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Abstract 

Tire parameters play a very important role in tire performance. Depending on the driving 

conditions for which a given tire is designed, its parameters must be chosen appropriately 

(e.g., the radius of the tire, the width of the tire, material properties of different sections). 

Among tire characteristics, the material properties of the rubber compounds have a vital role 

in tire behavior. Previous studies show that the material properties of the rubber are highly 

dependent on temperature. Thus, a comprehensive study on the effect of the material 

properties of the rubber on tire performance for different temperatures as well as different 

road conditions is required.  

 In this study, a theoretical model has been developed for tire-ice interaction. The 

temperature changes obtained from the model are used to calculate the height of the water 

film created by the heat generated due to the friction force. Next, the viscous friction 

coefficient at the contact patch is obtained. By using the thermal balance equation at the 

contact patch, dry friction is obtained. Knowing the friction coefficients for the dry and wet 

regions, the equivalent friction coefficient is calculated. The model has been validated using 

experimental results for three similar tires with different rubber compounds properties. For 

the experimental part of this study, four tires have been selected for testing. Three of them 

have identical tire geometry and structure but different rubber tread compounds. Several tests 

were conducted for the chosen tires in three modes: free-rolling, braking, and traction. The 

tests were performed for two different normal loads (4 kN and 5.6 kN), two different inflation 

pressures (21 psi (144.8 kPa) and 28 psi (193 kPa)), and three tire temperatures levels (-10ÁC, 

-5ÁC, and -1 ÁC). The Terramechanics Rig at TMVS at Virginia Tech has been used for 

conducting the tests. The results from this study show the sensitivity of the magnitude of the 

tractive force with respect to parameters such as tire temperature, normal load, etc. The 

results also indicate that the tire with the lowest value of the Young modulus has the highest 

traction among all four tires used in this study.    

The model developed can be used to predict the temperature changes at the contact patch,



the tire friction force, the areas of wet and dry regions, the height of the water film for 

different ice temperatures, different normal loads, etc. The results from this study coincide 

with the obtained results from the experiments. According to the data available, tire B with 

the smallest value of Young modulus and the smallest value of the specific heat parameter 

was shown to have the highest friction coefficient in both simulation and experiment.  

After validating the results using experimentally collected data, the model was used to 

perform a sensitivity analysis on the tire performance with respect to six material properties 

of the tread rubber: thermal conductivity, rubber density, Youngôs modulus, specific heat, 

roughness parameter of the rubber, and radii of spherical asperities of the rubber. The results 

from this study show the sensitivity of the magnitude of the friction coefficient to the rubber 

material properties. The friction coefficient has a direct relationship with the density of the 

rubber and has an inverse relationship with Youngôs modulus, specific heat, and roughness 

parameter. 
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General Audience Abstract 

In order to decrease the number of deaths and injuries caused by driving on icy roads and 

increase the safety of the vehicle, it is important to improve the tire performance on ice. To 

this, understanding the effects of different tire and road parameters such as material 

properties of the rubber, loading condition, and temperature on the tire-ice performance is 

required. Tire parameters play a very important role in tire performance. Depending on the 

driving conditions for which a given tire is designed, its parameters must be chosen 

appropriately 

In this project, the effects of different tire and terrain parameters such as rubber material 

properties on tire performance on ice using an experimental and modeling approach have 

been studied. For the experimental part of this study, several tests were conducted for more 

than 30 tires with different material properties. The results of this study show what are the 

most important material properties of the rubber for designing a tire with the best 

performance on ice.  

For the modeling part of this study, a semi-analytical model was developed. The model 

was validated using collected experimental data  and was used to predict the performance of 

the tire by having information about its material and physical properties. The developed 

model called ATIIM2.0 has several advantages. First, it is a unique model for a complete tire 

(not a rubber block) that can be used to predict the performance of the tire by using its 

material properties. In addition, this model can be connected to vehicle models to improve 

the performance of the vehicle in general. The model developed can be used to predict the 

temperature changes at the contact patch, the tire friction force, the areas of wet and dry 

regions, the height of the water film for different ice temperatures, different normal loads, 

etc. The results from this study coincide with the obtained results from the experiments. 
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Chapter 1  
 

 

1 Introduction 

1.1 Motivation 

Vehicle performance characteristics such as the traction criteria, ride comfort, safety, and 

handling are highly dependent on the characteristics and performance of its tires. Tire, as a 

composite material, is making using different materials such as natural rubber, carbon, etc. 

A typical car tire consists of at least 60 raw materials [1]. The tread part of a tire with more 

than 15 rubber compounds has been designed to serve various functions, such as providing 

the necessary grip capacity for driving, braking, and cornering operations. To achieve these 

goals and provide a balance between different tire characteristics such as wear, traction, 

handling, and low rolling resistance, a tire designer needs to alter the tread mechanical and 

thermal properties such as stiffness by formulating new compounds and adding to the natural 

rubber. It is really important to know that usually, these properties are connected to each 

other, and adjusting one of them often affects the other performance areas. But what is the 

best combination of the rubber compounds to have the best performance of the tire? To 

answer this question, a comprehensive study on the effects of different rubber compounds on 
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tire performance is needed.  Although now there are several studies that consider the different 

rubber compositions of the tire as the case of study, none of them is complete and 

comprehensive enough to predict the tire performance using material information of its 

rubber compounds. This problem is more challenging when the tire is in contact with ice. 

Among the conducted studies, a limited number consider the road as an icy terrain. According 

to the USDOT Federal Highway Administration data, each year, there are about 1,836 deaths 

and 136,309 injuries caused by driving on icy and snowy roads [2]. To decrease these 

numbers and increase the safety of the vehicle, it is important to improve the tire performance 

on ice/snow by understanding the effect of rubber compounds properties on the tire-ice/snow 

interaction parameters such as friction coefficient. 

1.2 Problem statement 

By increasing the temperature at the contact patch, especially for the temperature close to 

the melting temperature of ice, a water film will be produced on the top of the ice by the heat 

generated as a result of the frictional force. This water film can cause a change in the nature 

of the friction from completely dry to a combination of viscous/wet and dry friction or only 

to viscous friction. Several parameters, such as the ice temperature, the slip ratio, the ambient 

temperature, and the rubber compounds of the tire, can influence the height of the water film. 

The height of the water film created in the contact patch plays an important role in the 

magnitude of the friction coefficient at the contact area. Thus, to improve the safety factor 

of the vehicle, it is necessary to have a deep knowledge of the effect of each rubber 

compound's properties on tire-ice/snow interaction parameters, such as the height of the 

water film generated at the contact patch.    

In this study, the main objective is to investigate the effect of different tire-ice parameters, 

such as ice temperature and the material properties of the tread, on tire performance, using 

experimental and modeling approaches.  

For the modeling part of this research, the main objective was to develop an improved and 

more comprehensive tire-ice model by improving the previously developed model (ATIIM). 

This model can predict important tire parameters, such as the frictional force at the contact 
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patch, and can also predict how such parameters change with changes in the rubber 

compounds of the tire.  

This model will allow the tire companies to use the simulation results before designing a 

tire in order to select the rubber compounds needed for different conditions (such as 

temperature and pressure). Tire companies will also be able to use this model to predict the 

performance of tires on ice using as initial values physical and thermal properties of the 

rubber compound and the pressure distribution at the contact patch. The vehicle industry will 

also benefit from having such information when selecting a tire.  

The objectives of this project are to: 

Å Identify important parameters for tire design for tire-ice conditions from literature. 

Å Conduct an experimental study to investigate the effect of different parameters, such 

as the properties of the rubber compound of the tire tread, on tire performance on ice for 

different driving conditions, including traction, free rolling, and braking. 

Å Investigate the relationships between individual rubber compound parameters and tire 

performance parameters, such as the friction coefficient, using experimental and modeling 

approaches. 

Å Develop a more realistic tire-ice interaction model by incorporating experimental data 

for traction and braking and the relationships obtained between individual rubber compound 

parameters and the tire performance. 

Å Conduct sensitivity analysis on the tire-ice model performance prediction with respect 

to six rubber compound parameters: thermal conductivity, Young modulus, specific heat, 

density, and roughness parameters of the rubber. 

There is no study currently available in the published literature which describes such a 

model that incorporates the relationships between mechanical and thermal properties of 

different rubber compounds in the tire tread to predict the performance of the full tire on ice. 
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1.3 Main contributions of this research 

The proposed project aims to study the effects of different tire and terrain parameters such 

as rubber compound properties on tire performance on ice using an experimental and 

modeling approach.  

For the experimental part of this study, several tests have been conducted for four tires 

with different rubber compounds. In order to understand the effect of each parameter on the 

tire friction forces, the results for each combination in the design of the experiment 

considered for this study have been presented and compared.  

For the modeling part of this study, a semi-analytical model has been developed in order 

to predict the friction coefficient and also the height of the water film created at the tire-ice 

interface. The developed model, ATIIM2.0, is a combined and improved version of the 

previous models TIM and ATIIM from TMVS laboratory at Virginia Tech [3]ï[7]. The new 

model is able to predict the tire-ice friction at the contact patch for both dry and wet regions. 

The simulation results presented have been validated using the data collected during a 

previous experimental study. 

The ATIIM2.0 has two main advantages. First, it is able to predict the friction coefficient 

in both dry and wet regions. Second, the model incorporates a larger number of material 

properties of the tread than there were considered in previous models. Thus, it is better suited 

to study the influence of different rubber compounds properties on tire performance. The 

input data and the data needed for validation have been obtained experimentally at TMVS 

lab at Virginia Tech. 

In summary the main contributions of this work includes: 

Á Experimentally quantifying the effect of normal load and inflation pressure on 

friction for the free rolling condition of tire-ice interaction 

Á Benchmark the existing theoretical models for the effective rolling radius 

Á Experimentally quantifying the effect of tread rubber compounds on tire using 
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identical tires with only difference in material properties of the tread for different 

driving conditions. 

Á Developing and validating a semi-analytical tire-ice model that takes into account 

squeeze out phenomena and incorporates six material properties of the rubber 

Á Conduct sensitivity analysis of tire-ice friction with respect to material properties 

of rubber 

1.4 Outline of the dissertation 

This dissertation includes six chapters:  

After describing the main motivation and contribution of this research in Chapter 1, Chapter 2 

presents a comprehensive literature review on tire-ice interaction. In this chapter, several 

approaches used to study the interaction between tires and icy roads have been summarized. The 

advantages and disadvantages of the existing methods have been presented.   

 

In Chapter 3, the experimental approach used in this study has been introduced. Several tests were 

conducted to achieve two main objectives. 1: Study the effect of rubber compounds on tire-ice 

performance. 2: Study the free rolling condition of the tire to investigate the effective parameters 

on effective rolling radius and frictional force at the contact patch. Four tires have been used in 

this study. The tires were tested for various conditions, including traction, braking, and free rolling 

for different normal loads and inflation pressures. The results from the experimental study have 

been presented in this chapter. 

 

Chapter 4 starts with a brief overview of previous tire-ice models developed at TMVS laboratory 

at Virginia Tech. The pros and cons of each model and the reasons for the need for developing an 

improved tire-ice model have been explained. In this chapter, all the equations implemented for 

developing the new tire-ice model have been explained. The inputs and outputs of the model and 

also the results obtained for the chosen tires in this study have been presented in this chapter.  
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In Chapter 5, the developed model has been validated using data collected by the experimental 

approach. Data obtained by experiment for tires with different rubber compounds are compared 

with the simulation results.  

 

In Chapter 6, the validated model was used to perform a sensitivity analysis on the tire performance 

with respect to six material properties of the tread rubber. 

 

Finally, in Chapter 7, the summary of the results obtained and suggested future directions for the 

project are presented.  
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Chapter 2  

 

2 Literature Review 

2.1 Ice friction 

It was about 150 years ago that scientists started to become more interested in the study 

of ice and its characteristics. Faraday tried to prove the existence of a liquid-like layer on the 

surface of ice using brought two ice cubes [8]. His efforts can be considered as one of the 

first studies on ice contact and ice friction.  

After Faraday, Thomson focused on the connection between this liquid-like layer and 

pressure melting [9]. However, Reynolds, who was the first person, focused on sliding on ice 

[10]. In his study, he mentioned that pressure melting is the main reason for having low 

friction on ice. Although this result has been used for more than 40 years in different studies, 

Bowden and Hughes [11] showed that frictional heating could be the main reason for the low 

friction coefficient on ice. 

Since then, different studies conducted focusing on ice characteristics and the contact of 

different materials with the ice surface. A study on tire ice/snow interaction became more 
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popular due to its importance in different fields of application, such as ice sports [11] and 

motorized vehicles [12]ï[14]. Considering the type of application, the objectives of the study 

could be different. For the tire-ice application in tire industries, it is desired to have a higher 

frictional force. On the other hand, for cargo transportation, it was desired to design a 

structure that can reduce the friction coefficient of ice to save power [15]. Although there are 

several pieces of literature that focused on the study on ice, the majority of them are in the 

area of ice sports, and they are mostly intended to decrease the frictional coefficient. 

 In the study [16], several types of experimental setups that have been designed and used around 

the world to study ice friction have been introduced. In general, in this study, the available 

instruments can be divided into four categories: Those that have been used for real-life 

experiments, slider model setups, linear experimental devices, and rotational experimental 

devices.  

To have better control over the testing conditions during the experiments, big slider models 

are better options. The laboratory equipment showed the best performance to increase the 

repeatability of the tests.  

As shown in studies [17], [18], to have real-life data of friction parameters, instrumented 

runners can be used. The real-life analysis of friction parameters can be measured and 

monitored using an instrumented device. For example, Colbeck et al. [18] used an 

instrumented skate to measure the temperature at the contact area of ice-skating. The results 

of their study can be used to prove the existence of frictional heating. The first attempt for 

measuring the frictional forces was performed by Koning et al. [17]. They used several strain 

gauges in order to instrument a skate and to measure the friction and push-off forces. They 

conducted several indoor and outdoor tests. However, as they didnôt have enough control 

over the testing conditions, such as ambient temperature and humidity, the performance of 

the skate driver, etc. could hardly compare their results with other experimental results in 

this area. 
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In another study, [19], experimental tests have been conducted for measuring the friction of 

sandïice and rubberïice using British Pendulum Tester shown in Figure 2.1. The temperature 

ranges of -22 C to 0 C were chosen. 

Figure 2.1: British Pendulum Tester [20] 

 

The results showed that the friction of Rubber-ice was low for the temperature close to the 

melting point. It has also been shown that friction increases by decreasing the ice temperature. 

A dramatic decrease was observed in the value of the friction coefficient when a thin layer 

of snow was placed on the terrain.   

The sandïice friction level changes slightly by changing the temperature or adding the snow 

compared to the rubber-ice friction. Figure 2.2 shows a part of the results of this study.  
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Figure 2.2: Friction coefficient vs. temperature for different types of terrains [19]  

 

Tire parameters, such as the tread pattern of the tire, play a very important role in tire 

performance. Depending on the driving conditions for which a given tire is designed, its 

parameters must be chosen appropriately (e.g., the radius of the tire, the width of the tire, 

material properties of different sections). To understand the effect of tire parameters on its 

functionality on different types of terrain, several studies have been conducted [21], [22]. 

Considering the important role of friction in every contact problem, to study the tire-terrain 

contact, it is important to recognize the most effective parameters that affect the friction 

coefficient at the contact patch.  

Several studies were conducted to investigate the effect of different parameters on the friction 

coefficient of the rubber on ice. Most of the conducted studies used experimental approaches and 

used rubber samples to conduct the tests. It has been shown at [11] that the value of the friction 

force depends on the velocity. In other studies by [11], [23]ï[25] the effect of the temperature on 

friction coefficient has been investigated. Normal loads effect investigated in different studies, 

such as [26], [27]. As shown in [28], parameters such as the roughness of the rubber affect the 

value of the friction coefficient. The real contact area is another important parameter and has been 

investigated in various studies, such as [29]. The material properties of the rubber also investigated 

in different studies, such as [30], which shows the higher softness of the rubber results in higher 
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friction. The same increasing trend has shown at [31], [32] for the resilience and compliance of 

the rubber [33].  

