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Abstract 

The viscoelastic effect of rubber material on creation of rolling resistance is responsible for 10-33% 

dissipation of supplied power at the tire/road interaction surface. So, evaluating this kind of loss is very 

essential in any analysis concerned with energy saving. The transient dynamic analysis for including the 

rolling effects of the tire requires long CPU time and the obtained results are prone to considerable 

numerical oscillations. By adding the equivalent loads to static interaction of tire with the road, an efficient 

3D FE analysis is presented for evaluating the dissipated energy of a rolling tire. The results closely match 

the related experimental and numerical investigations. 

Keywords: FE method, numerical simulation, hysteresis loss, rolling resistance, strain energy. 

1. Introduction 

In recent years, reducing the fuel consumption has 

become increasingly important issue for both 

governments and car manufacturers. Despite the 

aerodynamic drag and losses concerned with engine 

and powertrain systems, the rolling resistance at 

tire/road interaction surface is responsible for 10- 

33% dissipation of supplied power depending on tire 

structure and amount of axle load. So, developing 

efficient tires plays a crucial role for improving the 

fuel consumption of vehicles [1-3]. Due to 

viscoelastic hysteresis property of rubber 

components, the cyclic deformations of rolling tire 

contribute to tire rolling resistance [4, 5]. So, 

evaluation of hysteretic loss is very essential in any 

analysis concerned with fuel economy of automobiles 

and energy conservation. Experimental measurements 

for rolling resistance clearly indicate the complex 

relationship between influential parameters and 

operating conditions [6]. However, experimental 

investigations are costly and time consuming. 

In recent decades, using finite element analysis as 

a viable method, a lot of investigations have been 

performed on design of efficient tires [7-9]. All the 

numerical methods used for the analysis of pneumatic 

tires have in common the fact that the time histories 

of strains must be approximated to calculate the 

hysteretic loss and rolling resistance [2]. In early 

works, sector- wise Fourier series were used for 

approximation of strain cycles [10, 11]. Later, using 

the transient dynamic analysis for rolling, more 

realistic results were obtained for the strain cycles and 

hysteretic loss [12-16]. However, including the 

rolling effect in simulation requires long CPU time; 

furthermore the obtained results for strains have a 

considerable oscillation which affects the accuracy of 

the analysis. 

In this study, without considering the rolling 

motion, an efficient 3D FEM model of tire/road 

interaction is prepared for evaluating hysteretic loss 

and resulting rolling resistance created inside the tire 

body. Compared with investigations based on 

dynamic rolling analysis, the results of proposed 

method for rolling resistance have a considerable 

consistency and accuracy. 

2.  Tire construction 

Today, common radial tires used in vehicles are 

made as composite layers of different materials such 

as nylon, steel cable and rubber. So, two main 

categories of components can be found for a 

pneumatic tire structure: 1) the carcass and wear 

resistant blocks of tread, as two main rubber parts, 

withstand internal-external loads and provide 

necessary traction at leading and trailing edges of tire, 

respectively. 2) Several layers of circumferential belts 

which are laid to stiffen the treads and strengthen the 

carcass or the tire body and preventing excessive 

deformation of the rubber (Fig. 1). 
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1- Tread 

2- Steel belt layers 
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5- Bead. 

Fig1. Structure of a common radial-ply tire 185/60R15 (Right) and 3D model of tire constructed according to the actual size of radial tire 
in Solid works Simulation (Left). 

 

 

Fig2. Figure 2. Imposition of boundary conditions: (a) 3-D model of the tire/road contact and (b) Cross section of model for inserting 
inflation pressure on tire inner surface 

 
3. Materials and methods 

Due to viscoelastic behavior of rubber 

compounds, cyclic deformations and oscillating 

strains resulting from rolling a tire leads to dissipation 

of mechanical energy and hysteretic loss [11]. 

Dividing the hysteretic loss by the travelling distance 

during one revolution, the rolling resistance of the tire 

can be obtained from the following equation: 

Where RR is the rolling resistance and 
rr

 is 

valid rolling radius of the tire. 

According to the experimental analysis made by 

Lin and Hwang, about 10% of tire provided energy is 

dissipated which is regarded as the main source for 

rolling resistance [17, 18]. So, in any related 

numerical prediction the main issue is the evaluation 

of total stored energy within the tire body. The total 

stored energy Wtot is given by the following 

generalized form equation: 

Where   is the tire volume, tc is frequency of tire 

rotation and  ij
 and  ij

 are components of stress and 

strain tensors. Based on non-linear Mooney-Rivlin 

material model, local stresses and strains within 

domain of an inflated and loaded tire, needed for 

evaluating the stored strain energy, are related by the 

following formulation [19, 20].  

Where,   is the stress, 1    is the 

extension ratio and   is the strain. C01 and C10 are 

the Mooney-Rivlin constants which can be 

experimentally determined for a variety of working 

temperatures [21]. The static contact of pneumatic tire 

with rigid and terrain surfaces are successfully 

investigated by many authors [2, 20-22]. However, by 

including a distributed centrifugal load to the tire/road 

interaction analysis, the rolling motion of tire can be 

efficiently modeled for evaluating the total stored 

strain energy and rolling resistance. 
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4. Results and discussions 

In this work, using Solidworks Premium a detailed 

3D model of 185/60R15 steel belted radial tire is 

prepared for calculating the viscoelastic loss and 

rolling resistance. As shown in Fig. 1 the carcass ply, 

rubber and steel belts, bead region and tread layer are 

considered for the tire. The material properties of base 

rubber and reinforcement parts and other parameters 

are given in Table 1. It is noted that the mechanical 

behavior of the rubber varies as the temperature 

changes. However, in this study the effect of tire 

temperature is ignored. Because of symmetry in 

geometry, loading and boundary conditions just half 

of tire body is modeled for reducing the computing 

cost and CPU time of the problem (Fig 2.) The total 

number of 33565 elements and 60661 nodes are used 

for the entire FEM meshes where all solid triangular 

element types with 16 jacobian points are chosen 

from COSMOS. For improving the accuracy of the 

simulation, finer meshes are used in tire/road contact 

area. 

