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This paper aims to simulate the effects of different friction models on tire braking. A truck radial tire (295/80R22.5) was modeled
and the model was validated with tire deflection. An exponential decay friction model that considers the effect of sliding velocity
on friction coefficients was adopted for analyzing braking performance.The result shows that the exponential decay friction model
used for evaluating braking ability meets design requirements of antilock braking system (ABS). The tire-pavement contact stress
characteristics at various driving conditions (static, free rolling, braking, camber, and cornering) were analyzed. It is found that the
change of driving conditions has direct influence on tire-pavement contact stress distribution.The results provide the guidance for
tire braking performance evaluation.

1. Introduction

Various simulation studies [1, 2] and experiment results [3, 4]
have shown that tire-pavement contact stress has a great
influence on vehicle handling and stability.The contact stress
between tire and road surface is affected by parameters, such
as tire load, velocity, pavement characteristics, and the slip
rate. Although the contact stress can be evaluated by adhesion
coefficient between tire and road surface, the classic Coulomb
frictionmodel is not enough to simulate the friction response
of rubber elastomeric [5]. Savkoor [6] proposed a rubber
sliding friction coefficient formula which effectively takes
into consideration the friction coefficientwith velocity, point-
ing out that the friction coefficient increases with increasing
slip velocity, and then, with the slip velocity increasing, the
coefficient of friction begins to decline.Dorsch et al. [7] found
that there is a nonlinear relationship between friction and
parameters, like tire contact stress, slip velocity, and tem-
perature parameters. Ma et al. [8], based on Savkoor model,
studied the influence of rubber properties and pavement
on sliding friction factors. Li et al. [9] presented a unified
friction model from the test data, which characterizes the
different tread rubber friction behavior.Thenumerical results
correspond to the experimental results.

ABS is a vehicle safety control system with nonslip,
antilock advantages. Generally speaking, the tread poses
sliding and rolling, respectively, in forwardmotion and along
the circumferential direction under ABS [10]. Therefore, a
simple simulation of the tire slip is not a true reflection of
braking performance. And, in the finite element analysis, tire-
pavement was usually simulated by Coulomb model; how-
ever, because of the viscoelastic properties of the model itself
and Coulomb rubber material limitations, the simulation
method cannot accurately reflect the braking state any more.

In this study, the effects of different friction models on
tire braking force were investigated. It is found that by using
an exponential decay friction model, in which the braking
angler can be varied, the maximum braking force can be
obtained when the tire reaches critical tire slip. This study
also simulated the distribution of different contact stress
conditions under various tire driving conditions (static, free
rolling, braking, camber, and cornering), which provides
guidance for braking performance evaluation.

2. Tire FEM Model and Model Verification

2.1. Numerical Model of Rubber Material. In this paper,
the model of 295/80R22.5 radial tire was built under the
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Figure 1: The experiment and fitting curve of undertread rubber.

inflation pressure 900 kPa, with a load of 35.5 kN.The rubber
materials can endure large elastic deformation, because of the
high linearity of the stress-strain relationship. Rubber is an
isotropic hyperelastic material and can be described by the
Ogden, theNeo-Hookean, and the Yeohmodel [11]. However,
the Yeoh model differs from other models in that it only
depends on the first strain invariant; thus it can be used to
fit various models of deformation with the uniaxial tension
data.

Yeoh model is in the following equation:

𝑊 = 𝐶10 (𝐼1 − 3) +𝐶20 (𝐼1 − 3)
2
+𝐶30 (𝐼1 − 3)

3
, (1)

where 𝐼1 is the first invariant of strain and 𝐶10, 𝐶20, and 𝐶30
are thematerial constants, which can be determined from the
experimental data in which the rubber specimen is subjected
to uniaxial tension [12]. As shown in Figure 1, several models
can be used to describe the undertread elastic mechanical
performance in the uniaxial tension experiment. It is declared
that the Yeoh model is adopted in the finite element analysis
of rubberlike elastomers.

2.2. Finite Element Model of Cord-Rubber Composite. In this
study, the cord-rubber composite is modeled with rebar
layers, such as belts and carcass. Rebar stiffness superimposed
on the solid rubber stiffness has been widely used to model
tires [2, 3].The steel wires are considered an isotropicmaterial
with Young’s modulus 2000GPa, Poisson’s ratio 0.28, and
mass density 7900 kg/m3. Reinforcementmaterials in carcass,
belts, and enhancement plies aremodeled using rebar layer in
surface element SFM3D4R, which is a 4 nodded quadrilateral
element. The bead is defined as isotropic material described
by C3D8R element.

