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ABSTRACT

The harsh climate of the Arctic has always posed significant challenges to
car drivers. The severe loss in traction due to snow and icing on the roads
has led to an increased risk of collisions. The chapter compares the
conventional air-filled tire with a non-pneumatic tire to improve the grip in the
Arctic conditions. The grip obtained for tires is determined by the weight of
the car and the friction between the tire and the road. The friction coefficient,
used to determine friction, is a function of the contact pressure. This chapter
discuss research work to obtain a concentrated pressure profile for the
airless tire, compared to a conventional tire. A finite element analysis using
ANSYS® Workbench is performed on two distinct models. The different
pressure profiles of the models are analyzed, and the results proved the
non-pneumatic tires have a more concentrated pressure profile with higher
pressure values.

1. INTRODUCTION

The Cold climatic conditions of the Arctic severely affects many areas of life. Accumulation
of ice during winters is a common phenomenon that hinders the normal operations of various
mechanical structures. Researchers are continuously proposing new ways to cope with it
[11[2][3]1[4][5]. Cold conditions also make driving significantly harder and more
unpredictable. The first winter tires used for road cars were applied during the mid-1930. The
difference to these tires compared to the summer tires were the enlargement of the grooves.
Deeper lateral groves gave better traction as it allowed the tread blocks to dig deeper into the
snow-covered roads. In 1961 the first tires with metal studs were introduced [6]. The studs
help the tire gaining a grip on hard-packed snow and ice as the studs’ claws into the ice and
increases friction. The focus during the last 50 years has been on improving traction by
optimizing rubber compositions and treading.
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This was done by changing parameters like elasticity, hardness, adding of studs as well as
modifying tread pattern design. In recent years the government and manufacturers have been
looking towards stud-free winter tires due to environmental benefits. The implementation of
studs is not in practice nowadays due to the ever-increasing focus on air pollution and
environmental hazards caused by road dust produced by studded tires [7][8].

1.1 Common Definition of Grip
The general perception of having a good grip is when two objects with forces parallel to their
contact area, do not move relative to each other. In other words, the grip is the force that gives
the object the ability to stay in contact with surfaces without slipping, referred to as frictional
force [9]. Grip can be broadly differentiated into three categories: no grip, sliding, and
sticking. No grip means no resistance against the movement. Sliding friction is having a
sliding motion but with friction working against the direction of travel. This friction force will
limit the velocity by transferring the Kinetic energy into potential energy, in form of heating
generation on the contact surface and the object. Sticking grip is where there is enough
frictional force to prevent any movement between the two objects. This means, from a
stationary position the frictional force is greater than the force trying to move the object. The
surface friction coefficient is the surface property stating the gripping ability against each
other. The friction coefficient is higher if the contact surface is rough and dry, compared to a
lower friction coefficient if it is smooth and covered with a lubricant such as a grease or
another slippery fluid [10]. In addition to the above, the frictional force is directly proportional
to the normal force or applied pressure.

There are two factors that change the level of grip or friction: surface coefficient of friction
and normal force, as illustrated in the Eq. (1).

Ffriction =u-N 1)

where Fryiceion 1S the frictional force, u is the surface friction coefficient, and NV is the normal
force as shown in Eq. (2),

N= [ PdA )

where P is the pressure, and A is the surface area.
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1.2 Tire Components
The components of the tire listed below can be seen graphically in Figure 1 [11].
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Figure 1: tire’s anatomy|[11]
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Inner liner: The first material from the inside is a synthetic rubber providing an airtight
layer. It is to prevent any leakage of air, which would lead to a pressure loss inside the
tire.

Carcass: The carcass is made with strong textile fiber cords implemented in a rubber
housing. Its objective is to maintain the tire’s shape under internal pressure. It also ensures
that the tire would not bulge out when inflating it.

Beads: The beads are steel wires included in the part of the tire sidewall in contact with
the rim. The purpose of the wires is to ensure an airtight contact between the tire and the
rim to avoid any air leakage. A set of wires included in the tire can be, in some cases,
withstand ten times the weight of the car [12].

Sidewalls: The sidewall is where the logo of the manufacturer and the details about the
tire and its production is printed. The details are preferable; dimensions of the tire, speed
rating, preferred rolling direction, and the month and year its production.

