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The material properties of the rubber compounds, which are highly dependent on temperature, have a
vital role in the tire behavior. A comprehensive study on the effect of the rubber properties on tire per-
formance, for different temperatures, as well as different road conditions is required to adequately pre-
dict the performance of tires on ice.
In this study, a theoretical model has been developed for the 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, the dry friction is obtained. Knowing the fric-
tion 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 contact patch,
the tire friction force, the areas of wet and dry regions, the height of the water film for different ice tem-
peratures, different normal load, etc.

� 2020 ISTVS. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Tire design involves a deep understanding the effect of each tire
parameter on its performance and, in general, on the vehicle con-
trol and stability. Such knowledge helps a manufacturer improve
tire performance for specific operational conditions. Several past
studies have been dedicated to identifying the parameters with
the highest effect on tire performance. In (Mashhadi et al., 2015),
the effect of different tire physical parameters on tire performance
was investigated using finite element modeling (FEM). Considering
the effect of contact patch properties on tire performance, the
influence of different operational parameters, such as slip ratio,
on the tire performance has been investigated in other studies,
such as (Liang et al., 2019). Research has also been conducted to
investigate the effect of different tire parameters on its perfor-
mance on ice (Bhoopalam et al., 2014, Bhoopalam et al., 2015,
Bhoopalam et al., 2016, Savitski et al., 2017, Jimenez and Sandu,
2018). In (Mousavi et al., 2019), several tests have been performed
to investigate the effect of parameters, such as normal load and
inflation pressure on the frictional forces of free rolling tires.
In another experimental study on the tire-ice interaction has
been conducted (Ivanovic et al., 2006), the effect of parameters,
such as vehicle speed and tire forces, on the friction dynamics in
the contact patch has been investigated. In (Makkonen and
Tikanmäki, 2014) it has been shown that for very low vehicle speed
and very cold ice temperature, dry friction occurs in the tire-ice
contact area. In (Roberts, 1981), 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 dif-
ferent temperatures.

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 gen-
erated 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 com-
bination 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.

In an experimental study (Gießler et al., 2010) 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. As the height of the water film
on the surface is one of the parameters that influence the most the
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Nomenclature

s Longitudinal slip ratio
k Thermal conductivity of the rubber, [W/m�K]
Cp Specific heat of the rubber, [J/kgK]
DT Temperature rise, [�C]
FZ Normal load on the tire, [N]
FX Longitudinal force, [N]
V Longitudinal velocity at the axle of wheel, [m/s]
L Latent heat of the ice, J/kg
Tm Melting temperature, [�C]
Tice Ice temperature, [�C]
R Radii of the spherical asperities, [mm]
l Roughness parameter of rubber, [mm]
x Wheel angular speed, [rad/s]

jx Roughness parameter in longitudinal direction, [mm]
m Sliding velocity, [m/s]
Pnom Pressure applied on the rubber block, [mm]
g Viscosity of the ice, [mm]
q Density of the ice, [kg/m3]
k Thermal conductivity of ice, [W/m�K]
C Specific heat of ice, [J/kgK]
E Modulus of elasticity of rubber, MPa
h xð Þ Height of the water film, [mm]
hDi Average contact diameter
rz Mean root square gradient

Fig. 1. Pressure distribution for tire C at 2% slip ratio.
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magnitude of the viscous friction, in order to fully understand the
tire-ice interaction, it is important to find a way to predict the
height of the water film. A theoretical model has been developed
byWiese et al. (2012) in order to estimate the viscous friction coef-
ficient for a sample rubber block. In this study, the rubber block is
in contact with ice. According to their results, rubber samples with
different compounds show different behavior when they are in
contact with ice. The magnitude of the frictional force is different
for each rubber compound.

In the present study, the main objective is the investigation on
the effect of different tire-ice parameters such as the material
properties of the tread on tire performance on ice. To achieve this
objective, a theoretical model has been developed in order to pre-
dict the friction coefficient and also the height of the water film
created for the different tires. The developed model, ATIIM2.0, is
a combined and improved version of the previous models TIM,
(Bhoopalam et al., 2016) and ATIIM, (Jimenez and Sandu, 2019),
from TMVS laboratory at Virginia Tech. 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.