2.3.MeshGeneration andElement Selection. The295/80R22.5
tire mainly includes tread, shoulder, sidewall, carcass, inner,

belt, apex, bead, and so forth. Tread, shoulder, sidewall,
inner, and apex are composed of pure rubber with different
hardness. Belt, carcass, and bead are modeled as a single
layer or multilayer cord-rubber composites. The static tire
simulation is divided into three substeps.

First, a two-dimensional tire mesh is generated. The
axisymmetricmodel shown in Figure 2(a) includes 843 nodes
and 768 elements. Second, the INP file of the axisymmetric
model was imported to ABAQUS which is used to simulate
the mounting procedure of the tire and rim, along with the
inflation of the tire. Third, SYMMETRIC MODEL GENER-
ATION was used to generate the three-dimensional (3D) tire
model shown in Figure 2(b). Meanwhile the results from the
axisymmetric analysis are transferred to the 3D model. In
order to take into account the accuracy and efficiency, the tire
mesh was divided into 2.5∘ × 60+ 1∘ × 60+ 2.5∘ × 60 segments
as depicted in Figure 2(b). In the tire model, C3D8H and
SFM3D4R elements were used to define the rubber material
and steel cord, respectively.

2.4. Boundary Conditions. The footprint analysis includes the
following three major steps:

(1) Apply inflation pressure (900 kPa in this study).
(2) Establish surfaces contact between tire and rim and

tire and road. The penalty method was invoked for
this purpose.

(3) Simulate the static deflection, move the road surface
to special position until a given force, for example,
rated load, was exerted on the tire.

2.5. Model Validation. After the 295/80R22.5 tire is inflated
to 900 kPa and is subjected to the vertical load of 35.5 kN,
it is shown from Figure 3(a) that the tire is in inflated state
with no-load. And the inflation sectional width, 𝐵, and the
inflation outer diameter,𝐷, are obtained and listed in Table 1.
As shown in Figure 3(b), the largest deformed section width
𝑊
𝑑
in the lowest cross section of the tire is obtained. The

measured and computed values of𝑊
𝑑
are given in Table 1. To

validate the tire model, the same tire is tested on the static
loading machine, the MTM-2 tire testing machine, with a
pressure-sensing pad, as indicated in Figure 4. During the
test, the axis can only move vertical (up or down), but the
pad can move longitudinally or transversely. The length and
width of contact patch are denoted as 𝐿 and 𝑇, respectively.
Meanwhile, the area of tire footprint, 𝐴, is also shown in
Table 1. Figure 5 shows the comparison of the simulated
load-deflection characteristics with the measurement. It can
be seen from Figure 5 that, with the increase of vertical
displacement, the vertical load increases nonlinearly. The
predicted curve is in agreement with the measured data with
5.9% error.

3. Rolling Tire Model

The study employs Arbitrary Lagrangian Eulerian (ALE)
description to simulate steady state rolling. ALE decom-
poses the tire deformation into material deformation and
rigid body motion. Tire material deformation was used by
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Figure 2: (a) Axisymmetric FEMmodel. (b) Three-dimensional FEMmodel.
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Figure 3: (a) Section of tire inflated state. (b) Deformation of the lowest section of tire.
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Figure 4: Static loading test.

Lagrangian method, and the tire rigid body motion was
described by Euler method. Compared with the traditional
tire rolling analysis, this method considers tire rolling and
sliding and can effectively obtain the total force and torque
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Figure 5: Comparison of the simulated load-deflection characteris-
tics with the measurement.

characteristics of the tire under different driving conditions.
In addition, this method takes into account the effect of
friction, inertia effects, and viscoelastic effects of thematerial.
However, there is a need to refine the mesh in the tire contact
area.
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Table 1: Comparison of the predicted results with measurement. (Inflation section width 𝐵, inflation outer diameter𝐷, inflation tread width
𝑊
𝑅
, the largest deformed section width𝑊

𝑑
, the length and width of the contact patch denoted as 𝐿 and 𝑇, and the area of tire footprint 𝐴.)

𝐵 (mm) 𝐷 (mm) 𝑊
𝑅
(mm) 𝑊

𝑑
(mm) 𝐿 (mm) 𝑇 (mm) 𝐴 (mm2)

Measured results 296.2 1042.1 234.5 326.5 264.3 228.5 455.2
Predicted results 295.2 1041.2 234.1 324.6 267.7 230.1 460.7

Roll 
direction

Ground force Braking force

Braking 
torque

Rotation

Load

Figure 6: Illustration of tire braking simulation.

