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Abstract. On gravel roads, tires are not in direct contact with the surface. Particles of e.g.
sand or stone contact directly with the tire and cause the tire to wear. During the sliding
process, an interaction between particles and the tire occurs. On simplified conditions
investigation of the movement of particles, friction and wear of a tire tread sample are done
experimentally for different settings. Additionally, a finite element simulation is built up to
simulate the wear of the tire tread sample under varying conditions. In this paper results from
the experimental and numerical investigation of the wear of the tire tread sample are shown.

I INTRODUCTION

In three body contact of a tire, particles and road surface, particles form an intermediate layer

between the tire and the road surface. The particles either are embedded in the tire surfaces or
are free to roll and slide [1]. Moving particles cause the tire to wear [2]. The abrasive wear
process on three-body abrasion depends on many parameters as contact pressure, velocity,
material, abrasive particle properties, and surface roughness. The influence of these factors
contributes to complex contact conditions resulting in different wear mechanisms of the tires.
In general, experimental and numerical methods are chosen to predict the wear rate of tires. An
experimental approach is often proposed to investigate the wear behavior, such as the
determination of mass loss, wear rate, and examination of the worn surface. The experimental
method is efficient and often useful because all physical effects and their interactions are
combined. However, experiments are expensive, time-consuming, and are only valid for the
used test configurations. Numerical simulations are used to investigate the relevant factors of
abrasion. The simulation results also provide further information during the wear process, such
as changes in the worn surface and pressure, in order to better understand the wear behavior
[3.4].
The paper focuses on the mechanical modeling and abrasive wear simulation of the tire tread
sample in three-body contact (tire tread sample, particles, and road). The model is constructed
two-dimensionally (2D) for consideration of the high demand for computing power. The finite
element method is chosen to describe the dynamical behavior of the tire tread sample. The
model can simulate the tire tread sample's time-dependent wear depth, wear rate, and local
contact pressure. The influence of parameters, such as contact pressure, velocity, sliding
distance, and material properties on the wear behavior, is considered in the simulation. The
results of the wear simulation are compared to the experimental results. Similarities and
differences between the simulation and experimental wear results are analyzed and compared
to indicate the model's usefulness and limitations.
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2 STRUCTURE OF THE SIMULATION MODEL
2.1 Geometric and material model of tire tread sample

The wear simulation is based on a tire tread block that is fixed on a steel plate. The road
surface carries the particles and is modeled as a mobile object. This means that effects arising
from the dynamics of the remaining tire and the rest of the vehicle are neglected. The model is
constructed two-dimensionally for considering of high demand for computing power. The
model's basic structure with translational motion is shown in Figure 1.
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Figure 1. Structural dynamic model

The finite element method is applied to depict the dynamical behavior of the tire sample. The
sample is modeled as a rectangle with homogeneous density and stiffness distribution in the
unstressed state. The sample is also chamfered so that the abrasive particles can enter the contact
area more easily. The dimension of the tire sample is 20mm in length, 10mm in height, and
2mm in chamfer.

The tire tread sample is modeled as a linear system. The particular material properties of the
rubber, e.g. the Mullins effect and Payne effect, are neglected and not included in the model.
The tire sample is meshed in two-dimensional geometry. It is suitable to cross-link the
rectangular sample with quadrilateral elements. The length of the elements is approximately
1mm. The origin of the coordinate system is in the lower-left corner of the sample, as shown in
Figure 2. The contact nodes located on the underside are all located on the x-axis.
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Figure 2. Coordinate and mesh of the tire tread sample

The principle of virtual work is applied to obtain the element mass matrix and the element
stiffness matrix for the quadrilateral elements [5,6].
The mass matrix for an element can be written as

) = [ oIy Wiedxdy = f [ llg[N]r[N]t,dEdnl @

The density g of the rubber material has been determined by weighing a defined rubber volume
to o = 1.1610°3 (g/mm?)
The stiffness matrix for an element can be written as

[K] = ﬂ [B]"[E'][B]tdxdy = J_ 11 j_ 11[B]T[E’][B]tjdgdrl, @)
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For the case of two-dimensional plane stress analysis, the material constitutive matrix [C] is

1 v 0 3)
E' v 1 0
] NP

Where E' is the dynamic elastic modulus or storage modulus and v is the Poisson's ratio. The
Poisson's ratio v is set to the value of v = 0.49, which is characteristic for the nearly
incompressible material. The dynamic elastic modulus E' and the loss modulus E" are measured
experimentally by performing Dynamical Mechanical Analysis (DMA) at German institute for
rubber technology (DIK), shown in Figure 3.
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Figure 3. The experimental data of the dynamic elastic modulus E' and the loss modulus E"
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To fit the experimental data of the dynamic elastic modulus E', the Prony series [7] is very
suitable. The dynamic elastic modulus E' are represented in Prony series as follows