This paper includes six sections. After a brief introduction in
Section 1, the input data for the new model is explained in Sec-
tion 2. In Section 3, the methodology followed for the development
of the new tire –ice model (ATIIM2.0) is presented. The results
from the simulation are shown in Section 4. Section 5 includes a
brief explanation of the experimental approach to study the effect
of rubber compounds on tire performance. Some experimental
results are presented in this section too. A brief summary of the
simulation results and the conclusions of the study are discussed
in Section 6.
2. ATIIm2.0 input data

ATIIM2.0 requires several types of input data. The first input
data category is related to the material properties of the tire and
includes: the density (q), the thermal conductivity (k), the specific
heat (Cp), Young’s modulus (E), the radii of spherical asperities of
the rubberðRÞ, and the roughness parameter ðlÞ of the rubber. The
required parameters have been provided by the tire company
(for tire B, C, and G). According to this data, tire B has the lowest
value of both Young’s modulus and specific heat (Mousavi et al.,
2019). 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 1103 kg/m3, 1094 kg/m3, and 1137 kg/m3, respec-
tively. For the roughness parameters, constant values from the lit-
erature have been chosen for all three tires (Wiese et al., 2012). The
thermal conductivity of the tread was assumed to be 0.3 W/m. K
for all the tires.

The second category of the input data is related to the pressure
distribution at the contact patch. ATIIM2.0 uses the value of the
pressure at each point of the contact patch to predict the height
of water film, as well as the friction coefficient. In order to provide
this input for the model, several tests have been conducted at
TMVS to collect the pressure distribution at the contact patch at
different slip ratios using the TekScan Pressure Pad 3150 (Sensor,
2019). The tires have been cooled down, such as during the test
the tire temperature was �1 �C. Data has been collected for trac-
tion, braking, and free rolling performance of the tires. Fig. 1 shows
a sample data for pressure distribution in the contact patch for tire
C at 2% slip ratio.

The last category of data used is related to the temperature
changes at the contact patch. Temperature values in the contact
patch have been collected using several thermocouples attached
between the tire tread. These values have been used to validate
the results obtained by ATIIM2.0.
3. Simulation

3.1. ATIIm2.0

The original tire-ice model (TIM) was developed by Dr. Anudeep
Bhoopalam. This model consists of three main modules. Fig. 2



Fig. 2. Structure of the tire–ice model (TIM) (Bhoopalam et al., 2016).
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shows the modular structure of the TIM. As it can be seen, the pres-
sure 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 Fig. 3.

In this model, Jaeger’s temperature rise formulation has been
used to predict the temperature rise at the contact patch:

DT ¼ Qad

8k padtð Þ32
exp

� X�xð Þ2þ Y�yð Þ2þ Z�zð Þ2
4adt

n o
ð1Þ

where

ad ¼ k
qCp

ð2Þ

k is the thermal conductivity of the rubber,Cp is the specific heat of
the rubber, q is the density of the rubber, and DT 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 Q (Jaeger, 1942),
(Fujikawa et al., 1994). This model has several pros and cons. As it
will be presented in the results section, TIM is an appropriate model
for modeling the friction of the tire on dry ice. However, as the gov-
erning equations do not consider the water film generated at the
contact patch for different tire maneuvers, such as different slip
Fig. 3. Thermal balance equation at the contact patch based o
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 prop-
erties 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 rub-
ber compounds.

To improve the TIM, Dr. Emilio Jimenez added several moduli in
order to calculate the height of the water film generated at the con-
tact patch, according to the schematics shown in Fig. 4. This new
model, now called ATIIM, can predict the viscous friction at the
contact patch using the predicted height of water film.

In this model, the same approach was used to obtain the tem-
perature changes at the contact patch as in the TIM. However,
the main objective of the ATIIM was obtaining the viscous friction
coefficient at the contact patch. So this model mainly focused on
the wet traction, (Jimenez and Sandu, 2019).

For ATIIM to obtain the height of the water film, the differential
equations Eq. (3) was solved.

gm2

hðtÞ ¼ k
Tm � Ticeffiffiffiffiffiffiffiffiffi

pat
p þ qL

dhðtÞ
dt

ð3Þ

where m is the sliding velocity, g is the viscosity of the water, q, k,
a; and L are, density, thermal conductivity, and thermal diffusivity,
and the latent heat of the ice, respectively, Tm is the melting tem-
perature, Tice is the ice temperature, h tð Þis the height of the water
film.
n the principle of heat balance (Bhoopalam et al., 2016).



Fig. 4. Modular structure of the Advanced Tire-Ice Interface Model (Jimenez and Sandu, 2019).
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Eq. (3) has three terms. The first term on the left side is the heat
generation term as a result of the viscous friction coefficient. The
first term on the right side is the heat transfer to ice. The second
term on the right side is the energy required for melting the ice.