Steel belts: Steel belts are bounded into the rubber, providing strength. It makes the tire’s
ability to handle the strain from turning and preventing the tire from expanding from the
centrifugal force caused by fast rotation.
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(6) Cap plies: The cap plies are rubber layers with integrated nylon that stretches around the
circumference of the tire, located between the steel belts and the treading. Both layers add
resistance against expansion and reduce heating induced by friction.

(7) Tread: The tread is the part of the tire in contact with the road and is the visible part from
outside. It is usually monitored to determine the quality and characteristics of tire
performance. The objective of the tread is to provide grip against the road surface while
providing a low level of abrasion and heat generation.

(8) Grooves are the cuts in the tread, making the tread patterns. The treading is responsible
for road noise mitigation, water diversion, and to provide a large contact area with a
correct frictional coefficient. Grooves are explicitly designed to provide sufficient grip in
given temperatures and conditions.

1.3 Tread Differences

There are some key differences to a winter tire compared to a summer tire other than the
possible addition of studs i.e. rubber composition, presence of pores over the thickness of tire
and having sipes in the tread blocks [11][13]. The most noticeable being the shape and pattern
of the treading. As Figure 2 shows, the summer tire has large tread blocks divided by wide
grooves. These groves are mainly oriented in the longitudinal direction (rolling direction) for
maximum water displacement at higher speeds. The tread blocks are also smooth for the
maximum contact area.

Sipes

Pores

Summer Tire -Winter Tire

Figure 2: Comparison of summer tire vs winter tire [13].

As seen in Figure 2, the winter tire's treads have more, but narrower grooves. The grooves
are a little deeper than on winter tires and oriented in different directions, including lateral
movement (perpendicular to the rolling direction). It makes for an efficient deflection of water
and slushy snow, providing the tread a better contact with the road without hydroplaning. It is
more crucial in Arctic conditions due to more exposure to water.
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Due to the tire pressure, the snow melts due to the regelation phenomenon as the freezing
point of water is lowered by applying pressure, hence creating a water film between the tires
and road surface. This water needs to be moved from underneath the tread surface to prevent
hydroplaning [14][15] and is effectively done by the unique tread patterns of winter tires.

1.4 Physics of Pressure Profile

The pressure inside a car tire can be illustrated in Figure 3. As shown pressure on every part
of the surface is equal and acting perpendicular to the area. So even with a deformation of the
tire due to it being pushed on the ground, the pressure is still equal throughout its inner surface.

!

Figure 3: llustration of uniformly distributed tire pressure [16]

correct under over
inflation inflation inflation

S]®

Figure 4: lllustration of tire pressure changing the contact area [21]
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This behavior is as predicted for Isotropic elastic-plastic solids at finite strain and arbitrary
pressure is likely to give an equal uniform pressure profile over the contact area with the
ground [17]. Some variations can occur due to the inflation pressure values, as seen in Figure
4 [18]. A drawback of using pressurized air inside the tires, especially in Arctic conditions, is
that the air pressure is dependent on the temperature of the atmosphere [19][20]. This
temperature effect can be neglected by changing to a non-pneumatic tire with suitable spring
materials.

1.5 Non-Pneumatic Contact Profile Theory

The pressure profile from a non-pneumatic tire might not be the same as for pneumatic tire as
we have springs transferring the weight of the car to the ground instead of air [22]. Figure 5
shows an exaggerated picture of a non-pneumatic tire being pushed down to the ground, where
the red lines are symbolizing the tire springs closest to the contact area. As Hooke’s law [23]
explains, the force on a spring with linear behavior (constant spring constant) is determined
by the displacement. It means that the springs that are being compressed the most will have
the highest force. The force from these springs passes through the rubber and down to the
ground, influencing the contact pressure between the tread and the road [24]. The spring being
compressed the most, in a stationary situation, is always the one in the middle. This gave a
higher-pressure concentration in the middle of the contact pressure profile.