 

In a study by Isitman, the effects of slider surface stiffness and roughness on the friction 

coefficient between ice and rubber compounds have been investigated. Several rubber 

compounds were designed with different levels of macroscopic roughness. The stiffness of 

the samples was modified using the plasticizer loading and filler system. The linear friction 

tests have been conducted to evaluate the effects of surface and bulk rubber property on the 

friction coefficient. The results showed an increase in frictional force due to the ploughing 

effect of rubber block sliding on smooth ice. This increase was clearer when the rubber 

sample with low stiffness has been used. On the other hand, higher roughness results in lower 

frictional force [34]. Figure 2.3 shows a part of the results obtained by this study.  

 

Figure 2.3: Dynamic friction coefficient for different roughness of the slider. Test1: Temperature -8.8  C, Test 

2: Temperature -9.5  C [34] 

The amount of water created at the contact patch due to the increase in the temperature is an 

important parameter that should be taken into account when one wants to study the tire-ice 

interaction. The frictional force at the contact patch generates heat and, consequently, increases 

the temperature of the tread and ice. The increase in the temperature of the ice will cause the 

melting of some of the ice, thus creating water. This layer of water on the ice will change the nature 

of the friction at the contact patch from dry to a combination of viscous and dry friction.  Thus, to 

study the friction coefficient at the contact patch of the tire-ice contact, it is important to find out 

the parameters that affect the amount of water created at the contact patch. In the study by Giessler 
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et al. [35], the authors focused on the effect of ambient temperature on tire-ice interaction using 

an experimental approach. In another study by Makkonen and Tikanmäki [36], it has been shown 

that the friction at the tire-ice contact area can be considered as dry friction for very low speed of 

the vehicle or very cold temperature of the ice. However, for higher speed or for temperature close 

to the melting temperature point of the ice, the heat generated by friction force may produce a 

water film on the top of the ice.  

 

In another study by Salimi et al. [37] the effect of ice and snow properties on the lateral 

friction at the tire-ice contact patch (referred as Halliday Friction Number (HFN) in the 

paper) was evaluated using a Real-Time Traction Tool (RT3)-Curve shown in Figure 2.4.  

 

 

Figure 2.4: (a) Schematic top view of the RT3-Curve and (b) picture of the RT3-Curve trailer  [37]. 

The main variable during the tests was the road condition. They chose different types of 

ice and snow as the terrain for their tests.  Their results show no considerable correlation 

between the speed of the vehicle and the friction coefficient for bare, dry, ice, and snow-

covered road. The bare, dry asphalt concrete surface shows the highest HFN, and resenting 

the ice reduced the friction by 55%, while the accumulation of snow reduced the HFN by 69 

to 81% for different types of snow (light, moderate, and heavy snow). They also studied the 

effect of the number of passes of the truck moving on ice on the friction coefficient. The 

result shows a decreasing trend for the friction coefficient for ice between ī3.5ÁC and ī5ÁC. 

Similar results were observed for moderate snow. However, for the light snow, an increasing 
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trend has been observed as the heat generated by friction cause melting the snow and 

changing the nature of the snow.  More passes over moderate snow will compact the fresh 

snow into a slippery surface. A part of the results of this study has been shown in Figure 2.5 

and Figure 2.6 [37]. 

 

Figure 2.5: Lateral coefficient of friction for bare dry, dry with ice patches, and ice [37] 

 

Figure 2.6: Lateral coefficient of friction for three snow groups of light, moderate, and heavy [37] 

 

In a study by Kiatzig et al., the effect of structure, hydrophobicity, and surface roughness, 

on ice friction has been studied for different temperatures and speeds of the sliders. The 

results show that the controlled roughness increases the friction coefficient significantly at 

lower sliding speed and temperature lower than the melting point of the ice. For temperatures 

close to the ice melting point and for higher speeds, ice friction swill decreases when 

roughness and hydrophobicity increase. In addition, it has been shown that placing the 

grooves toward the sliding direction friction in the low-velocity range decreases significantly 

in comparison with randomly distributed grooves on the tread [16], [38].  
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In the study by Skouvaklis et al. [33] to compare the performance of different tires in winter, the 

friction of rubber on ice and snow has been investigated. A new linear tribometer was designed 

and introduced for measuring the friction coefficient of rubber in contact with ice. Figure 2.7 shows 

the linear test setup used for this study. In this study, rubber samples have been used to measure 

the friction coefficient using a linear friction tester. The temperature ranges of -3.3 C to -

13 C were chosen for this study. Using the linear friction tester, the normal load of 0.45 to 

1.5 kN was applied to the rubber samples.  

 

 

Figure 2.7: Linear friction machine. a) Ice tray, b) Table, c) measuring platform, d) milled track in ice, e) 

rubber holder [33] 

Using the test conducted, the effect of parameters such as speed, normal load, rubber properties, 

and temperature on the friction coefficient has been investigated. It has been shown that the value 

of the friction coefficient is highly dependent on the height of the water film generated at the 

contact area and also the properties of the real contact area. They showed that the friction 

coefficient decreases by generating water film at the contact area and increases when the real 

contact area increases. Stick-slip behavior has been observed for the high normal load and high 

real contact area. The results obtained show a decrease in the friction coefficient by increasing 

the temperature. Figure 2.8 shows a part of the results obtained by this study [33].  
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Figure 2.8: Friction coefficient vs velocity for (a) -13 C with load 0.45 kN, (b) -13 C with load 0.7 kN, (c) -6.5 

C with load 0.45 kN, (d) -6.5C with load 0.7 kN, (e) -3.5C with load 0.45 kN and (f) -3.5C with load 0.7 kN 

[33] 
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In a study by Norheim, by considering the point that friction is both system and material 

dependent parameter, the effects of ice and snow properties and their structure on the friction 

coefficient of aircraft tires have been investigated using the experimental approach [39]. 

In another experimental study by Zhang et al. [40], the effective parameters on the friction 

coefficient between the tread of the tire and ice have been investigated. Figure 2.9 and Figure 2.10 

show the facility to measure the friction coefficient and also different types of specimens used in 

this study. 

 

Figure 2.9: Setup to measure the friction  [40] 

 

Figure 2.10: Different types of specimen used in [40] 

 

The results show the sensitivity of the frictional force to velocity, normal load, and also 

rubber ratio. Rubber ratio is a term that has been used to show what percentage of the area 

the specimen is rubber, and the rest is the gap assumed to be the grove on the tread. As can 

be seen in Figure 2.11, by increasing the velocity, the friction coefficient increases slightly, 

and after reaching the maximum value will follow the decreasing trend. In addition, results 
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show a higher friction coefficient when the normal load is lower. For the rubber ratio, when 

the speed is low, having more gaps in the tread design means having a higher friction 

coefficient. But for the higher speed, there is an optimum value of the rubber ratio that 

depends on the applied normal load [40]. 

 

Figure 2.11: Friction coefficient vs velocity for. (a) Load = 44kN (b) Load = 83kN (c) Load = 102kN (d) Load 

= 130kN [40]. 

In a study by Tuononen et al. [41], quantitative measurement of the ice surface morphologies 

for various length scales has been used for understanding the relationship between the 

friction coefficient and the surface topography. In this study, white-light interferometry was 

used for analyzing the topography of the ice surface for linear friction testing of the rubber 

slider on ice. In addition, to investigate the effect of viscoelasticity on the friction coefficient, 

a multi-scale rubber friction theory was used in this study. The theory was also used to show 

the possibility of local ice melting. Figure 2.12 shows a part of the results of this study.  
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Figure 2.12: Friction coefficient vs. sliding distance for different velocities (a) and different normal load (b) 

[41] 

In a study by Ivanoviĺ et al. [42], in order to investigate the rubberïice friction dynamics, a 

comprehensive experimental study has been conducted. In this study, the effect of parameters, 

such as vehicle speed and tire forces, has been investigated. 

In the studies by Roberts [13], [43], the influence of tread compounds on tire friction has been 

investigated. In these studies, the researchers investigated the influence of tread compounds on 

tire-ice friction by focusing on the effect of the glass transition temperature for an icy road at 

different temperatures. 

In an experimental study [35], the effect of ambient temperature on tire-ice interaction has been 

investigated, and it has been shown that increasing the ambient temperature will increase the water 

film created. Giessler showed that by increasing the ambient temperature decrease, the 

maximum traction decreases. He chose the temperature range of 0 to -20 C for his study. It 

also has been shown in this study that frictional heat generated at the contact patch may cause 

a phase change from snow to water. 
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In the study conducted by Makkonen [44], a new theory for the friction on ice and snow has 

been presented. In this theory, friction has been defined as the energy flux required to form the 

surface at the contact asperities. From this theory, he suggested that the relevant contact area of 

the dry ice is of almost molecular scale.  

Wiese et al. [45] developed a theoretical model to estimate the viscous friction coefficient for a 

sample rubber block in contact with ice using the water film generated in the contact patch. In this 

study, it has been shown that rubber samples with different compounds show different results when 

they are in contact with ice. 

In the study conducted by Klapproth et al. [46], it has been shown that due to the thin water layer 

will be generated at the contact area, the viscous friction is the dominating mechanism when rubber 

is sliding on ice. In this study, a model has been presented to describe the height of the water film 

using a time-dependent differential equation. A thermodynamical equilibrium has been written to 

obtain the height of the water film. The results obtained from the numerical study have been 

compared with experimental data for the different velocities of the rubber, normal pressure rubber 

stiffness, and the temperature of the ice. In this study, as they were more interested in the high 

values of normal pressure and also the ice temperatures close to the melting point, they only 

considered the hydrodynamic regime of the contact, and the mixed-lubrication regime has been 

not taken into account in their model. 

Some of the existing numerical models assumed a pure viscous friction at the contact [47]ï[49], 

and some other models such as [50], [51], and [52] considered a combination of viscous and dry 

regimes at the contact area that means considering the effect of adhesive or hysteresis friction for 

completely dry ice. In these models, in order to predict the friction coefficient, several equations 

were used to obtain the heat transfer to the rubber and ice, the frictional energy, and the energy 

needed for melting the ice. 

However, as shown in Scaraggi and Persson [53], one can consider no hysteresis friction for sliding 

a rubber on smooth ice.   
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For the experimental part of this study, ñHigh-Speed Linear Friction Testerò (HiLiTe), shown in 

Figure 2.13, which is located in datthe Institute of Dynamics and Vibration Research, Leibniz 

University of Hannover, Germany, was used. 

 

Figure 2.13: High-Speed Linear Friction Tester (HiLiTe) and its measurements [46] 

Figure 2.14 and Figure 2.15 show a part of the results obtained by this study. Rubber 

sample A is the stiffer sample, and rubber sample C is the softer one. As shown, the 

softer sample shows a higher friction coefficient for the nominal pressure of 2.5 bar. 

The trend is inverse for higher values of nominal pressure. However, the obtained 

values from the simulation for higher pressure were not validated in this study.  

 

Figure 2.14: Simulation and experimental results obtained by [46] 
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Figure 2.15: Simulation results obtained by [46] for two different nominal pressures. 

 

In the study conducted by Kandeva et al. [54] numerical and experimental approach has been used 

to study the effect of ice temperature on the static and dynamic friction coefficients. Three types 

of ice were considered for this study: Ice temperature of 0 to 1 °C in order to have a melting ice 

surface, Ice temperature -4° -5° C to have wet ice, and ice temperature -10° -12° C to have a dry 

ice surface. The values of the static and dynamic friction coefficient for 14 different types of rubber 

compounds in contact with all three types of ice have been obtained in this study. For the 

experimental investigation, the device has been sown in Figure 2.16 was used in this study.  

 

Figure 2.16: The schematic of the device was used in [54] 1- sample; 2- counterbody; 3- sample holder; 4- 

loads; 5- micrometer screw; 6- dynamometer. 
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Figure 2.17, Figure 2.18, and Figure 2.19 show the results obtained for all different types of rubber 

compounds.  As can be seen, the values of the friction coefficient have a decreasing trend when 

the surface switches from completely dry ice to melting ice.  

Figure 2.17: Kinematic friction for different rubbers in contact with dry ice [54] 

 

Figure 2.18: Kinematic friction for different rubbers in contact with wet ice [ 54] 
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Figure 2.19: Kinematic friction for different rubbers in contact with melting ice [ 54] 

 

Authors at [55] used the theory of frictional melting and the principle of thermal balance to develop 

a new method for predicting the traction force of the tire in contact with the highway covered with 

ice. The results obtained by their method were compared with the experimental data. Figure 2.20 

shows the schematic of the setup was used for their study.  

 

Figure 2.20: The schematic of the setup was used in [55] where A-platform; B -tire; C -special hub; D-upper 

guide arm; E-base; F-sector body; G-vertical shaft; H-horizontal pulled bar; I -lower guide arm; J-turntable; 

1,3-angle measuring sensor; 2-travel sensor; 4,6-force-measuring ring; 5-force measuring bar 
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In this study, the computed results were compared with the available test results. From their results, 

to increase the tire traction force, the inflation pressure should be lowered. For the modeling part 

of their study, they divide the contact area into two regions, wet and dry, as shown in Figure 2.21.  

 

Figure 2.21: Different regions in the contact patch [55] 

 
The friction coefficient was obtained by writing the thermal balance equation for each region. 

Figure 2.22 and Figure 2.23 show a part of the results obtained for this study. As it can be seen, 

the friction coefficient decreases by increasing the slip ratio and the contact pressure. 
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Figure 2.22: Traction force obtained by simulation in two different references vs. test data [55] (Reference [3] 

in the photo refers to [56]) 

Figure 2.23: Traction force obtained by simulation in two different references vs. test data for different 
normal pressure [55] (Reference [3] in the photo refers to [56]) 
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In a study by Ivanovic et al. [42] experimental approach has been used to study the dynamic friction 

coefficient of a tire in contact with ice. Two setups are shown in Figure 2.24, and Figure 2.25 has 

been used in this study: an electric vehicle with an in-wheel motor and a pin-on-disc tribometer. 

The operating parameters in this study were: the applied wheel torque, tire dwell time, initial tire 

force, and initial vehicle speed.  

Figure 2.24: Electrical vehicle with an in-wheel motor used in [42] 

 

Figure 2.25: Schematic of the pin-on-disc tribometer used in [42] 
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As shown in Figure 2.25, the strain gauges attached to the deflection arms, which are designed for 

carrying the rubber sample, can measure the frictional force. By insolating the tribometer, they had 

control over the ambient temperature within the range of 0 to 27 ǓC with a tolerance of ±1.5 ǓC.  

In the study by Makkonen and Tikanmäki [36], a theoretical model to predict kinetic ice friction 

has been presented. Using existing experimental data, the authors show the presented model is 

valid for the melting ice as well. The model was used to predict the friction coefficient and the 

highest of water film for different materials and different velocities in contact with the ice, as 

shown in Figure 2.26, Figure 2.27, and Figure 2.28. As can be seen, the values of the friction 

coefficient decrease dramatically when the temperature gets close to the melting temperature of 

the ice. In addition, the values of the friction coefficient decrease by increasing the height of the 

water film and increasing the velocity.  

Figure 2.26: Friction Coefficient obtained by modeling for four different materials in contact with ice for 
different temperature [36] 
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Figure 2.27: Height of water film generated at the contact patch obtained by modeling for four different 

materials in contact with ice for different temperature [36] 

 

Figure 2.28: Friction Coefficient obtained by modeling for four different materials in contact with ice for 

different velocities [36] 

 

Going through the literature on snow and ice, one can find many similarities between these 

two topics. However, there is more complexity in the snow characteristics. In addition, 
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despite the similarity of ice and snow in some of the tire-terrain interaction aspects, it is 

difficult to say that the tire which has been designed for snow traction has a good 

performance on ice as well. The study by Seta et al. [57] has been shown that by increasing 

the void ratio of the tire, the snow traction will increase while the ice traction will decrease. 

Figure 2.29 shows the incompatibility of the ice and snow traction with respect to the void 

ratio.  