After finding the height of the water film, to obtain the friction
coefficient Eq. (4) was used in ATIIM.

l ¼ gmj
hðtÞPnom

ð4Þ

Parameter K in this equation is the apparent contact area and
Pnom is the pressure applied on the rubber block.

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 compound’s prop-
erties 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. In
order to study the effect of rubber compounds on the tire perfor-
mance on ice, a model that accounts for more physical and mate-
rial 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 accu-
rately predict both, dry and wet friction, must be used.

To solve theproblemsof thepriormodels, in this study, ATIIMhas
been improved such that the newmodel, ATIIM2.0, can predict vis-
cous 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
Young’s modulus (E), the radii of spherical asperities of the rub-
berðRÞ, and the roughness parameter ðlÞ 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 previousmodels for tireswith 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 rough-
ness, in the new model, the extension of the thermodynamic equa-
tion, which can include the roughness effects, has been
implemented. In this approach, a term to consider the squeeze-
out phenomena have been added to the thermodynamic equation
(Wiese et al., 2012).

In addition, the extended model has been passed from time-
dependent representation to an x-dependent one, as shown in
the equation:
dhðxÞ
dx

¼ g
qL

jx
m

hðxÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kC

pqL2
Tm � Tice

m:xð Þ12

s
� 8
3g

Pnom

hDi2
h xð Þ3
m

ð5Þ

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 jx is the roughness parameter
in the longitudinal direction of motion, m is the sliding velocity,
Pnom is the pressure applied on the rubber block, g, q, k, C are the
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viscosity, density, thermal conductivity, and specific heat of the ice,
respectively, L is the latent heat of the ice, Tm is the melting tem-
perature, Tice is the ice temperature, h xð Þis the height of the water
film, and hDi is the average contact diameter obtained using the
equation:

hDi � 2ffiffiffiffi
p

p
ffiffiffiffiffi
Rl

p
� 2l
»z

1ffiffiffiffi
p

p ð6Þ

where R is the radii of the spherical asperities, l is the roughness
parameter of rubber, and rz is the mean root square gradient.

To solve the equation dimensionless, the coordinates n and v
have been defined:

n ¼
ffiffiffiffiffiffiffi
x
xref

s
and v ¼ h

h1

where

h1 ¼ ð3g
2jxhDi2

8qLPnom
m2Þ

1=4

ð7Þ

and

xref ¼ 1
Im

ð3qLhDi
2

8jxPnom
Þ
1=2

ð8Þ

where Im is the so-called melting index:

Im ¼ pgL
kC

jx
m2

ðTm � TiceÞ2
ð9Þ

Using the dimensionless coordinates, the first-order differential
Eq. (7) becomes:

ImdvðnÞ
2ndn

¼ 1
vðnÞ �

1
n
� vðnÞ3 ð10Þ

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 h1:

l1 ¼ gmj
h1Pnom

ð11Þ

As it can be seen, the friction coefficient is dependent on the
height of the water film, the pressure in the contact patch, the slid-
ing speed, and also the parameter j that is dependent on the mod-
ulus of elasticity E and the mean root square gradientrz, j is also
known as the relative real contact area and can be obtained by:

j ¼ 1� e�3:325 Pnom
E�rzð Þ ð12Þ

where E�is the modulus of elasticity.

j ¼ jxjy ð13Þ
where jx and jy 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:

l ¼ 2l1
na

2 I1 þ I2 þ I3ð Þ ð14Þ

where

na ¼
ffiffiffiffiffiffiffiffi
a
vref

s
ð15Þ

and a is the length of the rubber blocks. For the first term of this
equation (I1Þ we have:
I1 ¼ vQLLð0Þ
2u2

þ
ð16Þ

vQLL 0ð Þ ¼ f
hQLL

h1
� 1 ð17Þ

where the unknown factor f has been chosen, such that 0 < f < 1:
hQLL is the so-called quasi-liquid water layer that is created as a
result of ice surface exposure to the environment even if the tem-
perature is below the melting temperature Tm.

hQLL½nm�¼ 34� 21:logðTm � TiceÞ ð18Þ
uþ is depend on the melting index and can be obtained using the
following equation:

uþ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 2Im

p � 1
Im

ð19Þ

For the second and third term in Eq. (14) we can write:

I2 ¼ 1
u2
þ
ð 1� uþð Þ14 � vQLL 0ð ÞÞ ð20Þ

I3 ¼ vðv4 � 5Þ
8ðv4 � 1Þ2

þ 3
32

ln
vþ 1
v� 1

����
����þ 3

16
arctanv

v ¼ va

v ¼ v2

���� ð21Þ

where:

v2 ¼ ð1� uþÞ1=4 ð22Þ
As described, by changing the approach, (Wiese et al., 2012), 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 (Young’s Modulus), rz, which is
the mean root square gradient, and l (the roughness parameter of
rubber). In this study, as there was not enough information for
the roughness parameters of the tread of the tires used in the
experimental part of this research, the constant values of
rz ¼ 0:35 and l ¼ 6:5 lm have been used for all three tires.