Springs

Figure 5: lllustration of the springs in a non-pneumatic tire being compressed
against the road

2. METHODOLOGY

This work focuses on ensuring that non-pneumatic tires improve mechanical grip as compared
to pneumatic tires. As conventional pneumatic tires contain pressurized air, the pressure is
always uniformly distributed throughout the inside of the tire, giving it a more evenly
distributed contact pressure profile as shown in Figure 6. The study was performed to change
the pressure profile by concentrating the pressure from the tire down to the contact area; it
was done by replacing the pressurized air with springs. This work involves a Finite Element
Analysis (FEA) [25][26], CAD models were developed in Inventor®, FEM analysis model
was developed in ANSYS® Workbench. Pneumatic and non-pneumatic tires' results were
compared.
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Similar studies have been performed in ANSYS® Workbench to analyze the materials that
show the most promising results for aquaculture purposes, to simulate micro vibrations on a
nontrivial torsionally oscillating structure and to optimize elastomeric micro-fluidic valve
dimensions [27][28][29].

0,000 0,300 0,600(m)
= ]

0,150 0450

Figure 6: A schematic model displaying the fixed constraint “A” at the bottom of
the ground block, uniform inflation pressure “B” and applied internal pressure on
pneumatic tire “C”.

2.1. Materials

All the materials for this study were taken from the ANSYS® Workbench library. The
material properties of concrete, hard and soft rubbers and custom material for springs is
presented in Table 1.

Table 1: Material used for modeling in ANSYS ® Workbench

Material Volume applied to Young’s module [MPa] Poisson ratio
Concrete Ground 30,000 0.18

Hard rubber Pneumatic tread 400 0.47

Soft rubber Pneumatic sidewalls 10 0.47

Custom material Springs for non-pneumatic 2600 0.4

model
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2.2. Finite Element Analysis Modeling

2.2.1 Treading

The idea behind the tread pattern is to make a high surface area while having grooves oriented
in both longitudinal and lateral direction. The tread pattern was made in Inventor® CAD
software as shown in Figure 7, the right half of the blue highlighted sketch was mirrored to
create the left half of the tread but with a longitudinal offset of 10.5 mm. With a complete
drawing covering the tire’s width, an extrusion of 8 mm was made into the tire’s surface to
separate the tread blocks with grooves. This extrusion was then applied a circular pattern
around the tire’s circumference with a number high enough to make the pattern interfere with
itself again, making up a tread pattern that is the same all around. When having the right
pattern, the fillet option was used to trim the edges of the tire, making realistic tire shoulders.
These were made by an arched line with a radius of 8 mm. Depth was chosen to have a smooth
transition between the tread and the sidewalls.

T

Figure 7: Tread pattern

2.2.2. Pneumatic Tire

The pneumatic tire model was made like a 205/55/R16 radial tire as shown in Table 2 below.
As discussed in tire anatomy, there are many components embedded in the rubber of the tire.
In the CAD model, only those were included that has an impact on the characteristic of a tire
when applied with vertical force. The features that were developed were the sidewalls, steel
belts, cap plies, carcass, and treads. The finished tire model is shown in Figure 8, and features
dimensions are provided in Table 3.

Table 2: Car Tire Numbers explained

205 Width in millimeters
55 Aspect Ratio (Section Height / Width)
R Construction Radial

16 Rim Diameter in inches
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Table 3: Dimensions used for pneumatic tire sketch

Part of tire Size [mm]
The outer diameter of the tire 632

Tire width 205
Groove depth winter tire 8

Total rubber thickness 15

The radius of the rounded tire shoulder 8

Sidewall thickness 10
Sidewall height 105

Rim diameter 406

Figure 8: Pneumatic tire CAD model
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2.2.3. Non-Pneumatic Tire

The CAD model of the non-pneumatic tire was also made in Inventor®, as shown in Figure
9. The dimensions of 205/55/R16 tire model are followed as shown in Table 2. Treads from
the pneumatic model and features inside the rubber’s inner circumference were redesigned. It
included the removal of the sidewalls, carcass, steel belt, and cap plies from the pneumatic
tire. Rim was made, represented by a solid cylinder in the center. Between the rim and the
rubber, curved plates were added to act as springs, these curves had an angle of 136 degrees
and a thickness of 2 mm, making a total number of 120 springs. Dimensions of the features
are shown in Table 4.