In order to impose the boundary conditions of the 

problem, the inflation pressure is applied on internal 

surfaces of the tire model. Then, the inflated tire is 

pushed on the rigid surface of road by the axle load 

(Fig. 2). 

The proper contact conditions are applied to the 

nodes which are located on interacting surface of the 

tire. In the bead region, all the nodes in contact with 

the rim are considered to be fixed. The coefficient of 

friction between the tire and the rigid surface is set to 

be 0.9. Such high value for friction coefficient 

guarantees the no- slip condition for the tire motion 

and all the resistance against motion would be due to 

the hysteresis loss. 

 

. 
 

 

Table 1. Material properties used in tire FE model [23]. 

Air Carcass Belt Tread  

      Mooney-Rivlin constants  Mpa  

- - -  2.0477  
01C  

- - -  1.1859  
10C  

- 1390 7644  1140  Density,   3

kg
m

 

- 0.794 55    Modulus of elasticity, E  Gpa  

- 0.45 0.3    Poisson ratio,   

- - -  0.1  Hysteresis constant, H 

 

 

 

 

    
Fig3. Variations of maximum Von-mises stress for 200 kPa  inflation pressures and three axel loads: a) 3F kN , b) 4F kN  and c) 

5F kN
. 

(a) (b) (c) 
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Fig4. . Overall distribution of the maximum principal strain for 200 kPa  inflation pressure and three axel loads: a) 3F kN , b) 

4F kN  and c) 5F kN  

 

Fig5. Variation of rolling resistance with axle load. 

 

   
Fig6. Contour plots of strain energy density of a steady-state rolling tire generated by 5 F kN  for three inflation pressure: (a) 

200  P kPa ; (b) 300  P kPa and (c) 400  P kPa  
 

For different values of axle loads and inflation 

pressure, the results for gradients of stress and strains 

are depicted in Figs. 3 and 4. It can be noted that for 

the same inflation pressure of 200 kPa , more severe 

stress and strain gradients are created by increasing 

axle loads. As shown in Fig. 3, the maximum value of 

Von-mises stress is occurred on the contact region of 

tire with the road. While, the maximum amount of 

principal strains are located on the tire sidewalls. The 

obtained results are in a good agreement with 

available published works [24-27]. As mentioned 

earlier, by evaluating the stresses and strains caused 

by external loading, the strain energy stored within 

the tire body and the amount of rolling resistance can 

be readily estimated. For variety of inflation pressures 

and ambient temperatures, the gradients of strain 

energy density are illustrated in Figs. 6 and 8.  

In each case, the high strain values are observed in 

the vicinity of contact region. Variation of rolling 

resistance with the axle load is shown in Fig. 5. As 

the inserted load increases, the amount of dissipated 

energy will increase and the effective radius of rolling 

tire will reduce. So, as it can be seen, any increase in 

axle load leads to double increase in rolling 

resistance. This trend is fully consistent with the 

results of related experimental studies [28-30] 

It is evident from the results that hysteretic loss 

lowers as inflation pressure of rolling tire increases. 
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Variation of rolling resistance with inflation pressure 

can be observed in Fig. 7. It can be noted that by 

increasing the pressure from 200 to 400 kPa, an 

almost value of 32% decrease in a rolling resistance 

will occur which is similar to that observed in the 

published results. 

Variation of rolling resistance with ambient 

temperature is shown in Fig. 9. It can be easily found 

that as the ambient temperature varies from 20 to 40

C , the rolling resistance will be reduced by 9.5 %. 

This reduction is directly related to the reduction of 

hysteretic loss in higher temperature. 

Similar to the published experimental results [28, 

30-32], it can be noted from Fig. 10 that the rolling 

resistance is approximately constant with increasing 

in speed. However, a slight reduction is noticed from 

40-60 km
hr

 which is regarded as results of higher 

energy losses at speeds up to 40 km
hr

.This behavior 

closely match the trend of experimental observations. 

 
Fig7. Variation of rolling resistance with inflation pressure 

 

   
Fig8. Contour plots of strain energy density of a steady-state rolling tire generated by 200 k ,  5  P Pa F kN  for three ambient 

temperatures: (a) 10 C  (winter); (b) 15 C (spring) and (c) 40 C  (summer) 

 

Fig9. Variation of rolling resistance with inflation pressure 
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Fig10. Variation of rolling resistance with speed.

5. Conclusion 

In this study an efficient numerical 

scheme is presented for evaluating the impact 

of different working conditions on dynamic 

effects and rolling resistance of a moving tire. 

It is found from the results that the rolling 

resistance seems to be constant with the 

increase in speed. Relation between rolling 

resistance and the axle load is approximately 

linear. So, a coefficient can be defined for 

selecting the most suitable wheel load for the 

tire. Rolling resistance increases with 

decrease of inflation pressure. It can be 

concluded that the increased deformations 

result in a larger rolling resistance. 

Furthermore, for an 1
o
C  increase in ambient 

temperature, an approximate drop of 0 25.  %  

is noted for rolling resistance. In each case, 

the obtained results have considerable 

consistency with related published works. 
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