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O uso de modelos para a predicao do desgaste é de suma importancia para a industria de
pneus. Estes modelos, tedricos e/ou empiricos, aliados a dados de telemetria de veiculos
e ao método de Elementos Finitos, auxiliam os desenvolvedores de pneus na melhoria
continua do produto em termos de desempenho. Nesse contexto, o estudo de métodos
capazes de unir essas ferramentas é desejado a fim de criar formas preditivas do
comportamento do pneu durante 0 uso. Este trabalho tem como objetivo principal
estudar o comportamento de modelos tedricos de desgaste, alid-los ao método de
Elementos Finitos e criar uma metodologia de estimacdo do desgaste em relativo, em
uma colaboragdo entre o Laboratério de Acustica e Vibragbes (LAVI) da COPPE, o
Laboratorio de Transporte de Carga (LTC) da COPPE e a Michelin. Para isso, o
programa MATLAB e o software de Elementos Finitos desenvolvido pela Michelin sdo
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The application of tire models for wear prediction is of the utmost importance for the
tire manufacture industry. These models allied to telemetry data and the Finite Element
method assist tire developers in the tire’s continuous improvement in terms of
performance. In this context, the study of methods that are able to combine these tools is
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1 INTRODUCTION

1.1 Motivation

The tire is an essential component of the mobility industry as the only
connection of vehicles to the road. It is responsible for adherence, comfort, rolling
resistance, among other performances. A misconceived tire has the potential to damage
a vehicle performance and, in the worst case scenario, endanger its user.

In the process of developing tire conceptions, tests and simulations are made in
order to anticipate the product’s behavior. These studies predict the tire wear, the
temperatures that tires will be submitted to, the adherence behavior, the rolling
resistance, as well as other performances estimates for different client conditions.

Therefore, research in terms of estimation methods to comprehend tire wear is
quintessential for simulations to be in agreement with reality. The final objective is to

give a more precise result and add data to the tire’s conception.

1.2 Subject’s presentation
To define test and simulation parameters that contribute to the conception of a
new tire, GPS data is collected and analyzed so as to comprehend the usage conditions
of the tire. This data is often used in a vehicle model capable of translating accelerations

to charges submitted to the tire in the three directions.

Figure 1 — Project's schema

GPS data Truck model Outputs Tire model
FEM j
Database

The truck model at Figure 1 was developed by Julia Coelho Santos during her

R&D Internship for Michelin in Campo Grande, while the tire model and the Finite
Element Method (FEM) database were developed by Gabriel de Carvalho Ferreira
Silva, R&D Intern at Michelin Campo Grande.



This project was conducted at Michelin under the supervision of tire developers
and the mentoring of two professors from the Polytechnic School of the Federal
University of Rio de Janeiro (UFRJ). Therefore, this public report focuses on non-

confidential aspects of the project, such as the model development and results.

1.3 Project’s objective

The purpose of this work is to study and compare different tire models, to better
understand the influence of models’ parameters on tire wear and to create an algorithm
on MATLAB which is able to compare different tires using different wear models and
conditions, in particular, tire inflation. To do so, the project embraces a bibliographic
research on tire’s mechanical behavior and tire wear and a market research to
comprehend carriers’ usage in order to use this information on Finite Elements
simulations.

The models used are Archard’s model, Shallamach’s model and Michelin’s wear
model. Michelin’s model, for confidential reasons, will not be revealed, but the results
will be presented for comparison nonetheless.

This work focus on truck tire modelling, but the methodology is applicable to

any type of tire.

1.4 Report’s objective
The present report covers the market research, the tire model development, the
database created by Finite Elements simulations that feeds the tire model and the results
obtained. The vehicle model developed by Julia Coelho Santos is referenced in the

bibliography [1].



2 TIRE

2.1Tire structure

As the only connection between the vehicle and the road, the tire is responsible
to withstand the load and speed variations as well as road and weather conditions. Thus,
tires today are made of several layers that are produced from different types of
materials: natural and synthetic rubber, steel cables and, sometimes, a textile cover. The
combinations of these different materials aligned with a defined geometry are
responsible for the tire’s performance in terms of adherence, rolling resistance, braking
distance, lifespan, temperature, etc.

Each manufacturer has its own range of materials. However, the overall structure

of a truck tire does not change much as it can be seen on Figure 2.

Figure 2 — Truck tire's overall structure [2]

A truck tire can be divided into two regions: the tread band and the carcass. The
tread band has grooves that promote water flow, avoiding aquaplaning, and a specific
geometry that is related to its use, whether it is meant for asphalt, sand, rock or mixed
use.

The carcass has 4 metallic layers that protect the tire from road irregularities and
keep the whole tread band in contact with the road in order to provide adherence. The
radial metallic layer that surrounds the tire is responsible for the tire’s rigidity. The

tire’s bead at the low zone region keeps the tire connected to the wheel and a smaller



metallic layer is meant to protect the low region from being strangled by the tire rim and

the wheel.

Each region has a specific rubber material with its own properties in order to

guarantee that the tire will withstand the temperature and tensions under which it will be

submitted.

To provide the market with a product that will meet its expectations, tire

manufactures work hand-in-hand with vehicle manufacturers collecting data and

information that guides the tire project.

2.2 Tiresslip

To analyze tread movement, let’s consider that the tread is composed by a series

of rectangular blocks. Each block gradually touches the road surface and is submitted to

a friction force creating a shearing tension as the tire moves. This longitudinal shear

deformation of the tread is released as the tread leaves the contact area. However, this

scenario only happens when the vehicle is at a constant velocity.

Figure 3 — Tread deformation and slip [3]
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As the car accelerates, the shear solicitation increases to the point where the
block starts to slip. This phenomenon can be seen in Figure 3.

In the same way, when the car brakes, the block is solicited by a shearing force
in the opposite direction until the slipping of the tread occurs.

This slip, s, can be calculated using equation 1, where V; is the tire’s velocity

and V,, is the vehicle’s velocity [4]:

Ve =V,
S=4 (1)

max (Vg Vy)

To help visualize this phenomenon, let’s consider the extreme point of both
situations: a car accelerating still and a braking car with the tires locked up while in
movement.

In the first situation, the force provided by the wheel to the tire’s contact area is
much higher than the friction force, the tire slips and the car stays still. As for the
equation, V, is equal to zero and s is equal to 1.

For the braking car in movement, the car’s momentum is large enough for the
longitudinal force at the contact area to be much greater than the friction force. V; is

equal to zero and s is equal to -1.

2.3 Inflation pressure
Tire inflation is an important parameter that directly influences tire wear and
safety driving. Figure 4 shows how the contact area geometry is influenced by tire

inflation pressure:

Figure 4 — Tire’s geometry due to inflation pressure [5]

Correct Inflation Under Inflation Over Inflation




When the tire is inflated in accordance with its design and usage, the whole tread
band is in contact with the road, providing uniform wear and grip. On the other hand,
for tires on the drive axle, when the tire is under inflated, irregular wear takes place and
the shoulder region suffers more wear due to tire slip, causing an early disposal of the

tire. When the tire is over-inflated, the center region suffers more wear.

Figur

eb

L=

— Irregular wear on drive tires ca

~

Under-inflation Correct Over-inflation

This phenomenon, shown on Figure 5, is seen in tires on the drive axle. For tires
on non-driving axles, if the tire is under inflated, the center region will suffer more wear
due to route irregularities gradually sweeping away the rubber than the shoulder region
due to contact area sliding. Likewise, the shoulder region will suffer more wear if the
tire is over inflated.

In addition to causing irregular wear and early disposal of the tire, the reduction
of the tire’s contact surface on the road reduces grip, which means that driving safety is
compromised. Therefore, it is of the utmost importance to inflate the tire at the correct

pressure according to its design and usage.



3 USAGE RESEARCH

To have a better understanding of how the tires are used by the carriers, a survey
form was created with the help of the university advisors and Michelin. See “Appendix
A” for the complete form.

Eight carriers answered the survey. Their itineraries englobe all five regions of
Brazil, with a greater density in the Southeast, Northeast and Center-West regions. In
total, they have 3927 trucks with 9346 tires bought per year. 616 of those trucks are 4x2
trucks that were the object of study of Julia Coelho Santos” work [1]. These trucks use
275/80 R22.5 tires.

