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T
his paper describes the development of a three-dimensional finite element

model for the modelling of a 155/65R13 steel-belted tyre under inflation pres-

sure, vertical static (footprint) load, and steady state rolling. The model was cre-

ated for the ABAQUS/standard code and used to carry out a series of parametric stud-

ies. The main purpose was to examine the effect of some structural and operational

parameters including type of body and cap plies cords, cord belt angle, and friction

coefficient between tyre and road on the mechanical behaviour of the tyre under both

static and rolling conditions. It is shown that the belt angle is the most important con-

structional variable among the selected parameters that affect the tyre behaviour, sig-

nificantly. The changes of friction coefficient have had great influence on tyre variables

at contact zone, e.g., pressure field and relative shear between the tread elements and

road as well. The accuracy and reliability of the results obtained in this simulation were

also confirmed by comparing two deformational characteristics of the tyre (static

deflection and free rolling perimeter) with those of two commercial tyres.  
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Structural analysis of pneumatic

tyres by finite element method is

now a well-established technique in

tyre industry. It is mainly due to this

fact that the complex geometry and

non-linear behaviour of materials as

well as the intricate interactions of

components in tyres have rendered

this technique to be the only solu-

tion to study tyres under various

loading conditions. On the other

hand, the introduction of high per-

formance computers in recent years

in conjunction with the enhance-

ment of the capabilities of existing

finite element codes and CAD soft-

ware have the potentials of replac-

ing the conventional trial and error

experiments by a systematic para-

metric study. This could facilitate

 



the optimization of different parameters in tyre design

and thus reducing the total costs in a typical design

cycle. 

First attempts to study the parameters affecting the

stress-strain distribution in tyre were accompanied with

many simplifying assumptions in tyre structure. For

example, tyre carcass was replaced with single or multi-

layers of orthotropic composite shells and the approxi-

mate expression such as Halpin-Tsai or Gough-Tangorra

relations (or similar equations) were used to predict the

mechanical behaviour of these layers [1-4]. In addition,

they were limited to the initial steps such as inflation

and footprint (static) loadings. Further improvements in

the field of modelling the cord reinforced rubber com-

posite have expanded these studies to more advanced

loadings e.g., steady state rolling. For instance, by intro-

ducing the concept of embedded rebar elements [5,6]

and more accurate algorithms for contact problems as

well as new models taking into account the friction

between tyre and road surface, the difference between

predicted results and actual behaviour of the tyre in

service became less than those obtained by former mod-

els [7-11]. There are also some practical applications of

parametric study of tyre structures by finite element

method [12-15] which can be used as further references.

Carcass (main body) and belts are the major load car-

rying components in a tyre and the loads in belts and

plies are primarily carried by embedded cord in them.

Therefore, the study of these two components which

directly influence tyre mechanics is very important. Belt

cord angle (or belt angle) is a key parameter in design-

ing of the belt construction. Although numerical results

and experimental works have shown that the accepted

range of belt angles are narrow, this variable should be

specifically found for each size and design of tyre to

ensure optimum tyre performance. In addition, the

Young’s moduli of the cords used in carcass and cap

plies are the key factors in designing these layers.

Generally, various fibres such as rayon, polyester, and

nylon are used in the body and cap plies of tyre. The

elastic constants of these cords have their own range and

thus the effect of various combinations of fibres with

different Young’s modulus is very important when deal-

ing with optimization of the carcass design.  

In the present work, a 155/65R13 steel belted radial

tyre was analyzed under three different loading condi-

tions including: inflation, footprint, and free rolling by

the finite element method. The purpose of this research

was to study the effect of belt cord angle, elastic con-

stants of the cords in body (carcass) and cap plies, and

also the friction coefficient between the tread surface

and road for the tyre of this size. In addition, the coeffi-

cient of friction between tread and ground was selected

in this parametric research to study the interaction

between the tyre and the road. The novel aspects of our

work are (1) a parametric study on this radial tyre

(155/65R13) which has been performed for the first time

and (2) combination of the mentioned parameters in a

single work to study their effects on the behaviour of the

tyre. 