EI( ) = F + Z EinTiZ (4)
W= BT LTy w?t?’
i

E'(t) = Eo, + ZEie;_it . ®)

The dynamic elastic modulus E' is represented as functions of frequencies in equation (4) and
time in equation (5). In this work, 19 Maxwell branches (s. table 1) are used to determine to
fit the experimental data. Figure 4a and Figure 4b show the plots of E' as approximate
functions of frequencies and time.
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Figure 4. The fitting curve of the dynamic elastic modulus E' depending on frequency (a) and time (b)
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Table 1: The Prony parameters for fitting the dynamic elastic modulus E'

Index i Ei Ti
o0 2.066e+06 -
1 4.077e+04 41819,8628
2 9.067e+04 8844,4037
3 1.899e+05 1870,4862
4 1.244e+05 395,5855
5 1.834e+05 83,6616
6 2.354e+05 17,6934
7 4.250e+05 3,7419
8 4.264e+05 0,7913
9 5.103e+05 0,1673
10 5.593e+05 0,0353
11 6.869e+05 0,748e-02
12 8.405e+05 0,158e-02
13 1.007e+06 0,334e-03
14 1.261e+06 7,081e-05
15 2.391e+06 1,497e-05
16 3.879e+06 3,167e-06
17 8.127e+06 6,698e-07
18 1.4162e+07  1,416e-07
19 4.187e+07 2,995e-08

The equivalent damping matrix D is modeled as proportional to the stiffness matrix K, based
on the widely propagated Rayleigh damping in the structural dynamics [8]

D=pK. (6)
The stiffness damping parameter f is determined by the following relationship [8]
L= nnf= no. @)
The loss factor 7 is calculated according to the following relationship
n=E"E. ®)

In the sliding process, the tire tread sample is worn out and causes the shape of the sample to
change over time. In addition, the dynamic elastic modulus E' also changes over time. Therefore
the element mass matrix M and the element stiffness matrix M are recomputed with the change
of tire sample’s geometry and the dynamic elastic modulus E’ after each wear simulation time
step.

The structural dynamics problem is based on the following basic equation:

MG+Dq+Kq=F=TF+FE. 9)
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The inputs are the forces at contact nodes, the mass matrix M, the stiffness matrix K, and the
damping matrix D. The outputs are the node positions and the node velocities. These output
parameters then are used in "wear model" that is described in section 2.3 in more detail.

2.2 Road and Particle layer model

The tire tread sample described above is considered as the first contact partner of three-body

contact. Next, the particles and the road surface are implemented as second and third contact
partners in the simulation model.
During three-body contact, the particles act as an intermediate layer separating the contact
between the road surface and the rubber sample. The tire tread sample will directly contact the
particles and causes the wear of the tire tread sample. There is a significant difference in the
hardness of the particles and the tire tread sample. While the particles have a high modulus of
elasticity, the rubber compound of the tread is comparstively soft. In addition, the particles are
also renewed after each experiment. It can therefore be assumed that the particles do not wear
out and do not break during contact. In wear simulation, the particles between two contacting
surfaces are described as a solid layer represented by nonlinear springs, shown in Figure 5.
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Figure 5. The particles are assumed as a solid layer represented by nonlinear springs

The particles also contact with the road surface and cause wear to the road surface. However,
in the experimental process, the sandpaper is used as road surface and replaced frequently, so
the sandpaper wear is also insignificant. Therefore, the material properties of the road surface
are ignored and only the topography of the surface is considered. The waviness and roughness
of the sandpaper surface were measured using an Alicona microscope. In this study, in order
to reduce simulation time, waviness is applied to represent the road surface profile. The
experimental waviness of the road surface is fitted by a superposition of several sine waves.

Figure 6 shows the experimental and fitting surface of sandpaper P120.
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Figure 6. The experimental and approximate surface profile of sandpaper 120
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2.3 Wear model

The Wear is a consenquence of friction between contact bodies. In this work, the wear model
is described according to [9,10]. In this wear model, the wear volume

k
V = kqoup, v*vSL (10)

is a result of friction coefficient 4, normal pressure pn, sliding velocity of sample v, sliding
distance SL, and wear coefficient ka, kp, and k.
From the wear volume, the height reduction at each contact node of the tire tread sample is
defined as follows

byi = fQAi;nnokavrel,iu P:fzvfgl,idt, (11)
where A; is the mean of the area assigned to the local contact element i, nno is number of the
contact nodes, pn,i is the normal pressure

Fni

Pni = A (12)
Fn,i = Cg. (yroad + Ypar — Qy,i — GaP) ) (13)

and vrel,i is the relative velocity between the tire tread sample and particle layer of contact
node i

Vreli =V — vpar - Qx,i . (14)

Figure 7. The coordinate in y-direction of contact node i with road surface

In equations (12) and (14), 4,.; and q,,; are the velocity in direction x and position in direction y
of contact node i. Besides, the remaining parameters such as particle velocity in the contact area
Vpar, contact stiffness of tire tread sample Cr, and the gap between the sample and road surface
Gap are determined experimentally.

