximately 210 kPa 

and occurred at the pneumatic trail points. It has been 

determined that the maximum pressure value in the tyre 

contact area center axis is not affected by the axle load. 

The lateral tyre deflection examined for a lateral force of 

3000 N was obtained as an asymmetrical parabola as in 

the pressure distribution of the contact area. It has been 

observed that the lateral deflection of the tyre changes in 

direct proportion with the increase in the contact area 

length caused by the increasing axle load. It was seen that 

the camber thrust increased proportionally with the 

camber angle, and the increase in the axle load increased 

the change in camber thrust per unit camber angle. 

Finally, while the increase in camber stiffness at low axle 

loads was quite small, the increase in camber stiffness 

with the increase in axle load reached very high levels.  
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NOMENCLATURE 

 

tyre contact area (m2) 

ABS Anti-lock Braking System 

 

contact width (m) 

 

cornering stiffness (N/deg) 

 

camber stiffness (N/deg) 

 

tyre sidewall height during deformation 

(m) 

 

rim diameter (inch) 

 

Young’s modulus of the tread material 

(Pa) 

ESC Electronic Stability Control 

 
 

Figure 13. Normalized camber stiffness versus vertical load 
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camber thrust (N) 

 

lateral force (N) 

 

vertical force (N) 

FEM Finite Element Method 

 

shear modulus of the tread (Pa) 

GNSS Global Navigation Satellite Systems 

GPS Global Positioning System 

 

tyre sidewall height (m) 

 

moment of inertia of area of the contact 

(m4) 

IMU Inertial Mobility Units 

INS Inertial Navigation System 

 

spring constant per unit length of the 

spring support (N/m) 

 

longitudinal spring constant of the tyre 

(N/m) 

 

tyre contact length (m) 

𝑀𝑌 wheel torque (Nm) 

 

self-aligning torque (Nm) 

 

tyre contact surface pressure (Pa) 

 

tyre inflation pressure (Pa) 

 

maximum pressure at the tyre center (Pa) 

 

unload tyre radius (m) 

 

effective tyre radius (m) 

 

tyre aspect ratio 

 

tyre width (m) 

 

pneumatic trail (m) 

TCS Traction Control System 

 

lateral tyre deflection (m) 

 

distance in tyre rotation axis (m) 

 

slip angle (deg) 

 

friction coefficient 

 

poisson ratio of the tread 

 

camber angle (deg) 
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