After finding the viscous friction for the wet area, the dry fric-
tion 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, (Peng et al. 2000), the heat generated in the
contact patch due to the frictional mechanism at the tire–ice inter-
face 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.

qgenerated ¼ lavpavVSAtot ð23Þ

qice ¼
kA
d
DT ð24Þ

qtread ¼
kA
d
DT ð25Þ

qgenerated ¼ qtread þ qice ð26Þ
Eq. (23) represents the heat generated at the contact patch

based on the average pressure at the contact patch (Bhoopalam
et al., 2016). The values of the static coefficient of friction, slip ratio,
and longitudinal velocity were obtained from the experimental
study (Mousavi and Sandu, 2020b; Mousavi et al., 2019; Mousavi
and Sandu, 2020a). The pressure value in Eq. (23) was obtained
from the experimentally-obtained pressure maps.
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The heat conducted through the ice surface and through the
tread is represented by Eqs. (24) and (25). 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 (DT) is obtained from the temperature rise
simulations for dry regions and then it is plugged into Eqs. (24) and
(25). The heat balance at the dry contact patch area is represented
by Eq. (26), with the only unknown being the average friction coef-
ficient at the contact patch.

After finding the values of the dry friction coefficient and of the
viscous friction coefficient, the total friction, which is a combina-
tion of the friction values for wet and dry regions, is obtained using
the ratio 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 follow-
ing equation:

lTotal avgð Þ ¼ Ar :lViscousðavgÞ þ 1� Arð Þ:lDryðavgÞ ð27Þ

where

Ar ¼ Area of the wet region
Total area of the contact patch

ð28Þ
3.2. 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.

qf ¼ mL ð29Þ
where m 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 con-
sider the effect of the water film and to increase the precision of the
Fig. 5. Average friction force for tires B, C, and G obtained using the extension of TIM
temperature: �1 �C, Static friction coefficient ~0.1.
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 (Bhoopalam et al., 2016).

Fig. 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 Fig. 5
that the results obtained using the extension of TIM have the cor-
rect trend and indicate a decrease in the value of the friction coef-
ficient 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 doesn’t account for enough rubber tread parame-
ters, 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.
4. Simulation results

In this section, the simulation results obtained using ATIIM2.0
for the study of the effect of rubber compounds on tire perfor-
mance 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 con-
tact patch. We conducted such simulations for all the tires used in
this study. The results obtained for tire B will be presented first.
Next, the results obtained for all three tires will be compared. All
the parameters required for running the simulation for all three
tires, is presented in Section 4.1.
4.1. Model parametrization

In general, as it is shown in Fig. 6, ATIIM2.0 required four sets of
input: parameters related to the rubber material properties, those
related to the ice and water characteristics, operational parame-
ters, and inputs regarding pressure distribution data. The input
parameters from the Tekscan system are the pressure map dimen-
sions and specifications, and pressure distribution data at the con-
tact patch, that was collected by the experimental approach for
each tire at different slip ratios.

For the rubber parameters, specific heat value, Young’s modu-
lus, thermal conductivity, and density were given by the tires man-
for wet and dry regions. Inflation pressure: 144.79 kPa, Nominal load: 4 kN, Ice



Fig. 6. Inputs and outputs of the ATIIM2.0.
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ufacturer company for different temperatures (Mousavi and Sandu,
2020b; Mousavi et al., 2019; Mousavi and Sandu, 2020a). The
roughness parameters »zand l were taken from (Wiese et al.,
2012). Table 1 shows the rubber inputs values for tires B, C, and
G at �1 �C.

The operational values were taken from the conditions for the
experimental part of this study. The normal load was 4 kN, and lon-
gitudinal 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, which was measured before conducting the test using
a slider friction tester. The slip ratio was changed from (2% to 15%).

Ice and water parameters were found at the temperature of
�1 �C. 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. The param-
eters were used from Tekscan system are the pressure distribution
in the contact area which had been shown in Fig. 1 and the pres-
sure mat dimensions. The distance between each pixel of the pres-
sure mat is 8.4 mm. For more details for the dimensions and
specification of the pressure map, please refer to (Pressure Map-
ping Sensor 3150).

