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ABSTRACT 

The tire moving on different surfaces is subjected to different stresses and strains. In order to 

predict stress behavior of tire and its durability, the amount of these stresses and strains should 

be determined. Slip angles are among the factors which influence stresses and strains of the tire. 

In this study a three-dimensional model of tire was constructed and the stated angles were 

enforced to consider their effects. Then the amount of displacements, strains and stresses in each 

situation, inside or on the concerned structure were calculated in the model for different Slip 

angles, the vertical and lateral forces were obtained from the experimental data of Kagayama-

Kuwahara and Smith works and applied in to the tire model. The results show that increase in 

Slip angles will lead to a drastic increase in asymmetrical stresses and strains which are the most 

important in tire heterogeneous wearing life and decreasing its durability. Therefore, it is 

necessary to make initial adjustment to have the least possible Slip angles while the tire is 

moving on road.  
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INTRODUCTION  

The first concern in mechanics of composite materials is to evaluate the effective mechanical 

properties or effective formant and basic principals which has been the subject of many research 

in studying composite materials [1]. Basically, the formulation of such a problem leads to 

investigating and solving of a complex problem with difficult boundary conditions that no 

analytical solution has been accomplished yet [2]. As mentioned before, finite element problems 

can be formulated by assuming unknown strains or stresses[3]. The strain method is able to result 

in relatively accurate solutions for displacements while the stresses computed by this method are 

less precise which is mostly seen in regions undergoing stress concentration or with severe stress 
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changes[4]. The method of finite element formulating according to stresses or loads, on the other 

hand offers accurate solutions for the stresses; therefore this method is employed in problems in 

which interlayer stresses are more important [5]. The first step in analysis of composite materials 

using finite element method is to evaluate the stress-strain relations[6]. Figure 1 shows a layer of 

a composite material with fiber orientation 

. 

Figure 1: a layer of a composite material [7] 

 

 

Here, assuming homogeneous and orthotropic layers, directions 1, 2, and 3 are known as the 

principal ones which are coincident with the fiber orientation [8]. 

 

1-Finite Element Meshing of the problem 

 

In finite element method, the desired region/area is divided to smaller parts called elements 

which are connected to each other at certain points called nodes. The magnitudes of 

displacements of nodes are fundamental unknowns in finite element method [9]. The 

displacements in elements are then evaluated in based on the magnitudes of node displacements 

using shape functions[10]. 

Finite element analysis is carried out using different elements and different meshes. The mesh 

must be so fine that it can model composite materials and their fibers properly[11]. 

We can define different layers in an element and interlayer stresses are computed for that 

element layers[12]. The multi-layer structure, with or without considering shear deformations, 

may also be simulated by using a shell. In some of these cases no distinction is made between the 

layers and thus, the interlayer stresses are not computed. The analysis may be linear or non-

linear[13]. In these entire cases finite element method is the most useful one for analyzing 

composite structures[14]. Finite element method is formulated in mechanical analysis of bodies 

using the rules of continuum mechanics[15]. 

In problems using shell elements, the displacements and their first and second derivatives should 

be continuous functions. In other words, the continuity conditions are satisfied at the element 

boundaries[16]. 

The solutions are always singular in linear problems while this does not apply to non-linear 

problems; i.e. if convergence condition is fulfilled and an answer is obtained, it’s not necessarily 

the right solution[17]. Accurate definition of the boundary conditions and constraints of the 

problem, specific and smooth application of the load and solving the problem through small 

stages, have significant effects on obtaining the accurate solution[18]. 
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2- Tire Modeling 

2-1- Geometrical Modeling of the Tire 

 

 In this work a radial tire of model P150/82R13 is investigated. The tire parts geometrical 

coordinates required for computer modeling are listed. The tire consists of treads, walls, 2 layer 

of carcass and 4 layers of Beriker[19].       

 

Each of the four layers of the Beriker is similarly defined by 5 points in the XY plane and only 3 

points because of symmetry. The method for plotting the shells of the Beriker is the same as that 

of the carcass. Also each layer of the Beriker is meshed by 532 elements[20]. 

 

In order to model the tread and the wall, the partition in between the outer layer of the tire and 

the last layer of the carcass and Beriker has been considered and the area surrounded by these 

points shows the treads and the wall cross section in XY plane Shown in fig 2. Revolution of this 

cross section about the x-axis results in a volume representing the solid part of the treads and the 

wall[21]. The tire has been modeled with different numbers of sectors including four, six, and 

eight. The final modeling has been carried out in the optimum state which has been found to be 5 

sectors of 72˚with lower calculation duration and more accurate results. The treads and the wall 

are modeled by 37860 elements[22]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2. Model of a half cross section of the treads and the wall 

 

In order to enhance the calculations accuracy, the lower sector of the tire which is in contact with 

the ground has been meshed with finer elements and more number of nodes in the way that it 

consists of 13039 elements while the other four sectors are meshed with 6205 elements.  
 In order to define a uniform tire composed of treads, wall, and layers of carcass and Beriker, one 

should define contact elements for the parts in contact so as to prevent them from interference. 