The slip ratio is calculated by

𝑆 =
𝑉 − 𝑟
𝑘𝑐
𝜔

𝑉
× 100%, (2)

where 𝑟
𝑘𝑐
is rolling radius, 𝑉 is velocity, and 𝜔 is tire rolling

angular velocity.
The steady state of rolling tire is between the state of

braking and acceleration. By changing the angular velocity,
the torque or the braking force between the tire and the road
is controlled to determinewhether the tire reaches free rolling
state. Figure 6 shows the illustration of the rolling tire model.
When the tire reaches free rolling state, the tire slip ratio is
zero. At this moment, the relation between velocity and the
rotation angular velocity is as follows:

𝑉 = 𝑟
𝑘𝑐
⋅ 𝜔. (3)

At this point, when reducing or increasing the angular
velocity, the braking or acceleration condition occurs, and the
interaction force between the tire and the surface is nonzero.
Therefore, the steady state rolling condition can be adjudged
by checking whether tire braking force or torque is zero. It
can be seen fromFigure 7 that, when the rolling speed reaches
50 km/h, the angle velocity is 27.3146 rad/s and the tire reaches
steady state.
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Figure 8: Tire contact patch distribution during tire rolling.

4. Tire-Pavement Friction Model

Tire-pavement friction model has a direct impact on the
study of tribology and tire mechanical properties. Due to
the viscoelastic properties of tire rubber, the tire-pavement
contact area was divided into two regions, the slip area and
adhesion area as shown in Figure 8, where 𝑃

𝑧
is tire inflate

pressure, 𝐿 is the length of tire contact region, and 𝐿
ℎ
is the

division position of the two region. In the adhesion area, there
is no relative slip between the tread and the pavement surface.
While in the rear of the contact patch, the adhesive force
exceeds themaximum friction force that the surface can bear;
thus the relative slip occurs [13].

To take full account of rubber friction and the braking
characters of a rolling tire, this study uses Cullen friction
model and exponential decay friction model in ABAQUS



Advances in Materials Science and Engineering 5

𝜇 = 0.85

𝜇 = 0.7 + 0.15e−0.05·s

𝜇 = 0.7 + 0.15e−0.5·s

0 20 40 60 80 100
0

5

10

15

20

25

30

Br
ak

in
g 

fo
rc

e (
kN

)

Slipping ratio (%)

Figure 9: Braking force variation with different friction models.

to simulate contact area, where friction coefficient is used
to represent the friction property in the contact area. The
calculation formula of friction for Cullen is

𝜏crit = 𝜇×𝑃𝑧, (4)

where 𝜏crit is the critical shear stress; 𝜇 is the static friction
coefficient; 𝑃

𝑧
is the normal contact pressure.

The coefficient of frictionmodel for exponential function
of sliding ratios is as follows:

𝜇 = 𝜇
𝑘
+ (𝜇
𝑠
−𝜇
𝑘
) 𝑒
−𝑑
𝑐
⋅𝑠
, (5)

where 𝜇
𝑘
is kinetic friction coefficient at the highest sliding

velocity, 𝜇
𝑠
is static friction coefficient at the onset of sliding

(zero sliding velocity), 𝑠 is sliding velocity, and 𝑑
𝑐
is user-

defined decay coefficient [14]. Equation (5) describes how the
coefficient of friction between two contact bodies changes
from static to dynamic process. For the contact between
the tire and pavement surface, 𝜇

𝑠
is more related to the

surface microtexture, while 𝑑
𝑐
is highly dependent on surface

macrotexture [15]. In this paper, the different decay coefficient
𝑑
𝑐
is selected as 0.5 and 0.05, respectively, to represent the fric-

tion characteristics of pavement surface with poor and good
macrotextures, respectively. The static friction coefficient is
defined as 0.85 [16], and the kinetic friction coefficient is 0.7.
The tire speed is 50 km/h. For vehicle with certain mass, the
greater the braking force, the greater the braking deceleration
and the shorter the braking distance. So the braking force can
be used to evaluate vehicle braking.Therefore, this paper uses
braking force to evaluate the influence of different friction
models on tire grounding performance.