4.2. 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.

ATIIM2.0 is able to predict the distribution of the height of the
water film created at the contact patch, temperature change distri-
bution, pressure distribution, wet and dry regions at the contact
area, viscous friction distribution, area of the contact patch, area
Table 1
Material properties of tire B, C, and G.

Tire B Tire C Tire G

CT : Specific heat (J/kg K) 1.871*103 2.126*103 2.242*103

E: Young’s Modulus (MPa) 3.3783 4.1909 6.1419
q: Density (kg/m3) 1103 1094 1137
l: Roughness parameter (lm) 6.5 6.5 6.5
K: Thermal conductivity (W/mK) 0.3 0.3 0.3
rz: The mean root square gradient 0.35 0.35 0.35
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.

Fig. 7 shows the simulation results for viscous, dry, and total
friction of tire B when it is in contact with �1 �C 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 increased by
increasing the slip ratio. This matches with the results obtained
by previous studies (Bhoopalam et al., 2016), (Kandeva and
Dishovsky, 2019). 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.

In addition to the information regarding the friction coefficient,
ATIIM2.0 is able to provide more data at the contact patch. Figs. 8–
17 show several sample results for pressure distribution, tempera-
ture changes, the height of water film, the viscous friction coeffi-
cient distribution, and the wet and dry regions at the contact
area for tire B with 4% and 12% slip ratio.

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.

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 trail-
ing edge, each block of rubber will be a heat source for the next
block. By comparing the results for temperature rise for two differ-
ent slip ratios, one can say that in general, an increasing trend can
be observed in the temperature rise with the slip ratio increase.

As it can be seen from Fig. 12 and Fig. 13, 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 differ-
ent slip ratios, one can say that the height of water film generated
increases with an increase in the slip ratio.



Fig. 7. Simulation results for viscous, dry and total friction of tire B.

Fig. 8. Pressure distribution (Pa) in the contact patch for tire B with 4% slip ratio modeled by ATIIM2.0.

Fig. 9. Pressure distribution (Pa) in the contact patch for tire B with 12% slip ratio modeled by ATIIM2.0.
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Fig. 10. Temperature rise in the contact patch for tire B with 4% slip ratio modeled by ATIIM2.0.

Fig. 11. Temperature rise in the contact patch for tire B with 12% slip ratio modeled by ATIIM2.

Fig. 12. Height of the water film (mm) obtained for tire B with 4% slip ratio modeled by ATIIM2.0.
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Fig. 13. Height of the water film (mm) obtained for tire B with 12% slip ratio modeled by ATIIM2.0.

Fig. 14. Viscous friction coefficient distribution in the contact patch for tire B with 4% slip ratio modeled by ATIIM2.0.

Fig. 15. Viscous friction coefficient distribution in the contact patch for tire B with 12% slip ratio modeled by ATIIM2.0.
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Fig. 16. Wet and dry regions in the contact patch for tire B with 4% slip ratio modeled by ATIIM2.0.

Fig. 17. Wet and dry regions in the contact patch for tire B with 12% slip ratio modeled by ATIIM2.0.
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Figs. 14 and 15 show the viscous friction distribution in the con-
tact 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 expec-
tation 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 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. (11), since the sliding velocity appears in the numerator, by
increasing the slip ratio, higher values of viscous friction are in fact
obtained.
The blue sections in Fig. 16 and Fig. 17 show the wet area in the
contact patch. As it can be seen, there is a larger wet area when the
slip ratio increases.
4.3. Simulation results for traction condition for all tires B, C, and G

In this section, the results for all three tires B, C, and G will be
presented. As the thermal parameters for all three tires are differ-
ent, our expectation is to obtain different results from ATIIM2.0 for
each tire. In addition to the comparison among the simulation
results for the three tires, the simulation results from ATIIM2.0 will
be compared with data collected experimentally in our lab. The
ATIIM2.0 has been used to predict the friction force for the tires
B, C, and G in contact with ice at �1 �C temperature, applied nor-
mal load of 4 kN, and inflation pressure of 21 psi (60% of nominal
pressure).

Considering these desired test conditions, the input values for
the material and the thermal properties of the tread of each tire
have been obtained using a spline method and are provided in
Table 1. In addition, the data collected using the pressure mat



Fig. 19. Average dry friction coefficient for tires B, C and G obtained using ATIIM2.0.
Inflation pressure: 144.79 kPa, Nominal load: 4 kN, Ice temperature: �1 �C, Static
friction coefficient: ~0.1.

