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EXECUTIVE SUMMARY  
 

Several research and studies confirmed that tires with the same vehicle loading but different 

conditions and configurations induce different stresses on pavement surfaces. The 

produced complex contact stresses have significant effects on the pavement response and 

performance. However, the lack of scientific quantification of the generated interactions 

between tires and pavements caused misrepresentation of pavement response in 

simulations and studies. Therefore, it is necessary to develop new approach and models to 

accurately predict the contact stresses induced by the tire on the pavement under different 

conditions. The results obtained from tire modeling should be used as realistic boundary 

conditions to simulate and predict pavement response. 

 

The objective of this study is to develop a numerical modeling to simulate tires and 

investigate the effects of different tire and vehicle conditions on tire-pavement interactions. 

A three-dimensional (3-D) finite element (FE) representation of a dual-tire assembly is 

constructed to predict tire-pavement contact stress distributions. The tire is considered as a 

composite structure, including rubber and reinforcements. The tire material properties are 

calibrated based on the experimental measurement and data provided by tire manufacturer. 

The tire rolling process at different states is simulated using the arbitrary Lagrangian-

Eulerian (ALE) formulation. Slide-velocity-dependent friction coefficient is used in the 

modeling. The constructed tire FE representation is calibrated and validated with 

experimental measurements of contact area, deflection, and maximum vertical contact 

stress. The developed FE tire-pavement interaction model is used to evaluate the contact 

area and mechanism of contact stress distributions at the tire-pavement interface under 

various tire and vehicle conditions.  

 

The distribution of contact stresses at the tire-pavement interface under different vehicle 

loading and speed, tire inflation pressure, vehicle maneuvering (braking, acceleration, and 

steady state), and rolling conditions are studied. The results clearly demonstrate the 

existence of non-uniform vertical contact stresses and localized tangential contact stresses 

at the tire-pavement interface. Investigations of the effects of applied load and tire inflation 

pressure show that the non-uniformity of vertical contact stresses decreases as the load 

increases, but increases as the inflation pressure increases. Vehicle speed does not 

significantly affect the vertical contact stresses. However, vehicle-maneuvering behavior 

significantly affects tire-pavement contact stress distributions. Tire braking/acceleration 

induces significant longitudinal contact stresses, while tire cornering causes the peak 

contact stresses to shift towards one side of the contact patch.  

 

The numerical results observed provide valuable insights into understanding realistic tire-

pavement interactions. These complex responses indicate the importance of applying a 

realistic distribution of contact stresses on pavements to accurately predict pavement 

responses. The numerical results in this work provide the mechanistic analysis of pavement 

responses, such as PANDA, with realistic loading boundary conditions. The obtained 3-D 

contact stresses under various conditions in this study are incorporated into PANDA User 

Interface (PUI) to automatically generate pavement FE input file with realistic loading 

boundary conditions.   
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1 INTRODUCTION  
 

1.1 PROBLEM STATEMENT  

 

To accurately predict pavement response and performance, the realistic loading boundary 

conditions need to be applied on pavements. Tire induces contact stresses on pavement because of 

moving vehicle load, which depends on tire geometry and loading conditions. Experimental 

studies measurement demonstrated that the tire contact stresses are three-dimensional (3-D) and 

highly non-uniform. The bending stiffness within the tire structure produces non-uniform vertical 

contact stresses. The transverse contact stresses develop as a result of restricted inward movement 

of the tire ribs, and the friction between tire and pavement mainly causes the longitudinal tire 

contact stresses (Tielking and Roberts, 1987). These tire-pavement contact stresses change with 

different applied load, inflation pressure, vehicle speed, and mode (Yap, 1988).  

