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Abstract 
The friction of road surface covered by snow or ice is very low and that re-
sults in reducing vehicle traction forces and potential traffic accidents. In 
general, to establish a master curve on a rubber-ice friction model is difficult 
because the ice surface, being not far removed from its melting point, reacts 
itself very sensitively to pressure, speed, and temperature changes. In this pa-
per, an acceptable frictional interaction model was implemented to finite 
element method to rationally examine the frictional interaction behavior on 
ice between the tire and the road surface. The formula of friction characteris-
tic according to temperature and sliding velocity on the ice surface was ap-
plied for tire traction analysis. Numerical results were verified by comparing 
the outdoor test data and it was confirmed to indicate similar correlation. It is 
found that the rubber-ice friction model will be useful for the improvement 
of the ice traction performance of tire.  
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1. Introduction 

Tire is the only component of vehicle that contacts road surface and force- 
transmitting. The interaction between the road surface and the tire during ve-
hicle driving directly affected the wear and friction, and is a main factor to en-
sure driving performance and stability. However, the relation between wear and 
friction phenomenon couldn’t define simple rule due to the complexity of vari-
ous mechanism. For example, the rubber wear is very high at low temperature, 
e.g. T = −50˚C, and it decreases by the increase of temperature until a minimum 
value is reached below 0˚C [1] [2]. Conversely, in the same range of tempera-
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tures, the rubber friction initially increases with the increase of temperature and 
then decreases with the rise of temperature. The lower friction reduces vehicle 
traction forces and can be a cause of potential traffic accidents. Especially, the 
driving stability is not controlled because of ice and snow on the road in winter. 
Therefore, when developing a winter tire, it is important to predict the perfor-
mance depending on operating and the environment conditions such as ice and 
snow road.  

Many approaches of tire performance on ice surface were performed by expe-
rimental method. Shimizu et al. [3] [4] conducted similar study that the varia-
tion in longitudinal friction coefficient with crystals and texture shape of ice 
surface uses indoor drum type instrument. A salt and impurity also had an effect 
on the friction of the resulting ice surface. Skouvaklis et al. [5] implemented the 
experimental test that water with higher salt and impurity content exhibits lower 
friction coefficients with a decrease of around 15% at low temperatures. At tem-
peratures close to 0˚C, a lesser percentage decrease was observed. Many re-
searchers [6] [7] [8] [9] [10] observed a very significant variation in braking 
performance on ice, even when maintaining consistent weather conditions dur-
ing testing; the variation in traction levels were observed with change in local 
surface texture of ice. Other ice parameters that affect the available friction levels 
are age of the ice track and the surface temperature. The effect of ice surface 
temperature on the friction coefficient was studied by Roberts [11]. Macnabb et 
al. [12] and Navin et al. [13] formulated a relation to predict the friction coeffi-
cient considering the vehicle speed and stopping distance based on the outdoor 
tests conducted on different vehicles. Friction coefficient estimation based on 
ambient temperature and aggregate application winter abrasive applied on roads 
was conducted through a model developed by Hunter [14]. Giessler et al. [15] 
and Bhoopalam and Sandu [16] conducted comprehensive study on the main 
parameters affecting the traction performance between tire and ice surface. 
These factors are similar to the literature described above and could be grouped 
into three broad areas, namely; ambient conditions and the ice conditions, tire 
specifications, vehicle specifications and vehicle type. Peng et al. [17] created a 
tire traction model of ice based on theory of thermal balance and theory of fric-
tion melting taking into effect factors. These models considered length of the 
contact patch, average contact pressure, thermal conductivity, thermal diffusivity 
and temperature of ice. 

Tire traction is used to measure the ability of a tire to perform on ice surface. 
Traction can vary depending on a tire’s tread patterns and compounds. In gen-
eral, it is difficult to predict the performance considering the complex pheno-
mena by experimental test, because the tire behavior on the icy road has many 
variables. Therefore, this study focused on the development of application me-
thod for predicting tire traction performance on ice surface according to the 
temperature and the sliding velocity change using Finite Element Analysis 
(FEA). The polynomial formula of friction characteristics on ice surface is ap-
plied for tire traction analysis. The 3D pattern tire model is used for FEA and the 
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result of friction coefficient (μ-peak) compared with outdoor test results. 