For instance, the first and second carcass or the fourth Beriker towards the lower layer of the 

treads are defined as contact elements. 

 The ground is defined as a rigid volume and the elements of the sector of tire which touches the 

ground are chosen to be contact elements[23]. 
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Shown in figure 3 are the parts of the tire modeled and are meshed in figure 4. 

 

 

 
Fig.3. Solid and shell elements representing the tire and the ground 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4. Meshed tire and ground prepared for load application 

 

2-2. Boundary Conditions and Load Application 

 Accurate defining of loads magnitudes and their distribution across the tire is one of the most 

difficult issues in tire analysis; thus for simplification the following assumptions have been 

made: 
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1.Bead bundle is assumed to be stationary in this analysis and its motion is stopped using 

constraints. 

2.In this F.E. simulation the wall and treads of the tire are modeled with rigid volumetric 

elements and the parts of carcass and Beriker are modeled with shell elements which are 

coupled to those of the wall and treads in their corresponding nodes. 

3.Internal air pressure is defined by applying pressure to the inner surface of the first layer of 

carcass. 

4.The effect of slip angle has been considered by rotating the tire about y axis until the 

direction of motion of the tire which has been along the z axis makes an angle of α with this 

axis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5. The tire and its cross section[24] 

 

 

3- Results 

3-1. Model Validation 

Represented in figures 5-1 are lateral force vs. normal force and slip angles which have been 

obtained experimentally. Exerting the normal force for different simulated slip angles, the lateral 

force can be computed and compared with experimental results. Since the results agree, the 

primary modeling is valid and it can be expanded for further analysis including different slip 

angles and normal forces. 
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Fig. 5-1. Experimental plots on lateral force vs. normal force and slip angle[25] 

 

For slip angles of 1, 3, and 6 degrees the magnitudes of normal and lateral forces in the contact 

area of tire and ground are determined and compared to experimental results in table 5-2 in order 

to estimate the error percentages. 

 

Table 5-2. Comparison of experimental data and this work for slip angle 

 

 

Since the obtained results agree with those of Smith, it has been found appropriate to use these 

results for model validation. 

From tables 5-1 and 5-2 the errors made by the software are no more than 10.1 % which are 

obviously results of dissimilarity in conditions of the experiment from those considered in the 

software. 

 

 

 

Percentage 

error 

Measured 

lateral force 

(N) 

Computed 

lateral force 

(N) 

Vertical force 

(N) 

Slip angle (degree) 

3/8  3 /111  33/121  1 /818  1 

3/9  3 /223  92/242  2 /821  3 

1/11  223 92/283  1 /821  2 
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3-2. Results 

Primarily the von-misses stress contour in the tire according to equation 3-35 represented by the 

software and displacement of the sector in touch with the ground are investigated for three cases 

of a) zero slip angle b) 1 degree slip angle. 

3-2-1. Tire with zero slip angles 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5.3. Von mises stress and its distribution in solid elements 

 

As shown in fig.5.3, the maximum stress occurs in the wall of the tire as a consequence of its 

thinness relative to other parts.  The maximum stress point is denoted in fig.5.8. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.4. Von mises stress and its distribution in shell elements of carcass’s first laye 
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Fig. 5.5. Von mises stress and its distribution in shell elements of carcass’s second layer 

 

Considering figures 5.4 and 5.5 the maximum stress in layers of carcass, occurs at the junction 

with the Bead bundle and contact area with the Beriker.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.6. Von mises stress and its distribution in shell elements of Beriker’s first layer 
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Fig. 5.7. Von mises stress and its distribution in shell elements of Beriker’s third layer 

 

Figures 5.6 and 5.7 show that in Berikers, the maximum stress occurs at the joint with the 

shoulders of the tire. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.8. Von mises stress and its distribution in solid elements of the tire’s lower sector 
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Fig. 5.9. Vertical strain and its distribution in solid elements of the tire’s lower sector 

 

As shown in figures 5.8 and 5.9, we have symmetric stresses and strains in the part of the tire 

contacting the ground surface in the condition of zero slip angle .In this case there exists less 

asymmetric wear and consequently the most lifetime for tire. 

3.2.2. Tire with a 1˚ slip angle 

Shown in fig.5.10 is the stress contour in a tire with 1˚ slip angle.  
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Fig. 5.10. Von mises stress distribution in of a tire with 1˚ slip angle 
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Fig. 5.11. Von mises stress distribution in lower sector of a tire with 1˚ slip angle 

Fig. 5.11. shows the stress in lower sector of the tire and the contact condition of the tire with the 

ground with 1˚ slip angle. It’s obvious that the stress is approximately symmetric with respect to 

the z-axis while the contact stress of the back half of the tire is considerably more than the frontal 

one’s. 