 

The 3-D non-uniform contact stresses on pavement surfaces increase pavement damage, which 

includes top-down cracking, near-surface cracking, and hot-mix asphalt (HMA) rutting. Many 

researchers analyzed the effect of the 3-D non-uniform stresses on flexible pavement response and 

emphasized their importance. Siddharthan et al. (2002) compared the response of pavement under 

uniform and non-uniform tire contact stress distributions. They concluded that the use of 

conventional uniform load distribution estimates inaccurate response of pavement rutting. De Beer 

et al. (2002) found that pavement responses of thin HMA pavements are sensitive to vertical load 

shape and distribution. Drakos et al. (2001) concluded that the 3-D tire contact stresses increase 

HMA rutting potential. Romanoschi and Metcalf (2001), Al -Qadi and Yoo (2007), Wang and Al-

Qadi (2009), and Wang and Al-Qadi (2010) reported that the effect of surface tangential stresses 

on pavement response is significant. They concluded that when horizontal, surface tangential 

stresses are incorporated, the potential of surface-initiated top-down cracking increases in the 

pavement surface near the edge of the tire. They also observed that the horizontal tangential stress, 

which can be as high as half of the vertical compressive stress, affects pavement response and 

should be considered in pavement analysis.  

 

Over the past few years, researchers at Texas A&M University developed the Pavement Analysis 

using Nonlinear Damage Approach (PANDA) (Masad et al., 2012). PANDA includes significant 

improvements regarding the use of material characteristics and nonlinear finite element method to 

analyze and design pavement structures. Nonlinear coupled thermo- viscoelastic, viscoplastic, 

viscodamage, and healing response of asphalt concrete are considered in PANDA (Darabi et al., 

2011). PANDA User Interface (PUI) is also developed to provide a friendly interface for a user to 

construct the FE input file. However, PUI receives the contact area and applied load from the user 

and applies a uniform vertical pressure on pavements. In order to obtain a more accurate response 

of asphalt pavement using PANDA, it is imperative that PUI applies a realistic distribution of 3-D 

tire contact stresses on pavements.  

 

Two approaches can be used to measure tire-pavement contact stresses: experimental 

measurements and tire simulations. The Council for Scientific and Industrial Research (CSIR) in 

South Africa (Bonse and Kuhn, 1959) developed a device, which measured forces in the three 

principal directions. The measurements demonstrated that vertical stresses are primarily affected 

by tire inflation pressure and longitudinal stresses by tire torque. Different apparatus were 
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constructed since then to measure tire contact stresses (Seitz and Hussmann, 1971; Lippmann and 

Oblizajek, 1974; Howell et al., 1986; Tielking and Abraham, 1994; Himeno et al., 1997; 

Anghelache et al., 2003). Recently, Anghelache et al. (2011) constructed a measuring device 

composed of steel-sensing elements with resistive strain gauges (10 × 10 mm square contact area). 

This device measures contact stresses under different rolling conditions. Despite the improvements 

in measuring devices, experimental measurements can provide the contact area and applied 

stresses resulting from a slow moving tire on rigid sensors and are time consuming and expensive. 

Extending these measurements to other tire types and moving conditions (varying speed, braking, 

and acceleration) is difficult. Therefore, air-inflated tire models using FE simulations should be 

used as an alternative approach. Such tire FE models should consider all features of tire geometry 

(tread width, contact area, curvatures, etc.) and predict 3-D contact stresses as a result of steady-

state moving, accelerating, and braking conditions. The tire models can be validated using 

experimental measurements, including contact area and contact stress of a slow moving truck tire. 

 

This work presents a numerical approach to simulate a realistic FE representation of tire and 

provide the comparative stress distributions under various tire loading and rolling conditions. The 

results provide a comprehensive insight into stress distributions at the tire-pavement interface. The 

contact stresses obtained are then implemented in PUI to grant the user the option of choosing 

realistic tire loading on pavements. In the following, a comprehensive literature review is presented 

on tire-pavement interactions FE modeling. Then, the objective and approach of this study are 

described. 