Figure 6 — Inlet pressure used for 275/80 tires

Inlet pressure - by Inlet pressure - by
carriers tires

m 7.5 bar / 109 psi m 7.5 bar / 109 psi
m 8.0 bar / 116 psi m 8.0 bar / 116 psi

As it can be seen in Figure 6, the survey also showed that 62.5 % of the carriers
use 8.0 bar of pressure on their tires against 37.5 % that calibrate at 7.5 bar, which is —
like other companies — Michelin’s recommended value for 275/80 tires in regular use. If
we consider the amount of trucks in each carrier, the percentage of 4x2 truck tires at 8.0

bar of pressure goes to 92.6 % against 7.4 % that are calibrated at 7.5 bar.



An interesting result is tire’s tread depth at the first disassemble, before the first

retreading.

Figure 7 — Tread depth at tire’s take out before first retread

Tread depth

7,4%

m1.6to3.0mm
m3.0t04.0 mm

92,6%

As showed in Figure 7, most tires are disassembled when its tread depth is
between 3.0 mm and 4.0 mm, even though Brazilian legislation determines a minimum
of 1.6 mm of tread depth. When asked why, companies respond that it is meant to avoid
any kind of accident due to loss of performance.

Figure 8 — 4x2 truck configuration [6]

Figure 8 shows a scheme of the studied truck. The front axle of this type of truck
is the steer axle while the rear axle is the drive axle, which provides torque.



4 WEAR

The wear of rubber is due to energy dissipation caused by friction [7]. On that

account, tire wear can be divided into two main phenomena, as shown in Figure 9.

Figure 9 — Schematic diagram of the rubber wear mechanism [7]
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Adhesion occurs when two solid surfaces slide over each other under pressure.
Temporary bonding appears between the molecules of a sliding rubber surface and a
contact surface due to the high pressure [7]. A sub-category of adhesion wear, abrasive
wear, is caused by rubber sliding on the road surface during acceleration and braking.

Hysteresis wear is due to the tread being submitted to a shearing force during
acceleration and braking. When a specific tread area is in contact with the road, this
portion is compressed and submitted to a shearing force in the contact area. When it
leaves the contact area, the tread is released. After a certain number of rotations, a
portion of the tread reaches its fatigue limit and throws small particles of rubber onto
the road. Hysteresis is considered to be a phenomenon within the sliding rubber [7].

Considering that a truck tire can have a lifespan of over 200.000 km, hysteresis
can be an important factor for wear in a long-term perspective. However, this work will
focus on abrasive wear, which is considered a more significant cause of tire wear in
comparison to hysteresis [4].

In this sense, the main factors of tire wear are the forces that the tire is submitted

to, material properties, road conditions, sliding distance and contact area.

9



4.1 Wear laws
Several wear models were proposed over the years, some theoretically, others
empirically. However, few of them are publicly available. In this section, the most
discussed models are presented.
Some of these models are more refined than others, taking into consideration
more parameters, but they do have some of them in common, such as the applied force,

material characteristics and the sliding distance — or the travelled distance.

4.1.1 Archard’s wear law
Also known as Reye-Archard-Khrushchov wear law, this method was conceived
thanks to the combined works of Theodor Reye, in 1860, John Frederick Archard, in
1956, and Mikhail Mikhailovich Khrushchov, in 1960. It is commonly used for metal
disc wear.

The abrasive model of this law is as follows [3]:

Fn-s
H

V= k (2)

where V is the volume of worn material, in mm3, Fy is the normal force, in N, s the slip
distance, in mm, H the material hardness, in N/mm?, and k is the dimensionless wear
coefficient.

Reye’s hypothesis, or dissipative energy hypothesis, is then implemented in this

model. This hypothesis states that the volume of material lost due to adhesive wear
effects is proportional to the work performed by the friction forces [4]. Therefore, the
normal force can be replaced by the longitudinal and lateral forces applied to the tire’s

contact area:

H

V= (3) ; W, = E; - sy (4)

W, =E s, (5)

where W, is the longitudinal work, in N.mm, W, is the lateral work, in N.mm, s, is the
longitudinal tire slip in mm and s, is the lateral tire slip in mm.

10



The hardness of the material and the longitudinal and lateral slip distances are
calculated using Finite Elements simulations from the software developed by Michelin
at reference usage conditions. The applied forces come from the truck model.

The wear coefficient k is defined in the literature [8] as the wear volume fraction

at the plastic contact zone:

Vw
k = v, (6)

where V), is the worn volume and V;, is the volume of the plastically deformed zone.

In the literature [9], k is well defined for metallic materials and varies from 10
to 107 (table in “Appendix B”). There is no normalized value for rubber, but, since this
work focuses on estimating the relative wear, k can be disregarded.

In order to have an idea of tread depth, instead of volume loss, let’s divide
equation 3 by the contact surface area, A, in mm?, calculated by the Finite Elements

software for each condition.

=... -

This formulation provides the height loss, P, in mm.

4.1.2 Schallamach’s wear law
Adolf Schallamach developed this model while he was working for the British
Rubber Producers’ Research Association. Similar to Archard’s equation, Shallamach’s
is defined as [3]:
Q=vy s Fy (8)

where Q is the abrasive quantity, y is the abrasion per unit of energy dissipation, s is the
sliding distance and Fy is the normal force. The units, however, are not mentioned by
Schallamach [3].

Schallamach’s equation using Reye’s hypothesis is as follows:

Q=F sx+E sy 9)

Similarly to k on Archard’s equation, y will be disregarded in this comparison.

11



4.1.3 Other wear laws
Another suggested approach for tire wear modelling can be represented as [10]:
V=p-e% (10)

where V is the volume loss, a is a constant, t is time and £ is an unknown term
identified as “some characteristic of the initial surfaces”.
In the literature, another suggested model is [10]:

AW = K-F%-VP-¢tc (11)

where AW is the weight loss, F is the applied load, V is the speed, t is time and K, a, b
and c are empirical constants.

4.2 Sensitivity test
Before analyzing the FEM results, let’s visualize how each theoretical model
behaves in terms of tire wear with the variation of applied force in Figure 10, sliding
distance in Figure 11, material hardness in Figure 12 and contact surface are in Figure
13.

Figure 10 — Applied force [daN] x Tire wear rate
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Figure 11 — Sliding distance [mm] x Tire wear rate
Michelin Archard Schallamach
0.09 7000

L
. 0.08 - 5000
0.07 <
4 P 5000
7 0.06 ‘,'
0.05 -7 4000
ra ”
0.04 -
’ ", 3000
- 0.03
s P 2000
,‘ 0.02 -
rd 1000
’.' 0.01 /.
1] 3 6 9 12 15 18 21 24 27 30 0O 3 6 9 12 15 18 21 24 27 30 0 3 © 9 12 15 18 21 24 27 30

12



Figure 12 — Material hardness [N/mmz2] x Tire wear rate
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Figure 13 — Contact surface area [mm2] x Tire wear rate
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Tire wear rate for Michelin’s and Archard’s model is in mm per wheel turn.
Schallamach’s model, as discussed before, estimates a wear quantity, not specifying its
unit. For confidential reasons, Michelin’s wear rate values are not displayed.

For applied force and sliding distance, Figure 10 and Figure 11, Archard’s and
Schallamach’s equations have the same tendency in terms of wear rate. Michelin’s
equation also increases the wear rate, but with different curve coefficients. Since
Shallamach’s equation is simpler, with less parameters involved, its comparison stops at
the sliding distance, in Figure 11.

When analyzing the material hardness variation in Figure 12, Archard’s equation
shows the same tendency as Michelin’s equation. For the contact area, in Figure 13,

they have close responses, but with different curve coefficients.
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5 METHODOLOGY

Using the Finite Elements software developed by Michelin, a tire’s concept can
be simulated before its production in order to anticipate the tire’s performance and
behavior. The mesh is created from a 2D design of the tire. Then, the materials that
compose the tire are chosen from a library that provides us with their properties.
Finally, the 2D mesh is revolutionized to form the 3D design of the tire and the
simulation begins. To create the analyses, two 275/80 R22.5 tires were considered.