Table 4: Dimensions of non-pneumatic sketch

Part of tire Size [mm]
Total Diameter 632

Tire width 205

Rim diameter 330

Ring thickness connecting springs and rubber 2

Height of spring area 134
Groove depth 8

Total rubber thickness 15

Figure 9: Non-pneumatic tire CAD model
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2.3. Meshing

After importing the CAD model into ANSYS® and defining the materials, meshing is done.
The refinement was set to 1, which means that each element is divided one time over both in
the X-axis and Y-axis. By doing this, the number of elements was increased four times in the
defined area. Figure 10 shows how the tread was meshed, as the tread had the same mesh for
both models. The structure of the elements gave tetrahedral elements on the tire and
quadrilaterals for the ground block.

Refinement in the defined area that comes in
contact with the ground

000 100,00 (men) X :
[ — .
50,00

Figure 10: Meshing of the tread on pneumatic and non-pneumatic model

2.3.1. Mesh Sensitivity Analysis

The mesh sensitivity analysis was performed on the non-pneumatic model. Two size
parameters were changed when performing this analysis; the relevance center and the span
angle center, at the levels; coarse, medium, and fine. The mesh element type was set to
automatic, mainly generating tetrahedral elements. The mesh sensitivity analysis graphs are
presented in Figure 11. The mesh sensitivity analysis was performed on equivalent stress
(Figure 11(a)), force reaction (Figure 11(b)), structural error (Figure 11(c)), and strain energy
(Figure 11(d)).
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Figure 11 Mesh sensitivity analysis graphs
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This analysis shows a significant difference in result values over the different mesh densities.
The relevance center is the most significant factor, compared to the span angle center, as it
determines the sizing of the elements. When increasing the relevance center one level (e.g.,
coarse to medium), the number of elements and nodes almost doubles, while increasing the
span angle center gives an increase in element number of around 10%. It is clear that the
coarse meshes fluctuate at high levels, while medium and fine mesh converge better. These
mesh settings were applied when solving the simulations in ANSY S® Workbench.

2.4. Boundary Condition & Body Contacts

For both models, the concrete block was constrained at the bottom, to prevent it from moving
under pressure. The pressure from the weight of the car, calculated for each model, were
applied to the outer circumference area of each rim, acting downwards.

2.4 1. Pneumatic Model

The contact between the tread and the sidewall were set to be ‘bonded contact’. It was done
to ensure that there was no material or pneumatic pressure leakage through the model under
applied pressure and strain. The contact between the tread and the ground was set to frictional
contact. A fixed constraint was applied to the top of the sidewall to prevent the pneumatic tire
from moving. As the tire was fixed, the external force had to come from the ground.

g J
7
% -

Figure 12: Fixed support and internl pressure applied to the pneumatic model
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2.4.2. Force and Displacement

For the tire to maintain its structure, a pneumatic pressure had to be applied. A pressure of 0.2
MPa, or 2 bars, was applied to the inner part of the rubber acting outwards (as seen in red in
Figure 12). A 2-bar pressure was used as this pressure value is representative for a 205/55R16
tire with a car weighing around 1200 kilograms. With both fixed support and a force replacing
air pressure, the ground plate was moved towards the tire, aiming for a reaction force equal to
Y, of a car’s weight. The reaction force is calculated by ANSYS® Workbench from the
displaced body. A vehicle with balanced weight distribution on each wheel, consist of reaction

force per wheel = 2974.6 N where the mass on each wheel = :ZZ‘:: /’:2 = 303.4 kg. So total
mass of the vehicle = 1213.6 kg.

2.4.3. Non-Pneumatic Model

The non-pneumatic model was structurally more complex than the pneumatic model because
of the presence of more number of bodies, i.e., springs. There were a total of 120 springs in
this model as shown in Figure 13. Before importing the CAD model to ANSY S® workbench,
the bodies had to be defined in order to specify the material later. The rim, springs, and a ring
around the outer circumference of the springs, were combined into one body. It left the model
with three bodies: the springs, rubber tread, and the ground block.