Figure 9 shows that all the friction models are able to
get the critical slip friction coefficient corresponding to peak
friction force. It can be seen that the braking force reaches
its maximum when the slip ratio is around 18% (the critical
slip coefficient).However, when the slip coefficient is less than
the critical slip friction coefficient, the braking force increases
and becomes larger. In this case, the tire contact area is in the

partial slip state. Once the slip ratio exceeds the critical slip
coefficient, the tire contact area changes from partial slip to
complete slip. But the contact area remains unchanged when
Coulomb friction was used. While the use of the exponential
decay model has a downward trend, the road performance
attenuation coefficient has a significant effect on friction.The
experimental tests from Al-Qadi and Yoo [14] also showed
the same trend. It can be seen that, compared with Coulomb
friction model, the exponential decay model is closest to the
practical tire braking dynamic situation, which is also in line
with the principle of the ABS system.

Figures 10 and 11, respectively, show tire contact stress and
slip distribution of the three friction models under critical
slip. It can be seen from these Figures that the type of friction
model had no obvious impact on stress distribution and slip
friction contact area. However, the type of frictionmodel had
a significant impact on the maximum stress and maximum
ground slippage.

5. Contact Stress Analysis under
Different Working Conditions

Figure 12 shows that when the tire is subjected to static
loads, because of its convex tread arc and large sidewall
deformation, the center of the tire tread contacts the surface
first, leading to the maximum stress distribution on the
center rib. Since the tread rubber was in extrusion, the tire
longitudinal and transverse stresses are generated in contact
area. In the roll direction, the contact stresses are in an
antisymmetric state, and the stress value is negative in the
front and positive in the transverse direction. The stress
presents a vase-shaped distribution. Since the center of the
contact area and shoulder pose a larger deformation in the
transverse direction, there is relatively larger transverse stress
on the ground. Owing to the vertical static load, the average
contact stress in roll direction and in the axial direction is
zero.

It can be seen from Figure 13 that when the tire is
in a free rolling steady state, the resultant friction force is
zero. Compared with the static state, the stress distribution
and contact patch shape have no significant change, but the
stress in transverse direction becomes asymmetric, and the
stress distribution ismainly concentrated on the front contact
region, and the center of the tire contact moved towards the
leading edge. This is mainly because, during tire rolling, the
fronts tread rubber contacts the surface first, and it deformed
under the vertical load. Since the rubber is incompressible,
the deformed front area moved towards the shoulder, but the
rear rubber contracted because of extrusion from the center
rib. When the tread gradually leaves the surface, the contact
stress on the ground undergoes significant change. However,
due to the centrifugal effect, the peak contact stress in the
steady state rolling is much less than that of the stationary
state. It can be concluded that, under free rolling, the decrease
of contact stresses reduces the relative friction between the
tire and the road surface; that is, rolling friction is less than the
maximum static friction, thus helping to reduce tire rolling
resistance.
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Figure 10: Effects of friction model on vertical contact stress distribution at (a) 𝜇 = 0.85, max: 1.45 × 105 Pa, (b) 𝜇 = 0.7 + 0.15𝑒−0.5𝑠, max:
1.43 × 10

5 Pa, and (c) 𝜇 = 0.7 + 0.15𝑒−0.05𝑠, max: 1.26 × 105 Pa.

When braking or acceleration, the tire rotational angular
velocity is either less than or greater than the steady state
free rolling angular velocity, and the center of the tire rib
generates a rolling torque, which results in the tire slip and
adhesion. The only difference between the two conditions is
a different direction of action. Therefore, the contact stress
under braking is analyzed. Compared with the contact stress
distribution under static state, the contact stress distribution
under braking state (as shown in Figure 14) varied signifi-
cantly and presents asymmetry. The stress in the front of the
contact area was greater than that at the end part.

Compared with the stress distribution in static and free
rolling state, contact stress tends to increase from three
directions. In particular, the change of longitudinal contact
stress is most obvious, from the raise at the front end and
depression at the rear end, to raise at the entire contact area.
The transverse stress is moved to the front end, and the
longitudinal stress vector in the ground is no longer zero.
There is a braking force between the tire and the road surface.

The camber angle, 𝛾, which measures the camber of the
tire plane with respect to the vertical, directly affects the
performance of the tire. This study analyzed the contact
stress distribution at the camber angle of 2∘ under braking
condition. As shown in Figure 15, at the presence of camber
angle under the rolling condition, the contact stress moves to

the direction of the camber angle, especially in the transverse
direction, which is a significant change, but, in the roll direc-
tion, the stress distribution remains the same.The camber not
onlymakes the tire shoulder deposit stress concentration, but
also changes the maximum tire contact stress. The contact
stress transits from the central contact area to the edge of the
shoulder so that the contact stress is no longer symmetric.The
camber also changes the contact length of the shoulder edge
and increases stress values. Above all, the transverse stress
has a significant change; the longitudinal stress changes the
least.The above phenomena show that, to a certain extent, the
existence of camber changes the contact point and the force
imposed point, which directly affect grip and tire wear.