To explain how tire’s simulations are made, Figure 14 displays a hypothetical

tire design. An actual tire design must indicate all inside structures.

Figure 14 — Hypothetical tire design

From this 2D design, the mesh is created, the tire is divided in several elements,

boundary conditions are defined and each structure — metal and rubber — is specified in
terms of material properties. Figure 15 also displays a hypothetical tire mesh. An actual
tire mesh must take into account all structures showed in Figure 2.

The boundary conditions are the contact surface with the road, in light blue, the
contact surface of the tire to the wheel, in pink, and the inner pressure region of

influence, in yellow.
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Figure 15 — Hypothetical tire mesh
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Figure 16 — Tire’s 3D view

o
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As seen in Figure 16, the tire is divided into different sections before running the
FEM simulation. However, the contact area is split into much smaller sections to
provide a more accurate result, since it is the most important region in terms of tire

performance.
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Hypotheses are:

The simulated route is a flat asphalted ground with a friction coefficient;

There are no irregularities on the road (holes, barriers, etc.);

All models focus on the tire’s overall wear, not distinguishing tread band regions;
Road contact, wheel contact and inner pressure incidence as boundary conditions;
Simulations done in a transient-state;

No camber imposed.

YVVVVVY

5.1Wear rate curves

Another comparison can be made by plotting a curve of wear rate with the
applied force variation for specific usage condition. This type of curve shows how the
tire behaves under different applied forces.

The curves in Figures 17, 18, 19 and 20 represent the wear rate difference for
each 275/80 R22.5 tire taking into account Michelin’s, Archard’s and Schallamach’s
models. The amount of wear estimated is not considered a true absolute estimation since
k and y parameters for Archard’s and Schallamach’s equations, respectively, are
unknown. This comparison is only applicable in a relative perspective between tires and
conditions.

For this comparison, simulations for each tire are made in order to determine
material hardness and contact area reference values. To find out the sliding distance, a
condition for each applied force is simulated. Out of interest, each F, curve took 42

simulation steps while each F, curve took 54 simulation steps. One step for each

simulated condition.

Figure 17 — Longitudinal force applied [daN] x Wear rate [mm/wheel turn]
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For longitudinal forces, the result in Figure 17 shows a reduction of 28% on
wear rate from tire 1 to tire 2 using Michelin’s model, 4% using Archard’s model and

11% using Schallamach’s model. However, all three wear models show that the wear

rates of both tires are almost equal for low F, values, as seen in Figure 18:

Figure 18 — Longitudinal force applied [daN] x Wear rate [mm/wheel turn]
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Figure 19 — Lateral force applied [daN] x Wear rate [mm/wheel turn]
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For lateral forces, the result in Figure 19 shows a 28% reduction of wear from
tire 1 to tire 2 using Michelin’s model, 1% using Archard’s model and 9% using
Schallamach’s model. However, Archard’s model shows that for positive F, values the
wear of tire 2 is greater than the wear of tire 1. Figure 20 shows the same curves for low
F, values.

However, as explained previously, Schallamach’s units are not defined by the
author. Its unit for wear rate could only be defined as wear quantity per wheel turn. For

confidential reasons, Michelin’s wear rate values are not displayed.
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Figure 20 — Lateral force applied [daN] x Wear rate [mm/wheel turn]
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5.2 Parameters influence

The output of the truck model includes the longitudinal, F,, lateral, F,, and

the slip distance.

Figure 21 — Forces influence on slip
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vertical, F,, forces applied to the tire’s contact area and the vehicle’s speed. To create

the FEM database, a study was developed to find out how these parameters influence
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FEM simulations, in Figure 21, show that the longitudinal force has little
influence on the lateral slip — Figure 21 (b) — when compared to its influence on the
longitudinal slip — Figure 21 (a). The result also shows that the lateral force has little
influence on the longitudinal slip — Figure 21 (c) — when compared to its influence on
the lateral slip — Figure 21 (d). The slip calculated is the slip within the contact area

length that is on average 195 mm for the two studied tires.

Figure 22 — Speed influence on slip
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For the speed, it is clear that velocity variation has no influence on longitudinal —
Figure 22 (a) — or lateral slip — Figure 22 (b). With this in mind, the model database is
divided into two groups: longitudinal force influence with vertical force variation and
lateral force influence with vertical force variation.

The vertical force influence is a defining factor prior to the longitudinal and

lateral forces influence.

19



5.3 Database
Considering the study carried out in the last section and the values of the truck

model output, a database was created by varying the forces as indicated in Table 1.

Table 1 — Database force range in decanewton (daN)

Fz 1000 1500 2000 2500 3000 3500

-500 -500 -500 -500 -500 -500

-400 -400 -400 -400 -400 -400

-300| -300| -300| -300| -300| -300| -300| -300| -300| -300| -300| -300

-200| -200| -200| -200| -200| -200| -200| -200| -200| -200| -200| -200

-100| -100| -100| -100| -100| -100| -100| -100| -100| -100| -100| -100

0 0 0 0 0 0 0 0 0 0 0 0

100| 100| 100| 100| 100| 100| 100| 100| 100| 100| 100| 100

200] 200| 200| 200| 200| 200| 200| 200| 200| 200| 200| 200

300/ 300| 300| 300, 300, 300| 300| 300| 300| 300| 300| 300

400| 400| 400| 400| 400| 400| 400| 400| 400| 400| 400| 400

500 500 500 500 500 500

Fx Fy X Fy & Fy & Fy & Ry X Ry

Each cell of Table 1 is a Finite Element simulation that provides the slip value
and each column has reference values for surface area and hardness modulus.
Depending on the condition defined by the truck model output, the tire model creates
iterations to find out the appropriate parameter values in order to estimate the wear. The
force ranges were chosen based on the limitations of the truck model [1].
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Slip values for tires 1 and 2 vary at 7.5 bar as shown in Figure 23 and Figure 24.

Figure 23 — Longitudinal slip [mm] by varying F, [daN] at 7.5 bar
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Figure 24 — Lateral slip [mm] by varying F, [daN] at 7.5 bar
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Slip values for tires 1 and 2 vary at 8.0 bar as shown in Figure 25 and Figure 26.

Figure 25 — Longitudinal slip [mm] by varying F, [daN] at 8.0 bar
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Figure 26 — Lateral slip [mm] by varying F, [daN] at 8.0 bar
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Considering the results presented in Figures 23, 24, 25 and 26, it is clear that the

lateral force has a more important influence on tire slip than the longitudinal force when

comparing the same amount of applied force. It can also be seen that the increase of the

vertical force reduces tire slippage. However, in actual usage, the heavier the vehicle,
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the more longitudinal force is needed to overtake the friction force and move the
vehicle.

Surface area and hardness modulus also come from a reference condition for
each FE, value. Since it would be unmanageable to calculate the contact area and
hardness modulus for every possible combination of F, and FE, values, this work
proposes to use a reference condition for wear caused by the longitudinal force and
another reference condition for wear caused by the lateral force. Thereby, equation 7 of

Archard’s model is modified to equation 12.

Fx'Sx Fy'SY
Hx'Ax Hy'Ay

P =

(12)

Schallamach’s equation is not affected.
The results in Figure 27 for the contact area, A,, and the hardness modulus, H,,

were obtained using a reference F, and zero F;:

Figure 27 — A, and H,, by varying F, [daN] values
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The results in Figure 28 for the contact area, A,,, and the hardness modulus, H,,

were obtained using zero F, and a reference F,;:

Figure 28 — A,, and H,, by varying F, [daN] values

275/801 - Contact area [mm?2] 275/80 2 - Contact area [mm?2]
50000 50000
45000 45000
40000 40000
35000 A 35000
30000 =—=7.5bar | 30000 —4—7.5 bar
25000 ——28.0 bar 25000 == 8.0 bar
20000 / 20000 /
15000 { 15000 -
10000 T T T T T 1 lowo T T T T T 1
1000 1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500
275/80 1 - Hardness [N/mm2] 275/80 2 - Hardness [N/mm?2]
3.5 3.5
3 3
2.5 25
—4—7.5 bar =—t=7.5 bar
2 —8—38.0 bar 2 —8—38.0 bar
1.5 15
1 . . . ‘ . . 1 \L
1000 1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500

At first glance, it is clear that the applied vertical force, E,, directly influences
both the contact area and the hardness modulus, as seen in Figure 27 and Figure 28. The
inflation pressure also has an impact on both parameters. Its increment of 0.5 bar
slightly reduces the contact area and increases the hardness modulus for most scenarios.
An interesting phenomenon is that, for both tires, the contact area difference between
the two pressures seems to increase as the applied vertical force is augmented.