Figure 13: Springs and connected ring merged to one body

Similar to the pneumatic model, the tire was constrained. The rim surface was applied a
“fixed support’, highlighted in blue in Figure 14, to ensure correct behavior and zero
movements under strain from the ground plate. The springs and the rubber were ‘bonded
contacts’ to prevent relative movement between the two. The last contact between the tread
and the ground was again set to be a “frictional contact’.
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\

Figure 14: Fixed support, highlighted blue, added to the non-pneumatic mode

2.4.4. Force and Displacement

The force in this model is defined as a displacement of the ground. The level of displacement
was set to match the total deformation of the pneumatic model. As the pneumatic model had
deformation caused by both internal force and external displacement, the total deformation
was 7.9 mm. By having the displacement determined, the aim was to get a reaction force close
to the pneumatic model of 2979.3 N. As all inputs were the same between the models, the
Young’s modulus (value of stiffness) for the springs were the only parameter separating the
two models. After optimizing the Young’s modulus, the reaction force was found to be 2976.6
Newton. It was only 3.3 N different from the pneumatic model, 2976.6 N divided by the
gravity of 9.81 m/s2 gives a weight of 303.7 kg. Multiplied by the 4 tires gives a total car mass
of 1214.8 kg. It is only 0.01 % different from the pneumatic model; this confirms the validity
of the numerical model.

3. RESULTS AND DISCUSSION

3.1 Pneumatic Model

3.1.1. Deformation

The deformation is affected by two external factors; the pressure applied from the inside,
simulating inflation pressure, and the strain from the plate pushing the tyre surface radially
inwards as shown in Figure 15. The rubber characteristics worked adequately, {ensuring that
the tyre radius at the contact patch was less than the free radius around the rest of the unloaded
circumference}. The total deformation under the additional stress from the ground plate’s
displacement looks realistic. The highest deformations happen close to the contact area with
a maximum deformation of 7.9 mm located at about 20 cm to both sides of the contact, shown
in red in Figure 15. The smooth transitions between the colors indicates that the solution has
converged fully and has a satisfying mesh density.
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Figure 15: Deformation of pneumatic model

3.1.2. Pressure Profile

The pressure profile is given in Figure 16; the smoothness of the figure indicates the
convergence of results. Pressure distribution through the contact area between the tire and the
ground can be seen. The tire is experiencing low-pressure values in the blue zone, increasing
towards the red. The average pressure over the middle area is not very high at pressures below
1.2 MPa. Two areas experience a pressure above two MPa, and that is on both sides of the
tire, just below where the sidewall ends. Low tire pressure can give better traction on the loose
surface such as snow and gravel due to the increase in the contact area and the tire’s ability to
deform over the surface unevenness. However, it is not recommended to have a too low
pressure for everyday driving as the wear on edges increases and heat generations happens
quicker with low tire pressure, leading to a risk of the tire cracking [30][31].
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Figure 16: Pressure profile for pneumatic model

3.1.3. Equivalent Stress (Von-Mises stress)

The equivalent stresses are displayed in Figure 17 and Figure18. This can be interpreted that
some of the high stresses are located inside the tire over the contact area, with a maximum
value of 12 MPa. The other regions experiencing high pressures are in the grooves of the
treading [32] which have been offset to the contact area. This is the area where the max stress
of 31 MPa occurs. Another thing to notice is that the stresses are generally higher in the center
of the width than on the tire shoulders. The stresses on the pneumatic model are a result of the
internal and external forces. If the model runs without including the ground plate, the stress
would be distributed evenly at given width over the tire’s circumference because of the
pneumatic pressure. Khawaja, H. A., et al. performed similar work to discuss 2-D
approximation technique for solving stress analyses in FEM [33] and the Study of CRFP Shell
Structures under Dynamic Loading in Shock Tube Setup [34], his work proved materials i.e.
CFRP behave linearly under dynamic loading.
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Figure 17: Equivalent stress on the outside of the pneumatic tire

50,00 150,00

Figure18: Equivalent stress on the inside of the pneumatic model
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3.2. Non-Pneumatic Model

3.2.1. Deformation

The deformation for the non-pneumatic model is shown in Figure 19. The plate's displacement
was set to 7.9 mm to match the total deformation of the non-pneumatic model. The highest
deformation happens at the springs that are connected over the contact area. Even with
deformation of 8.7 mm, the springs still have proper clearance between them. The
deformations of the model were as expected when the design was made. The springs behaved
predictably, just as visualized when sketching the model. The most considerable deformation
happened in the middle of the spring connected to the rubber above the contact area. This
deformation was more significant than the displacement of the ground plate. It indicates the
modeling accuracy of the non-pneumatic tire model.