When the centerline plane of the tire and thewheel shifted
a certain distance, this will produce a lateral force 𝐹 in the
center of the tire along the transverse direction, coupled
with the elastic deformation of the rubber; thus the tire is
deformed, resulting in a deviation from the roll direction of
the tire predetermined travel route. According to the tire axis
system, the slip angle, 𝛼, is measured from the contact center
across the pavement to the tire roll direction. Figure 16 shows
the contact stress distribution at 2∘ slip angle under braking
condition. It can be seen that the contact stress moves in the
direction of the slip angle, and the maximum stress occurs at
the inner side where the slip angle appears. The stress at the
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Figure 11: Effects of friction on contact area distribution at (a) 𝜇 = 0.85, (b) 𝜇 = 0.7 + 0.15𝑒−0.5𝑠, and (c) 𝜇 = 0.7 + 0.15𝑒−0.05𝑠.

inner side ismuchhigher than that in the outer side of the tire,
and the stress in the tire transverse direction is asymmetric.
The above phenomena also shows the existence of slip angle
changes the contact point and the force imposed point, which
directly affect grip and tire wear.

Practically, a rolling tire possesses both camber angle and
slip angle. Figure 17 shows the contact stress in such aworking
condition. It can be seen that the effects of camber on stress
distribution are dominant. The contact stress at the edge of
shoulder is higher than that in the center rib. Obviously,
compared with the effects under camber angle and slip angle
separately, the stress distribution under combined working
conditions moves towards the edge of the tire and the stress
value gap between tire shoulder and contact becomes larger.

6. Conclusions

(1) The tire-pavement contact friction models have a
decisive influence on the maximum braking force.
Compared with Coulomb friction model, the use of
the exponential decay model is closer to the practical
tire braking dynamic situation, which is also in line
with the principle of the ABS system.

(2) In the static state and free rolling state, both the
vertical and longitudinal stress show asymmetry of
the contact stress in the transverse direction and the
vertical stress predominant stress distribution, and
the mean stress in the roll direction is zero. However,
the transverse stress in the contact area becomes



8 Advances in Materials Science and Engineering

−0.2
−0.1

0
0.1

−0.2
−0.1

0
0.1

0.2
−5

0

5

10

15

Contact length (m)Contact width (m)

Ve
rt

ic
al

 co
nt

ac
t

 st
re

ss
 (P

a)
×105

(a)

−0.2
−0.1

0
0.1

−0.2
−0.1

0
0.1

0.2
−2

−1

0

1

2

Contact length (m)Contact width (m)

Lo
ng

itu
di

na
l 

co
nt

ac
t s

tre
ss

 (P
a)

×105

(b)

−0.2
−0.1

0
0.1

−0.2
−0.1

0
0.1

0.2
−5

0

5

Contact length (m)
Contact width (m)

Tr
an

sv
er

se
 

co
nt

ac
t s

tre
ss

 (P
a)

×105

(c)

Figure 12: Contact stress distribution under static state.
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Figure 13: Contact stress distribution under steady free rolling.
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Figure 14: Contact stress distribution under braking.
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Figure 15: Contact stress distribution under braking condition with camber.
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Figure 16: Contact stress distribution under braking condition with slip.
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Figure 17: Contact stress distribution under braking condition combined with camber and slip.
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symmetric and maximum stress in free rolling state
is less than that in the static state.

(3) The stress in the front of the contact area is much
greater than that at the end region. Compared with
the stress distribution in static and free rolling state,
stress tends to increase from three directions. In
particular, the change of longitudinal stress is the
most obvious, from the raise at the front end and
depression at the rear end, to rise in the entire contact
area. The transverse stress moved to the front end,
and the longitudinal stress vector in the ground is no
longer zero. There is a braking force between the tire
and the road surface.

(4) The contact stress distribution is greatly influenced
by camber angle, side slip, the combined camber,
and slip condition during braking. Under combined
effects, the contact stress at the edge of shoulder
is higher than that in the center rib. Compared
with the effects under camber angle and slip angle
separately, the stress distribution under combined
working conditionsmoves towards the edge of the tire
and the stress gap between tire shoulder and contact
becomes larger. The sum of the contact stress vector
in three directions is nonzero.
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