To create this database for each tire at each inflation pressure, it took about 120
steps for longitudinal wear and 210 steps for lateral wear values. In total, 660 steps for
both tires at both inflation pressures. Each step is a simulated condition at the FEM
software. In spite of this, once the simulations are done, the procedure developed to

analyze and organize the results is practical and systematic.
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6 MATLAB WEAR MODEL

In order to estimate the tire wear caused by the usage conditions from the truck
model [1], two algorithms were created on MATLAB: one to determine the parameters
values for each condition, provided by the FEM database, and another to calculate the
wear for each wear model. The first code takes about 13 seconds to run while the
second code takes about 22 seconds to run at a 16GB of RAM computer with an Intel
Core i7 processor. The algorithms are presented in “Appendix C”.

The truck model outputs obtained for 4x2 trucks determine the parameters
values for each condition that come from the database. To find out the estimated values
of these parameters, a series of interpolations takes place and the values are allocated to
be used on Michelin’s, Archard’s and Schallamach’s models.

4x2 trucks have six tires: two in the front and four in the rear. The truck model
considers that both front tires suffer the same efforts and that the four rear tires also
suffer the same efforts. That being said, front tire results are the same for both front tires
and rear tire results are applicable to the four rear tires, considering that all tires are the
same model and have the same inflation pressure.

The model does not take into consideration the differences on worn regions
between drive axle tires from steer axle tires, explained in section 2.3, since the total tire
wear is estimated, not distinguishing ribs.

Since the appearance of tire 1 and tire 2 results are not so different when
analyzing wear graphs, let’s analyze the wear results for tire 1 and, afterwards, compare
both tires.
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6.1 Archard’s results

Figure 29 — Front axle applied forces from truck model
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Figure 30 — Archard’s wear estimation for tire 1 at the front axle
. 1078 Tire 1at 7.5 bar

Wear [mm]

1] 5 10 15 20 25 30
Travelled distance [Km]

35

s 1078 Tire 1 at 8.0 bar
’ ’ * 1‘?raweHed distance [sz]ﬂ = * ®
Table 2 — Archard's wear estimation for front tires
Wear X [mm] Y [mm] Total [mm]
7.5 bar 0.0002069 0.0026594 0.0028663
8.0 bar 0.0002200 0.0027973 0.0030174
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Figure 29 shows the applied forces at the front axle tires while Figure 30 shows
the tire wear estimation for tire 1 at the front axle in mm during the 35 km route.
However, as explained before, this is not a correct absolute estimation since the wear
coefficient k is unknown.

As it can be seen in Table 2, wear caused by lateral slip takes more than 93% of
total wear — more than 10 times the longitudinal wear estimation. It is also clear that the
model shows an increase on wear when the tire is over inflated for both longitudinal and
lateral wear.

When analyzing the force values coming from the truck model, the correlation
between lateral force variations with tire wear estimation becomes evident. The wear

values peaks in Figure 30 are due to the peaks of the lateral force values in Figure 29.
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Figure 31 — Rear axle

applied forces from truck model
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Figure 32 — Archard’s wear estimation for tire 1 at the rear axle
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Table 3 — Archard's wear estimation for rear tires
Wear X [mm] Y [mm] Total [mm]
7.5 bar 0.0003651 0.0009141 0.0012792
8.0 bar 0.0003850 0.0009445 0.0013295
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In much the same manner, the tire wear estimation for rear tires shows a greater
importance of lateral wear on the overall wear of the tire — over 71% — as seen in Table
3. Once again, a correlation between lateral force variations in Figure 31 with tire wear
estimation in Figure 32 is clear.

It is also clear that longitudinal forces in the rear axle, shown in Figure 31, are
greater than longitudinal forces in the front axle, shown in Figure 29, and that lateral
forces in the rear axle, shown in Figure 31, are smaller than lateral forces in the front
axle, shown in Figure 29. For the vertical forces, the average value is greater in the rear
axle, shown in Figure 31. However, the peak values are greater in the front axle, shown

in Figure 29.

6.2 Schallamach’s results

Figure 33 — Schallamach’s wear estimation for tire 1 at the front axle
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Table 4 — Schallamach's wear estimation for front tires

Wear X Y Total
7.5 bar 12.431146 80.616537 93.047683
8.0 bar 13.038574 83.818717 96.857291

As for Schallamach’s model, front tires lateral wear takes about 87% of the total
wear as seen in Table 4. An increase on tire wear due to over inflation can also be seen
at this model. As seen before for Archard’s model, wear peaks in Figure 33 are

correlated to lateral force peaks at front tires in Figure 29.
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Analogously to Archard’s model, wear values are not valid absolute estimations
since the y coefficient is unknown. These results can only be used in a relative

perspective.

Figure 34 — Schallamach’s wear estimation for tire 1 at the rear axle
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Table 5 — Schallamach's wear estimation for rear tires
Wear X Y Total
7.5 bar 25.330201 38.042737 63.372938
8.0 bar 26.462306 38.571536 65.033842

When analyzing rear axle tires, the same phenomenon occurs with
approximately 60% of the overall wear coming from lateral wear, as seen in Table 5.
The wear peaks in Figure 34 are also correlated to the lateral force peaks for rear axle

tires in Figure 31.

6.3 Michelin’s results
Michelin’s model also shows an increase on tire wear due to over-inflation, as it
will be discussed in the next section. It also shows that 71% of the total wear is caused
by lateral forces for front tires. However, for rear tires, it shows that lateral wear only
causes 27% of the total wear.

The results are not displayed for confidential reasons.
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6.4 Global results

Table 6 shows how the increase of tire inflation pressure from 7.5 bar to 8.0 bar

changed the amount of estimated wear:

Table 6 — Inflation pressure results

7.5 bar === 80 bar
275/80 1
Front tires Rear tires
Michelin | Archard | Schallamach | Michelin | Archard | Schallamach
5.80% 5.27% 4.09% 5.59% 3.93% 2.62%
275/80 2
Front tires Rear tires
Michelin | Archard | Schallamach | Michelin | Archard | Schallamach
7.42% 6.91% 3.89% 6.60% 6.05% 4.09%

The three models show an increase on wear when the tires are inflated over their
recommended value. This was expected for Archard’s model since Figure 27 and Figure
28 show a decrease on the surface area value from 7.5 bar to 8.0 bar. It is true that the
hardness modulus increases, but its magnitude is inferior to the surface area magnitude.
For the slip distance, it can also be seen in Figure 23 to Figure 26 that its value slightly
increases when the inflation pressure is augmented, thus, Schallamach’s model also
indicates an increase on wear.

Table 7 presents a comparison between the two tires in terms of wear for each

model and pressure.

Table 7 — Tire wear comparison

275/80 1 wmmmp 275/80 2
Front tires
Michelin Archard Schallamach
7.5 bar 8.0 bar 7.5 bar 8.0 bar 7.5 bar 8.0 bar
-19.81% -18.59% 12.75% 14.50% -4.94% -5.13%
Rear tires
Michelin Archard Schallamach
7.5 bar 8.0 bar 7.5 bar 8.0 bar 7.5 bar 8.0 bar
-25.50% -24.79% 7.82% 10.01% -4.50% -3.13%

The models respond in different ways when tire 1 is replaced by tire 2.
Michelin’s and Schallamach’s models estimate a decrease on wear. However, Archard’s

model shows an increase on wear.
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7 CONCLUSION

All three wear models show a greater impact of the lateral force on the global
tire wear over the longitudinal force for front tires. This phenomenon was expected
since the lateral slip values plotted on Figure 24 and Figure 26 were higher than
longitudinal slip values in Figure 23 and Figure 25. For Archard’s model, another
indication is the fact that the hardness modules H,, calculated in Figure 28 are greater
than hardness modules H, calculated in Figure 27. However, Michelin’s model shows
that, for rear tires, the longitudinal force has a greater impact on total wear than the
lateral force.