ANSYS

R18.0

Academic

0,00 100,00 (rnm) X
L
50,00

Figure 19: Deformation of non-pneumatic model

3.2.2. Pressure Profile

Figure 20 shows the pressure profile for the non-pneumatic model. Again, the figure is smooth
and has no abnormalities in the pressure distribution. This indicates that the meshing used was
of a sufficient density. For the most part, the pressure is uniformly distributed over the width
of the tire and the contact area. The pressures are above 1.6 MPa on every tread block over
that width, which results in pressure concentration through the center of the contact area. The
maximum pressure of 4.94 MPa occurs in the center of the profile.
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Figure 20: Pressure profile for the non-pneumatic model showing high pressure
concentration at the contact area

3.2.3. Equivalent Stress

The equivalent stress is displayed in Figure 21. The labels show the stresses are higher at
points where the springs are attached to the rim and the rubber compared to the center of the
individual spring. The maximum stress appears inside the rubber in the center of the contact
area. This is the same point that had both the maximum deformation and maximum pressure.
Stange et al. performed similar work to visualize stresses in steel samples using IR
Thermography [35][36].
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Figure 21: Equivalent stress for non-pneumatic model

3.3. Comparison of Pressure Profiles

When comparing the two-pressure profiles side-by-side, as shown in Figure 22, we can note
the pneumatic model's contact area is larger than the non-pneumatic model. The difference is
visible as the pneumatic profile has eight blocks in contact with the road than the non-
pneumatic model's 6 blocks when counting in the longitudinal direction (left to right).

By analyzing the pressure profile curves as shown in Figure 23 (a) and (b), for pressure
values across the mid-section of the tires, there is a clear trend. The pressure of the non-
pneumatic model on the left is much more concentrated towards the center and has higher-
pressure values. The pneumatic model's pressure concentrations cover the longitudinal length
to a more considerable extent than the non-pneumatic model, with approximately four tread
blocks compared to about 2. This is a positive result as the aim of this work is to prove that
the non-pneumatic tire has a more concentrated pressure profile with higher-pressure values.
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Figure 22: Side-by-side, comparison of the pressure profiles. Non-
pneumatic on the left and pneumatic on the right.
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Figure 23(a): Pneumatic and Non-pneumatic pressure profile curves
plotted together



422 Muiltiphysics Analysis of Contact Pressure Profile of Airless Tires as compared
to Conventional Tires

Pressure Concentration

[e)]

494 494

(6]

IS

N

Max Pressure Value (MPa)
[ w

o

4 3 2 1 1 2 3 4
Number of Tread Blocks along the length

==@==Pneumatic Tire Max Pressure Value (Mpa)
=@=Non-Pneumatic Tire Pressure Max Pressure Value (Mpa)

Fig 23 (b): Pneumatic and Non-pneumatic pressure profile curves plotted together

By analyzing the pressure profile curves as shown in Figure 23 (a) and (b), for pressure values
across the mid-section of the tires, there is a clear trend. The pressure of the non-pneumatic
model on the left is much more concentrated towards the center and has higher-pressure
values. The pneumatic model's pressure concentrations cover the longitudinal length to a more
considerable extent than the non-pneumatic model, with approximately four tread blocks
compared to about 2. This is a positive result as the aim of this work is to prove that the non-
pneumatic tire has a more concentrated pressure profile with higher-pressure values.

4. CONCLUSIONS

This study confirmed that Finite Element Analysis is a valid approach to analyze the pressure
profile of two kinds of tires, and to draw a comparison based on their performance in cold
climatic conditions. However, for the pneumatic model, the longitudinal contact area is larger
than the non-pneumatic model but the pressure on the non-pneumatic tire is more evenly
distributed over the tire width, with both higher average and maximum pressure values of 4.94
MPa as compared to 2.81 MPa for pneumatic tire. This concentration of pressure is believed
to increase the grip of a tire, as the frictional force is a function of pressure. The increase in
the grip of a non-pneumatic tire significantly increases the friction and reduces the chances of
sliding over snow and ice in cold weather conditions. In addition, as non-pneumatic tires are
based on material springs instead of air, the tire characteristics are not affected by temperature
fluctuations as is the case with the air pressure inside a pneumatic tire. This research work
proved that non-pneumatic tires are a better choice for use in winters. Carefully designed non-
pneumatic tires will be useful in avoiding the detrimental impact loads inflicted on the roads
by either studded or chained tires.
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