 

Figure 2.29: Incompatibility of snow and ice [57] 

Higgeins et al. used an experimental approach to conduct research on rubber ice friction. 

They chose the temperature range of -1 C to -33.3 C and the speed range of 0.004-2.62 m/s. 

They used a pin-on-disc tribometer. From their study, the increase in the speed causes a 

decrease in the friction coefficient due to the creation of water film on the top of the ice [52]. 

In the research conducted by Sam Ella et al., frictional behavior at the contact patch of the 

tire in contact with snow has been investigated experimentally. They used several different 

rubber tread blocks with different rubber formulations and geometries. Compacted artificial 

snow was used as the terrain in their study. According to their results, the friction coefficient 

will decrease by increasing the speed and decreasing the glass transition temperature of the 
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rubber. The creation of the water film at the contact patch was one of the reasons they 

mentioned for the decrease in friction coefficient [58].  

Giessler used a complete tire for the frictional coefficient measurement. He used an internal 

drum test rig for his research. The normal load of 0 to 8 kN applied on the tire, and the 

inflation pressure range of 1.5-3.5 bar had been chosen. Several types of tires, including 

winter tires, all-season tires, and winter and Nordic tires, were chosen for the tests. The tires 

were rotated at 30 km/h speed.  From his results, the inflation pressure and the normal load 

effects the value of friction coefficient at the contact patch by which, by increasing the 

inflation pressure and decreasing the normal load, the frictional coefficient increases [59]. 

In addition to the effective parameters mentioned, winter tires are different from the other 

tire in their tread design. In several studies, the effect of the sub-blocks created on the tread 

of tire by sipes has been studied [59], [60].  

Gissler et al. [49] showed higher traction of the tire with sipes in contact with snow in 

comparison with a tire with no sipes. Ripka et al. used a high-speed linear friction tester to 

perform several tread block rubber samples with different shapes and numbers of the sipes. 

They showed that there is no decrease in the friction coefficient of the sample with three 

sipes for the speed range of 1-6 m/s [60].  

2.2 Friction regimes on ice  

The height of the water film on ice plays a vital role in the values of the friction coefficient. 

The ice friction can be divided into four categories with respect to the height of the water 

film that exists on the ice surface: dry, boundary, mixed, and hydrodynamic friction [16]. 

2.2.1 Dry friction 

The friction of the ice called dry when there is no water on the surface of the ice. The friction 

force is the amount of force required to shear the adhesive bonds between the mating 

asperities of two different surfaces. For the tangential friction force Ὂ we have: 
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Ὂ †ὃ  

 
2.1 

Where ὃ  is the area of real contact between the asperities and †   is the shear strength 

needed to shear the bonds between asperities. Several studies were conducted to obtain the 

real contact area. The real contact area depends on various parameters of both surfaces, speed, 

pressure, etc. Thus, to obtain the friction coefficient for the dry region, it is important to 

recognize the most effective parameters in the real contact area.  Although the dry friction 

region has been defined for the ice, it is necessary to mention that under atmospheric 

conditions, even at very low temperatures, there is always a water film on a molecular scale.  

2.2.2 Boundary friction 

When the height of water film in between the two surfaces is about a few molecular layers, 

the boundary friction region will be created. All the temperature point within this region is 

lower than melting temperature, and the height of water film is much smaller than the 

roughness of the surface. Considering the water film at the contact area of the boundary 

friction region, the friction coefficient in this region is usually lower than the dry friction.  

2.2.3 Mixed friction 

For the mixed friction region, the temperature of some points within the area of contact is 

higher than the melting temperature, but still, the height of the water film created is lower 

than the roughness of the surface. The existing water film at the contact area causes a 

decrease in the adhesion bonds and increases the lubrication region of the contact. We can 

write equation 2.2 for the frictional force within the mixed region. 

 

Ὂ ὃ ᶻ‌† ρ ‌–         2.2 

 

Where Ŭ is the fraction of the unlubricated area, ɡ is the slider velocity, ɖ is the viscosity, 

and h is the height of the water film.  
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Although by increasing the height of the water film, the adhesion bond between the solids 

decreases, the capillary water bridges between the asperities will create a drag force on the 

slider and result in extra frictional resistance. The figure shows the capillary water bridges. 

The existing theoretical model does not take into account the effect of the capillary water 

bond on the friction force.  

2.2.4 Hydrodynamic friction 

When all the points within the region have a temperature higher than melting temperature 

and also the height of the water film is higher than the roughness of the surface, the 

hydrodynamic friction region is created. In this region, adhesion doesnôt play a role in the 

value of the friction coefficient. The only effective parameter is a lubricating layer that 

carries the applied load. If the applying normal load is large, the squeeze-out will happen, 

and a part of the water comes out from the contact area. However, for the hydrodynamic 

friction region, the assumption is that the height of the water film between the surfaces is 

always higher than the height of the asperities. In this case, the real contact area is equal to 

the area of the slider and the friction force can be described by equation 2.3: 

 

╕╣ Ⱳ■ὃ           2.3 

 

Where Ⱳ■ is the shear strength of the water film. 

 For friction coefficient on ice in the atmosphere pressure, we have all friction regions except 

dry friction, as shown in Figure 2.30 [16].  
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Figure 2.30: Coefficient of friction for different regimes of the ice [16] 

Semi-Analytical model is a suitable model when one wants to study tire-ice interaction in 

real-time. However, finite element modeling has the advantage of requiring less assumption 

and giving more detailed insight. More details on finite element modeling of the tire will be 

presented in the next section. 

2.3 Finite element modeling 

Due to the highly non-linear nature of the properties of the rubber, obtaining the tire forces 

at the contact patch of the tire in contact with ice or snow is a challenging task. Considering 

the parameters that affect the results, such as speed, the temperature of the tire and 

environment, the type and age of the snow, etc., studying the tire-snow interaction 

experimentally is even more challenging. There are also many other limitations for the 

experimental approach, such as the ability to test for various types of vehicle maneuvers such 

as traction with different slip and braking, controlling the testing condition to conduct the 

repeatable test, and so on. 

Due to the limitations and drawbacks of the experimental approach, the simulation method 

has been used widely to investigate the parameters that are effective in tire-snow interaction. 
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Finite element modeling is one of the simulation methods that has been used in various 

studies.  

In a study by Tamada and Shiraishi [61], the heel/toe wear index was used as an evaluation 

index of the tire wear performance. By simulating the tire wear process for the braking 

conditions, the tire wear performance was evaluated. The friction coefficient between the 

tread and terrain was investigated in a study by Sridharan and Sivaramakrishnan [62] via 

using finite element analysis. Using the obtained results, they proposed that tire tread pattern 

design can affect tire grip performance. The relations 

Between the tire physical properties and the Magic Formula coefficients were found by 

Mashadi et al. [21] using finite element modeling. The simple tread pattern of the tread was 

used in this simulation. The effect of parameters such as the vertical load, inflation pressure, 

and tire rim diameter on tire performance was investigated using an FE model. The effect of 

the stiffness of the tread pattern on the grip performance of the tire was studied by Wang et 

al. [63]. They used the maximum friction between the tread and the terrain surface for 

evaluating the tire grip performance through FE modeling. According to the results that they 

obtained, the stiffness of the tread pattern and its deformed shape affect the tire pressure 

distribution at the contact patch directly. 

Different developed finite element tire models vary in the approach that they modeled the 

snow and the tire. For the tire, defining the material properties is one of the initial and 

important steps in developing a tire model using the finite element approach. Tire has several 

sections, and each section is made of several different materials. Considering the function of 

each section, the material properties of each section of the tire is different from the other. 

Figure 2.31 shows the tire and its different sections [64].  
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 Figure 2.31: Tire sections [64] 

Tire tread section is the main part of the tire in contact with the terrain. The tread is 

responsible for different tasks such as carrying load efficiently, providing traction, promoting 

low rolling resistance, resisting tread wear, cutting or puncturing and heat buildup, absorbing 

road irregularities, and also responding to cornering and steering inputs [3].  

Tire sections can be modeled using existing models for elastic, viscoelastic, hyperelastic 

materials. For hyperelastic material, there are three famous models that have been used 

frequently in tire modeling studies using the finite element method: Moony Revilin model, 

Neo Hooken, and Youth. Each model has several coefficients that need to be determined 

using the empirical approach. 

Snow also can be modeled using several approaches that depend on the type of snow and the 

application that the model is going to be used. Snow modeling also a challenging part of the 

tire-snow simulation as the characteristics of the snow is highly dependent on parameters 

such as humidity and temperature of the environment, tire loads, etc. 

In a study by Lee modified DruckerïPrager Cap material model (MDPC) has been used to 

model the snow in contact with the tire. Using the developed model, the author obtained the 

relationship between the different tire-snow interaction parameters such as traction force, 
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drawbar pull, tire deflection, and tire sinkage, and the lateral and longitudinal slip of the tire. 

He considered the terrain as the low strength of dry snow.  

Longitudinal and lateral slip of the tire are effective parameters on the values of contact 

stresses and can change the interfacial forces at the contact patch. Thus, studying the 

relationship between tire-terrain contact stress and the slip ratio of tires is a matter of interest. 

For the tire-snow interaction, finding the contact stresses can help to obtain the sinkage of 

the tire that is dependent on several parameters such as applied normal load, density, and 

depth of the snow, longitudinal and lateral slip, etc. 

In other studies, the sinkage of the tire and the motion resistance coefficient have been 

presented by developing a finite element model for rigid and flexible tires. The results 

obtained have been compared with both the experimental results and semi-analytical results. 

The main drawback of their studies is not considering the effect of slip ratios. In addition, 

the effect of the wheel state on contact stress has not been studied too [65], [66]. 

Figure 2.32 shows the values obtained for the sinkage for different longitudinal slip and 

different normal loads obtained by [64]. As it can be seen in Figure 2.32, a higher normal 

load results in higher values of sinkage. In addition, the sinkage increases by increasing the 

longitudinal slip.  

 

Figure 2.32: Sinkage values for different longitudinal slip and different normal load [64] 
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In another study by Mundel et al., an elastoplastic material model has been used for modeling 

the snow using the finite element model. The model has been used for the evaluation of the 

design of the tread pattern for winter tires in contact with the snow. The tread block has been 

modeled using elastic materials. Several experiments were conducted on natural and artificial 

snow in order to estimate the model parameters and validating the model. A good correlation 

has been presented between the results from simulation and experiment [57]. Figure 2.33 

shows a part of the results obtained by this study.  

 

Figure 2.33: Results obtained for traction force vs. displacement  using the experimental approach and finite 

element modeling [57] 

In another study by Seta et al., a 3D tire-snow model has been developed using the finite 

element method and finite volume method. Coupling elements were used for defining the 

contact between tire and snow. The results obtained using simulation have been compared 

with the results obtained by Cam-Clay yield and Capped Drucker-Pragger models. The 

results showed good agreement with the experimental data. Figure 2.34shows a part of the 

results obtained by this study [57].  
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Figure 2.34: Effect of groove width on snow traction [57] 

In a study conducted by Bªurle et al., a numerical model to study on the sliding friction of 

ice has been presented. The model has been validated with the determined friction 

coefficients using an experimental approach for different slider temperatures. Figure 2.35 

shows the tribometer used in this study. The results obtained show the dependency of the 

friction coefficient to the temperature and the normal load [67].  

 

Figure 2.35: Rotating Tribometer [67] 
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2.4 Summary 

In this section, a literature review on the previous approach for study on the tire-ice 

interaction we presented. Three approaches were covered: experimental approach, analytical 

approach, and numerical approach. 

Experimental approach has been used in different studies to understand the effect of 

different tire and terrain parameters on tire-ice interaction. In general, the devices and 

methods that can be implemented for the experimental study can be divided into four 

categories: Real-life experiments, slider models, linear experimental devices, and rotational 

experimental devices. The advantages and disadvantages of each method were presented in 

this section.  

For the real-life testing conditions, as it appears from the name, we can conduct the test 

in a real-life condition. However, real-life experiments show limited control over the 

different variables. The slider models reduce the unpredictable human factor and increase 

the controllability of parameters. However, their sliding track cannot be completely predicted 

The linear experimental devices that have been used widely increase the controllability of 

parameters, however considering the effect of travel distance on the friction coefficient, these 

devices require more laboratory space to cover various travel distances. 

The final group of devices is the rotational experimental devices. Considering the way 

that they have been designed, they are the small size of the equipment. However, due to the 

curvature and circular path of the terrain, there are always some errors in the contact patch 

measurement and forces measurement. 

In the majority of these studies, only rubber samples were used, not whole tires. For 

instance, for different rubber compounds, there are no studies that used tires that have 

identical parameters, such as tread pattern, size, and structure, but different rubber 

compounds properties.  

In this study, in order to present new results for the effect of different parameters such as 

temperature, normal load, rubber compounds properties, slip ratio on tire-ice interaction, the 
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Terramchanics Rig at TMVS laboratory at Virginia Tech was used. This setup is designed to 

conduct the test on a whole tire.  

For the numerical approach, the advantages and disadvantages of several models were 

presented. Many of the suggested models to obtain the friction coefficient at the tire-ice 

interface considered a rubber block as the case study. Other studies that tried to find the 

friction coefficient for a tire in contact with ice didnôt take into account many tire or terrain 

properties or had several important assumptions that may impose a considerable amount of 

errors in the results. In this study, the aim is to develop a more comprehensive semi-analytical 

tire model. 

The last approach is numerical modeling, which is going to be used for our future work.  

Different developed finite element tire models vary in the approach that they modeled ice 

and the tire. There are several studies that worked on modeling a rubber block. Some others 

modeled the whole tire using the finite element approach. For the tire and rubber in general, 

defining the material properties is one of the initial and important steps in developing a model. 

Tire has several sections, and each section is made of several different materials. There are 

many studies conducted on tire performance on the different types of the road using FEM. 

However, considering the difficulty of modeling the tread pattern, there is a limited number 

that focused on tread pattern characteristics for a tire in contact with ice. As a part of this 

study, a finite element tire model with a detailed tread pattern is going to be used in order to 

study the tread pattern characteristics of tire performance on the ice.  
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Chapter 3  

 
 

3 Indoor Experimental Study 

One of the main objectives of this study is conducting an experimental study to investigate 

the effect of different parameters, such as the properties of the rubber compound of the tire 

tread, on tire performance on ice for different driving conditions, including traction, free 

rolling, and braking. The Terramechanic Rig at TMVs laboratory at Virginia tech [68] was 

used to conduct the required tests.  

This section includes three main subsections. In the first subsection, the test setup used in 

this study has been presented. The second subsection covered the methodology and results 

for the study on the free rolling condition of the tire in contact with ice. The third subsection 

is devoted to the procedure and result of the study on the effect of the rubber compounds' 

properties on tire performance.  
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3.1 Test setup 

The Terramechanics Rig in the TMVS Lab at Virginia Tech has been used to conduct the tests. It 

has been designed and developed to study tire performance on various terrain conditions like ice, 

soil, etc., as well as under various operational conditions, such as different normal loads, inflation 

pressure, slip ratios, etc. [69]. It has undergone improvements since its original design and recently, 

its functionality has been improved by the addition of a clutch and a brake system that allow the 

study of the tires under free rolling as well as under braking conditions [70].  

 

The Terramechanics Rig in its current configuration is shown in Figure 3.1. Two motors provide 

the longitudinal displacement and, respectively, the rotational motion of the tire on the desired 

surface (ice in this study). The carriage motor provides a linear speed of around 6 cm/s in the 

longitudinal direction, and the wheel motor enables us to simulate traction by applying positive 

torque. Braking conditions can be simulated by applying a negative torque on the wheel; real 

braking conditions can be obtained using the brake system. The flexible design of the rig gives us 

the opportunity of performing tests with various camber angles and toe angles. 

 

 

Figure 3.1: Experimental setup at TMVS laboratory for testing of tire on icy terrain  
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The normal load can be applied using air springs mounted on the top of the carriage. These springs 

can apply a normal load on the tire precisely in a good range using the normal load controller 

designed and installed for the system. The Kistler P650 force hub equipped with transducers is 

used to record all forces and moments applied on the tire. LMS Test Lab software is used for 

collecting and processing the data.  