3 EXPERIMENTAL STUDIES AND RESULTS

The schematic outline of experimental studies is shown in Figure 8. Four experiments,
friction and wear measurements of the tire tread sample, investigation of particle displacements,
investigation the gap between the tire sample and road surface, and contac stiffness
measurement of the tire tread sample, are performed. Then, based on the results of experiments,
approximation functions of friction coefficient, velocity, the gap between the sample and road
surface, and contact stiffness of tire tread sample dependent on the applied load and the velocity
of tire tread are determined. These approximation functions will be used as input parameters in
the wear simulation process of the tire tread sample. However, the first two experiments are
presented in this paper. These two experiments are performed on the High-speed Linear Tester
(HiLiTe), shown in Figure 9.
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Figure 8. The diagram for experimental studies to define the parameters for wear simulations
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Figure 9. High-speed Linear Tester (HiLiTe)

HiLiTe is one of the test rigs at the Institute of Dynamics and Vibration Research (IDS) at
Leibniz University Hannover. HiLiTe enables the experimental investigation of transient
friction processes. The principle of the HiLiTe is that the movement between the friction
partners is linear and not on a circular. The maximum friction distance is five meters. A
servomotor drives, accelerates, and brakes the carriage. The maximum acceleration is 10 m/s?
and the maximum velocity is 10 m/s. A pre-stressed helical spring is used to generate the normal
force in a range between 23 and 1000 N. With a sample size of 20 x 20 mm, normal contact
pressures between 0.5 bar and 25 bar can be realized during the test.

Figure 10 describes the schematic diagram of the experiment friction and wear measurement as
well as the input and output parameters of the test. This experiment measures the friction
coefficient between the tire tread sample and particles, the wear mass of the tire sample as well.
The results of this test and approximate curves for experimental data are indicated in Figure 11.
Figure 11 a) shows the relation of the friction coefficient with normal pressure and sample
velocity. The coefficient of friction increases as normal pressure increases, but the coefficient
of friction decreases as sample velocity increases. Figure 11 b) depicts the mass loss variation
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Figure 10. Schematic diagram of the friction and wear measurement
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Figure 11. Results and approximiate curves of experiment friction (a) and wear measurement (b)

with the sliding distance change under different applied loads. The mass loss increases with
the sliding distance for all normal pressure.

The input, output parameters and the schematic diagram for investigating particle displacements
are indicated in Figure 12. Some particles are painted black, the other particles and the road
surface are painted white. It is assumed that the velocity of the particles is characterized by the
velocity of the black particles. Corresponding to each normal pressure and sample velocity, a
total of 20 black sand particles were tested to determine particle motion.
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g“ F Tire tread . )
_ n sample : - Tire tread sample: 20 x 20 x 10 mm
i Track _Wh'te sénd UE——=l v - Road surface: sand papers P60 & P120 (painted white)
D e R e o — i - Abrasive particles: dry quartz sand in black and white
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[] - Applied load: p,= 0.25; 0.35; 0.45 N/mm?a
5 % ! - Sample velocity: v = 138: 280; 500; 800; 1000 mm/s
- Sliding distance for each test : 210mm
I Output

- Videos of particle movement
- Particle velocity
Voar = (P> V)
Figure 12. Schematic diagram of the investigation of particle displacements



Duc Nam Nguyen and Stephanie Kahms.

A high-speed camera serves to record videos of black particles and sample movements, as
shown in Figure 13. Image processing is then applied to analyze the record videos and define
the velocities of black particles.
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Figure 13. Schematic model of the movement observation tester

The results and approximate curves of experimental data are shown in Figure 14. When sample
velocity increases, the particle layer's velocity increases as well and the value of the particle
layer's velocity is about half of the sample velocity. However, the particle layer's velocity is
almost constant when the normal pressure rises.
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Figure 14. Experimental results and approximiate curve of experimental data of the particles displacement

The surface fitting is used to determine an approximate function vpar = f (pn,Vsa) that
characterizes the relationship of the particle layer’s velocity to normal pressure pn and sample
velocity vsa. The general equation of surface fitting approximation is given as follows

Upar = Poo + P1oVsa T Po1Pn t+ onvsza + P11VsaPn (15)

pij are coefficients, given in table 2.