2. Test of Ice Traction  
2.1. Mechanism of Water Film Occurrence on Ice Surface 

Many researchers have shown that to establish mechanism on ice is difficult be-
cause its reacts itself very sensitively to pressure, speed and temperature change 
[15] [16] [18]. Figure 1 shows some example, the friction coefficient of different 
velocity as a function of the ice surface temperature at a same polymer. Near 
melting point of the ice the friction is low value, obviously some melting in the 
contact area has lubricated the road. The phenomenon which the thin water film 
occurs between tire and ice becomes the reason that the friction force is low. 
And there is no doubt that temperature and velocity could be major factors. The 
mechanism of the water film occurrence on ice surface road is shown in Figure 
2. First, when the tire comes into contact with the ice surface and that generates 
heat. The heat transmitted to the ice surface and a thin water film occurs on the 
surface. As a result, the friction coefficient between the tire and the ice surface is 
reduced.  
 

 
Figure 1. Friction coefficient of different velocity 
depending on different temperatures [18]. 

 

 
Figure 2. Mechanism of water film generation & temperature variations on Ice surface. 

https://doi.org/10.4236/ojapps.2018.811040


H. C. Jung et al. 
 

 

DOI: 10.4236/ojapps.2018.811040 498 Open Journal of Applied Sciences 
 

2.2. Outdoor Test of Tire Traction on Ice 

When the most of literatures conduct the field test on ice surface, they refer in-
ternational regulation such as ASTM-1572 [19], ASTM-1805 [20] and SAE-J1466 
[21]. Those regulations are for evaluating the tire performance on snow and ice 
surface by objective testing of accelerating and braking. The test conditions such 
as vehicle speed, load, etc. are clearly specified, and the treaded Standard Refer-
ence Test Tire (SRTT) is used as the control tire. The control tire C runs every 
third condition, to follow sequence of Test1-Test2-C-Test3-Test4-C. The field 
test in this study follows the regulation in company which is based on SAE-J1466 
[21]. This test method is for the tires of passenger, recreational vehicle and light 
truck. Test equipment can be measured velocity, checking time, acceleration and 
distance with Global Positioning System (GPS). The tire is mounted on the 
proper wheel which specified in Test Requirement & Analysis (TR & A) and the 
internal air pressure is given by regular pressure of test vehicle. The objective of 
ice braking distance is to check the stop distance of the vehicles on ice surface, 
when the vehicle fully brakes during driving at a speed of 30 km/h. Maximum 
tire in test procedure is 3 set; as follow C-Test1-Test2-Test3-C. In case of unsta-
ble test condition, test version can be changed 2 or 1 set. The shorter result of the 
stopping distance is better on braking performance. And ice acceleration test is 
to check the acceleration performance of the tire on the ice surface, when full 
throttle at the stop state. The vehicle accelerates according the test method until 
test speed at 30 km/h and stops the vehicle after complete test. Test procedure is 
same with the stopping distance test. The shorter result of the test time is better 
on traction performance. All result of acceleration and stop distance takes the 
average more than 5 data, when standard deviation of the test data is within 0.8. 
The ice surface and test environment is shown in Figure 3. 
 

   
(a)                                      (b) 

Figure 3. Snow and ice surface for acceleration and braking distance test. (a) Snow surface; 
(b) Ice surface. 
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3. Tire Traction Analysis 
3.1. Finite Element Modeling of a Tire 

Different sections of a typical radial passenger car tire are shown in Figure 4. 
The main parts of the pneumatic tire are carcass, belt, sidewalls, beads, and 
tread. The carcass is made of layers of rubberized fabric that gives the strength 
and flexibility of tires. The steel belts are located between tread and carcass 
which reduces exterior impact as well as allows driving safely by keeping tread 
dimension wide. Covering the carcass and belts are sidewalls and tread of chem-
ically treated rubber. The sidewalls form the outer walls of the tire. Embedded in 
the two inner edges of the tire are beads that hold the tire to the wheel. The un-
derside of the tire body, inner liner, is coated with butyl rubber to keep the air 
from escaping. The under tread which set in among capply, belt and tread 
should be formed a low heat generation rubber compound to prevent the sepa-
ration by bending and extension of tire. A great portion of the tire structure 
consists of vulcanized rubber. The rubber has a nonlinear and incompressible 
behavior towards loading which is independent of the strain rate. The nonlinear 
elastic material response is formulated by a strain energy density function ac-
counting for large strain components. The strain energy density function is de-
fined according to the Mooney-Rivlin material model; 