 

In addition to tire forces and moments, the Kistler sensor can also measure the rotational speed of 

the wheel hub and its angular position. The slip ratio, the angular speed of the wheel ɤ, the 

longitudinal speed of the carriage ὠ, and the effective rolling radius of the tire are related by 

equation 3.1. This equation has been used to obtain the angular velocity required to have the 

desired specific slip ratio in the Terramechanics Rig at TMVS. The linear speed of the rig was kept 

constant [71].  

 

Ὓ            3.1 

 

V is the linear speed of the wheel, and is its angular velocity. The effective rolling radius of the ‫ 

tire Ὑ has been obtained using Equation 4: 

Ὑ
    

  

Ὑz                                                                                                       3.2 

where, Ὑ  and Ὑ are the unloaded radius and loaded radius of the tire, respectively. They were 

measured for all the tires during the tests [72].  

To prepare the ice surface, the next steps were performed:  

1. Removing a part of soil inside the chamber and laying the metal U-channels on the top 

level of the test chamber of the rig, and placing two layers of thick plastic sheeting on top 

of the U-channels. (Figure 3.2) 
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Figure 3.2: 1. Removing the soil inside the chamber and laying the metal U-channels 

2. Placing a layer of insulation foam over the plastic tarp and covering it with another layer 

of plastic sheet. (Figure 3.3) 

 

Figure 3.3: Placing the layer of insulation foam and covering it with the layers of plastic sheet. 

 

3. Rolling out the Custom Ice Rinks ice system (a tubular heat exchanger structure) on top of 

the tarp. (Figure 3.4) 
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Figure 3.4: Placing the Custom Ice Rinks ice system 

 

4. Covering the pipes with insulation and preparing the ice system by connecting the pipes to 

the chiller and ice mat. The ice mat helps to make the ice and keeps the temperature of the ice 

at the desired value by circulating the cooled ethylene glycol in the plastic pipes/tubes. (Figure 

3.5) 

  

Figure 3.5: Covering the pipes with insulation and connecting them to the chiller 

 

1. The last step was spraying about 2 mm of water at a regular interval of 2 hours for five 

days to reach about 8 cm thickness of the ice. (Figure 3.6) 
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Figure 3.6: Spraying of water on the custom Ice Rinks ice system 

 

6. The ice surface was prepared using available tools in the lab to have the desired static 

fr iction coefficient. (Figure 3.7) 

 

 

Figure 3.7: Icy terrain of the terramechanics rig at TMVS laboratory  
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3.2 Study on the free rolling condition of the tire 

Considering that tires play a vital role not only in the performance but also in the safety of a vehicle, 

studying the tire-road interaction has always been a matter of interest, specifically when the tire is 

traveling on icy roads. Ice is tricky terrain for even the most experienced drivers. The tractive 

properties of the road change tremendously when it is covered by ice or snow. This alters factors 

such as friction between the tires and the road, which in turn is responsible for the traction, braking, 

and handling properties of the vehicle on that surface. It leads to a loss of road grip, which 

obviously hampers the ride quality. Although there are a number of studies focused on tire 

interaction with different surfaces such as ice for both braking and traction performance, there are 

not many studies that cover the tire in its free rolling mode on ice. Considering the tire in its free 

rolling condition is a necessary step in assessing the friction force at the tire-ice interface, which 

can be used next to predict the torque to be applied on the tire in order to create a zero-slip condition 

in the tire-ice contact patch. The zero-slip condition is always difficult to obtain, as it needs a very 

accurate assessment of the effective rolling radius of the tire. 

One of the objectives of this section is to make the distinction between pure rolling and free rolling. 

A tire in pure rolling is expected to move at the same longitudinal velocity as the vehicle. In other 

words, the tractive force created in the contact patch is equal to the resistive force, and the tire 

rotates on the road with zero slip. When the tire is in its free rolling condition, there is no torque 

applied to the tire, so no tractive force is expected to occur. Still, in the longitudinal direction (the 

direction of the tire travel), there may be resistance forces, primarily due to friction and rolling 

resistance.  Thus, a small negative longitudinal force is expected to be recorded by the Kistler 

system on the Terramechanics Rig. The results from this section will show that for the free rolling 

condition of the tire in contact with the snow, there is some amount of slip ratio. 

The effective rolling radius is an important tire parameter. It varies with operational conditions 

(such as normal load, inflation pressure, terrain type, etc.). It plays a significant role in the 

simulation of the dynamics and performance of the vehicle. Furthermore, it is very important to 

have accurate knowledge of the effective rolling radius of a tire in order to properly conduct 

traction tests on the Terramechanics Rig at TMVS Lab. Only by starting with an accurate, effective 



48 

 

rolling radius one can calculate the torque needed to be applied to the tire in order to produce a 

desired slip ratio in the tire contact patch.  

There are several accepted methods to find the effective radius of the tire: theoretically, via 

experiments or simulation. One of the methods is finding the effective radius of the tire using the 

slip ratio equation defined by SAE. Having the assumption of when the tire is in the free rolling 

condition the slip ratio is zero (assumes no friction at the tire-road interface), the effective rolling 

radius can be deduced by finding the ratio of the velocity of the wheel in the longitudinal direction 

and its angular velocity, as depicted in equations 3.1 and 3.3. 

Ὑ                                                                            3.3 

where S is slip ratio, V is the velocity of the CG of the tire (meters/second), Ὑ is the effective 

radius, and ɤ is the angular velocity (radians/second). As can be seen from equation 3.1, the 

effective rolling radius plays an important role for a driven wheel; for this case, S will have some 

positive or negative values depending on the driving mode. As mentioned above, one of the 

motivations to estimate the effective rolling radius is for us to properly use it in defining the slip 

ratio S of interest on the Terramechanic Rig.  

Another method to obtain the effective rolling radius of tire is by directly measuring the distance 

traveled by the tire in one complete rotation. Thus, one can obtain the effective rolling radius of a 

tire by using the equation below: 

ὒ ς“Ὑ                                                                                     3.4 

where L is the distance traveled by the tire during a complete rotation. In other words, L is the 

perimeter of the tire with radius ὙȢ 

Both methods to obtain the effective rolling radius mentioned above need some experimental tests 

to find the unknown parameters such as linear velocity or angular velocity of the tire. There are 

many other research studies conducted on finding the rolling radius of the tire through developed 

theoretical methods or simulation. From conducted research, one can say that the effective radius 

of the tire is a function of the inflation pressure, the speed of the vehicle, road parameters, and the 
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load applied to the tire in the normal direction. For example, in work done by Reza [72], the 

effective radius of the tire can be found using equation 3.2. 

 

Figure 3.8: Experimental variation in effective and loaded rolling radius vs. normal load [73] 

Considering the lack of references for the effective rolling radius of tires on ice-covered roads, a 

thorough investigation is needed for this.  

 One of the tasks needed to reach the objectives of this work is to benchmark the accuracy of the 

existing methods for effective rolling radius determination. The investigation approach was to 

experimentally study a tire under free rolling on ice.  A set of experiments were thus designed and 

conducted for the Standard Reference Test Tire (SRTT) on a layer of ice in the TMVS Laboratory 

at Virginia Tech under different applied normal loads and various inflation pressure conditions. 

The data collected from the tests performed was used to obtain and compare the result for the 

effective rolling radius of the tire and the equivalent friction coefficient. The data collected on the 

Terramechanics Rig by the 6-axis wheel load measurement system P650 by Kistler was processed 

to eliminate the noise of the raw data using zero-phase filtering techniques in MATLAB. The ice 

in the Terramechanics Rig was prepared and maintained at the same static coefficient of friction 

for all tests, although we accede that this may not be the case for actual driving conditions. Other 
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parameters measured during the tests conducted were the tire loaded radius, the width of the 

contact patch, and the temperature distribution in the tire-ice contact patch.  

Normal load and inflation pressure were chosen as the variables of the operating conditions for 

these experimental tests to study their effect on tire effective rolling radius. The data collected has 

been further used to assess the dynamic coefficient of friction (also called the equivalent friction 

coefficient in this study) at the tire-ice interface for all the conditions considered.   

Sub-sections 3.2.1 and 3.2.2 consist of a description of the design of the experiment and the 

experimental method employed in this study. Sub-section 3.2.3 presented the results from the 

experimental study conducted. Sub-section 3.2.4 is devoted to the analysis of the experiential 

results. Finally, section 3.2.5 presents the conclusions from this research and outlines the scope of 

future work. 

3.2.1 Design of experiments 

For the free rolling test of the tire, the standard reference test tire (SRTT), P225/60R16, was 

chosen. All the tests were conducted in the months of January and February 2019 in the TMVS 

Lab at Virginia Tech. To fulfill the main objective of this study, that is benchmarking the results 

from experimental tests for the effective rolling radius of the tire and the resistance force, with 

results from existing methods, several tests were conducted for SRTT on ice under different 

operational conditions during free rolling, for several levels of normal load and inflation pressure, 

in accordance with the design of experiment presented in the next section. 

Table 1 shows the design of the experiment (DOE) that was implemented in this study. As shown, 

the variables of this study are the normal load and the inflation pressure. The tests were conducted 

on an ice bed maintained at a temperature of about -10  while the ambient temperature was about 

6  with a nominal normal load of 7000N, the nominal inflation pressure of 35 psi, and zero 

camber and toe angles. To account for the effect of changes in the normal load and the inflation 
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pressure, seven levels from 60 % to 120 % of nominal values were used, for each of them, 

respectively.  

For each combination from the DOE shown in Table 1, three tests were conducted, and the average 

results of these tests are presented in this paper. Due to the limitation that we had in the number of 

tests and testing conditions none of the existing methods such as ñRandom assignmentò or 

ñRepeated measures designò for creating the DOE was implemented. The table was created based 

on the capability of the testing facilities and objectives of the study.   

Table 1: Design of experiment  

(Winter 2018 - 2019) 

 Nominal values 

Tire type SRTT  

Normal Load 60%, 70%, 80%, 90%, 100%, 110%, 120% 7000 N 

Inflation Pressure 60%, 70%, 80%, 90%, 100%, 110%, 120% 241.317 kPa 

Ice Temp. -10 -10  

 

3.2.2 Procedure 

To find the effective rolling radius of the SRTT, three methods were implemented. As described 

previously, all methods need experimental data. The first method is to obtain the effective radius 

using eq. (2) and the second method requires the distance traveled by the tire during a complete 

rotation. For the third method, as it can be seen from equation (4), knowledge of the tire loaded 

radius is needed. 

For each test, first, the surface of the ice was prepared to have a friction coefficient of about 0.1. 

Then, the tire was mounted, and the wheel motor was started in order to calibrate the Kistler sensor. 

With the tire mounted, when the tire is touching the ice, the vertical wheel force reading by Kistler 

P650 should be around 3,700 N. The longitudinal and the lateral force should be close to zero 

when the camber angle is 0°. The normal load on the tire comes from the assembly of the tire, the 

wheel, the Kistler wheel hub, the clutch, and the test tire frame. Air springs do not provide any 

normal load in this stage. After completion of the calibration step, the software is being set up. The 
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PicPro software is used to control the motors (and thus the slip ratio, if applicable). Since this study 

focuses on the free rolling condition, no torque is applied to the tire. 

The LabVIEW software is used to control the normal load using a PID controller. For the first set 

of tests, seven levels of normal load were used, while a level of 80% of the nominal inflation 

pressure (193.053 kPa) was used. The ice surface of -10  was chosen for all tests of this study. 

The next step after applying the normal load is running the carriage motor when the clutch is not 

engaged. Similarly, tests were also carried out for seven levels of inflation pressure (from 60% to 

120% of the nominal value in steps of 10%). 

All the data measured by the Kistler sensor is collected by the LMS Test Lab software. The 

distance traveled by the tire after a complete rotation, the loaded radius, the width of the contact 

patch, and the longitudinal speed of the wheel were also measured for each test. Thermocouples 

and data loggers mounted on the tire monitored the temperature changes in the contact patch of 

the tire during the tests.   

3.2.3 Results 

The results of these tests include visual observations, data measured during the test, and data 

collected using the LMS Test Lab software. A zero-phase low pass filter (FIR) was applied to filter 

the existing noise in the system. After filtering the data, the graph of longitudinal force versus 
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time, normal forces versus time, equivalent friction coefficient versus time, and effective rolling 

radius of the tire for the DOE conditions investigated were plotted using MATLAB.  

Graphs for the loaded radius of the tire, the linear speed of the wheel, the contact patch width, for 

different conditions, and temperature changes in the contact patch were plotted using data collected 

during the test.  

For the first method used to estimate the tire effective rolling radius, the data for the angular speed 

of the tire, and the data for the linear speed of the rig were used. Assuming a zero-slip ratio, the 

effective rolling radius of the tire was then calculated using the eq. (2), as stated earlier. 

The second method used to calculate the effective rolling radius of the tire was by running the test 

for the predefined conditions and by measuring the distance the tire traveled during a complete 

rotation of the tire. In this case, the length covered by the tire is equal to the circumference of the 

tire, and we can obtain the effective rolling radius of the tire using equation (3). For the third 

method only, the measurement of the loaded radius of the tire was needed. 

The graphs for the effective rolling radius of the tire for different applied normal loads and different 

inflation pressure values for the three methods are presented and compared in the results section. 

Based on visual observation, we can mention the visible footprint left on the ice as a result of the 

tire rolling, as shown in Figure 3.9, when the tire temperature was around 6 . The footprint 

section is more visible in comparison with our tests done when the tire temperature was around -

6 , indicating some melting and re-freezing of the ice surface. After each run, the old footprint 

was removed by resurfacing the ice to have the same friction coefficient for all tests. This also 
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improved observational conditions to measure the footprint of the next test run. It has also been 

observed that by increasing the normal load, the width of the footprint increases (Figure 3.10).  

 

Figure 3.9: Trace of the tire developed on ice  

 

Figure 3.10: Variation in width of contact patch with the change in applied normal load 

The second section of the results is related to measuring the parameters at the end of each run of 

the test manually. After each test, the loaded radius of the tire was measured. As expected, a 

decrease was observed in the loaded radius of the tire when the normal load level was higher. 
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However, there was also a slight increase in the loaded radius of the tire when the inflation pressure 

of the tire was increased (Figure 3.11).  

 

Figure 3.11: Variation in loaded radius with change in applied normal and inflation pressure  
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Another parameter collected during the test was the temperature in the contact patch of the tire. As 

shown in Figure 3.12, eight thermocouples were installed along with the tread of the tire and were 

connected to data loggers to monitor the temperature of the footprint precisely. The results from 

monitoring the temperature are shown in Figure 3.13 for one sample run. Considering the point 

that tire material properties are highly dependent on temperature, having knowledge about how 

temperature will change at foot print section/tread area will help us to predict the changes in the 

material properties of the rubber compounds and consequently predict tire behavior in contact with 

ice in different ice and environmental temperatures.  

Figure 3.12: Thermocouples installed to monitor the temperature changes at the tread  

Figure  SEQ Figure \* ARABIC 8: 
Footprint of the tire developed on ice at 
the end of a test run 

Figure  SEQ Figure \* ARABIC 9: Tire  
footprint from a tire with 6  
temperature on -10  of ice 
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As can be seen from fig. 13, the temperature in the tire contact patch increased, despite being in 

contact with -10°C ice. As this study is a part of more comprehensive research on tire performance 

on the ice, we will not go through the temperature data obtained in detail now, but we attribute this 

behavior to the heat produced due to friction and pressure in the contact patch.  

Figure 3.13: Rise in temperature at the contact patch  

The last section of the results is related to the data collected by the LMS Test Lab software. The 

Kistler sensor measured and transferred the data collected. For this study, only the longitudinal 

force, the normal force, and the angular velocity of the tire was needed for analysis. 