Table 2: Values of coefficients in the surface fitting equation

Poo P1o Po1 P20 P11
12.06 0.3848 19.59 4.76:10° 0.2561

4 NUMERICAL SIMULATION RESULTS OF THE TIRE TREAD SAMPLE
To carry out the wear simulation of the tire tread sample, besides the geometry and material
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properties of the tire tread sample, particles, and road surface described above, other input
parameters such as normal pressure, velocity of sample, sliding distance, and simulation time
are necessary. These parametes are listed in table 3.

Table 3: Input parameters for wear simulation

Input parameters Range
Normal pressure pn = 0.25- 0.45 N/mm?
Velocity of sample Vsa = 500 mm/s
Sliding distance SL=0-30m
Simulation step AX =10 mm
Time simulation step At=0.02s
Length of road 1m

4.1 Wear mass, wear rate and the worn surface shape

Figure 15 a) shows the relation between the wear mass and the sliding distance at normal
pressure pn = 0.35 N/mm? and sample velocity v = 500 mm/s. The dependency of wear mass
on the sliding distance is nonlinear. Wear mass increases as the sliding distance increases. The
relation of the wear rate and the sliding distance is shown in Figure 15 b). It can be seen that
with increased sliding distance the wear rate reduces rapidly during the first 200 mm. This
behavior in the run-in phase can be explained by the initial surface roughness and the contact
condition which influence parameters governing the wear and which causes significant change
of the wear rate in this stage. Afterwards, the wear rate reaches a steady state.
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Figure 15. Simulated relation of the sliding distance with wear mass (a) and wear rate (b)

The worn surface shapes of the tire tread sample at different sliding distance are shown in
Figure 16 a). The wear of the contact nodes at leading edge are greater than that of the
contact nodes at the trailing edge of the tire tread sample. Because of the lifting the road
surface, at contact nodes of the trailing edge there are less forces and thus causes less wear.
the amount of wear of the contact nodes increases rapidly during the first 500 mm of sliding
distance and decreases thereafter.
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Figure 16. The simulation (a) and real (b) worn surface shapes of the tire tread sample

Figure 17 a) shows the wear rates of the 3 nodes at the inlet, middle, and outlet positions. These
nodes are numbered 1, 9, and 19, respectively, as shown in figure 17 b). The wear rate has the
largest value at node 1 (inlet node) and the smallest value at node 19 (outlet node). The wear
rate of all three contact nodes decrease after 600 mm sliding distance.
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Figure 17. The wear rate of contact nodes (a) and the position of contact nodes (b)

Figure 18 shows the wear mass value of the sample at different normal pressures pn = 0.25,
0.35, and 0.45 N/mm? with the same sample velocity v = 500 mm/s. It can be seen that the

relationship of wear mass to the sliding distance is an almost linear relationship. Wear mass
increases as the normal pressure increases.
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Figure 18. Simulated wear mass of the tire sample at different normal pressures and constant sample velocity

4.2 Comparision with experiments

Within this section, the results of the wear simulation are compared with experimental
results. The rubber samples with the same test configuration as pn = 0.25, 0.35 and 0.45 N/mm?,
sample velocity v = 500 mm/s, and sandpaper 120 plays the role of the road surface. Results of
the experimental investigation compared with the wear simulation are displayed in Figure 19
a) and b). It shows a quite good agreement at pn = 0.25 and 0.35 N/mm?. However, at p, = 0.45
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N/mm?, the deviation between experimental and simulation results increases as the sliding
distance increases. This is explained by during the experiment at pn = 0.45 N/mm?, at some
point the sample is not in direct contact with the particles, but in contact with the road surface
and causing the wear of the sample to increase.
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Figure 19. Comparision of the wear mass (a) and wear rate (b) between simulation and experimental results

5 CONCLUSIONS

A numerical simulation using FEM was performed to analyze the wear process of the tire
tread sample. The wear process is described by a new three-body wear model which is
developed based on physical effects. During the wear simulation, the mass matrix M and
stiffness matrix K of the tire tread sample are changed due to the change in geometry of the
sample due to wear. In this wear simulation model, some approximation equations representing
the friction coefficient, velocity of the particle layer, and the gap between tire sample and road
surface are added to the wear equation. The boundary of the model is limited on tested process
parameters such as the applied load pn up to 0.45 N/mm?, the velocity v up to 1000 mm/s, and
the properties of the tested material.
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