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Fig. 1. The Geometry of Pavement System. 

 

 
Fig. 2. The Material Properties of Pavement System. 
 
transmits the torque applied by the drive axle to the tread in order to 
create traction. The sidewall, in conjunction with the air inflation, 
also supports the load of the vehicle. The tread part is the part of tire 
which comes in contact with the road surface. The tread is made of 
a thick rubber, or rubber/composite compound formulated to 
provide an appropriate level of traction that does not wear away too 
quickly. The tread pattern is characterized by the geometrical shape 
of the grooves, lugs, and voids, which is not considered detailed in 
this paper. The entire tire is discretized using an 8-node linear 
hexahedral element. Therefore, the standard displacement-based 
finite element model with linear element shows volumetric locking, 
which underestimates the tire deformation. In order to alleviate the 
volumetric locking, some mixed and hybrid finite element 
formulations, such as reduced integration, enhanced/assumed strain, 
B-bar approach, or mixed displacement-pressure formulation have 
to be used to model the nearly incompressible hyperelastic material 
in the nearly incompressible limit. The rim is modeled as a rigid 
body using kinematic coupling. The kinematic coupling is used to 
maintain the constant distance between the tire center and bead area. 
The inflation pressure is applied to the inside surface of tire that can 
also be modeled using hydrostatic fluid element with ABAQUS/ 
Explicit and represents fluid-filled cavities under hydrostatic 
conditions. The vehicle load is applied at each tire hub and acts only 
in the vertical direction.  

The pavement geometry in the transverse direction is shown in 
Figs. 1 and 2, which is a two-lane and one lane in each traveling 
direction. The pavement is assumed to deform elastically and the 
material properties of the three layer system are shown in Fig. 2. For 
the purpose of simplicity, a symmetric model is selected to model 
the pavement mechanical behavior under the vehicle load. The 
analyzed domain of a three-layer pavement is 12,000mm in length, 
5000mm in width, and 3000mm in depth. The assumed vehicle has 
two axles and the load distribution is 60% on rear axle and 40% on 
front axle. The detailed layout of the four tires can be seen in Fig. 3. 
Given all the specifications for the tire and pavement structure, Fig. 
4 is the three dimensional finite element model for tire/pavement 
interaction. As shown in Fig. 4, the four-tire vehicle is rolling in the 
middle of each lane. 

 
Fig. 3. The Layout of a Four-Tire Vehicle. 

 

 
Fig. 4. Three Dimensional Finite Element Model of Tire/Pavement 
Interaction. 
 

All the pavement part is modeled using 8-node hexahedral 
elements. In order to reduce the number of elements, researchers use 
fine mesh for the potential tire/pavement interaction area and 
relatively coarse mesh beyond the contact area. The boundary 
conditions are fully fixed at the bottom of the domain and only fixed 
in the normal direction with other surfaces as shown in Fig. 4. 
Tire/pavement interaction is defined by the contact interface 
property, which is defined by the tangential friction law. The 
interaction between tire and asphalt layer is determined by the 
interfacial frictional contact law. The interfacial behavior related to 
frictional response is very important to predicting pavement stress 
state, which controls the transferring of horizontal force and shear 
stress. Generally the friction between two surfaces can be modeled 
using the Coulomb model, where a friction coefficient and a shear 
stress limit are introduced to define the contact interfacial frictional 
behavior and is obtained from tests. The shear stress transmitted 
between the two surfaces is computed by multiplying the normal 
contact stresses across the interface by the coefficient of friction. 
The drawback of Coulomb frictional law is its inability to capture 
the rate dependent frictional contact behavior. In this paper, the 
Coulomb’s friction law is temporarily employed to define the 
tangential friction behavior between tire and terrain. For tire 
/pavement interaction, pavement is defined as the master surface.  
 
Tire Footprinting  
 
The aim of this numerical example is to simulate the tire footprint. 
The numerical test simulates a truck with two axles and four tires. 
Also, it is assumed that the centroid of vehicle is not exactly in the 
middle of two axles. The rear axle load is 80kN and is applied over  
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Fig. 5. The Stress Contour of Tire/Pavement Interaction. 

 

 
Fig. 6. Tire Deformation During Rolling. 
 

Fig. 7. Tire Contact Pressure Under Static Loading. 