Figure 3.14, Figure 3.15, and Figure 3.16 present the results processed for a sample run. The 

sample run test is for free rolling of the SRTT on an ice surface having a temperature of -10  

with a measured static friction coefficient of 0.1, with an applied normal load of 5,600N, for 28 

psi inflation pressure, and camber and toe angles of 0°. Although we tried to reduce the sensor 

noise using a zero-phase FIR low pass filter in MATLAB, as it can be seen, there is still some 

fluctuation and noise, but they are considered within acceptable limits for the scope of this project. 

These noises are more visible in the graph for longitudinal force versus time. As we conducted the 

tests for the free rolling condition, the value of the longitudinal force measured is only related to 

the resistance force and so it has a relatively small value; the value of the error is also small 
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compared with the longitudinal forces. To analyze the distribution of the vertical force values and 

of the longitudinal force values and the range over which the data is scattered, graphs have been 

created for the histogram of the respective forces and for the implemented central limit theorem 

for both data sets, and are presented in Figure 3.17 and Figure 3.18. According to the central limit 

theorem, when random samples are taken from a data set, and their means are calculated several 

times, the calculated data should follow a standard distribution curve. This is what is observed for 

both forces. As it can be seen, the results validate that there have been a few times that the normal 

load exceeded the filtered value, but the majority of the data is within the specific range of 5,560-

5,570 N. 

Figure 3.14: Raw and filtered data of longitudinal force against time  

 

 

Figure 3.15: Raw and filtered data of normal force against time  
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Figure 3.16: Variation in equivalent friction coefficient against time  

 

     a.                                                                             b. 

 

Figure 3.17: a. Implementation of the central limit theorem for vertical force distribution, b. Histogram of 

data from vertical force distribution  
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a.                                                                             b. 

 

Figure 3.18: a. Implementation of the central limit theorem for longitudinal force distribution, b. Histogram 

of data from longitudinal force distribution  

3.2.4 Experimental study analysis 

Two major forces occur in the contact patch on the rotating tire when it is in contact with the 

terrain: the tractive force and the resistive force. The difference between these two forces is defined 

as the drawbar pull. In a free rolling test, there is no tractive force, and the values of drawbar pull 

only show the resistive force. Using the data collected by the Kistler sensor for the normal load 

and the longitudinal force during each test run, the equivalent friction coefficient (dynamic) can 

be calculated as the ratio of drawbar pull recorded by Kistler at each instance, and the instantaneous 

normal load applied on the tire. The results for the equivalent friction coefficient are shown in 

figure 16 for the sample test.  

The results for the equivalent friction coefficient for SRTT on the ice at -10  with different 

applied normal loads and different inflation pressures, with zero camber and toe angles are shown 

in Figure 3.19 through Figure 3.27. 
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3.2.5.1 Influence of normal load on the effective radius of the tire in contact with ice 

 

For this study, as shown in DOE, seven levels of normal loads from 60%-120% of the nominal 

load were applied on the SRTT. The inflation pressure was 28 psi, which is 80% of nominal 

pressure (35 psi), and the camber and toe angles were set at zero degrees. As shown in Figure 3.19, 

the magnitude of the longitudinal force caused by the resistance force increased for increasing the 

values of the normal load.  

Figure 3.19: Longitudinal force versus time at various percentages of nominal normal load  

Figure 3.20 shows the equivalent friction coefficient for all levels of normal load tested. Recall 

that the ice static friction coefficient measured at the beginning of each test was just below 0.1. 

The result illustrated in Figure 3.20 proves that the dynamic friction coefficient is much smaller 

than the static one. It can also be noticed from Figure 3.20 that the tire followed a similar path for 

all performed tests and that the difference in the equivalent coefficient of friction noticed is solely 

due to the difference in the normal load.  
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Figure 3.20: Equivalent friction coefficient versus time at various percentages of nominal normal load  

Figure 3.21 shows the trend of the absolute mean value of the equivalent friction coefficient by 

increasing the normal load. This graph clearly demonstrates the increase in the value of the 

equivalent friction coefficient with the increase in the normal load. 

 

Figure 3.21: Variation in the mean of equivalent friction coefficient versus the percentage of nominal normal 

load  
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As can be seen from Figure 3.22, the values of the effective rolling radius obtained using the 

second and third methods described earlier are really close to each other. The values obtained by 

the first method are much lower than for the other two methods. The main reason for this might be 

attributed to the assumption that the slip ratio is zero during free rolling. Also, as shown in Figure 

3.23, there were some sharp changes in the angular velocity values. The changes are caused by 

stick-slip phenomena when a tire is moving on the ice.  

 

Figure 3.22: Effective rolling radius obtained by three methods vs normal load  
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Figure 3.23: Angular velocity of the wheel vs time  

3.2.4.1 Influence of inflation pressure on the effective radius of the tire in contact with ice 

As mentioned, the inflation pressure of the tire was changed in seven levels from 60% to 120% of 

the nominal pressure of 35 psi to find out the relationship between these parameters and other tire 

parameters such as tire forces and an effective rolling radius. During the test, the normal load was 

kept constant at a value of 5,600 N, the ice temperature was kept at -10°C, and the static friction 

coefficient was at just below 0.1. As shown in Figure 3.24, the magnitude of the longitudinal force 

decreased when the inflation pressure increased. The negative sign of the longitudinal force shows 

that this force is in the opposite direction of tire movement, and that means it is a resistive force, 

as expected.  

 

Figure 3.24: Longitudinal force versus time at various percentages of nominal inflation pressure  

As shown in Figure 3.25, the equivalent friction coefficient decreased with an increase in inflation 

pressure.   
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Figure 3.25: Equivalent friction coefficient versus time at various percentages of nominal inflation pressure 

Figure 3.26 shows the decrease in the mean value of the equivalent friction coefficient when the 

inflation pressure increased. It is obvious from the graph that the slope for the lower pressure is 

steeper than at higher pressures. While there are several studies regarding the variation of the 

contact patch area with respect to the inflation pressure, including in our laboratory, further 

investigation is needed to study the correlation between the area and shape of the contact patch 

and the friction coefficient, as the results obtained in this study indicate that clearly there is one, 

in spite of the classical physics theory. 

 

Figure 3.26: Variation in mean of equivalent friction coefficient versus percentage of nominal inflation 

pressure  

y = -0.0003x + 0.0384
R² = 0.9455

0.024

0.026

0.028

0.03

0.032

0.034

0.036

20 25 30 35 40 45

M
e

a
n

 o
f 
e

q
u
iv

a
le

n
t f

ri
c
ti
o
n

 
c
o

e
ff

ic
ie

n
t

Inflation pressure (psi)



66 

 

Similar to the results for the effective rolling radius for different normal loads, Figure 3.27 shows 

that the values of the effective rolling radius obtained using the second and third methods are very 

close to each other for all levels of the inflation pressure used, while the first method implemented 

led to lower values.  

 

Figure 3.27: Effective rolling radius obtained by three methods vs. inflation pressure  

3.2.5 Conclusion  

As a part of a comprehensive study of tire performance on the ice, several tests for the SRTT in 

free rolling condition were conducted. In these tests, the normal load and the inflation pressure 

were the variables of the experiments, and the rest of the parameters, including the tire and ice 

temperature and the ice static friction coefficient, was kept constant. The results collected by the 

six-axis wheel load measurement system Kistler P650 for the longitudinal force and the normal 

load were used to obtain the effective rolling radius of the tire via three methods, as well as the 

equivalent friction coefficient. Other data collected during the test include the width of the contact 

patch, the loaded radius of the tire, the temperature changes at the contact patch, and the distance 

traveled by the tire during a complete rotation. The effect of the parameters considered, the 

inflation pressure, and the normal load on the effective rolling radius of the tire and on the 

equivalent friction coefficient were investigated. The results show an increase in the width of the 

contact patch when the normal load increases. The same relationship was observed for the 
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equivalent friction coefficient with the increase in the normal load. However, a decrease in the 

loaded radius of the tire was seen, as expected.  

On the other hand, by increasing the inflation pressure, the loaded radius increased, as expected. 

A downward trend was observed in the equivalent friction coefficient when the inflation pressure 

increased. The effective rolling radius of the tire was obtained for all the combinations of the 

design of the experiment table via three methods. Methods 2 and 3 result in very similar values, 

but the results from the first method were lower. The reason for this might be the assumption of 

zero slip for the free rolling condition.  

These experimental results are in agreement with the existing models and theoretical or simulation-

based studies conducted by other researchers in this field, as referenced earlier. Future work 

includes using the effective rolling radius obtained to define the zero slip conditions for traction 

tests in order to investigate other aspects of tire performance on the ice, such as the effect of the 

rubber compound. 

3.3 Study on the effect of rubber compounds on tire performance 

Mechanical and thermal properties of the rubber compounds of a tire play an important role in the 

overall performance of the tire when it is in contact with the terrain. Although there are many 

studies conducted on the properties of the rubber compounds of the tire to improve some of the 

tire characteristics, such as the wear of the tread, there is a limited number of studies that focused 

on the performance of the tire when it is in contact with ice.  

This section covers the experimental investigation of the effect of rubber compounds on tire 

performance in contact with ice. For this, four tires have been selected for testing. Three of them 

are completely identical in all tire parameters (such as tire dimensions), except for the rubber 

compounds. Several tests were conducted for the chosen tires in three modes: free-rolling, braking, 

and traction. The tests were performed for two different normal loads (4 kN and 5.6 kN), two 

different inflation pressures (21 psi (144.8 kPa) and 28 psi (193 kPa)), and three tire temperature 

levels (-10ÁC, -5ÁC, and -1 ÁC). The Terramechanics Rig at TMVS at Virginia Tech has been used 

for conducting the tests. The results from this study show the sensitivity of the magnitude of the 
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tractive force with respect to parameters such as tire temperature, normal load, etc. The results also 

indicate that the tire with the lowest value of the Young modulus has the highest traction among 

all four tires used in this study. 

This section includes six sub-sections. Sub-section 3.3.1 presents the input data for the material 

properties of the selected tires. Sub-section 3.3.2 describes the testing procedure selected for this 

study. In Sub-section 3.3.3, the design of the experiment for this study is presented. The results 

from the experimental study are presented in Sub-section 3.3.4. A brief summary of the obtained 

results and the conclusions of the study are presented in Sub-section 3.3.5.  

3.3.1 Material properties of the selected tires 

To fulfill the main objective of this study, four tires were chosen, three tires provided by Sumitomo 

(named B, C, and G) and the standard reference test tire (SRTT), P225/60R16. Tires B, C, and G 

are all manufactured by the same company and are identical in tire dimensions and also tread 

pattern. They are only different in terms of the material properties of their tread.  

Table 2 and Table 3 show the thermal and mechanical material properties of each tire tested.  
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Table 2: Specific heat values for tires B, C, and G at different temperatures  

Temp/ B C G 

-5 1.84 2.03 2.09 

0 1.88 2.14 2.26 

5 1.92 2.18 2.29 

10 1.94 2.21 2.31 

15 1.96 2.23 2.34 

20 1.99 2.26 2.36 

25 2.02 2.29 2.39 

30 2.05 2.32 2.42 

35 2.07 2.35 2.45 

40 2.09 2.37 2.47 

45 2.11 2.39 2.49 

50 2.12 2.40 2.51 

55 2.13 2.42 2.52 

60 2.16 2.44 2.54 

65 2.18 2.46 2.56 

70 2.20 2.49 2.59 

75 2.23 2.52 2.62 

80 2.26 2.55 2.65 

Table 3: Young Modulus values for tires B, C, and G at different temperatures 

Young Modulus- Frequency:10 Hz 

Sample Temp 

[ ] 

E'[MPa] E"[MPa] TAN-D E*[MPa] 

B -11.2 4.002 1.106 0.276 4.152 

 -8.3 3.697 0.946 0.256 3.816 

 -5.6 3.495 0.808 0.231 3.587 

 -2.7 3.401 0.765 0.225 3.486 

 0.4 3.137 0.587 0.187 3.191 

Sample Temp[ ] E'[MPa] E"[MPa] TAN-D E*[MPa] 

C -11.7 5.12 1.205 0.235 5.26 

 -8.4 4.916 1.044 0.212 5.025 

 -5.3 4.556 0.839 0.184 4.633 

 -2.3 4.197 0.771 0.184 4.268 
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 0.6 4.153 0.762 0.184 4.222 

Sample Temp 

[ ] 

E'[MPa] E"[MPa] TAN-D E*[MPa] 

G -11.8 7.421 1.508 0.203 7.573 

 -8.5 6.628 1.24 0.187 6.743 

 -5.3 6.489 1.115 0.172 6.584 

 -2.3 6.184 0.992 0.16 6.263 

 0.6 6.03 0.983 0.163 6.11 

 

According to the data given by Sumitomo, the density of the tread section of the tires B, C, and G 

are 1,103 kg/m3, 1,094 kg/m3, and 1,137 kg/m3, respectively. These values are relatively close to 

each other. Furthermore, although outside the scope of this paper, our research on these tires 

indicates that the rubber tread density is slightly affecting the viscous tire friction. As it can be 

seen from tables 1 and 2, tire B has the lowest value of both the Young modulus and the specific 

heat, compared with the other two other tires.  

To study the performance of each tire on ice, several tests were conducted under different 

operational conditions: traction performance for different slip ratios (from 2% to 30%), free rolling 

condition, and also the braking condition for two levels of normal load (4 kN and 5.6 kN) and two 

levels of inflation pressure (144.8 kPa and 193 kPa), in accordance with the design of experiment 

presented in the next section. The inflation pressure has been measured using a digital pressure 

gauge with a resolution of 0.5 psi. There were minimal differences in the ambient conditions in 

the lab during testing (in terms of temperature and moisture). 

3.3.2 Design of experiment 

Table 4 shows the design of the experiment (DOE) implemented for this study. As it was 

mentioned, the three of the chosen tires are completely identical in all tire parameters except in 

their rubber compounds. Thus, in this study, the variables are material properties of the tread, 

applied normal load, the inflation pressure of the tire, percentage of slip ratio, and temperature of 

the ice and tire. Although the ambient temperature was not the desired variable in this study, as it 

was not possible to conduct all the tests on the same day, this parameter was also measured and 
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has been presented for each case of DOE. During all the tests, the camber and toe angles were 

equal to zero. However, the flexible design of the rig gives us the opportunity of performing tests 

with various camber angles and toe angles in the future, if needed.  

For each combination from the DOE in Table 4, at least two tests were conducted and the average 

results of these tests are presented in this paper.  

Table 4: Design of experiment for the study of the effects of rubber compound on tire performance on ice 

Nominal load=7 kN                   Nominal inflation pressure=241 kPa (35 psi) 

  Level 1 Level 2 Level 3 Level 4 

Tire type  SRTT Tire B Tire C Tire G 

Load [kN] 4 5.6 4 5.6 4 5.6 4 5.6 

Inflation Pressure [%] 60 80 60 80 60 80 60 80 

Tire Temp [°C] -10, -5, -1 -10, -5, -1 -10, -5, -1 -10, -5, -1 

Ice Temp [°C] -10, -1 -10, -1 -10, -1 -10, -1 

Slip ratio  0%, 2%, 4%, 8%, 12%, 15%, 20%, 30% 

Free rolling  Free rolling test performed for each case 

Braking Braking test performed for each case 

Pressure distribution measurement Pressure at the contact patch measured for different case of the DOE 

 

3.3.3 Procedure 

The tires considered in this study were run for 100 km before they were used for indoor testing at 

TMVS. They were also rotated diagonally every 25 km. All these tests were performed in three 

days before conducting the indoor tests. Eight thermocouples were mounted on each tire to collect 

the temperature changes at the contact patch. To have the tires at the desired temperature on the 

ice, the tires were cooled using the Thermotron system before conducting the tests. The static 
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friction coefficient of the ice was checked and the ice surface was prepared frequently using several 

tools available in the lab to maintain the constant desired value (0.1=‘) for the friction coefficient. 

However, it is necessary to mention that this value was measured by the friction measurement tool 

for each test for consistency during the tests, but it is not accurate to say that this value is identical 

to the static friction coefficient of the tire on ice. Covering the connecting pipes with insulation 

and preparing the ice system by connecting the pipes to the outdoors chiller and the ice mat placed 

inside the rig. The ice mat helps make the ice and keeps the temperature of the ice at the desired 

value by circulating the cooled ethylene glycol in the plastic pipes/tubes. 