 

1.2 BACKGROUND  

 

FE commercial software, such as ABAQUS, ANSYS, and ADINA, has become popular in the tire 

and pavement industries in recent decades for simulating tire responses. The FE approach is a 

preferable method compared with simplified tire models because it considers the complex tire 

structure, material properties, and rolling conditions. Figure 1-1 schematically illustrates the basics 

of a tire structure. The outer structure is usually considered as rubber and the bead, crown ply, and 

carcass ply are considered as reinforcement in the FE representation of tires. The complexity of 

the available FE representations of tires varies depending on the characteristics of the developed 

model, including FE formulation (Lagrangian, Eulerian or the arbitrary Lagrangian- Eulerian, 

ALE), material models (linear elastic, hyperelastic or viscoelastic), type of time domain (transient 

or steady state) and type of analysis (isothermal, non-isothermal or thermo-mechanical). 

Depending on the purpose of the study analyzing tire-pavement interaction, steady-state or 

transient response, vibration and noise, tire failure, and rolling resistance, different combinations 

of FE features can be chosen.  
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Figure 1-1. Schematic representation of tire basics (from Michelin website on November 6th 2014). 

 

Several researchers used the FE approach to study the effect of tire characteristics and conditions 

on the resultant tire contact area and stresses. To investigate the effect of inflation pressure and 

load on the resultant tire-induced contact stresses, Tielking and Roberts (1987) built an FE 

representation of a tire constructed using axisymmetric shell elements positioned along the carcass 

mid-ply surface; the pavement was considered a rigid flat surface. By simulating a simple strip 

model as a cross section of a tire, Roque et al. (2000) concluded that both vertical and lateral tire 

contact stresses measured on rigid foundations accurately represent the contact stresses for the 

same tire on typical asphalt pavement structures. Therefore, the contact stresses measured by 

devices with rigid foundations are suitable for predicting response and performance of highway 

pavements. Zhang et al. (2001) constructed a truck tire FE representation using ANSYS and 

analyzed the internal shear stresses between the belt and carcass layers as a function of applied 

loads and inflation pressures. Shoop (2001) developed a full 3-D representation of tire rolling over 

a deformable terrain. Fresh snow and compacted sand surfaces were modeled using critical-state 

plasticity models. He suggested that the assumption of a rigid tire might be a good approximation 

for soft terrain analysis. Meng (2002) used ABAQUS to simulate a tire on rigid pavement surface 

and analyzed the vertical contact stress distributions under various tire loading conditions. 

Ghoreishy et al. (2007) constructed a 3-D FE representation of a 155/65R13 steel-belted tire in 

ABAQUS. They examined the effect of some structural and operational parameters on the 

mechanical behavior of the tire under different inflation pressure, static load, and steady-state 

rolling conditions. The results demonstrated that the belt angle was the most important 

constructional variable for tire behavior, and the change of friction coefficient had great influence 

on the pressure field and relative shear between tire treads and road.  

 

Wang and Roque (2010) constructed a 3-D tire-pavement interaction FE model using ADINA. All 

tire components were modeled as linear elastic materials (rubber and steel). The pavement was 

modeled as a relatively stiff single layer support. Material properties of the tire were back 

calculated to achieve good agreement between predicted and measured load-deflection curves. The 

load was assumed to be monotonically applied. The measured contact stresses and load-deflection 

curves from one radial truck tire were used to calibrate and validate the developed model. Gruber 

and his co-workers (Gruber et al., 2011a, b; Gruber and Sharp, 2012) first developed an FE model 

for a racing car tire. Then, they extended the model to study the carcass deflections, contact 

pressure, and shear stress distributions for a steady rolling, slipping, and cambered tire with special 

attention to heavy braking. They provided considerable insight into how the tire deforms and how 

the contact stresses are distributed as functions of the running conditions.  
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Wang et al.(2011) developed a 3-D FE model of an air-inflated ribbed tire, and the interaction 

between the tire and a non-deformable pavement surface was considered. All material properties 

in the model (tire and pavement) were assumed linear elastic and the load was statically applied. 

The model was calibrated with load-deflection curves. Various rolling conditions were analyzed 

and it was observed that the longitudinal contact stresses increase during braking. Wang et al. 