The rear axle is the driving axle, so it is expected for the longitudinal forces to
be greater on the rear axle than on the front axle. Another point is that, since there are
four tires on the rear axle, the lateral forces will be better distributed than on the front
axles. Truck model [1] results in Figure 29 and Figure 31 show this relation.

For these reasons, Michelin’s result is reasonable, but it does not explain why
Archard’s and Schallamach’s models show a different result. The reason is the influence
of each parameter on the estimated wear, especially, the forces impact. The exponent
value of each parameter must be better defined using empirical tests.

The models also indicate that over inflation causes an increase in tire wear
compared to the wear when the tire is inflated at the recommended value. In that
comparison, Archard’s model has a closer response to Michelin’s model than
Schallamach’s. However, when it comes to comparing tires, Archard’s model responds

differently from the other two, showing that tire 2 wears more than tire 1.
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8 FUTURE WORKS

To continue this work, usage tests with 4x2 trucks could be performed in order
to compare models results with real usage and, afterwards, empirically determine

exponents’ values to approximate Archard’s model to reality, but always respecting the

unit:
_ an'sxb Fya'SYb
_Hc-Ad HC-Ad (13)
X X y y
By doing this, the importance of each parameter for tire wear would be better
determined.

The analysis of the difference in wear between driving axle tires and non-driving
axle tires could also be done. For that, it would be necessary to analyze the wear of each
rib of the tread band. This would also provide developers with an idea of how irregular
wear takes place.

This method could be applied as well to tires of different dimensions and/or
different usage conditions.

At last, another possible future work could be the analysis of the camber

influence on tire wear and rib wear.
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APPENDIX A — Usage research form
Uso do Pneu 275/80 R22.5

Este curto questionario faz parte do projeto de alunos de Engenharia Mecéanica da UFRJ. Seu
propdsito & de melhor compreender o uso deste pneu pelas transportadoras a fim de tornar as
simulagdes de uso mais proximas da realidade.

Agradecemos desde ja sua participagéo.

1. Qual o nome da sua transportadora?

2. Quantos caminhdes tem a sua frota?

3. Que tipo de carga costumam transportar com mais frequéncia?
Marcar apenas uma oval,

(") Cargas Secas
() Granel Sélido
() Granel Liquido
() Frigorificas

() Medicamentos
(") Minério e Cimento
() Cargas de Veiculo
(_ ) Cargas Fragil
() Cargasde Valor
() Cargas Vivas
() Mudangas

() Encomendas

() Outro:

4. Quantos caminhdes 4x2 (Toco) ha na frota
de sua empresa?

5. Peso da carga transportada por caminhdes 4x2 (sem contar o peso do caminhao)

Para informacgao, um caminhao 4x2 (Toco), em media, pesa 10 Toneladas
Marcar apenas uma oval por linha.

Maior parte do tempo  Asvezes Nunca

1 tonelada ou menos C ) C Y )
2 ton _ ) ( o ) ._:____/':
3ton C ) )
4 ton C ) C ) C
5 ton C ) C )
6 toneladas ou mais C ) (
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6. Qual trajeto & o mais comum (Qrigem e
destino) destes caminhdes 4x2 Toco?

7. Quantos pneus costumam comprar
anualmente?

8. Identifique o uso das marcas abaixo para pneus 275/80 R22.5:
Marcar apenas uma oval por linha.

Maior par‘te do Boa par‘te do Meédio Pouco

uso uso uso usada

Bridgestone C ) C ) C ) C)
Continental C ) L J C L
Goodyear C ) C ) C
Michelin C ) (@D, C C )
Pirell C D () @) C )
QOutra C ) ) C )

9. [Opcional] Se sua resposta na pergunta
anterior foi "Outra", qual marca?

10. Que pressdo costuma ser usada nos pneus 275/807
Marcar apenas uma oval.

\_/. 102 psi/ 7.0 bar
() 109 psi/ 7.5bar
_ 116 psi/ 8.0 bar
() 123psi/ 85bar
() 131psi/ 9.0bar

_ Outro:

11. Qual é, em média, a quilometragem de desmonte até a substituicao do pneu?

Quilometragem de vida Util sem considerar recapagem (1° Vida)
Marcar apenas uma oval.

() Abaixo de 40.000 Km
() 40.000 a 80.000 Km
() 80.000 a 120.000 Km
() 120.000 a 160.000 Km
() 160.000 a200.000 Km
() 200.000 a 240.000 Km
() Acima de 240.000 Km
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12. Qual a profundidade de escultura no momento do desmonte (substituicao do pneu)?
Profundidade do piso do pneu/ Profundidade do sulco / Profundidade do perfil

Marcar apenas uma oval,

() Abaixo de 1,6 mm

() 16a3,0mm

() 30a40mm
[ ) 40a50mm

8

) 50a6,0mm

-

h.
() Acima de 6,0 mm

o

13. Relacione as causas de desmonte de pneu 275/80 com suas frequéncias

Marcar apenas uma oval por linha.

Muita Boa

ocorréncia ocorréncia
. . s o ' Y
Fim de vida (til C ) )
Acidente com o Y o
velculo — —
Problemas de Ty ./—\
conforto — —
' % ' e
Furo no pneu _ ) )
s By If ™y
Bolha no pneu -, L)
Pneu estourou C ) C )
- ! P
Desgaste irregular L ) L )
oy T
Preu rasgou L ) L)

14. Estaria disponivel para entrarmos em
contato e coletarmos mais informacées
sobre o uso? Se sim, informe um telefone
para contato ou e-mail.

Powered by
B Google Forms
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APPENDIX B — Table of wear coefficient, k, for different

metals

Material K

Mild steel (on mild steel) 7% 1073
a/f brass 6x 107*
PTFE 2.5%x 1073
Copper-beryllium 3.7%107°
Hard tool steel 1.3x 1074
Ferritic stainless steel 1.7x 107°
Polythene 1.3x 1077
PMMA 7% 10"
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APPENDIX C — MATLAB codes

% Tire wear model part 1

% Commentaries:

% Code to select the appropriate parameters given the
vehicle model outputs

% Before running the model, the vehicle outputs and the
database must be

% formatted according to the model used before. It is
important to maintain

% the parameters at the right positions!!!

% The forces at the vehicle model outputs is in Newton and
the forces at

% the FEM database is in daN

clear; clc;

load('C:\Users\—-——--—- \Documents\MATLAB\raw_ forces.mat');
% Vehicle model outputs
load('C:\Users\—-—--—- \Documents\MATLAB\tire database.mat');

% FEM database

sz = size(Base data); % Time / Km / Speed

Hlx = 0; H2x = 0; % Hardness modulus tire 1 / tire 2
[N/mm2 ]

Slx = 0; S2x = 0; % Surface area tire 1 / tire 2 [mm2]

hlx = 0; h2x = 0; % Tread band height tire 1 / tire 2 [mm]
Llx = 0; L2x = 0; % Surface area medium lenght tire 1 /

tire 2 [mm]
slx = 0; s2x = 0;

0\

Slip distance tire 1 / tire 2 [mm]

F = AVG raw; % To analyze another tire position, change to
AVG/AVD/ARGE/ARGI/ARDI/ARDE

for 1 = 1:s52(1,1)% Interpolations for longitudinal wear
if F(i,3) <= 10000

)

$ Tire 1

Hlx(i,1) = P275 1 75(12,1); Slx(i,1) =
P275 1 75(12,2);

hlx(i,1) = P275 1 75(13,1); Llx(i,1) =
P275 1 75(13,2);

Hlx (i,2) = P275 1 80(12,1); Slx(i,2) =
P275 1 80(12,2);

hlx(i,2) = P275 1 80(13,1); Llx(i,2) =

P275 1 80(13,2);