These are the steps that have been completed for the experimental part of the study in summary: 

1. Preparing and instrumenting the test tires (B, C, and G) with thermocouples.  

2. Conducting the traction tests for various slip ratios of tires B, C, and G from Sumitomo and 

SRTT, on ice with -10ÁC temperature. (Tire temperature = -10ÁC and -5ÁC) 

3. Conducting the traction tests for various slip ratios of tires B, C, and G from Sumitomo and 

SRTT, on ice with -1ÁC temperature. (Tire temperature = -1ÁC) 

4. Conducting free rolling tests for each case of the DOE.  

5. Conducting braking tests for each case of the DOE. 

6. Pressure distribution measurements under static loading, free-rolling, braking, and traction 

operations.  

7. Data processing of comparative study of tires with different rubber compound on ice. 

3.3.1 The temperature changes at the contact area 

Another parameter collected during the test was the temperature at the contact of the tire with the 

ice. As shown in Figure 3.28, eight thermocouples were installed along with the tread of the tire 

and were connected to data loggers to accurately monitor the temperature of the tire in its footprint 

on ice. Since material properties are highly dependent on temperature, understanding how 

temperature changes at the footprint section/tread area help us improve the model used to predict 

the changes in the material properties of the rubber compounds and, consequently, to better predict 

the tire behavior in contact with ice for different ice and environmental temperatures. 
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Figure 3.28: Eight thermocouples installed to monitor the temperature changes at the tread 

The data collected for the temperature changes at the contact patch has been used to validate the 

results obtained using the developed model. 

3.3.2 Results 

The results obtained from the tests conducted according to the DOE table in order to study the 

effects of the rubber compounds on tire performance on ice have been presented in this section.  

The experimental data that was obtained for this study can be divided into three categories:  

1. Data obtained for the tire performance on ice using the Terramechanics Rig in the TMVS Lab 

includes tire forces and moments in different directions.  

2. Data was measured and collected by thermocouples and data loggers were mounted on the tires 

to monitor the tire temperature changes. The temperature changes of the tires and also the 

temperature of the room were measured and recorded during each test.  

3. The last category of the data is related to the pressure distribution data was measured using a 

pressure pad measurement tool. This data has been used as the main input for ATIIM2.0.  

Part of the experimental results was collected by the LMS Test Lab software. To filter the existing 

noise in the system, a zero-phase low pass filter (FIR) has been used. The longitudinal force of the 

tire is the main performance parameter of this study. Using data collected for the longitudinal force 
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of the tire, the drawbar pulls coefficient and the equivalent friction coefficient has been calculated 

and plotted versus time for all cases in DOE using MATLAB.  

Tests have been conducted for the following three different conditions:  

a) Traction, braking, and free rolling tests for tires at -10ÁC in contact with ice at -10ÁC for 5.6 kN 

normal load and 193 kPa inflation pressure; 

b) Traction, braking, and free rolling tests for tires at -5ÁC in contact with ice at -10ÁC for 5.6 kN 

normal load and 193 kPa inflation pressure; 

c) Traction, braking, and free rolling tests for tires at -1ÁC in contact with ice at -1ÁC for 4 kN 

normal load and 144.8 kPa inflation pressure.  

The results for each condition are presented next: 

3.3.2.1 Traction, braking, and free rolling tests for tires B, C, and G with 193 kPa pressure 

(80% of nominal inflation pressure) and 5.6 kN normal load (80% of nominal value) 

with tire temperature around -10 ÁC in contact with ice at -10 ÁC with the ambient 

temperature of 10 ÁC 

Figure 3.29 shows the results of the traction tests. In this thesis, two types of graphs are presented 

to compare the performance of the tires experimentally. The first group of graphs is the longitudinal 

forces vs. slip ratio; these graphs show the data collected by the Kistler sensor for the longitudinal 

forces (drawbar pull forces) when the tire was moving forward on ice with different slip ratios. As 

it can be seen, due to the small magnitude of the force in this graph, it is difficult to distinguish 

between the performance of the tires in low slip ratios.  

The second group of graphs illustrates the drawbar pull coefficient, which eliminates the effect of 

any small variation in the normal load applied on the tire and allows us to see the differences 

between the performances of the tires more clearly. In addition, for the case of tire-ice interaction, 

the peak value of the drawbar pull is more important than the slope. The differences between the 

peak values are clear on both types of graphs. As it can be seen, tire B has better traction 

performance than tires C and G under the given test conditions.  
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Figure 3.29: Longitudinal force for tires B, C, and G with 193 kPa inflation pressure and 5.6 kN normal load 

in contact with ice at -10 °C, the ambient temperature of 10 °C, and tire temperature of -10 °C. 

The normal load applied to the tire is controlled using a proportional valve and PID controller. To 

eliminate the effect of small variations in the normal load caused by the controller, the value of the 

drawbar pull coefficient has been obtained at all slip ratios considered. 

Drawbar pull coefficient = 
ἐἦ

ἐὂ
                                                               3.5 

Where FX is the longitudinal force measured by the Kistler sensor and FZ is the normal load on the 

tire measured by the Kistler sensor. 

Figure 3.30 shows the variation of drawbar pull coefficient for different slip ratios for tires B, C 

and G. Similar to the results for the longitudinal force, tire B has higher traction than the other two 

tires C and G under the given test conditions.   
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Figure 3.30: Drawbar pull coefficient for tires B, C, and G with 193 kPa inflation pressure and 5.6 kN normal 

load in contact with ice at -10 °C, the ambient temperature of 10 °C, and tire temperature of -10 °C. 

3.3.2.2 Traction tests of tires B, C, and G with 193 kPa pressure (80% of nominal inflation 
pressure) and 5.6 kN normal load (80% of nominal value) with tire temperature 

around -5 ÁC in contact with ice at -10 ÁC and the ambient temperature of 10 ÁC 

To study the effects of tire temperature on tire performance, several tests were conducted for tires 

B, C, and G with 193 kPa pressure and 5600N normal load in contact with -10 ÁC ice for slip ratios 

of 0% to 30% when the tire temperature was -5 ÁC and -10 . Figure 3.31 shows the drawbar pull 

coefficient force of tire B, C, and G in the defined conditions.  

 

Figure 3.31: Drawbar pull coefficient for tires B, C, and G with 193 kPa inflation pressure and 5.6 kN normal 

load in contact with ice at -10 °C, the ambient temperature of 10 °C, and tire temperature of -5 °C. 
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Figure 3.32 and Figure 3.33 show the comparative results for longitudinal force and drawbar pull 

coefficient respectively for tires B, C, and G. As it can be seen in these figures, by increasing the 

tire temperature, the longitudinal force, as well as drawbar pull coefficient values, decreased.  

 

Figure 3.32: Comparative results for the longitudinal force for tires B, C, and G with 193 kPa inflation 

pressure and 5.6 kN normal load in contact with ice at -10 °C, the ambient temperature of 10 °C, and tire 

temperature at -10 °C vs. tire temperature at -5 °C. 

 

Figure 3.33: Comparative results for drawbar pull coefficient for tires B, C, and G with 193 kPa inflation 

pressure and 5.6 kN normal load in contact with ice at -10 °C, the ambient temperature of 10 °C, and tire 

temperature at -10 °C vs. tire temperature at -5 °C 
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3.3.2.3 Traction tests for tires B, C, and G with 144.8 kPa pressure (60% of nominal inflation 

pressure) and 4 kN normal load with tire temperature around -1 ÁC in contact with 

ice at-1ÁC  

Figure 3.34 and Figure 3.35 show the results for the traction tests conducted for tires B, C, and G. 

Five parameters have been changed for the new set of the tests: tire temperature (from -10ÁC to -

1ÁC), ice temperature (from -10ÁC to -1ÁC), ambient temperature (from 10ÁC to 12ÁC for tires B 

and C, and from 10ÁC to 15ÁC for tire G), normal load (from 5.6 kN to 4 kN) and inflation pressure 

(from 193 kPa to 144.8 kPa). As it can be seen in Figures 6 and 7, similar to the previous results 

for the tires with 5.6 kN normal load, tire B shows the highest traction for different slip ratios. To 

compare the results obtained for tires B, C, and G with the results for the SRTT, the results for the 

longitudinal force for all these tires are presented in Figures 6 and 7.  

 

Figure 3.34: Longitudinal force for tires B, C, and G with 144.8 kPa inflation pressure and 4 kN normal load 

in contact with ice at -1°C, tire temperature of -1°C, and the ambient temperature of 10°C for SRTT, tire B, 

and tire C, and 15°C for tire G. 
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Figure 3.35: Drawbar pull coefficient for tires B, C, and G with 144.8 kPa inflation pressure and 4 kN normal 

load in contact with ice at -1°C, tire temperature of -1°C, and the ambient temperature of 10°C for SRTT, 

tire B, and tire C, and 15°C for tire G. 

Figure 3.37 and Figure 3.37 show the data collected experimentally for tires B, C, and G 

with 144.8 kPa inflation pressure and 4 kN normal load in contact with ice at -1ÁC. For each 

slip ratio, three tests were conducted at the defined conditions. The dot points on the graph 

show the average values; the error bars have been added to this plot to show the range of the 

results. As it can be seen in this graph, tire B shows the best performance.  

 

Figure 3.36: Drawbar pull force with error bars for tires B, C, and G with 144.8 kPa inflation pressure and 4 

kN normal load in contact with ice at -1°C, tire temperature of -1°C, and the ambient temperature of 10°C 

for SRTT, tire B, and tire C, and 15°C for tire G. 

0

0.1

0.2

0.3

0.4

0.5

0.6

0 5 10 15 20 25 30 35

D
ra

w
b

a
r 

p
u

ll 
fo

rc
e

 (
N

)

Slip ratio (%)

B

C

G



80 

 

 

Figure 3.37: Drawbar pull coefficient with error bars for tires B, C, and G with 144.8 kPa inflation pressure 

and 4 kN normal load in contact with ice at -1°C, tire temperature of -1°C, and the ambient temperature of 

10°C for SRTT, tire B, and tire C, and 15°C for tire G. 

As it can be seen, tire B exhibited a higher tractive force under all testing conditions. Based on 

these results, one can determine which tire compound performs better without having to compare 

the performance of the tires at specific temperatures, as the ranking of the tire performance seems 

to be the same for all temperatures tested. However, the results are helpful in assessing the 

sensitivity of the magnitude of the tire forces with respect to the tire temperature. 

Results for free rolling tests of tires B, C, and G Figure 3.38 and Figure 3.39 show the longitudinal 

force of the tire when it is in free rolling. For the free rolling condition, there is no applied torque 

on the wheel, so the only force in the longitudinal direction is the resistive force (rolling resistance 

and friction force).  

In order to have similar testing conditions for all the cases of DOE, several instruments were used 

to prepare the ice surface such that the measured friction coefficient using our slider friction 

measurement tool was always around 0.1. However, it is required to mention that this value is not 

equal to the friction coefficient of the tire-ice interaction and cannot be used for validation of the 

model. For tire-ice interaction, there are several parameters that affect the friction coefficient, such 
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as material properties of the tread rubber, normal load, inflation pressure, etc. None of these 

parameters play a role in the friction coefficient measured by the slider.  

For these tests, the Kistler sensor has been calibrated when the tire was rotating and in free rolling 

condition on the ice surface. By calibrating the Kistler sensor this way, a significant portion of the 

resistive force has been removed from the measured longitudinal force. While this is desired for 

the traction portion of the study, as the remaining longitudinal force is then representative of the 

tractive force, it affects the accuracy of estimating the total resistive force in free rolling. Thus, to 

obtain the exact value of the tire resistive force, the Kistler sensor should be calibrated when the 

tire is rotating but it is not in contact with the ice surface. Figure 3.40 shows the results for the free 

rolling test of tire B when the rig was calibrated this way. The small variation in the longitudinal 

force during the test could be due to small differences in the ice surface friction and in the applied 

normal load.  

The small values obtained for the resistive force in Figure 3.38 and Figure 3.39 are caused by the 

difference in the ice surface characteristics for different runs. This means that calibrating the 

Kistler system on the ice surface cannot remove all the resistive force from the measured 

longitudinal force. As presented in Figure 3.38 and Figure 3.39, the remained resistive force for 

tire B is higher than tires C and G for all cases of the DOE. Tire C has the second-largest resistive 

force value in all cases studied.  

In addition, as it can be seen from the presented figures, larger friction forces resulted when the 

tire was cooler and also when the applied normal load was higher. More research is still needed to 

fully understand the effects of each parameter separately. 
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a) Measured values 

 

b) Averaged values 

Figure 3.38: a) Longitudinal force (friction force) for tires B, C, and G with 144.8 kPa inflation pressure and 

4 kN normal load in contact with ice at -1°C, the ambient temperature of (10 °C for tires B and C, and  15 °C 

for tire G), and tire temperature of -1 °C; b) Average value of the friction force. 
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Figure 3.39: Average value of the friction force for tires B, C, and G with 193 kPa inflation pressure, 5.6 kN 

normal load in contact with ice at -10 °C, the ambient temperature of 10 °C, and tire temperature of -10 °C  

 

Figure 3.40: Longitudinal force (friction force) for tire B with 193 kPa inflation pressure and 5.6 kN normal 

load in contact with ice at -10 °C, the ambient temperature of 10 °C, and tire temperature of -10 °C. The rig 

was calibrated when the tire was not in contact with the ice surface.   
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3.3.4.5 Results for the braking performance of tires B, C, and G 

In addition to the tests for free rolling, several tests were conducted for the braking performance 

of the tires. Figure 3.41 shows the results for the braking performance of the tire for the system 

calibrated with the tire in contact with the ice.  

Figure 3.41: Results for braking tests for tires B, C, and G with 144.8 kPa inflation pressure and 4 kN normal 

load in contact with ice at -1°C, the ambient temperature of (10 °C for tire B and C and 15 °C for tire G), and 

tire temperature of -1 °C. The rig was calibrated when the tire was in contact with the ice surface.  

Figure 3.42 shows the results for the braking performance of tire B for the system calibrated when 

the tire was not in contact with the ice.   

 

Figure 3.42: Results for braking tests for tire B with 193 kPa inflation pressure and 5.6 kN normal load in 

contact with ice at -10 °C, the ambient temperature of 10 °C, and tire temperature of -10 °C. The rig was 

calibrated when the tire was not in contact with the ice surface.   
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As the longitudinal force of the tire for the braking condition is highly dependent on the applied 

braking force, it is better not to use the magnitude of the maximum resistive force to compare the 

tire performance. However, the general trend can be useful. For example, in all the cases, we have 

a pick value at the beginning of applying the braking force.  

Figure 12 includes two modes of driving: free rolling and braking. The horizontal line at the 

beginning of each graph (values below 200 N) shows the value of the tire friction force in free 

rolling. After that, the sharp increase in the absolute value of the friction force is due to the applied 

braking force. As it can be seen from the free rolling part of the graph, the magnitude of the 

absolute value of the tire B friction force higher than for tire C, which in turn is higher than for tire 

G. This order coincides with the one obtained in section 5.4 for the free-rolling condition. 

3.3.3 Conclusion  

In order to experimentally study the effect of the rubber compound on tire performance on the ice, 

several tests have been conducted for three similar tires but with different material properties of 

the rubber compounds. The tests were conducted for free rolling, braking, and traction conditions 

for different normal loads, inflation pressure, and different ice and tire temperature. The 

comparative results have been presented for all three tires under different test conditions.  

From the presented results, tires at lower temperatures show higher tractive performance. 

Increasing the tire temperature causes a water film on the ice, and thus it decreases the friction 

coefficient. Furthermore, it has been found that the best tractive performance is obtained at higher 

slip ratio values when the tire is warmer. For example, it can be seen that the pick value of the 

longitudinal force for 5.6 kN normal load for tires at -10 °C happened around 5% slip ratio; 

however, the pick value of the longitudinal force for the tires at -5 °C happened around 8% slip 

ratio. The longitudinal force increases until it reaches a maximum value, and then it decreases until 

it almost plateaus to a constant value.  