(2014) improved their previous work by including the velocity-dependent friction. They observed 

that longitudinal contact stresses were higher in braking and traction compared with free-rolling 

conditions, while the transverse contact stresses were smaller. Moreover, the in-plane contact 

stresses were greater during cornering compared with the contact stresses in free-rolling 

conditions. The results showed that the constant friction coefficient assumption is acceptable for 

free rolling but not for braking and traction. 

 

However, the FE tire models available in the literature have not been thoroughly validated against 

experimental data. Therefore, in this study an FE representation of tire considering full geometry 

features with improved mesh was first constructed. In addition, the friction coefficient was 

considered a function of vehicle speed. The tire model was then calibrated and validated against 

experimental measurement by the Stress-In-Motion (SIM) devices obtained by CSIR in South 

Africa. Then, a comprehensive set of simulations, dictated by pavement design community needs 

and demands, were conducted to produce a database of tire contact stresses for application on 

pavements. The database includes contact stresses at various applied load, tire inflation pressure, 

vehicle speed, and rolling condition (accelerating, braking, and steady-state). 

 

1.3 OBJECTIVE S 

 

PANDA, an FE code that uses state-of-the-art techniques for modeling nonlinear and damage 

behavior of asphalt concrete, requires realistic and accurate loading boundary conditions to predict 

accurate asphalt pavement response. The objective of this study is to provide realistic input of tire-

pavement contact stresses under different tire and vehicle conditions for PANDA simulations.  

 

For this purpose, a numerical approach was developed to simulate an FE representation of tire 

considering full tire geometry. The constructed model was calibrated and validated against 

experimental measurements. The finalized FE model was used to study the tire-induced contact 

stresses at braking, free rolling, and acceleration under different conditions of applied load, tire 

inflation pressure, and vehicle speed. 

 

The contact stresses obtained are tabulated in such a way that can be used as load boundary 

conditions for any FE pavement model. The tabulated 3-D non-uniform contact stresses were 

implemented into PUI to be automatically incorporated into FE input file for PANDA.  

 

1.4 RESEARCH APPROACH AND SCOPE 

 

The main objective of this research is to investigate the contact stress distribution at the tire-

pavement interface and incorporate it into PUI. To achieve this objective, the following research 

tasks were conducted: 
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¶ A 3-D FE model was developed for a Dual-Tire Assembly (DTA) to generate 3D non-uniform 

contact stresses. The FE representation of the DTA 275/80R22.5, considering full geometry 

features with optimized mesh, compared with the previous studies, was constructed. The tire 

was modeled as a composite structure, including rubber and reinforcement. The effect of 

pavement friction coefficient as a function of vehicle speed was also considered. 

¶ Tire material properties were obtained based on laboratory testing and information from tire 

manufacturer. The FE model was then calibrated by the experimentally measured load-

deflection curves and validated per the contact area, deflection, and maximum contact stresses, 

obtained from experimental measurements.  

¶ Using the numerical model, a database of predicted contact stresses was produced. The 

database includes the distribution of non-uniform 3-D contact stresses under different 

conditions of applied load, tire inflation pressure, vehicle speed, rolling condition, and slip 

ratio, Figure 1-2. The contact stresses are tabulated in such a way that can be used as load 

boundary conditions for any FE pavement model.  

¶ Pavement industry is specifically interested in having realistic tire contact stresses at different 

accelerating, braking and cornering scenarios because the design and prediction of pavement 

response at the road intersections is so crucial. Therefore, special attention was paid in this 

study for predicting the tire-induced contact stresses on pavements under these conditions. 

¶ The tabulated database was incorporated into the PUI to automatically produce FE input model 

with realistic non-uniform 3-D loading boundary conditions for PANDA. A sample of the 

modifications in PUI and the input model can be seen in Figure 1-3. 

 

 

 

Figure 1-2. The matrix of conducted FE simulations to produce tire-induced contact stresses on the pavement 

under various conditions. 