[

$ Tire 2
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H2x(i,1) = P275 2 75(12,1); S2x(i,1) =
P275 2 75(12,2);
h2x(i,1) = P275 2 75(13,1); L2x(i,1) =
P275 2 75(13,2);
H2x(1,2) = P275 2 80(12,1); S2x(i,2) =
P275 2 80(12,2);
h2x(i1,2) = P275 2 80(13,1); L2x(i,2) =
P275 2 80(13,2);
if F(i,1) <= -3000
% Tire 1
slx(i,1) = P275 1 75(3,2); slx(i,2)
P275 1 80(3,2);
% Tire 2
s2x(1i,1) = P275 2 75(3,2); s2x(1,2)
P275 2 80(3,2);
end

for n = 3:9

if F(i,1) > P275 1 75(n,1)*10 && F(i,1)
P275 1 75(n+1,1)*10
% Tire 1
slx(i,1)=((F(i,1)-
P275 1 75(n,1)*10)/1000)*(P275 1 75(n+1,2)-
P275 1 75(n ,2))+P275 1 75(n,2);
slx(1i,2)=((F(i,1)-
P275 1 80(n,1)*10)/1000)*(P275 1 80 (n+l,2)
P275 1 80(n,2))+P275 1 80(n,2);
% Tire 2
s2x(1,1)=((F(i,1)-
P275 2 75(n,1)*10)/1000)*(P275 2 75(n+1,2)-
P275 2 75(n,2))+P275 2 75(n,2);
s2x(1,2)=((F(i,1)-
P275 2 80(n,1)*10)/1000)*(P275 2 80 (n+l,2)-
P275 2 80(n,2))+P275 2 80(n,2);
end
end
if F(i,1) > 4000
% Tire 1
slx(i,1) = P275 1 75(10,2); slx(i,2)
P275 1 80(10,2);
% Tire 2
s2x(1i,1) = P275 2 75(10,2); s2x(i,2)
P275 2 80(10,2);
end
end
form = [1,4,7,10,13]

if F(i,3)
P275 1 75(1,m+3)*10

> P275 1 75(1
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<
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(o)

$ Tire 1
Hlx(i,1)=((F(i,3)-

P275 1 75(1,m)*10)/5000) * (P275 1 75(12,m+3) -

P275 1 75(12,m))+P275 1 75(12,m);
Slx(1i,1)=((F(1,3)-

P275 1 75(1,m)*10)/5000) * (P275 1 75(12,m+4) -

P275 1 75(12,m+1))+P275 1 75(12,m+1);
hlx(1i,1)=((F(1,3)~

P275 1 75(1,m)*10)/5000) * (P275 1 75(13,m+3) -

P275 1 75(13,m))+P275 1 75(13,m);
Llx(1,1)=((F(1,3)~

P275 1 75(1,m)*10)/5000) * (P275 1 75 (13, m+4) -

P275 1 75(13,m+1))+P275 1 75(13,m+1);
Hlx(i 2)=((F (i,3)—

P275 1 80(1,m)*10)/5000)*(P275 1 80 (12, m+3) -

P275_1_80(12,m))+P275_1_80(12,m);
Slx(i 2)=((F (i,3)—

P275 1 80 (1,m)*10)/5000)* (P275 1 80 (12, m+4) -

P275_l_80(12,m+1))+P275_1_80(12,m+1);
hlx(i 2)=((F (i,3)—

P275 1 80(1,m)*10)/5000)* (P275 1 80 (13, m+3) -

P275:l:80(13,m))+P275_1_80(13,m);
le(i 2)=((F (i,3)—

P275 1 80(1,m)*10)/5000)* (P275 1 80 (13, m+4) -

P275_l_80(l3,m+1))+P275_l_80(l3,m+l);
$ Tire 2
H2x(1,1)=((F (1, 3)-

P275 2 75(1,m)*10)/5000) * (P275 2 75 (12, m+3) -

P275 2 75(12,m))+P275 2 75(12,m);
S2x(i,1)=((F(1,3)-

P275 2 75(1,m)*10)/5000)*(P275 2 75(12,m+4) -

P275 2 75(12,m+1))+P275_2_75(12,m+1);
h2x(1i,1)=((F(1,3)-

P275 2 75(1,m)*10)/5000) * (P275 2 75 (13, m+3) -

P275 2 75(13,m))+P275 2 75(13,m);
L2x(1i,1)=((F(1,3)~-

P275 2 75(1,m)*10)/5000) * (P275 2 75 (13, m+4) -

P275 2 75(13,m+1))+P275 2 75(13,m+1);
H2x(1,2)=((F(1,3)~-

P275 2 80(1,m)*10)/5000) * (P275 2 80 (12, m+3) -

P275 2 80(12,m))+P275 2 80(12,m);
S2x(1,2)=((F(1,3) -

P275 2 80(1,m)*10)/5000) * (P275 2 80 (12, m+4) -

P275 2 80 (12, m+1))+P275 2 80(12,m+1);
h2x(1,2)=((F(1,3)-

P275 2 80(1,m)*10)/5000)*(P275 2 80(13,m+3) -

P275 2 80(13,m))+P275 2 80(13,m);
L2x(1i,2)=((F(1,3) -

P275 2 80(1,m)*10)/5000) * (P275 2 80 (13, m+4) -

P275 2 80 (13,m+1))+P275 2 80(13,m+l);
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if F(4i,

S
P275 1 80(3,m+1);

o\°

S
P275 2 80(3,m+1);
end

for n
i
P275 1 75(n+l,m)*

P275 1 75(n,m)*10)
P275 1 75(n ,m+1))
P275 1 80 (n,m)*10)

P275_l_80(n,m+1))

P275 2 75(n,m)*10
P275 2 75(n,m+1))

P275 2 80(n,m)*10
P275 2 80 (n,m+1))
e

end

P275 2 80(10,m+1
end
end
end
if F(i,3) >=
% Tire 1
Hlx (i, 1)
P275 1 75(12,17);
hlx (i
P275 1 75(13, 1
Hlx (1
P275 1 80(12, 1
hlx (i
P275 1 80(13, 17

(o)

$ Tire

7)
7

4

1)
)i
2)
) 4
2)
)i
2

if F(1

) <=
re 1
i, 1)

i,1 -3000
Ti
1x(

Tire 2
2x(1i,1)

3:9
(

10

% Tire 1
slx(i,l)=
/1000)
+P275 1 75(n
slx(i,2)=
/1000)

((F

((F

[

% Tire 2
s2x(1i,1)=
) /1000) *

((F

s2x(1,2)=
) /1000) *

((F

nd

35000
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1) > P275 1 75(n

P275 1 75(12,16);
P275 1 75(13,16) ;
P275 1 80(12,16);

P275 1 80(13,16);

P275 1 75(3,m+1);

P275 2 75(3,m+1);

m) *10

(1,1)-
*(P275 1 75(n+1l,m+1) -
,m+1) ;

(1,1)-
*(P275 1 80 (n+l,m+1) -
+P275 1 80 (n,m+1);

(j—r 1)_

(P275 2 75(n+l,m+1) -
+P275 2 75 (n,m+1) ;

(j—r 1)_

(P275 2 80 (n+l,m+1) -
+P275 2 80 (n,m+1);

P275 1 75(10,m+1) ;

P275 2 75(10,m+1) ;

Slx(i,1)
Llx(i,1)
Slx(i,2)

Llx(1i,2)

slx(i,2)

s2x(1i,2)

&& F(i,1)

slx(i,2)

s2x(1i,2)

<



H2x(i,1) = P275 2 75(12,16); S2x(i,1) =
P275 2 75(12,17);
h2x(i,1) = P275 2 75(13,16); L2x(i,1) =
P275 2 75(13, 17),
H2x(1,2) = P275 2 80(12,16); S2x(i,2) =
P275 2 80(12, 17),
h2x(i,2) = P275 2 80(13,16); L2x(i,2) =
P275 2 80(13, 17),
if F(i,1) <= -3000
% Tire 1
slx(i,1) = P275 1 75(3,17); slx(i,2) =
P275 1 80(3,17);
% Tire 2
s2x(1i,1) = P275 2 75(3,17); s2x(i,2) =
P275 2 80(3,17);
end
for n = 3:9
if F(i,1) > P275 1 75(n,1)*10 && F(i,1)
P275 1 75(n+1,1)*10
% Tire 1
slx(i,1)=((F(i,1)-
P275 1 75(n,16)*10)/1000)* (P275 1 75(n+1,17)-
P275 1 75(n ,l ))+P275 1 75(n,17);
slx(1i,2)=((F(i,1)-
P275 1 80 (n 16)*10)/1000)*(P275 1 80(n+1,17)-
P275 1 80(n,17))+P275 1 80(n,17);
S Tire 2
s2x(1,1)=((F(i,1)-
P275 2 75(n 16)*10)/1000)*(P275 2 75(n+1,17) -
P275 2 75(n,17))+P275 2 75 (n, 17)
s2x (1,2)=((F(i,1)-
P275_2_80(n,16)*10)/1000)*(P275 2 80(n+1,17)-
P275 2 80(n,17))+P275 2 80(n,17);
end
end
if F(i,1) > 4000
% Tire 1
slx(i,1) = P275 1 75(10,17); slx(i,2)
P275 1 80(10,17);
% Tire 2
s2x(1i,1) = P275 2 75(10,17); s2x(i,2)
P275 2 80(10,17);
end
end

end

o°

o
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Hly =

Sly
hly
Lly
sly

for

O O O O O

i

; H2y = 0; % Hardness modulus [N/mm2]

