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Abstract: In order to estimate the trafficability of off-road vehicles, the linear relationships between the pressure

and the stiffness of the tire and the action of the vertical tire force with the viscoelasticity are analyzed. The

method to improve the precision of the model by the coefficients is presented. The constitutive equation of the

three-parameter linear model and the stiffness matrix of four-node isoparametric elements are derived to

construct the FEM (finite element method) tire model in plan stress. A demarcation and verification system is

designed based on the six-dimensional wheel force transducer and the vertical tire force is measured under

different velocities. The results show that the model and the method proposed are reasonable.
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Trafficability refers to the extent to which a vehi-
cle will continue movement on all types of terrain and
it is an important objective of off-road vehicles. At
present, trafficability tests are carried out on a real
proving ground, which not only consumes lots of time
and cost, but also cannot be completed during the de-
sign process. With the development of virtual reality
technology and the widespread availability of high
speed computing facilities, the resolution of those is-
sues becomes feasible. Since the tire is an exclusive
component interacting with the soil, the issue of the
virtual experiment of trafficability is to model the traf-
ficability of the tire reasonably. In this paper, a non-
linear FEM tire model improved by coefficients is
proposed after analyzing the primary aspects of the
tire model'"’.

1 Analysis of Primary Aspects of Tire Model

1.1 Inflation pressure of the pneumatic tire

The inflation pressure of the pneumatic tire deter-
mines not only the patch between the tire and the soil,
but also the stiffness of the tire. The stiffness of the tire
is classified into three types: vertical static stiffness,
non-rolling stiffness and rolling stiffness. For the sake
of the measurement difficulty, vertical static stiffness is
commonly applied in the tire model referred to in pre-
vious literature. An empirical formula is derived on the
assumption that the main part of the tire is ametabolic
except for the contact patch and the average unit pres-
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sure on the patch is equal to the inner pressure of the
tire.

ky =mP./2R,;D, (1)
where P is the pressure of the tire and R ; is the curva-
ture radius; D, is the extra diameter. Eq. (1) shows
that the relationship between k, and P is approximately
linear*™ .

In order to reinforce adhesion, most of the treads
are manufactured with texture. Due to the existence of
the texture, the measured patch is unequal to the effec-
tive contact patch relative to the vertical force. The
comparison of the inflation pressure and the conversion
ratio of area is shown in Tab. 1.

Tab.1 Relationship between pressure
and conversion ratio of area

Pressure/ Virtual Effective Conversion
kPa area/ mm?> area/ mm> ratio of area
550 19 389 12 905 0. 666
390 14 622 10 627 0.727
530 14 468 10 882 0.752

Tab. 1 shows that the relationship between the in-
flation pressure and the converting ratio of area is ap-
proximately linear. When constructing the tire model,
the coefficients can be employed to calibrate the effec-
tive contact area and the stiffness to improve the accu-
racy.

1.2 Viscoelasticity of the tire

With the viscoelasticity of the tire, the deforma-
tion of the tire under the force and moment is correla-
tive with the time during the deforming process. The
distributions of the force imposed on the contact area
between the tire and the soil in the middle plane are
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uneven because the force interaction time of different
points is not equivalent. The property of the tire vis-
coelasticity is illuminated in Fig. 1.

LLXN A

Fig.1 Viscelasticity model of the tire

In Fig. 1, t,, t, are the time of the different points
on the tire when the tire is rolling; ¢ is the stress; E is
the elastic modulus; ¢ is the strain; 7 is the damp. The
relationship between stress and strain is mathematically

modeled as o, = Ec + 7 % and o, = Eg +

t=to

de
Tarl,.,

instant of tire-soil interaction. Consequently, the distri-

. As shown in Fig. 1, ¢, is less than #, at the

bution function of F, in the longitudinal plane of the
tire is not symmetrical relative to the axis, and the
composition of F_ is offset at a distance along the
movement direction of the tire. With the increase in the
velocity of the tire, the rolling resistance is enhanced
correspondingly.

2 FEM Tire Model

2.1 Viscoelasticity constitutive equation

Two famous models on viscoelasticity material are
the Maxwell model and the Kelvin model, but both of
the models are not perfect in describing of the deform-
ation of the rubber, so a hybrid model derived from
them is preferable. Fig. 2 illustrates the three-parameter

standard linear viscoelasticity model.

o1 E,

Fig.2 Three-parameter standard linear viscoelasticity model

InFig.2, 0 =E\&,,0, =E,&,,0, =m&,,0 =0, +
o, and ¢ = g, + &,. The differential constitutive equa-
tion can be systematically derived and written in the
following form:

oc+—1 —¢= E]E28+ £ &
TE +E° E +E,"

2
E,+E, 2)
Based on Eq. (2), stress can be calculated accord-
ing to the following function:

o =) +[ ge® Lar (3)

0 dT
) E,E, o EE | E+E
WIIE & = VB O TR TE v PTT o, 0

7 is an integral variable. If the time variable in Eq. (3)
and the intervals are marked as 0 =7, <t <...<t, <
t,., <...,then the stress on ¢, can be expressed as

Toit =80€ns1 + 81N, (4)
In+l
where h,,, = f e 4Eq
0 dr
Supposing that Ar (At =t,,, — t,) is small
e
enough, the equation 3*8% " is tenable and the recur-
T n
. -BA, Agn
sive h, ., can be represented as h,,, =he " +W(l

—e ) Taking account of At, being small enough,

the expression of %, is simplified as
1 —e P
h,,, —h,=~——As¢
n+l n B Atn n
The ultima formulation expressed with increments is
described in the form:
1 —e FAm
AL,
Eq. (5) is extended in three-dimension, then the