 

Fig. 8. Tire Contact Pressure During Rolling. 
 
two tires. The front axle load is 60kN. The tire/pavement interaction 
model is exactly the same as shown in Fig. 4. The material 
properties of the pavement part are shown in Fig. 2. The coefficient 
of friction between tire and pavement is assumed to be 0.5. Fig. 5 
shows the Mises stress contour of tire/pavement interaction system 
at a tire rolling instant. Stress bulbs appear at the tire/pavement 
contact areas, which indicate stress concentration. Fig. 6 shows the 
tire footprint on the pavement and the corresponding tire 
deformation for static and rolling instants. Figs. 7 and 8 show that 
the contact pressure contour is projected on the deformed tire 

 

 
Fig. 9. Vertical Stress Contour of the HMA Layer. 

 

 
Fig. 10. Vertical Stress Contour of the Base Layer. 

 

 
Fig. 11. Vertical Stress Contour of Subgrade Soil. 
 
and is not uniformly distributed. Also the shape of tire contact areas 
is neither rectangle nor circular, which confirms to researchers that 
the general assumptions made in the previous calculations are not 
very accurate. 

 
Application to Predicting Pavement Damage  
 
In this part, researchers obtain the tensile strain at the bottom of 
asphalt layer and maximum compressible strain at the top of 
subgrade soil from tire/pavement interaction model to predict 
fatigue cracking of flexible pavement. The axle load model 
parameters are exactly same as used for tire footprint. The vehicle is 
driven through rear axle by applying an angular velocity and is 
gradually increased to 2rad/s within one second. The translation 
velocity xV  of the tire hub will be gradually increased to the 

desired value, which is equal to the product of angular velocity and 
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Fig. 12. Vertical Stress Versus the Depth of Pavement Structure. 
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Fig. 13. Allowable Number of Load Repetitions to Limit Fatigue 
Cracking Versus Inflation Pressure.  

 
rolling radius. Figs. 9-11 show the vertical stress (MPa) contour 
projected upon the configurations of asphalt layer, base, and 
subgrade soil. Clearly, the contact areas are the stress concentrated 
areas, which have the maximum compressive stress. Fig. 12 shows 
the vertical stress distribution along the depth of pavement structure, 
which are extended from the center of tire contact areas. The stress 
decreases dramatically with depth and agrees very well with field 
observation or other numerical simulations [1]. Fig. 13 shows the 
allowable number of load repetitions to limit fatigue cracking, 
which is obtained based on Eq. (20). The maximum tensile strain at 
the bottom of asphalt layer is obtained from the three dimensional 
finite element models. Fig. 14 shows the allowable number of load 
repetitions to limit rutting or permanent deformation, which is obtained 
based on Eq. (21). The compressive strain at the top of subgrade soil 
is also obtained from the three dimensional finite element model. 
Based on the prediction, the rutting is the dominant concern for this 
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Fig. 14. Allowable Number of Load Repetitions to Limit Permanent 
Deformation Versus Inflation Pressure. 
 
pavement system. Both allowable numbers of load repetitions to 
limiting fatigue cracking and rutting decrease when the tire inflation 
pressure is increased. The reason is that the tire becomes stiffer with 
increasing inflation pressure. Under the same axle load and given 
tire structure, the tire contact area will decrease and therefore 
increase contact pressure. Relatively higher tensile strain and 
compressive strain for both asphalt layer and subgrade soil are 
produced for a higher inflation pressure compared to lower inflation 
pressure. Lower inflation pressure will increase contact area and 
accordingly reduce the strain and stress within pavement structure 
and, therefore, extend the pavement service life. But low inflation 
pressure vehicle consumes much more energy than high inflation 
pressure vehicle. 
 
Concluding Remarks 
 
In this paper, a finite strain hyperelasticity model for rubber material 
and three dimensional finite element models for tire/pavement 
interaction are developed. For tire rolling over flexible pavement, 
two negative impacts of vehicle on pavement are fatigue cracking 
and rutting, which have been studied empirically in the past. The 
criteria for fatigue cracking and rutting need the input of tensile 
strain at the bottom of the asphalt layer and maximum compressive 
strain on the top of subgrade soil, which are used to estimate the 
allowable number of load repetitions to limit fatigue damage and 
permanent deformation. The accurate way to calculate these two 
parameters is to fully conduct tire/pavement interaction analysis. 
This has rarely been done in the past. In order to accurately model 
tire/pavement interaction, a tire has to be modeled as deformable 
body and better modeled as finite strain hyperelasticity, which was 
done in this paper and rarely conducted in previous research. Some 
technical issues on developing finite element models for 
tire/pavement interaction were discussed in this paper. A lot of 
efforts need to be further pursued on the tire/pavement interaction 
topic to better understanding pavement damage. This paper simply 
offers a full picture on modeling tire/pavement interaction, which is 
an issue of great significance on the application of finite element 
techniques to pavement engineering.  




	
	
	
	
	
	
	
	