 

 

Input information 

Vehicle speed Applied load Tire pressure Rolling condition 

Accelerating Braking Steady state 

Slip ratio 



12 

 

   
(a)                                                                  (b) 

Figure 1-3. A sample representation of (a) revised PUI and (b) a generated FE input file with modified 

elements width and applied non-uniform 3-D contact stresses.  
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2 CONTACT STRESS MEASUREMENTS 
 

2.1 MEASURING EQUIPMENT  AND EXPERIMENTAL PROGRAM  

 

Distribution of 3-D contact stresses/forces were measured for a dual-tire assembly 275/80R22.5 

for a wide range of load (ὖ=26.6, 35.6, 44.4, 62.1, and 79.9 kN) and tire inflation pressure („=512, 

690, 758, 862 kPa). The measurements were performed at the CSIR using SIM Mk IV with the 

load applied by a heavy vehicle simulator (HVS). The position of the tire in the transverse direction 

was not changed during testing, so that the pins measured the contact forces at the same location 

with respect to the tire. The average tire speed was 0.331 m/s and the sampling frequency was 

1001 Hz, Figure 2-1.  

 

 

Figure 2-1. Measuring system and tested tire. 

 

Each measuring pad of the dual SIM Mk IV is 840-mm-long and 471-mm-wide, and it consists of 

approximately 1040 supporting pins, 21 of each are instrumented with strain gauges. The strain 

gauges were calibrated to convert the strain to force, which are divided by a geometric factor to 

obtain stresses. The geometric factor assumes that the tire has no grooves (smooth tire) and is equal 

to 250.28 mm2. The pins are fixed to a 45-mm-thick rigid steel plate and its height is 50 mm. 

 

Every combination of applied load and tire inflation pressure was repeated ten times, and the best 

three replicates were selected for analysis. Best replicates were identified as the ones where the 

vertical reaction calculated from the measuring pins was close to the applied load. The 

measurements were filtered using the moving average methods with a window size of 20 data 

points. Figure 2-2 demonstrates the three best replicates and the filtered obtained from them. It 

was observed that the data slightly shifted, but the peak values and the contact length did not 

change by the filtering process. 
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Figure 2-2. Three best replicates and detail of filter process outcome. 

 

2.2 THREE-DIMENTIONAL CONTACT STRESSES 

 

The typical variation of contact stresses in each direction is presented in Figure 2-3. The shape of 

stress data in the transverse („) and vertical („) direction were similar, but they differed in 

magnitude. For the majority of the load combinations, „ and „ were zero at the beginning and 

end of the contact. For a few cases, the transverse contact stresses showed a small negative peak 

at the rear portion of the tire.  

 

 

Figure 2-3. Typical variation of 3-D contact stresses along the contact length (Ɑ● represents longitudinal, Ɑ◐ 

transverse, and  Ɑ◑ vertical contact stresses). 
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In the case of longitudinal contact stresses („), the shapes were dependent on the location of the 

rib. „ had three peaks, two negative and one positive, when the rib was at the edge of the tire. The 

magnitude of the peak at the rear end of the tire was higher than the one at the front. Conversely, 

the magnitude of the negative peak at the front of the tire and the positive peak were similar. On 

the other hand, two extreme values were observed, one positive and one negative, when the rib 

was located at the interior of the tire, with the positive peak having higher magnitude. 

 

Figure 2-4 illustrates variation of the maximum vertical contact stresses across the DTA for various 

tire inflation pressure. As expected, if the applied tire inflation pressure, „, increased, the 

magnitude of the „ȟ  increased. In addition, n-shape pattern, low stress values at the edge of 

the tire, was seen at low load. As the load increased, the edges of the tire carried more load, and 

the n-shape pattern vanished. It was also noticed that the maximum vertical contact stress is 

significantly higher than the corresponding tire inflation pressure.  

 

 

 

Figure 2-4. Variation of maximum vertical contact stresses, Ɑ◑ȟ□╪●, across tire under different applied load, P. 