A, = (go g, )Ae,, (5)

following tensor equations are obtained:

G G 1 _efaAr

A8, =2( Gy +G, W)Ae,, (6)
1-e ™™

Aoy, =3(K0 +K, W)Agkk (7)

where AS); is the increment of the stress tensor, Ao, is
the increment of the deviatoric stress tensor, G, is the
long-term shear modulus, G, + G, is the short-term
shear modulus, K| is the long-term bulk modulus, and
K, + K, is the short-term bulk modulus.
Based on Eqgs. (6) and (7), the stress-strain rela-
tionship can be described as
do =D(t)de
2.2 FEM tire model definition
Considering the high complexity of the tire, the
numerical tire model is reasonably simplified as a mid-
dle-plane model. The main part of the tire is represen-
ted with four-node isoparametric elements and the
shape function is defined as
N, =(1-0)(1-n)/4
NGm) = N, =(1+{)(1 -n)/4 8)
Ny=(1+))(1 +n)/4

Ny =(1 -0 (1 +n)/4
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Based on the Newton-Raphson method and cou-
pled with the formulations de = Bdé and do = D(¢)de,
the tangential stiffness matrix is formed as

K, = J'VBTD( t)BdV (9)

Except for the rubber part of the tire, the other
parts(e. g. rim) are modeled numerically with triangu-
lar elements to improve calculation efficiency. The co-
efficient is given to calibrate the difference coming
from the simplification of the tire construction. As
shown in Fig. 3, the FEM tire model is meshed to 270
four-node isoparametric elements and 292 triangular el-

ements” .

Fig.3 The meshed tire model

3 Demarcation and Verification System

To meet the requirement of real-time calculation,
the tire model is simplified and the fidelity depresses

[81 In

without the measures to improve the precision
this paper, a calibrating coefficient is employed to en-
hance the precision of the simulation model. The coef-
ficient is obtained by the demarcation and verification
system consisting of the wheel force transducer
(WFT), the fifth-wheel instrument, etc. Maintaining the
inherent parameters of the tire and changing the veloci-
ty of the vehicle during the test, F, and the displace-
ment are obtained and the calibrating coefficients of
tire stiffness and contact area are figured out after
analysis and statistical comparison. The fixing illusion
of the demarcation and verification system is plotted in
Fig. 4.

In this system, the most important component is the
six-dimensional wheel force transducer and the con-
struction and the layout of the Wheatstone bridge is
characterized as in Fig. 5. The WFT consists of eight
beams arrayed as a spoke and the strain gauges are em-
bedded in the beams. The Wheatstone bridges are loca-
ted in a special layout and every difference output after
being decoupled is a payload imposed on the beam.

Fig.4 Fixing illusion of the system

Based on Eq. (10), the six-dimensional forces are ob-
tained according to the force and angle signals captured
during tire rolling.

Fal rcoso 0 sne 0 0 o0 Fe
F, 0 1 0 0 0 0 |[|F»
Fy| | —sing 0 coso 0 0 O F,
M,[| 0 0 0 cos®p O sing||M,
M, 0 0 o0 0 1 0 M,
M, L 0 0 0 —sin@ 0 cosh- M,
(10)

Fig.5 Construction and layout of the WFT

The demarcation and verification system is physi-
cally comprised of the WFT subsystem, the data acqui-
sition subsystem and the data processing subsystem.
The system diagram shown in Fig. 6 illustrates three
major subsystems working together real-time to present
the analysis results of the force and the slip ratios.
First, the WFT subsystem uses the RS232 interface to
transform the six-dimensional forces and angles genera-
ted by the elastic beams into the force adapter and the
angle adapter in the data acquisition subsystem. At the
same time, the velocity signal captured by the fifth-
wheel instrument is transmitted to the velocity adapter.
Secondly, coupling with the synchronous adapter, all of
the information inputted into the data acquisition sub-
system is imported into the data processing subsystem
and the signal voices are filtered to erase the disturb-
ance. Finally, the force and the slip ratios are calculated
to calibrate the coefficients and validate the simulation
system.
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Fig.6 Diagram of the demarcation and verification system

4 Experiment and Validation

The performance of the wheel is simulated under
different velocities using the FEM tire model described
above. The constructing parameters of the tire come
from the pneumatic tire of 185/60R14 at an inflation
pressure of 250 kPa with the normal load of 2 900 N.
The material parameters and the calibrated coefficients
are shown in Tab. 2. In the course of the simulation, the
interval is set to 0. 01 s and the off-balance force is set
to 0. 1 N. To elevate the capability of the tire model and

the algorithm, the performance of the tire is compared
with the experimental data. The comparison of the
simulated F, and the measured one is shown in Fig.7.

3000
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Fig. 7

formance of F,

Comparison of the measured and simulated per-

Tab.2 Material parameters and calibrated coefficients

Calibrated coefficients

Material parameters

C i tio of G,/ G,/ K,/ K,/
Stiffness onversion ratio o E/GPa P 0 : 0 : « B "
effective contact area MPa MPa MPa MPa
0.92 0.82 29.6 0.75 13 86 85 950 0.3 45 0.82

Notes: « is the shear viscous coefficient, 3 is the bulk deformation viscous coefficient, w is Poisson’s ratio, and u; is the frictional coefficient.

5 Conclusion

The primary aspects of the pneumatic tire are dis-
cussed and the FEM tire model oriented to the virtual
experiment of off-road vehicles is constructed in this
paper.
founded and applied to confirm the validity of the

The demarcation and verification system is

model. The simulation results are compared to the ex-
perimental data and reasonably close agreements are
observed between the simulated and the measured per-
formance. The results show that the model and the
method employed in this paper are feasible.
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