In order to confirm the accuracy of the developed

models, two general characteristics of the tyre, namely

vertical deflection under static load and the free rolling

perimeter have been compared with the experimental

data of two commercially available tyres. Moreover

deflection under vertical load, contact pressure, and

stress in ply and belts are selected as the major outputs

of the analyses to check the effect of the mentioned

parameters on the tyre behaviour. In the following sec-

tions, we first introduce the procedures which were

adopted for the development of the finite element model

for this type of tyre and then the results and discussion

are presented. Finally, the conclusions will be given for

this tyre simulation study. 

FINITE ELEMENT MODEL

A 155/65R13 73H steel-belted radial tyre was chosen.

The carcass of this tyre was considered to be construct-

ed of one body ply, two steel belts and one cap ply,

respectively. This tyre was analyzed in three successive

stages as inflation, footprint (vertical static load) and

steady state rolling. To achieve this goal, two finite ele-

ment models were developed. 

The first model which was used for the inflation

stage was a two-dimensional axisymmetric model. This

model was created by discretization of the tyre layout

into finite element meshes by the GEOSTAR software

as shown in Figure 1. The generated mesh was then

imported into ABAQUS/CAE as an inp file and the

associated two-dimensional axisymmetric model was

created. Four simple ribs were assumed to resemble the

tread pattern of tyre. The model was consisted of two
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element types called as CGAX4H and SFMGAX1 for

the modelling of the rubbery parts and reinforcing sec-

tions, respectively. CGAX4H is a four-nodded bi-linear

element with twist and hybrid formulation which is

quite well-suited for the axisymmetric modelling of rub-

bery materials in tyres. It is capable of taking the incom-

pressibility of the rubbers by assuming a constant pres-

sure into consideration. The special formulation of this

element also allows for twisting of cord-rubber compos-

ites that generally takes place in tyres during loading.

Total number of nodes and elements for this model were

604 and 801, respectively. 

On the other hand, SFMGAX1 is a two-nodded

axisymmetric surface element which is used for embed-

ding of rebars (reinforcing cord) elements in it. Details

of the incremental non-linear finite element formula-

tions used in this work have been reported in our previ-

ous works [10,16]. The inflation pressure is uniform and

it is applied to the inner surface that has been defined in

the model and its magnitude is taken equal to

0.248 MPa. All degrees of freedom corresponding to the

nodes of the outer zone of the bead section are restrained

by referencing them to a single node in the tyre centre

which has been assumed to be completely fixed. Rubber

components are modelled by the Mooney-Rivilin hyper-

elastic and the reinforcing fibres are represented by the

linear elastic material models, respectively. The materi-

al parameters for rubbery parts had already been deter-

mined by giving the experimental stress-strain data of

each rubber compound in tension mode to material mod-

ule of ABAQUS software. The C1 and C2 of Mooney-

Rivlin equation have been then computed via a simple

curve fitting operation. Young’s modulus of the rein-

forcing cords is calculated from the slope of the tangent

line to the stress-strain curve of the fibre. These materi-

al parameters used are presented in Tables 1 and 2,

respectively.

The second model has been used for the modelling of

the tyre under footprint (vertical static load) and steady

state rolling analysis. This model is a 3D- finite element

model generated by revolving of 2D elements about tyre

symmetry axis. In the other words, taking the advantage

of symmetric result transfer and symmetric model gen-

eration capability implemented in ABAQUS, a 3D-

model of the tyre has been created from axisymmetric

model and the results from the previous available analy-

sis (axisymmetric analysis) are transferred to the newly

developed 3D- model (Figure 2). As usual, the finite ele-

ment mesh is more refined in contact zone to accurately

compute the field variables at this region. Total number
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Cord type
Yong's modulus 

(MPa)
Location

Rayon

Nylon

Nylon 6,6

Polyester

Steel cord

9870

3500

5700

11700

172000

Ply, Cap Ply

Cap Ply

Cap Ply

Ply

Belts

Name
C1

*

(MPa)

C2
*

(MPa)

Tread

Sidewall

Belts, cap ply & ply

Filler

Gum

Inner liner

0.41

0.187

0.187

1.13

0.41

0.282

0.083

0.0374

0.0324

0.226

0.083

0.0564Figure 1. Finite element meshes of a two-dimensional

(axisymmetric) model.