From the experimental results, the best, under all testing conditions, were obtained for tire B, which 

had the smallest value of the Young modulus and specific heat parameter. The results also show 

that the ranking order for tires B, C, and G is not dependent on the testing conditions. However, 

the results indicated the sensitivity of the magnitude of the tire forces with respect to the tire 
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temperature, as the tire temperature affects the rubber compounds properties. The results for the 

free rolling performance show that tire B has the largest absolute value of the resistive force among 

the tires tested. Tire C has the next largest resistive force. These results show the sensitivity of the 

magnitude of the friction force with respect to the rubber physical and thermal parameters, such as 

Young modulus and specific heat. 

 

Further investigation is required to improve the correlations between rubber compound properties 

and tire performance under traction, braking, and free rolling. The experimental work should also 

be accompanied by computational modeling, which is currently on-going in the TMVS Lab. 
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Chapter 4  

 
 

4 Semi-Analytical Modeling of Tire Performance on 

Ice 

The material properties of the rubber compounds, which are highly dependent on temperature, 

have a vital role in tire behavior. A comprehensive study on the effect of the rubber properties on 

tire performance for different temperatures, as well as different road conditions, is required to 

adequately predict the performance of tires on ice.  

In this section, a theoretical model has been developed for tire-ice interaction. The developed 

model, ATIIM2.0, is a combined and improved version of the previous models TIM, [6] and 

ATIIM [3], from TMVS laboratory at Virginia Tech. The temperature changes obtained from the 

model are used to calculate the height of the water film created by the heat generated due to the 

friction force. Next, the viscous friction coefficient at the contact patch is obtained. By using the 

thermal balance equation at the contact patch, the dry friction is obtained. Knowing the friction 

coefficients for the dry and wet regions, the equivalent friction coefficient is calculated. The model 

has been validated using experimental results for three similar tires with different rubber 

compounds properties. The model developed can be used to predict the temperature changes at the 
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contact patch, the tire friction force, the areas of wet and dry regions, the height of the water film 

for different ice temperatures, different normal loads, etc.  

This section includes seven sub-sections. In Sub-section 4.1, the methodology followed for the 

development of the new tire ïice model (ATIIM2.0) is presented. Sub-section 4.2, the approach 

for improving the TIM has been mentioned. Sub-section 4.3, the input data required by the model, 

has been explained. The results from the simulation are shown in Sub-section 4.4. The developed 

model has been validated in Sub-section 4.5. Some experimental results are presented in this 

section too. Sensitivity analysis on tire performance with respect to material properties of the 

rubber using ATIIM2.0 has been covered in section 4.6. A brief summary of the simulation results 

and the conclusions of the study are discussed in Sub-section 4.7. 

4.1 Model background; previous versions (TIM and ATIIM) 

The original tire-ice model (TIM) was developed by Dr. Anudeep Bhoopalam [6]. This model 

consists of three main modules. Figure 4.1 shows the modular structure of the TIM. As it can be 

seen, the pressure distribution at the contact patch will be predicted by the first module; in the 

second module, the temperature rise at the contact area is calculated. By having the temperature 

rise at the contact patch, the average friction coefficient can be computed by the third module of 

the TIM. In this model, the friction coefficient can be obtained by solving the thermal balance 

equation at the contact patch based on the principle of heat balance, as shown in Figure 4.2. 
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Figure 4.1: Structure of the tireïice model (TIM). [6] 

 

Figure 4.2: Thermal balance equation at the contact patch based on the principle of heat balance. [6] 

In this model, Jaegerôs temperature rise formulation has been used to predict the temperature rise 

at the contact patch: 

Ὕ Ὡὼὴ                      4.1 

 

Where 

‌                                                                                                                            4.2 

 

 Ὧ is the thermal conductivity of the rubber, ὅ is the specific heat of the rubber, ”  is the density 

of the rubber, and Ὕ is the temperature rise at point P(x, y, z) on the tread as a result of a moving 

heat source located at (X, Y, Z) with the magnitude of ὗ [74] [75]. This model has several pros 

and cons. As it will be presented in the results section, TIM is an appropriate model for modeling 
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the friction of the tire on dry ice.  However, as the governing equations do not consider the water 

film generated at the contact patch for different tire maneuvers, such as different slip ratios or 

braking conditions, the results for the wet ice predicted with TIM are not as accurate as the results 

predicted for dry contact. In addition, this model only has three inputs for the material properties 

of the rubber; they are the density, the thermal conductivity, and the specific heat of the rubber. 

Thus, it is not a sufficiently detailed model when one wants to compare tires with different rubber 

compounds.  

To improve the TIM, Dr. Emilio Jimenez [3], [5] added several moduli in order to calculate the 

height of the water film generated at the contact patch, according to the schematics shown in Figure 

4.3. This new model, now called ATIIM, can predict the viscous friction at the contact patch using 

the predicted height of water film.    

 

Figure 4.3: Modular structure of the Advanced Tire-Ice Interface Model. [5] 

In this model, the same approach was used to obtain the temperature changes at the contact patch 

as in the TIM. However, the main objective of the ATIIM was obtaining the viscous friction 
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coefficient at the contact patch. So this model mainly focused on wet traction [5]. 

In this study to investigate the functionality of ATIIM for comparing the performance of the tires 

with different material properties of the tread, this model was used to obtain the viscous friction 

for tires B, C, and G. As it can be seen in ATIIM cannot capture a clear and correct trend for these 

tiresô performances.  

Although the presented results by ATIIM show that this model is an appropriate model to predict 

the viscous friction coefficient in the contact patch for a tire that is in contact with wet ice, this 

model still implements only three of the rubber compoundôs properties of the tire, similar to the 

inputs for the TIM (the density, the thermal conductivity, and the specific heat of the rubber). Thus, 

it still has the same disadvantage as TIM has in predicting the friction coefficient for different tires 

with different rubber compounds. 

  

Figure 4.4: Average viscous friction for tires B, C, and G obtained using the ATIIM. Inflation pressure: 

144.79 kPa, Nominal load: 4 kN, Ice temperature: -1 , Static friction coefficient ~0.1. 

In order to study the effect of rubber compounds on the tire performance on the ice, a model that 

accounts for more physical and material properties was required. In addition, as the contact area 

includes both dry and wet regions, to study the performance of the pneumatic tire on ice, a model 

that is suitable for and can accurately predict both dry and wet friction, must be employed.  
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4.2 Newly developed extension of the TIM 

As mentioned earlier, the original version of the TIM can predict the friction coefficient by solving 

the thermal balance equation at the contact patch. However, as there is no term in this equation to 

consider the effect of the water film created at the contact patch, the precision of this model for 

the wet contact is not as high as for the dry contact. 

In this study, to improve the results obtained for wet traction using the TIM, another term has been 

added to the thermal balance equation, in order to consider the heat absorbed by ice during the 

deformation from solid to liquid, called the latent heat of the ice.  

ή άὒ                                                      4.3 

where ά is the mass of the water created at the contact patch and can be obtained using the height 

of the water film created and the water density. As it will be presented in the results section, despite 

adding the latent heat term to the thermal balance equation to consider the effect of the water film 

and to increase the precision of the model for wet traction, the extension of the TIM still cannot 

predict the friction coefficient for wet traction as accurate as ATIIM2.0 can. That may be due to 

several assumptions that have been considered to solve the thermal balance equations [6]. 

Figure 4.5 shows the average friction coefficient for tires B, C, and G that has been obtained using 

the extension of TIM. As it can be seen, the results are in the acceptable range when compared 

with the experimental results. In addition, as it can be seen from Figure 4.5 that the results obtained 

using the extension of TIM have the correct trend and indicate a decrease in the value of the friction 

coefficient when the wet region started to appear at the contact area, and then the friction 

coefficient increases with an increase in the slip ratio. However, as mentioned earlier, although 

TIM is an appropriate model to obtain the coefficient of friction for a dry region since it doesnôt 

account for enough rubber tread parameters, it cannot capture the performance for wet contact 

accurately. This justifies the need to have another model to obtain the viscous friction when the 

tire is in contact with wet ice. 
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Figure 4.5: Average friction force for tires B, C, and G obtained using the extension of TIM for wet and dry 

regions. Inflation pressure: 144.79 kPa, Nominal load: 4 kN, Ice temperature: -1 , Static friction coefficient 

~0.1. 

4.3 Newly developed ATIIM2.0 

To solve the problems of the prior models, in this study, ATIIM has been improved such that the 

new model, ATIIM2.0, can predict viscous friction for wet regions, dry friction coefficient at dry 

regions, and also combined friction when we have both types of regions, using several additional 

rubber compounds properties, such as Youngôs modulus (E), the radii of spherical asperities of the 

rubber  Ὑ , and the roughness parameter ὰ of the rubber. By doing so, not only a model that is 

appropriate for wet and dry conditions has been developed, but also, as it will be presented in the 

results section, the accuracy of the results has been improved compared with the previous models 

for tires with different rubber compounds.  

 

In order to develop the ATIIM2.0 several sections in the modular structure of the ATIIM have 

been changed. One of the main changes is in the approaches used to obtain the height of the water 

film and the viscous friction. Using the new approaches, the new model (ATIIM2.0) has several 

additional inputs for the rubber thermal and mechanical properties. Considering the fact that the 

height of the water film can also be influenced by the effects of the roughness, in the new model, 

the extension of the thermodynamic equation, which can include the roughness effects, has been 
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implemented. In this approach, a term to consider the squeeze-out phenomena has been added to 

the thermodynamic equation, [45]. 

 

In addition, the extended model has been passed from time-dependent representation to an x-

dependent one, as shown in the equation: 

 

‖
Ȣ

ἂἃ
                                                                           4.4 

 

This equation describes the basic approach to model the viscous friction coefficient of rubber 

sliding on smooth ice. For the ATIIM2.0, this differential equation has been solved to obtain the 

height of the water film and consequently to obtain the viscous friction coefficient. In this equation 

‖ is the roughness parameter in the longitudinal direction of motion, ’ is the sliding velocity, 

ὖ  is the pressure applied on the rubber block, –, ”, ‗, ὅ are the viscosity, density, thermal 

conductivity, and specific heat of the ice, respectively, ὒ is the latent heat of the ice, Ὕ  is the 

melting temperature, Ὕ  is the ice temperature, Ὤὼ is the height of the water film, and ἂὈἃ is the 

average contact diameter obtained using the equation: 

 

ἂὈἃ
Ѝ
ЍὙὰ

Ѝ
          4.5 

 

where Ὑ is the radii of the spherical asperities, ὰ is the roughness parameter of rubber, and ​ᾀ is 

the mean root square gradient. 

To solve the equation dimensionless, the coordinates ‚  and … have been defined: 

‚
ὼ

ὼ
     ὥὲὨ       …

Ὤ

Ὤ
 

Where 

 

Ὤ
ἂἃ
’ Ⱦ                    4.6 
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and  

ὼ
ἂἃ Ⱦ                                                     4.7 

where Ὅ is the so-called melting index:  

 

Ὅ ‖                                              4.8 

Using the dimensionless coordinates, the first-order differential equation 4.3 becomes:  

 

…‚                     4.9 

As there is no explicit analytical solution for this equation, an approximate solution has been used.  

The following equation can be written for the viscous friction coefficient due to the existence of 

the asymptotic height of the water film Ὤ :  

 

‘                        4.10 

As it can be seen, the friction coefficient is dependent on the height of the water film, the pressure 

in the contact patch, the sliding speed, and also the parameter ‖ that is dependent on the modulus 

of elasticity E and the mean root square gradient ​ᾀ , ‖ is also known as the relative real contact 

area and can be obtained by: 

 

‖ ρ Ὡ Ȣ ᶻ                                4.11 

where Ὁᶻ is the modulus of elasticity. 

‖ ‖‖                      4.12 

where ‖ and ‖ are the roughness parameters in longitudinal and lateral directions, respectively. 

By solving the equation using an approximate solution method, the friction coefficient can be 

obtained: 

 

‘ Ὅ Ὅ Ὅ                    4.13 

Where 
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‚                      4.14 

and a is the length of the rubber blocks. For the first term of this equation (Ὅ  we have: 

 

Ὅ                        4.15 

… π Ὢ Ḻρ                    4.16 

 

where the unknown factor f has been chosen, such that π Ὢ ρȢ Ὤ  is the so-called quasi-

liquid water layer that is created as a result of ice surface exposure to the environment even if the 

temperature is below the melting temperature Tm. 

 

Ὤ ὲά στςρȢὰέὫ Ὕ Ὕ                  4.17 

ό  is depend on the melting index and can be obtained using the following equation:  

 

ό                                                 4.18 

For the second and third term in equation 4.12, we can write: 

 

Ὅ ρ ό … π         4.19 

       

Ὅ ὰὲ ὥὶὧὸὥὲ…
… …
… …         4.20 

 

where: 

 

… ρ ό Ⱦ                                   4.21 

 

As described, by changing the approach, [45], to obtain the water film and the viscous friction 

coefficient in ATIIM2.0, rubber parameters have been incorporated into the model. These 

parameters are E (Youngôs Modulus), ​ᾀ, which is the mean root square gradient, and ὰ (the 

roughness parameter of rubber). In this study, as there was not enough information for the 
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roughness parameters of the tread of the tires used in the experimental part of this research, the 

constant values of  ​ᾀ πȢσυ and ὰ φȢυ ‘ά have been used for all three tires. 

After finding the viscous friction for the wet area, the dry friction in the dry area has been 

calculated. The principle of thermal balance is employed here in order to compute the average 

friction coefficient in the tire contact patch for the dry regions. Based on the previous work [55], 

the heat generated in the contact patch due to the frictional mechanism at the tireïice interface is 

divided into three parts. The first part is conducted through the ice surface, the second part is 

conducted through the tire tread, and the remaining heat diffuses through the water film if present. 

In the case of dry friction, as the contact patch is completely dry, the heat conducted through the 

water film is zero. 

 

ή ‘ ὴ ὠὛὃ           4.22 

ή Ὕ                                 4.23 

ή Ὕ                      4.24 

ή ή ή                 4.25 

 

Equation 4.21 represents the heat generated at the contact patch based on the average pressure at 

the contact patch [6]. The values of the static coefficient of friction, slip ratio, and longitudinal 

velocity was obtained from the experimental study. The pressure value in equation 4.21 was 

obtained from the experimentally-obtained pressure maps. 

The heat conducted through the ice surface and through the tread is represented by equation 4.22 

and 4.23. The depth of penetration was initially estimated in order to compute the average friction; 

the depth value was further modified to match the friction from the simulation and from the indoor 

test program. 

The temperature rise (Ὕ) is obtained from the temperature rise simulations for dry regions, and 

then it is plugged into equation 4.22 and 4.23. The heat balance at the dry contact patch area is 

represented by equation 4.24, with the only unknown being the average friction coefficient at the 

contact patch. 
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After finding the values of the dry friction coefficient and of the viscous friction coefficient, the 

total friction, which is a combination of the friction values for wet and dry regions, is obtained 

using the percentages of the contribution of each type of friction. To obtain this value, the ratio of 

wet region area to the total area of the contact patch has been obtained using ATIIM2.0. Next, the 

average value of the total friction coefficient has been obtained using the following equation: 

 

‘ ὴὩὶὧȢ‘ ρ ὴὩὶὧȢ‘                                4.26 

 

where  

 

ὴὩὶὧ
    

     
                     4.27 

 

In summary, the pressure distribution at the contact area was used to find the temperature rise. 

After that, the temperature rise at the contact patch was used to predict the height of the water film 

and to find the wet and dry regions within the contact area. By having the height of the water film, 

the viscous friction coefficient was calculated. The dry friction coefficient was found by having 

the temperature rise at the dry regions. Finally, by using the developed approach, the equivalent 

friction coefficient was obtained.   