 

Figure 2-5 presents the ratio of the maximum transverse contact stress with respect to the vertical 

one. The plot is presented in normalized form, meaning that all values are divided by the tire 

inflation pressure. Most data points fall between the πȢρ„ and πȢτ„ line, indicating that the 

magnitude of the peak transverse contact stresses can be as high as 40% of the vertical ones. 

Similar plots are provided in Figure 2-6, where it can be observed that the peak values for 

longitudinal contact stresses are also relevant, and can be as high as 35% of the vertical contact 

stresses.  
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Figure 2-5. Magnitude of normalized maximum transverse contact stress, Ɑ◐ȟ□╪●, with respect to maximum 

normalized vertical contact stress, Ɑ◑ȟ□╪●Ȣ 

 

 

Figure 2-6. Magnitude of normalized maximum longitudinal contact stress, Ɑ●ȟ□╪●ȟ with respect to maximum 

normalized vertical contact stressȟⱭ◑ȟ□╪●Ȣ 
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2.3 CONTACT AREA AND LOAD-DEFLECTION CURVES 

 

The contact area was measured by loading the painted tire against white paper. The imprint was 

scanned and scaled into AutoCAD to properly obtain the contact area. The load-deflection curves 

were also measured for model calibration. Figure 2-7(a)-(b) illustrates the variation of the contact 

area and the load-deflection curves, respectively. As the applied load became higher, the slope of 

each line increased, indicating that the contact area is more sensitive to changes in tire inflation 

pressure at higher values of applied load. As expected, as „ was increased, ὃ decreased, and as 

ὖ approach 79.9 kN, the contact area got higher.  

 

The load-deflection curves are not an indicator of the tireôs stiffness (relevant to phenomena such 

as fuel consumption), but it is also relevant for calibration and validation of the tire model. 

Figure 2-7(b) shows that the tire stiffness, represented by the slope of each curve, increased as tire 

inflation pressure increased.  

 

 

 

 
(a)                                                      (b) 

Figure 2-7. Contact area and load-deflection curves. 
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3 NUMERICAL MODELING  
 

 

3.1 MODELING APPROACH 

 

Steady-state transport analysis procedure of ABAQUS was used to create the FE model of the tire 

and predict contact stresses at the tire-pavement interface. This approach is based on the arbitrary 

Lagrangian-Eulerian (ALE) formulation, which converts a dynamic problem into one where all 

derivatives are obtained with respect to space variables and allows mesh refinement in selected 

regions of the model. ALE establishes three domains: i) material domain, which moves with the 

material; ii) spatial domain, which represents the current configuration; and iii) reference domain, 

which describes mesh motion.  

 

The analysis of the rolling tire was divided into three stages. First, the axisymmetric model, where 

the tireôs cross-section subjected to the tire inflation pressure was analyzed assuming axisymmetric 

tire, as shown in Figure 3-1(a). Second, the axisymmetric model was revolved with respect to the 

transverse axis to create the full 3-D model, as shown in Figure 3-1(b). Finally, rolling analysis of 

the tire was performed. Figure 3-1 shows the two initial stages. Tire inflation pressure was applied 

in the axisymmetric model along with the boundary conditions at the tire-rim contact and the axis 

of symmetry. In the 3-D model, the axisymmetric model is brought to equilibrium, initial contact 

between the tire and the rolling surface was established, and the load was applied. After that, the 

rolling analysis was performed, and contact stresses at various conditions, between full braking 

and full rolling, were calculated.  

 

 
    (a)                                                      (b)                                              

Figure 3-1. Analysis stages. 

 

The complex nature of the tire structure requires special FE elements such as cylindrical, hybrid, 

and rebar elements. Cylindrical elements exactly represent curve geometries with fewer elements 

than Cartesian ones, making them ideal for tire modeling. Cartesian and cylindrical elements were 

combined to obtain accurate contact stresses at the tire-pavement surface contact. Cartesian 

element were limited to the potential area of contact and the remainder of the tire circumference 






























