Fig. 20. Average total friction coefficient for tires B, C and G obtained using
ATIIM2.0. Inflation pressure: 144.79 kPa, Nominal load: 4 kN, Ice temperature:
�1 �C, Static friction coefficient: ~0.1.
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system for different slip ratios has been used as the input for the
ATIIM2.0 to obtain the pressure distribution and also temperature
changes at the contact patch. Using the predicted temperature
changes at the contact patch, the height of the water film and
the friction coefficient were obtained for each tire.

The ATIIM (original model) was trained with data provided by
Hankook Tires for the pressure distribution for the SRTT for various
normal loads at various static and rolling conditions. As in this
study, an in-house pressure mat was used, the new model
(ATIIM2.0) had to be trained again using the new pressure mat
dimensions and specifications.

Figs. 18 and 19 show the average viscous and dry friction coef-
ficient for tires B, C, and G that have been obtained using ATIIM2.0.
According to the design of the experiment, the values of the vis-
cous and the dry friction coefficients have been obtained for the
slip ratios of 4%, 8%, 10%, 12%, and 15%. Considering that the mea-
sured static friction coefficient was ~0.1, the dry friction coefficient
values obtained are close to what was expected. Furthermore, pre-
vious studies indicated a general increasing trend for the viscous
friction coefficients for lower slip ratios (<15%). As it can be seen,
the results obtained in this study are in good agreement with past
studies.

According to Fig. 18 and Fig. 19, tire B has the highest friction
values for the dry and the viscous friction coefficients. Tire C has
the second highest value. This result matches the results obtained
experimentally for the free rolling test, which is related only to the
resistive force of the tire.

Fig. 20 shows the average total friction coefficient for tires B, C
and G obtained using ATIIM2.0. As it can be seen, the magnitude of
the total friction coefficient is the highest for tire B. For traction,
the experimental values for tires C and G are different. This may
be due to several reasons. First of all, ATIIM2.0 has been developed
to primarily predict the frictional force. The results obtained from
the experimental traction study provided the values of the drawbar
pull. In addition, as there was not enough information for the rub-
ber roughness parameters and the thermal conductivity of the
tread, the same values have been used for the simulation for all
three tires. However, as it will be shown later, all these parameters
play important roles in the tire performance. For more accurate
simulation results, specific information regarding the thermal con-
ductivity and the roughness parameters of the tread rubber is
required for each of the tires.
4.4. Simulation results for the braking condition for tires B, C, and G

The height of water film distribution, the pressure distribution,
the wet and the dry regions in the contact area, the viscous friction
coefficient distribution, the average values of viscous, dry, and total
friction coefficient, as well as the area of the wet region and the
Fig. 18. Average viscous friction coefficient for tires B, C and G obtained using
ATIIM2.0. Inflation pressure: 144.79 kPa, Nominal load: 4 kN, Ice temperature:
�1 �C, Static friction coefficient: ~0.1.
contact patch area, have been obtained for the braking condition
of tires B, C, and G using the data collected from the pressure
mat and ATIIM2.0, and are presented in this section (Figs. 21–
35). As it can be seen, similar to the traction condition, the height
of the water film is higher at the trailing edge. We can observe
higher values for the viscous friction coefficient at the trailing edge,
where the pressure is lower. In general, the amount of water cre-
ated during the braking condition is higher than during the trac-
tion condition.

Table 2 compares some of the values obtained from ATIIM2.0
simulations for all three tires B, C, and G for the braking condition.

As it can be seen, the viscous friction coefficient for tire B has
the highest value. Tire C has the second highest value. These results
match the experimental results presented in the experimental sec-
tion for free rolling and braking tests. As it can be seen from Table 2,
one of the advantages of tire B is having the smallest wet area in
the contact patch, when compared to the other two tires.
5. Testing setup

To validate the ATIIM2.0, several tests have been conducted
using the Terramechanics Rig in the TMVS Lab at Virginia Tech
(Sandu et al., 2008; Khan and Sandu, 2017). The results from the
experimental study have been presented in another study pub-
lished by the authors (Mousavi and Sandu, 2020b; Mousavi et al.,
2019; Mousavi and Sandu, 2020a). The tests were conducted for
the three tires for which the simulations are presented in this
study. The applied normal load and inflation pressure of the tire,
the temperature of the ice, the temperature of the tire, and the per-
centage of slip ratio were the variables of the test. The results are
presented for the braking, tractive, and free rolling conditions of
the tire. Table 3 shows the design of the experiments for this study.