4.4 Tire-ice models comparison  

In this section three tire-ice models developed at TMVS is compared. Table 5 shows some 

of the key differences of TIM, ATIIM, and ATIIM2.0.  

The first difference is related to the nature of friction coefficient was obtained by each model. 

TIM primary focuses on obtaining the dry friction coefficient; ATIIM primary focuses on 

viscous friction coefficient; however, ATIIM2.0 can obtain both viscous and dry friction 

coefficient and also it can calculate the equivalent friction coefficient by calculating the areas 

of wet and dry regions.  
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ATIIM and ATIIM2.0 used a different approach (physics-based equations) to predict the 

height of water film and friction coefficient. In general, ATIIM2.0 can calculate the height 

of water film caused by the contact of the tire with ice, the heat generated as a result of 

frictional work, and the squeeze out phenomena. However, ATIIM did not consider the 

squeeze out effect. Involving the squeeze out effects within the equation results in having 

more material parameters of the tread rubber compounds within the structure of ATIIM2.0, 

by which TIM and ATIIM only have density, thermal conductivity, and specific heat in their 

structures, but ATIIM2.0 has 3 more parameters, including Young modulus, roughness 

parameter of rubber, mean root square gradient. Past studies show that, these parameters, 

specifically Young modulus, play important roles in the tire-road friction. It was shown that 

to develop a model that can be used for comparing the performance of different tires, it is 

needed to incorporate more material properties in the modelôs structure.  

TIM can find the dry friction coefficient for traction mode of tire-ice contact, however, both 

ATIIM and ATIIM2.0 can obtain friction coefficient for both traction and braking modes.  

Real contact area was not considered as an input parameter for TIM, and it was assumed to 

be a constant value of 0.8 in the ATIIM structure. However, ATIIM2.0 has a term to consider 

the real contact based of the roughness parameters of the rubber.  

In addition, in both TIM and ATIIM, the average values for pressure and temperature were 

used to calculate the friction coefficient distribution at the contact patch, however ATIIM2.0 

uses the local values of pressure and temperature to obtain the friction coefficient.  

Among these three models only ATIIM2.0 has the graphical user interface developed by 

Matlab. This helped using the ATIMM2.0 more easier than two other models, by which users 

can easily input the values of rubber material properties and get the output for friction 

coefficient, the height of water film, so on. 

The last but not least, TIM was validated using two tires; ATIIM was validated using three 

tires with estimated values for material properties, however, ATIIM2.0 was validated using 

12 tires. The information regarding the material properties of tread rubber compound of these 

tires were sent by company to our group.  

Besides these major differences, there are few modifications at ATTIM2.0, such that the 

ATIIM was developed to use pressure distribution data provided by Hancook company which 

collected by applying torque to mimic the tireïice slip; this approach is less precise than our 
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measurement for tire-ice distribution for different slip and has been proven to be only valid 

in a low slip region. In order to have a tire-ice model that can be validated using data 

collected in our laboratory, several sections of the model were changed to have a model that 

is compatible with our in-house pressure distribution measurement system. The current 

model requires information for the dimensions of the pressure pad.  

 

Table 5: Tire-ice models comparison 

 TIM  ATIIM  ATIIM2.0  

Dry friction 

coefficient 
V              - V   

Viscous 

friction 

coefficient 

- V   V   

Equivalent 

friction 

coefficient 

- - V   

Rubber 
material 

parameters 

incorporates 

× Density         
× Thermal 

conductivity  
× Specific heat  

× Density         
× Thermal 

conductivity  
× Specific heat  

× Density         
× Thermal 

conductivity  
× Specific heat  
× Young modulus 
× Roughness 

parameter of 

rubber 
× Mean rout 

square gradient 

Driving 

condition 
Traction Braking and Traction Braking and Traction 

Squeeze-out 

term 
- - V   

Real contact 

area 
- - V   

Local pressure 

to obtain 

viscous 

friction 

- - V   

Local 

temperature to 

obtain dry 
friction 

- - V   

GUI  - - V   

Validation Two tires 3 tires-estimated values 12 tires with six different rubber 

compound by having exact 

values for material properties  
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4.5 ATIIM2.0 parametrization  

In general, as it is shown in Figure 4.6, ATIIM2.0 required four sets of input: parameters related 

to the rubber material properties, those related to the ice and water characteristics, operational 

parameters, and inputs regarding pressure distribution data. The input parameters from the Tekscan 

system are the pressure map dimensions and specifications, and pressure distribution data at the 

contact patch, that was collected by the experimental approach for each tire at different slip ratios.  

 

Figure 4.6: Inputs and outputs of the ATIIM 2.0 
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4.5.1 Data related to material properties of the tread section of the tire 

The first input data category is related to the material properties of the tire and includes the 

density (ɟ), the thermal conductivity (k), the specific heat (Cp), Youngôs modulus (E), the radii of 

spherical asperities of the rubber Ὑ, and the roughness parameter ὰ  of the rubber. 

For the rubber parameters, specific heat values, Youngôs modulus, thermal conductivity, and 

density were given by the tire manufacturer company for different temperatures. The roughness 

parameters ​ᾀ and ὰ were taken from (Wiese et al., 2012). Table 6 shows the rubber inputs values 

for tires B, C, and G at -1 . According to this data, tire B has the lowest value of both Youngôs 

modulus and specific heat. Tire C has the second-lowest values of these parameters. The density 

of the rubber tread section of the tires B, C, and G are given as 1,103 kg/m3, 1,094 kg/m3, and 

1,137 kg/m3, respectively. 

Table 6: Material properties of tire B, C, and G 

 Tire B Tire C Tire G 

╒╣: Specific heat (J/kg K) 1.871*103 2.126*103 2.242*103 

E : Youngôs Modulus (MPa) 3.3783 4.1909 6.1419 

ɟ: Density (kg/m3) 1103 1094 1137 

 l : Roughness parameter (ɛm) 6.5 6.5 6.5 

K : Thermal conductivity (W/mK) 0.3 0.3 0.3 

zɳ : The mean root square gradient 0.35 0.35 0.35 
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4.5.2 The pressure distribution at the contact patch 

The pressure distribution data at the contact area was collected using a TekScan Pressure Pad 

3150 (Tekscan, Inc., South Boston, Mass.). The inputs were used from Tekscan system are the 

pressure distribution data in the contact area and the pressure mat dimensions. The distance 

between each pixel of the pressure mat is 8.4 mm. The pressure Pad was attached to a wooden 

platform with the metal U-channels to secure the pad in place. A thin protective film was attached 

to the top surface of the pressure pad. Thus the surface beneath the TekScan was a smooth rigid 

surface (Figure 4.7). 

 

Figure 4.7:Tekscan pressure pad mounting 

For the calibration of the pressure pad, an equilibrator shown in Figure 4.8 was used to apply a 

uniform known load. The pressure pad was placed into the equilibrator. The equilibrator applies 

a uniform pressure load using an air compressor.   
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Figure 4.8: Tekscan R equilibrator for the pressure pad (Tekscan, Inc., South Boston, Mass). 

After calibration, the desired normal load and slip ratio (ISTVS Standards, 1977) were applied 

on the tire. Several tests were conducted at TMVS for the desired conditions to collect the required 

data for all three tires B, C, and G, in free-rolling, traction (with a slip ratio from 2% to 15%), and 

braking conditions while the tire was on the pressure pad. The protective film placed on the 

pressure pad helped in protecting the pad for testing under different slip ratios.  Figure 4.9 shows 

the pressure distribution for tire B at 4% (a) and 15% (b) slip ratios. 

     

a)  4% slip ratio                                                    b) 15% slip ratio 

Figure 4.9: Pressure distribution (kPa) for tire B at 4% (a), and 15% (b) slip ratios. The left-right direction 

here is the longitudinal direction of the tire.  
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4.5.3 Data related to operational parameters 

The operational values were taken from the conditions for the experimental part of this study. 

The normal load was 4 kN, and the longitudinal speed was 0.06 m/s, which is equal to the linear 

speed of the Terramechanic Rig at TMVS. The static friction coefficient was equal to 0.1, 

measured before conducting the test using a slider friction tester. The slip ratio was changed from 

(2% to 15%).  

4.5.4 Data related to Ice and water parameters 

Ice and water parameters were found at a temperature of -1 . The viscosity of the water is 

1.787*10-3, the latent heat value is 333 kJ/kg, the specific heat of the ice is 2.027 kJ/kg K, and the 

thermal conductivity of the ice is 2.22 W/m K.  

4.6 Simulation results 

In this section, the simulation results obtained using ATIIM2.0 for the study of the effect of 

rubber compounds on tire performance on ice are presented. Using the ATIIM2.0 and also using 

the material and thermal parameters of the tread compound, one can obtain the viscous, dry, and 

total friction coefficient in the contact patch. We conducted such simulations for all the tires used 

in this study. The results obtained for tire B and C will be presented first. Next, the results obtained 

for all three tires will be compared.  

4.6.1  Simulation results for traction for tire B 

In this section, to show the ATIIM2.0 capabilities, one sample result from each type of possible 

model output is presented.  
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ATIIM2.0 is able to predict the distribution of the height of the water film created at the contact 

patch, temperature change distribution, pressure distribution, wet and dry regions at the contact 

area, viscous friction distribution, area of the contact patch, area of the wet region, and also the 

average values for dry, viscous, and total friction coefficient, for different tire-ice conditions, such 

as traction and braking, different ice temperature, and different normal loads.  

Figure 4.10 shows the simulation results for viscous, dry, and total friction of tire B when it is in 

contact with -1 C̄ ice for a normal load of 4 kN for the slip ratio of 2%, 4%, 8%, 10%, 12%, and 

15%. As it can be seen, the value of the viscous friction is increasing by increasing the slip ratio. 

This matches with the results obtained by previous studies [6], [54]. The increase in the values of 

the viscous friction is higher in the lower slip ratios range and it tends to a constant value for higher 

slip ratios.   

The simulation results also show that the dry friction reaches its maximum value at slip ratios 

around 10%. The black line in the graph shows the total friction coefficient for both regions.  

 

Figure 4.10: Simulation results for viscous, dry and total friction of tire B 

In addition to the information regarding the friction coefficient, ATIIM2.0 is able to provide more 

data at the contact patch. Figure 4.11 to Figure 4.20 shows several sample results for pressure 

distribution, temperature changes, the height of water film, the viscous friction coefficient 

distribution, and the wet and dry regions at the contact area for tire B with 4% and 10% slip ratio. 
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Figure 4.11: Pressure distribution (Pa) in the contact patch for tire B with 4% slip ratio modeled by 

ATIIM2.0  

 

Figure 4.12: Pressure distribution (Pa) in the contact patch for tire B with 10% slip ratio modeled by 

ATIIM2.0  

By looking at the pressure distribution in the contact patch, the larger value of pressure at the 

leading edge can be observed. By increasing the slip ratio, the increase in the pressure distribution 

in the leading edge is more visible.    
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Figure 4.13: Temperature rise in the contact patch for tire B with 4% slip ratio modeled by ATIIM 2.0 

 

Figure 4.14: Temperature rise in the contact patch for tire B with 10% slip ratio modeled by ATIIM 2. 

As it can be seen, there is a general increase in the temperature rise from the leading edge to the 

trailing edge. This is due to the fact that when the tire is rolling, from the leading edge to the 

trailing edge, each block of rubber will be a heat source for the next block. By comparing the 

results for temperature rise for two different slip ratios, one can say that in general, an increasing 

trend can be observed in the temperature rise with the slip ratio increase. 

Direction of the motion 

Direction of the motion 
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Figure 4.15: Height of the water film (mm) obtained for tire B with 4% slip ratio modeled by ATIIM 2.0 

 

Figure 4.16: Height of the water film (mm) obtained for tire B with 10% slip ratio modeled by ATIIM 2.0 

As it can be seen from Figure 4.15 and Figure 4.16, there is a higher height of water film in the 

trailing edge of the tire. These results were expected and agreed with the results for the temperature 

change at the contact patch. There is more water generated when the temperature is higher. By 

comparing the results for two different slip ratios, one can say that the height of water film 

generated increases with an increase in the slip ratio.  
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Figure 4.17: Viscous friction coefficient distribution in the contact patch for tire B with 4% slip ratio modeled 

by ATIIM2.0  

 

Figure 4.18: Viscous friction coefficient distribution in the contact patch for tire B with 10% slip ratio 

modeled by ATIIM2.0 

Figure 4.17 and Figure 4.18 show the viscous friction distribution in the contact patch. Similar to 

the results for the height of the water film, the value of the viscous friction coefficient is lower in 

the leading edge of the tire. Although considering the Eq 11 our initial expectation could have been 

higher values of friction for lower values of the water film height, due to the fact that in the leading 

edge the pressure is higher than in the trailing edge and the differences in the pressure values is 

larger than the differences in the water film height, the general trend is an increase in the value of 

the viscous friction force from the leading edge to the trailing edge. In other words, the difference 
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in the value of the pressure negates the effect of the water film height. However, as the wet area 

increases from the leading edge to the trailing edge, the total friction coefficient decreases. 

For two different slip ratios, again, the expectation is to obtain a lower viscous friction coefficient 

with an increase in the slip ratio as the height of water film will increase. However, according to 

Eq, since the sliding velocity appears in the numerator, by increasing the slip ratio, higher values 

of viscous friction are in fact obtained.  

 

Figure 4.19: Wet and dry regions in the contact patch for tire B with 4% slip ratio modeled by ATIIM 2.0 

 

Figure 4.20: Wet and dry regions in the contact patch for tire B with 10% slip ratio modeled by ATIIM 2.0 

Direction of the motion 

Direction of the motion 

Wet region 

Dry region  

Wet region 

Dry region 



112 

 

The blue sections in Figure 4.19 and Figure 4.20 show the wet area in the contact patch. As it can 

be seen, there is a larger wet area when the slip ratio increases.  

4.6.2 Simulation results for traction for tire C 

Material properties of tire C have been used as inputs into ATIIM2.0. In addition, data collected 

experimentally using a Tekscan Pressure Pad 3150 for the pressure distribution in the contact area 

has been employed to calculate the temperature changes in the contact area. Figure 4.21 presents 

the results for viscous, dry, and total friction coefficients obtained using ATIIM2.0 for tire C for 

different slip ratios (2%, 4%, 8%, 10%, 12%, and 15%) with an inflation pressure of 21 psi and 

applied normal load of 4 kN.  

As it can be seen from Figure 4.21, the friction coefficient of the wet region (viscous friction) has 

an increasing trend with the change in the slip ratio from 0% to 15%. This result confirms the 

results presented by other studies [54].  As expected, dry friction coefficients have higher values 

than total and viscous friction coefficients. The total (or equivalent) friction coefficient has a 

decreasing trend for lower slip ratios (s<8%) and will remain almost constant (with small 

fluctuations) for higher slip ratios.  

By increasing the slip ratio, although the magnitude of the viscous friction coefficient increases 

there is a general decreasing trend for the total friction coefficient. The reason for this phenomenon 

is that by increasing the slip ratio, the area of the wet region also increases. By increasing the area 

of the wet region, the viscous friction contributes more to the value of the total friction and this 

causes a decline in the value of the total friction coefficient. 
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Figure 4.21: Simulation results for tire C for dry, viscous, and total friction coefficient 

Figure 4.22 to Figure 4.26 show results for temperature changes, the height of water film, the wet 

and dry regions, the pressure distribution, and the distribution of the viscous friction coefficient 

for tire C with 8% slip ratio, as predicted by ATIIM2.0.  

 

Figure 4.22: Pressure distribution (Pa) at the contact area modeled by ATIIM2.0 for tire C at 8% slip ratio 
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Figure 4.23: Temperature rise at the contact area modeled by ATIIM2.0 for tire C at 8% slip ratio 

Similar to the data for the pressure distribution, a general increasing trend from the leading edge 

to the trailing edge can be observed for the temperature rise in the contact area.  

 

Figure 4.24: Height of the water film (h) at the contact area modeled by ATIIM2.0 for tire C at 8% slip ratio 

As expected, by increasing the temperature rise at the tire-ice contact patch, the height of the water 

film generated increases. 
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