( ) ( ) ( ) ( )
2

2
1 2 3 1 2 32

3

1, , 3 3 1 1W I I I A I B I C D I
I

 
= − + − + − + − 

 
     (1) 

where the constants A and B, and Poisson’s ratio ν are the input parameters for 
the model determined from experiment. In the derivation of the constants C and 
D incompressibility is assumed as 0.5C A B= +  and  

( ) ( ){ } ( )5 2 11 5 2 1 2D A Bν ν ν= − + − − . iI  is the strain invariant in terms of 
the principal stretches which defined as; i j ijx Xδ δ λ= . Where ixδ  and jXδ  
are the coordinates of the deformed and the original geometry respectively [22]. 
Cords inside carcass ply and belts are usually modelled by shell or membrane 
element. These elements are constrained to remain in the same parametric posi-
tions within the solid elements using the special feature based on the penalty 
method. Figure 5 shows a two dimensional finite element model of the tire,  
 

 
Figure 4. The structure of typical pneumatic tire. 
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Figure 5. The 2D section drawing and finite element model of the tire. 
 
where its components can be distinguished. Each cord layers have a different 
width and are situated at a different angle with respect to each other within the 
tire structure.  

3.2. Friction Model of Ice Surface 

Once the tire structure and material properties are modeled and implemented, 
the interface between the tire and the ice surface should be established. The con-
tact of tire and road complicates the finite element model, since contact and fric-
tion problems are highly nonlinear and must reflect the characteristics of Ice. 
Generally, when applying friction between the tire and the road, a static friction 
coefficient sµ  and dynamic friction coefficient kµ  is applied which are based 
on a Coulomb formula [22]; 

( )e
k s kµ µ µ µ= + −                        (2) 

where an exponential interpolation function, e, smooths the transition between 
the dynamic and static friction coefficient. In some case, the friction coefficient 
test value can input according to each pressure and sliding velocity. However, 
those methods couldn’t reflect various changes of ice state which friction coeffi-
cient changes depending on temperature or sliding velocity. In this study, User 
Defined Subroutine (UDS) is considered to apply various changes of friction 
coefficient. The process of enabling UDS needs to create the desired implemen-
tation in the form of dynamic-link libraries [22]. The friction characteristics of 
the ice surface are derived from literature [3]. The changes of friction coefficient 
according to the temperature and sliding velocity are shown in Figure 6, and it 
is converted into a polynomial friction formula for the analysis.  

( ) 3 2t at bt ct dµ = − − +                     (3) 

( ) nv mvµ =                           (4) 

where the constants a, b, c and d are the input parameters for the friction  
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Figure 6. Rubber-ice friction model (a) Temperature; (b) Sliding velocity. 
 
coefficient according to the temperature variation t. And Equation (4) is the 
formula of the friction coefficient according to the sliding velocity variation, v. 
And, m is the input parameters for the friction coefficient determined from ex-
periment and n is an exponential interpolation function.   

3.3. Analysis Procedure 

To analyze ice traction performance 3D axisymmetric model is generated for tire 
structures every 2 degrees without tread component due to tire rotation. A 3D 
periodic tread pattern composed a number of uniform sectors and combine with 
3D structure model. The road which constitutes the friction surface is modeled 
as flat and rigid in the finite element simulations. The specific process for analy-
sis follows as shown in Figure 7. 
 Step 1: 2D & 3D Structure and Pattern Mesh 

2D meshes for tread pattern and tire structures are separately created based on 
2D drawings. The symmetric model is used to revolve the 2D axisymmetric 
cross-section into a partial three-dimensional model. And then 3D tread models 
are generated from 2D meshes by the in-house program. Finally, 3D finite ele-
ment model for traction performance prediction is completed by combing both 
3D meshes. 
 Step 2: Rim Mounting and Inflation 

To implement tire seating phenomenon in the rim, mounting and inflation 
processes are carried out using a 3D axisymmetric model. The beads located on 
both sided move to fixed rim, and put the pressure inside the tire to fully seat it. 
 Step 3: Loading and Rotating 

The tire receives the proper load from vehicle and supports the road surface. 
The load is given in the vertical direction at the tire center. After loading, the tire 
rotates the road surface until it reaches a predetermined speed. 
 Step 4: Result Acquisition 

When an enforcement slip is applied to a rotating tire that has reached a con-
stant speed, a force, xf , is generated in the tire forward direction. Also, when 
the loading vertically from the road surface is zf , the friction coefficient µ  
can be expressed as x zf fµ = . To compare with result of experimental test, µ
peak value is obtained from result of simulation. 
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Figure 7. Specific process for finite element analysis of tire traction. 