Fig. 21. Pressure distribution (Pa) in the contact patch for tire B for the braking condition, modeled by ATIIM2.0.

Fig. 22. Temperature rise distribution (�C) in the contact patch for tire B for the braking condition, modeled by ATIIM2.0.

Fig. 23. Wet and dry regions in the contact patch for tire B for the braking condition, modeled by ATIIM2.0.
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Fig. 24. Height of the water film (mm) for tire B for the braking condition, modeled by ATIIM2.0.

Fig. 25. Viscous friction coefficient in the contact patch for tire B for the braking condition, modeled by ATIIM2.0.

Fig. 26. Pressure distribution (Pa) in the contact patch for tire C for the braking condition, modeled by ATIIM2.0.
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Fig. 27. Temperature rise distribution (�C) in the contact patch for tire C for the braking condition, modeled by ATIIM2.0.

Fig. 28. Wet and dry regions in the contact patch for tire C for the braking condition, modeled by ATIIM2.0.

Fig. 29. Height of the water film (mm) created for tire C for the braking condition, modeled by ATIIM2.0.
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Fig. 30. Viscous friction coefficient at the contact patch for tire C at braking condition modeled by ATIIM2.0.

Fig. 31. Pressure distribution (Pa) in the contact patch for tire G for the braking condition, modeled by ATIIM2.0.

Fig. 32. Temperature rise distribution (�C) in the contact patch for tire G for the braking condition, modeled by ATIIM2.0.
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Fig. 33. Wet and dry regions in the contact patch for tire G for the braking condition, modeled by ATIIM2.0.

Fig. 34. Height of the water film (mm) for tire G for the braking condition, modeled by ATIIM2.0.

Fig. 35. Viscous friction coefficient in the contact patch for tire G for the braking condition, modeled by ATIIM2.0.
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Table 2
Comparison between parameters obtained by ATIIM2.0 for tires B, C, and G for the
braking condition.

Tire B Tire C Tire G

Avg viscous friction coefficient 0.21 0.17 0.13
Avg dry friction coefficient 0.28 0.30 0.3
Avg total friction coefficient 0.28 0.28 0.26
Avg temperature change in wet region [�C] 1.1 1 1.1
Area of wet region [m2] 0.00388 0.00459 0.00579
Area of contact patch [m2] 0.0257 0.0269 0.0267
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As it can be seen from Table 3, three tire B, C, and G were chosen
for the experimental study. Two levels of normal load were applied
on the tires. For the first set of tests, the tire temperature was set at
�10 �C when the applied normal load was at 5.6 kN, and the infla-
tion pressure was kept at 193 kPa. For the next set of tests, the
temperature of the tire increased to �5 �C while the rest of the
parameters were kept constant. For the last set of tests, the tire
temperature and ice temperature increased to �1 �C while the nor-
mal load and the inflation pressure decreased to 4 kN and
144.8 kPa, respectively.

The experimental results can be divided into three categories: 1.
The tires were at�10 �C, under 5.6 kN normal load, at 193 kPa infla-
tion pressure, and the ice temperaturewas�10 �C; 2. The tires were
at�5�C, under 5.6 kNnormal load, at 193 kPa inflation pressure, and
the ice temperature was �10 �C; 3. The tires were at �1 �C, under 4
kN normal load, at 144.8 kPa inflation pressure, and the ice temper-
aturewas�1 �C for. The slip ratiowas set at the same specific values
used in the simulation, in the range of 2% to 15% and the camber and
toe angles were equal to zero during all the tests.

In order to monitor the temperature changes at the contact
patch, eight thermocouples were mounted on each tire. The ice
Fig. 36. Drawbar pull coefficient for tires B, C, and G for two conditions: a. Tires at�10 �C,
b. Tires at �1�C, 4 kN normal load, and 144.8 kPa in contact with ice at �1�C.

Table 3
Design of experiment for the study on the tread rubber compound effect on tire performa

Tire Tire B

Normal load 4 kN 5.6 kN

Inflation pressure 144.8 kPa 193 kPa
Tire temperature �1 �C �10 �C, �5 �C
Ice temperature �1 �C �10 �C
Slip ratio 0%, 2%, 4%, 8%, 12%, 15%, 20%, 30%
Driving mode Free rolling, braking, and traction
Pressure distribution measurement Pressure distribution at the contact patc
surface was prepared frequently to maintain the constant desired
value (l = 0.1) for the friction coefficient test in order to ensure
consistency during the tests. However, it has to be mentioned that
this friction coefficient value measured by the tool available in the
lab provides generic information about the ice surface preparation,
but the apparatus is not able nor designed for measuring ice-
rubber friction for different types of rubber, so the value measured
cannot represent the friction coefficient at the contact patch for
each tire tested precisely.