; S2y = 0; % Surface area [mmZ2]

; h2y = 0; % Tread band height [mm]

; L2y = 0; % Surface area medium lenght [mm]
; s2y = 0; % Slip distance [mm]

\O

l:sz(1,1) % Interpolations for lateral wear

if F(i,3) <= 10000

P275 1 75(30,2);

P275 1 75(31,2);

P275 1 80(30,2);

P275 1 80(31,2);

$ Tire 1

Hly(i,1) = P275 1 75(30,1); Sly(i,1) =
hly(i,1) = P275 1 75(31,1); Lly(i,1) =
Hly(i,2) = P275 1 80(30,1); Sly(i,2) =
hly(i,2) = P275 1 80(31,1); Lly(i,2) =
$ Tire 2

H2y(i,1) = P275 2 75(30,1); S2y(i,1) =

P275 2 75(30,2);

h2y(i,1) = P275 2 75(31,1); L2y(i,1) =

P275 2 75(31,2);

H2y (i,2) = P275 2 80(30,1); S2y(i,2) =

P275 2 80(30,2);

h2y (1,2)

P275 2 80(31,1); L2y(i,2) =

P275 2 80(31,2);

if F(i,2) <= -5000
$ Tire 1

P275 1 80(18,2);

sly(i,1) = P275 1 75(18,2); sly(i,2) =
$ Tire 2
s2y(i,1) = P275 2 75(18,2); s2y(i,2) =

P275 2 80(18,2);

end

for n = 18:27
if F(i,2) > P275 1 75(n,1)*10 && F(i,2) <=

P275 1 75(n+1,1)*10

% Tire 1
sly(i,1)=((F(i,2)-
P275 1 75(n,1)*10)/1000)*(P275 1 75(n+1,2)-
P275 1 75(n,2))+P275 1 75(n,2);
sly(i,2)=((F(i,2)~-
P275 1 80(n,1)*10)/1000)*(P275 1 80 (n+l,2)-
P275 1 80(n,2))+P275 1 80(n,2);

[

% Tire 2
s2y(1,1)=((F(1,2)-

P275 2 75(n,1)*10)/1000) * (P275 2 75(n+1,2) -
P275 2 75(n,2))+P275 2 75(n,2);
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SZy(i,2)=((F(i,2)—
P275 2 80(n,1)*10)/1000)*(P275 2 80 (n+l,2)-
P275 2 80(n,2))+P275 2 80(n,2);
end
end

if F(i,2) > 5000

% Tire 1
sly(i,1) = P275 1 75(28,2); sly(i,2) =
P275 1 80(28,2);
o % Tire 2
s2y(i1,1) = P275 2 75(28,2); s2y(i,2) =
P275 2 80(28,2);
end
end
for m = [1,4,7,10,13]

if F(i,3) > P275 1 75(1,m)*10 && F(i,3) <=
P275 1 75(1,m+3)*10
% Tire 1
HlY(i,1)=((F(i,3)—
P275 1 75(1,m)*10)/5000)* (P275 1 75(30,m+3) -
P275 1 75(30,m))+P275 1 75(30,m);
SlY(i,1)=((F(i,3)—
P275 1 75(1,m)*10)/5000)* (P275 1 75(30,m+4) -
P275 1 75(30,m+1))+P275 1 75(30,m+1);
hly(i,1)=((F(1i,3)~-
P275 1 75(1,m)*10)/5000)*(P275 1 75(31,m+3) -
P275 1 75(31,m))+P275 1 75(31,m);
Lly(1,1)=((F(1,3)~-
P275 1 75(1,m)*10)/5000)*(P275 1 75(31,m+4) -
P275 1 75(31,m+1))+P275 1 75(31,m+1);
Hly (1i,2)=((F(i,3) -
P275 1 80(1,m)*10)/5000)* (P275 1 80 (30, m+3) -
P275 1 80(30,m))+P275 1 80(30,m);
Sly(i,2)=((F(i,3)~-
P275 1 80(1,m)*10)/5000)*(P275 1 80 (30, m+4) -
P275 1 80(30,m+1))+P275 1 80(30,m+1);
hly(i,2)=((F(i,3)-
P275 1 80(1,m)*10)/5000)*(P275 1 80 (31, m+3) -
P275 1 80(31,m))+P275 1 80(31,m);
Lly(i,2)=((F(1,3)~-
P275 1 80(1,m)*10)/5000)*(P275 1 80(31,m+4) -
P275 1 80(31,m+1))+P275 1 80(31,m+1);
% Tire 2
H2y (1,1)=((F(i,3)~-
P275 2 75(1,m)*10)/5000)*(P275 2 75(30,m+3) -
P275 2 75(30,m))+P275 2 75(30,m) ;
S2y(1,1)=((F(1,3)~-
P275 2 75(1,m)*10)/5000)*(P275 2 75(30,m+4) -
P275 2 75(30,m+1))+P275 2 75(30,m+1);
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h2y(i L)=((F(,3) -

P275 2 75(1,m)*10)/5000)*(P275 2 75(31,m+3) -

P275_2_75(31,m))+P275_2_75(31,m);
L2y(i L)=((F(L,3)-

P275 2 75(1,m)*10)/5000)*(P275 2 75(31,m+4) -

P275 2 75(31,m+l))+P275_2_75(31,m+1);
H2y(i,2)=((F(i,3)—

P275 2 80(1,m)*10)/5000)* (P275 2 80 (30, m+3) -

P275 2 80(30,m))+P275 2 80(30,m);
SZy(i,2)=((F(i,3)—

P275 2 80(1,m)*10)/5000) * (P275 2 80 (30, m+4) -

P275 2 80(30,m+1))+P275 2 80 (30, m+1);
h2y(i,2)=((F(i,3)—

P275 2 80(1,m)*10)/5000) * (P275 2 80 (31, m+3) -

P275 2 80(31,m))+P275 2 80(31,m);
L2Y(i,2)=((F(i,3)—

P275 2 80(1,m)*10)/5000)* (P275 2 80 (31, m+4) -

P275 2 80(31,m+1))+P275 2 80 (31, m+1);

if F(i,2) <= -5000
$ Tire 1

P275 1 80(18,m+1

o\O ~ 0

Tlre 2
s2y(1i,1)
P275 2 80(18,m+1);
end

for n = 18:27

if F(i,2) > P275 1 75(n

P275 1 75(n+1,m)*10

$ Tire 1
sly(i,1)=((F(1,2)-

P275 1 75(n,m)*10)/1000)*(P275 1 75(n+l,m+1) -

P275 1 75(n,m+1))+P275 1 75(n,m+1);
sly(i,2)=((F(i,2) -

P275 1 80(n,m)*10)/1000)*(P275 1 80 (n+l,m+1) -

P275 1 80 (n,m+1))+P275 1 80 (n,m+1) ;

% Tire 2
s2y (1,1)=((F(1,2)-

P275 2 75(n,m)*10)/1000) * (P275 2 75(n+l,m+1) -

P275 2 75(n,m+1))+P275 2 75(n,m+1) ;
s2y(1,2)=((F(1,2) -

P275 2 80(n,m)*10)/1000)*(P275 2 80 (n+l,m+1) -

P275 2 80 (n,m+1))+P275 2 80 (n,m+1l);
end
end

if F(i,2) > 5000
% Tire 1
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ly(i,1) = P275 1 75(18,m+1); sly(i,2)