3.2.3. Stress Analysis in Contact Surface 

Since it is one of the most important parameters in tire wear, here the contact surface is 

investigated. In order to accomplish this goal two main lines are defined, one across the surface 

area and another along the circumference of the tire. The stresses are inspected on these two lines 

for different slip angles. Fig. 5.12 shows the nodes and the shape of contact area for zero slip 

angle. 
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Fig. 5.12. Nodes and shape of the contact area for zero slip angle 

 

 

3.2.3.1. Stress on the lateral line under different slip angles 

 

Figure 5.13 shows the stress values on the lateral line for different slip angles of 0, 1, 3, and 6 

degrees, in this situation the maximum stress occurs at the center of the lateral line and it 

increases in a cumulative manner as the slip angle rises.  

In zero slip angle condition the maximum stress takes place at the edges of the middle tread. 

There is also a stress extreme happening at the center of this tread which is lower than the edges’ 

in value. The stress distribution in slip angle conditions is almost similar to that of no slip angle 

situation except that the peak stress at the tread’s center increases exponentially with increment 

of the slip angle in such a way that the stress magnitude at the center is significantly more than 

the stresses in the edges. The stress magnitude of the center of the tread grows more sharply until 

the slip angle of 3˚, but afterwards the growth is smoother.  

In order to investigate the side treads more conveniently figures 5.13 and 5.14 are drawn. 
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Fig. 5.13. Von mises stress on the lateral line for different slip angles 

Fig. 5.14 gives a clearer image of the stress variation on the lateral line in the left tread for 

different slip angles. The left side of the diagram represents the outer edge and the right side 

shows the inner edge of the tread.  

For no slip angle the stress is distributed in a way that the peak load occurs on the outer edge and 

reaches its minimum approximately at the center and continues a ascendant trend to the inner 

edge. This trend is different when there is a slip angle, as the maximum stress takes place on the 

inner edge and reaches a minimum at the center. As we move toward the outer edge, the stress 

traverses an ascendant trend. 
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Fig. 5.14. Von mises stress on the lateral line for different slip angles in the left side tread 

Fig. 5.15 shows the stress variations on the lateral line in the right tread for different slip angles 

more clearly. The right side represents the outer edge and the left side shows the inner edge of 

the tread. For zero slip angle the stress is distributed in a way that the maximum stress occurs in 

the outer edge and reaches its minimum almost at the center and continues an ascendant trend to 

the other edge. 

This trend is different when there is a slip angle, as the maximum stress occurs in the inner edge 

and reaches a minimum value at the center and goes on in an ascendant manner to the outer edge. 

Fig. 5.16 shows the contact between the treads and ground for various slip angles in which few 

changes could be seen for different slip angles. 
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Fig. 5.15. Von mises stress on the lateral line for different slip angles in the right side tread 

 

 

 

 

 

 

 

 

 

 
Fig. 5.16. Contact between the tread and ground for different slip angles 

 

3.2.3.2. Stress on the peripheral line under different slip angles 

 

Fig 5.17 shows the magnitude of the stress on the peripheral line for slip angles of 0, 1, 3, and 6 

degrees. It’s obvious from the figure that for slip angles of 1, 3, 6 degrees the peak stress takes 

place at a slight distance before the center of the peripheral line, unlike the no slip angle 

condition in which the maximum stress occurs at the center. This distance is due to the effect of 

the inflated tire. The stress changes on the circumferential line traverse an ascendant trend as the 

slip angle increases.  
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Fig. 5.17. Von mises stress on the peripheral line for different slip angles 

3.2.4. The deformation of the tire cross section in contact with ground 

An inflated tire which is loaded and is in contact with the ground, subjects to deformations in its 

different parts. Figures 5.18 show these changes in cross sections in different conditions.Fig. 

5.18 shows the deformation of the tire due to loading for no-slip angle condition. As expected, 

this deformation is symmetrical. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5.18. The cross section of a tire in contact with the ground under no slip angle 
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CONCLUSION  

Performing a 3D analysis of the tire using finite element method, one can obtain acceptable 

results while achieving more data and preventing the high expenses of an experimental approach 

in addition to higher speed and more ability of prediction[21].  Another advantage of non-linear 

solution of the problems on the other hand is to giving in results that are close to reality because 

of considering the effects of large deformations. As it was examined before, the lateral force 

produced because of  slip angles may cause asymmetric wear and reduction in tire lifetime.Slip 

angles are caused only in turnings and steering[4]. Generally, this angle are considered as one 

important parameter in tire life[6]. All in all, we should prevent maximum contact stresses due to 

slip angles which are respectively exponentially and directly proportional by adjusting the 

suspension and steering system of the vehicle in order to avoid tire wear. 
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