The slip ratio was applied to the Terramechanics Rig by chang-
ing the angular velocity of the wheel motor of the RIG according to
Eq. (27), (He et al., 2019). The linear speed was kept constant.

S ¼ Rex� V
V

ð30Þ

where x is the angular speed of the tire, S is the slip ratio, Re is the
effective rolling radius of the tire, and V is the longitudinal speed of
the carriage.

A proportional valve and a PID controller were used to control
the applied normal load on the tire. The value of drawbar pull coef-
ficient has been obtained in order to remove the effect of small
fluctuations in the normal load. The drawbar pull coefficient =

FX

Fz
ð31Þ

where FZ is the normal load on the tire and FX is the longitudinal
force measured by Kistler sensor.

Fig. 36 shows the results for the drawbar pull coefficient of all
three tires for two of the tested condition: a. Tires at �10 �C, 5.6
kN normal load, and 193 kPa inflation pressure in contact with
ice at �10 �C, and b. Tires at �1 �C, 4 kN normal load, and
144.8 kPa in contact with ice at �1 �C. As it can be seen from
Fig. 36, tire B had the highest drawbar pull for both conditions.
5.6 kN normal load, and 193 kPa inflation pressure in contact with ice at�10 �C, and

nce on ice.

Tire C Tire G

4 kN 5.6 kN 4 kN 5.6 kN

144.8 kPa 193 kPa 144.8 kPa 193 kPa
�1 �C �10 �C, �5 �C �1 �C �10 �C, �5 �C
�1 �C �10 �C �1 �C �10 �C

h was measured for each case
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The study of the traction performance of the tires B, C, and G is
important, and the simulation results show the sensitivity of the
magnitude of the drawbar pull to different tire parameters, such
as normal load and ice temperature. However, as the ATIIM2.0
focuses on the prediction of the tire frictional force, to validate
the simulation results using experimental data, we used the results
for all tires during the free rolling tests. When the tire is in free roll-
ing, the only force applied on the tire is the frictional force. Thus,
the longitudinal forces collected by the Kistler sensor come only
from this frictional force. As it has been presented in the publica-
tion describing the experimental study conducted for the effect
of rubber compound on tire performance, (Mousavi and Sandu,
2020b; Mousavi et al., 2019; Mousavi and Sandu, 2020a), the value
of the frictional force for tire B is higher than for Tire C. Tire G has
the lowest value of the friction force. These results are very well
correlated with the experimental results for the frictional force of
the tires, thus validating the ATIIM2.0.
6. Conclusion

The purpose of this study is to enhance the understanding of the
tire-ice contact interaction at the contact patch using a semi-
empirical the improved Advanced Tire-Ice Interface Model
(ATIIM2.0) for a pneumatic tire traversing over solid ice.

In order to achieve the goal of this study, the advanced tire-ice
interface model (ATIIM) has been improved to account for more
material properties of the tread rubber. In addition, the improved
model is suitable for predicting the tire–ice friction for both, wet
and try contact. Simulation results fromATIIM2.0 fordifferent scenar-
ios were presented to illustrate the effects of different rubber com-
pounds on tire performance. From the results obtained by ATIIM2.0:

� The values of the average friction coefficient obtained using
ATIIM2.0 for tires B, C, and G are close to the measured static
friction coefficient (~0.1).

� Tire B has the highest value of viscous, dry, and total friction
coefficient; tire C has the next highest value. These results
match with the experimental results for the free rolling test
(that is related only to the resistive force of the tire).

� According to the results from the experiment, tire B, which has
the smallest E modulus, has the highest friction coefficient for
both, simulation and experiment. Further study is required to
claim the fact by increasing the E modulus of the rubber, the
value of the average viscous friction coefficient decreases.

According to the experimental and simulation results, tire B
that has the smallest specific heat parameter among the three tires
tested expressed the largest friction coefficient. These results give
us the idea of increasing the specific heat of the rubber will
decrease the value of the average viscous friction coefficient. How-
ever, further studies are required to prove this idea.

From the results for the braking condition of the tires obtained
using ATIIM2.0, tire B has the highest value of the viscous friction
coefficient. Similar to the results obtained experimentally, tire C
has the next highest value. Further research is still required to
investigate the correlations between rubber compound properties
and tire performance.
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