4. Numerical Result 
4.1. Validation of Finite Element Analysis 

In order to validate FEA-based rubber-ice friction model, the simulation of ice 
traction is conducted according to temperature change which is considered to be 
a major factor in the ice test environment. The reason for selecting temperature 
as the main factor is the experimental research by Roberts [10]. He studied the 
effect of ice surface temperature on the friction coefficient. High friction coeffi-
cient is observed on cold ice with temperature less than −10˚C. However, at 
temperatures close to 0˚C, the water film drastically reduces the frictional force. 
In this study, the analysis temperatures are −3˚C, −5˚C, −10˚C and −15˚C, and 
the same boundary condition is applied for each simulation such as inner pres-
sure, load and sliding velocity. The analytical results are shown in Figure 8; the 
result has been confirmed similar tendency with the literature which friction 
coefficient has lower value at the melting temperature. In other words, the result 
of the analysis is similar to the polynomial friction model tendency, and it is 
confirmed that the UDS is applied correctly in the simulation. 

4.2. Numerical Result of Tire Traction Analysis 

In order to measure the ice traction performance of tire, the tire with a size 
205/55 R16 is used in experimental test and simulation. The tire has winter pat-
tern shape which is pattern blocks with many sipe and flexible tread compound, 
as shown in Figure 9. The softer compound is able to interlock with the road 
surface and also improving grip and handling in cold temperature. Many sipe 
bites into the snow, slush and ice, providing optimal grip with the winter road. 
Each version has different compound of pattern tread and under tread, as shown 
in Table 1. The experimental test is conducted near Heihe city in China. Air 
temperature is maintained −9˚C to −11˚C and the internal air pressure is given 
by 30 psi. The transient rolling simulations are performed by commercial finite 
element software Nastran Sol700. In order to maintain similar environment and 
boundary conditions, the internal pressure injected 30 psi. The initial tempera-
ture and vertical load are given −10˚C and 450 kgf. In the experimental test, the 
shorter result of the test time is better on acceleration performance, as described 
in Section 2.2. In the simulation, the friction coefficient is acquired as a result, 
and high value is better. The results of experimental test and simulation are 
compared as shown in Figure 10. Although there is a slight difference between  
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Figure 8. The result of ice traction simulation according to temperature change. 

 

 
Figure 9. Tire model and winter pattern shape with many sipe. 

 

 
Figure 10. Tire traction performance of experimental test and simulation. 

 
Table 1. Specific version for ice traction test and simulation. 

Test Version 
Compound Result 

Pattern Tread Under Tread Experimental Test [sec] Simulation [μ] 

Tire 1 MAT A MAT C 6.58 0.894 

Tire 2 MAT A MAT D 6.68 0.867 

Tire 3 MAT B MAT C 7.61 0.712 

Tire 4 MAT B MAT D 7.39 0.683 
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experimental test and simulation due to explicit analysis, the results show that 
the effect of pattern tread compound is much bigger. Tire 1 and Tire 2 with 
MAT A as a pattern tread compound have better performance and Tire 1 is the 
best version for both of the experiment and simulation.  

5. Conclusion 

A numerical method for predicting the tire traction on ice surface has been in-
troduced in this paper to reduce time and cost that is required for outdoor test of 
a tire at the pattern design stage. A rubber-ice friction model described in this 
paper is derived based on the laboratory testing [17]. The friction characteristics 
of ice surface are applied to the finite element analysis with temperature and ve-
locity changes. The simulation of tire traction performance on ice is imple-
mented by transient dynamic rolling analysis of the 3D patterned tire model. 
And also outdoor test is conducted to verify the numerical results. It is found 
that the tread compound is more influential than under tread compound and the 
both of experiment and simulation results have shown similar tendency. There-
fore, the tire traction performance on ice surface could be predicted by the fric-
tion characteristics according to temperature and sliding velocity changes. In 
order to obtain more accurate analysis results, it is expected that the develop-
ment of ice surface simulates the phenomenon of heat and water film generation 
due to contact between rubber and ice surface road in the future. 
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