P275 2 75(18,m+1); s2y(i,2)

m)*10 && F(i,2)

<=



sly (i, 1)
P275 1 80(28,m+1);
% Tire 2
s2y (i, 1)
P275 2 80(28,m+l);
end
end

end

P275 1 75(28,m+1); sly(i,2)

P275 2 75(28,m+1); s2y(i,2)

if F(i,3) >= 35000

% Tire 1
Hly(i,1) = P275 1 75(30,16); Sly(i,1) =
P275 1 75(30,17);
hly(i,1) = P275 1 75(31,16); Lly(i,1) =
P275 1 75(31,17);
Hly(i,2) = P275 1 80(30,16); Sly(i,2) =
P275 1 80(30,17);
hly(i,2) = P275 1 80(31,16); Lly(i,2) =
P275 1 80(31,17);
% Tire 2
H2y(i,1) = P275 2 75(30,16); S2y(i,1) =
P275 2 75(30,17);
h2y(i,1) = P275 2 75(31,16); L2y (i,1) =
P275 2 75(31,17);
H2y(i,2) = P275 2 80(30,16); S2y(i,2) =
P275 2 80(30,17);
h2y(i,2) = P275 2 80(31,16); L2y(i,2) =
)

P275 2 80(31,17);
if F(i,2) <= -5000
% Tire 1
sly (i, 1)
P275 1 80(18,17);
% Tire 2
s2y (i, 1)
P275 2 80(18,17);
end

P275 1 75(18,17); sly(i,2) =

P275 2 75(18,17); s2y(i,2) =

for n = 18:27
if F(i,2) > P275 1 75(n,1)*10 && F(i,2) <=
P275 1 75(n+1,1)*10

% Tire 1

sly(i,1)=((F(1,2)-
P275_1_75(n,16)*10)/1000)*(P275 1 75(n+1,17) -
P275 1 75(n,17))+P275 1 75(n,17);

sly (i, 2)=((F(i,2)-
P275_1_80(n,16)*10)/1000)*(P275 1 80(n+1,17)-
P275 1 80(n,17))+P275 1 80(n,17);

Q

$ Tire 2
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P275 2 75 (n
P275 2 75(n

P275 2 80(n,16)*10) /1000

s2y(i,1

16)*10) /100

;17

))+P275 2
s2y (1,2

P275:2:80(n,17))+P275 2
end

end

if

[
°

S

F(i,2) > 500

Tire 1
ly (i, 1)

P275 1 80(28,17);

[e)

°

s2y (i,1)

Tire 2

P275 2 80(28,17);

end
end
end

)
0

(1
P2

n,

(
*
5

((F (1
* (P2
0

=((F
) *(
75 (
)=((F
) *(
_80(n

0

P275 1

P275 2

)_
75 2 75(n+1,17) -
17);
)_
75 2 80(n+1,17)-
7) ;

_75(28,17); sly(i,2)

_75(28,17); s2y(i,2)
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(o)

o

[e]

Tire wear model part 2

P1AVG wear = 0; P2AVG wear = 0; BD = Base data;

= abs(F); slx = abs(slx); sly = abs(sly); s2x = abs(s2x);
2y = abs(s2y);

for i = 2:s5z2(1,1)

% Michelin

%% CONFIDENTIAL

1

1

o\°

0\

[E-Y

o\°

=

0\

0\

% Archard

P1AVG wear(i,9) = F(i,1)*(slx(i,1)*(BD(i,2)-BD(i-
,2))/L1x(1,1))/ (Hlx(i,1)*S1x(1i,1)); % X wear for 7.5 bar

P1AVG wear(i,10) = F(i,2)*(sly(i,1)*(BD(i,2)-BD(i-
,2))/Lly(i,1))/ (Hly(i,1)*Sly(i,1)); % Y wear for 7.5 bar

P1AVG wear(i,11) = PlAVG wear(i,9) + PIAVG wear(i,10);

Total wear for 7.5 bar

P1AVG wear(i,13) = F(i,1)*(slx(i,2)*(BD(i,2)-BD(i-
,2))/Llx(i,2))/ (Hlx(i,2)*S1x(1,2)); % X wear for 8.0 bar

P1AVG wear(i,14) = F(i,2)*(sly(i,2)*(BD(i,2)-BD(i-
,2))/Lly(i,2))/ (Hly(i,2)*S1ly(i,2)); % Y wear for 8.0 bar

P1AVG wear (i,15) = P1lAVG wear(i,13) + PlAVG wear (i, 14);

Total wear for 8.0 bar

P2AVG wear(i,9) = F(i,1)*(s2x(i,1)*(BD(i,2)-BD(i-
,2))/L2x(1,1))/ (H2x(1,1)*S2x(1,1)); % X wear for 7.5 bar
P2AVG wear(i,10) = F(i,2)*(s2y(i,1)*(BD(i,2)-BD(i-
,2)) /L2y (i,1))/ (H2y(i,1)*S2y(i,1)); % Y wear for 7.5 bar

P2AVG wear (i,11) = P2AVG wear (i,9) + P2AVG wear (i,10);

Total wear for 7.5 bar

P2AVG wear (i,13) = F(i,1)*(s2x(i,2)*(BD(i,2)-BD(i-
,2))/L2x(1,2))/ (H2x(1,2)*S2x(1i,2)); % X wear for 8.0 bar
P2AVG wear (i, 14) = F(i,2)*(s2y(i,2)*(BD(i,2)-BD(i-
,2)) /L2y (1i,2))/ (H2y(i,2)*S2y(i,2)); % Y wear for 8.0 bar
P2AVG wear (i,15) = P2AVG wear (i,13) + P2AVG wear (i, 14);

Total wear for 8.0 bar

% Schallamach

P1AVG wear(i,17) = F(i,1)*slx(i,1)*(BD(i,2)-BD(i-
,2))/L1x(i,1); % X wear for 7.5 bar

P1AVG wear(i,18) = F(i,2)*sly(i,1)*(BD(i,2)-BD(i-
,2))/Lly(i,1); % Y wear for 7.5 bar

P1AVG wear(i,19) = P1lAVG wear(i,1l7) + PlAVG wear (i, 18);

Total wear for 7.5 bar
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P1AVG wear(i,21) = F(i,1)*slx(i,2)*(BD(i,2)-BD(i-
1,2))/L1x(1,2); % X wear for 8.0 bar

P1AVG wear (i,22) = F(i,2)*sly(i,2)*(BD(1i,2)-BD(i-
1,2))/Lly(i,2); % Y wear for 8.0 bar

P1AVG wear(i,23) = PIAVG wear(i,21) + PlAVG wear(i,22);

o

$ Total wear for 8.0 bar

P2AVG wear(i,17) = F(i,1)*s2x(i,1)*(BD(1i,2)-BD(i-
1,2))/L2x(1,1); % X wear for 7.5 bar
PZAVG_wear(i,18) = F(i,2)*s2y(i,1)*(BD(i,2)-BD(i-

1,2))/L2y(i,1); % Y wear for 7.5 bar

P2AVG wear (i,19) = P2AVG wear(i,1l7) + P2AVG wear(i,18);

(o)

% Total wear for 7.5 bar

P2AVG wear(i,21) = F(i,1)*s2x(1i,2)*(BD(i,2)-BD(i-
1,2))/L2x(1,2); % X wear for 8.0 bar

P2AVG wear (i,22) = F(i,2)*s2y(i,2)*(BD(1i,2)-BD(i-
1,2))/L2y(i,2); % Y wear for 8.0 bar

P2AVG wear (i,23) = P2AVG wear (i,21) + P2AVG wear (i, 22);
% Total wear for 8.0 bar
end
P1AVG wear(sz(1,1)+1,23) = 0; P2AVG wear(sz(1l,1)+1,23)

for i = 1:23
for n = 1:sz(1,1)
P1AVG wear(sz(1,1)+1,1)
P1AVG wear(n,1i);

P1AVG wear(sz(1,1)+1,1)

P2AVG wear(sz(1,1)+1,1) = P2AVG wear(sz(1l,1)+1,1)

P2AVG wear(n,1i);
end
end
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