Table 2. Elastic constants of the cords used in the parametric

study [7,9,10].

Table 1. Parameters of the hyperelastic (Mooney-Rivlin)

material model for rubber parts.

(*) First and second parameters of the Mooney-Rivlin equation,

W=C1(I1-3)+C2 (I2-3).



of nodes and elements were 47016 and 30408, respec-

tively. Using the results obtained in the first analysis, the

tyre is analyzed in the second stage under both inflation

pressure and vertical load of 3577 N (365 kg). This is

the maximum recommended (rated) load for a steel-

belted radial tyre of this size. A rigid surface is defined

separately in the model to represent the road. When the

preliminary contact has occurred by moving the road

towards the tyre, the complete load has been applied to

the road. The rim has been assumed to be fixed during

the analysis. This is the complete footprint or second

stage of the analysis.  

In the third or final stage of the simulation, the tyre

is modelled under steady state rolling condition. This

stage is restarted from the results of the second stage,

i.e., footprint analysis. Friction is described by the

standard Coulomb friction model which assumes that

no relative motion occurs if the equivalent frictional

stress is less than a critical stress which is being pro-

portional to the contact pressure by a factor called

friction coefficient. 

The ABAQUS software innovation is a develop-

ment of a mixed Lagrangian/Eulerian method for the

modelling of steady state analysis of rolling structures

(such as tyres). It has been used to avoid the large and

difficult computations which are generally required for

the modelling of such structures in full Lagrangian

framework [17]. In this algorithm, the deformation of

the rotating body is described by the Lagrangian

method while the moving frame for the rigid body

rotation is described in Eulerian framework. 

During the steady state rolling analysis, when no

driving torque is applied to the tyre, the translational

(directional) velocity of the tyre would be equal to the

product of angular velocity (rotational speed) by free

rolling radius of tyre after vertical deflection. 

However, the radius under deflection changes from

a minimum at the lowest point of the tyre in contact

zone to the maximum on the opposite point of the foot-

print region. Consequently, the analysis has been per-

formed for a fixed translational velocity (V) of 100

km/h and a range of angular velocities from 90 rad/s to

100 rad/s. The tyre free rolling condition is then found

to be at the angular velocity in which any traction or

braking force (or corresponding toque) is not applied

to the tyre centre. 

Figure 3 shows a typical curve of the reaction force

obtained from the analysis versus tyre angular veloci-

ties. By dividing the translational velocity to the angu-

lar velocity that corresponds to zero force, the tyre free

rolling radius (or dynamic loaded radius) can be

obtained. All variables in free rolling condition should

be obtained for this angular velocity.
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Figure 2. Three-dimensional finite element meshes of the tyre.

Figure 3. Plot of the force vs. angular velocity applied on the

tyre centre in longitudinal direction.



RESULTS AND DISCUSSION

A series of finite element analyses have been carried

out to study the effect of the variation of some con-

structional and operational variables on the mechanical

behaviour of the mentioned tyre. The

ABAQUS/Standard [17] code has been used as the

finite element processor. Three categories selected for

this parametric study are given in Table 3. In the first

study, three cord types have been assumed to be used

as reinforcing parts in the main body and cap plies.

The second category has been devoted to the changes

in the belt cord angle and in the last one the friction

factor between tyre and road has been changed to

check its effect on the contact area. 

Before accomplishing the parametric study, we

have first tested the accuracy and reliability of the

developed model by comparing the results of the sim-

ulations with data of two commercially available tyres

in the market with similar constructions as reported in

Table 4. Tyre deflection under vertical load and the

free rolling perimeter have been selected as the simu-

lation results and compared with their corresponding

values of two mentioned tyres. Simulation has been

carried out for design No. 1 (base design) with two dif-

ferent mesh configurations. The first mesh was the

conventional 3D mesh with brick (8-nodded) elements.

In the second mesh, a 12-nodded cylindrical element

has been selected to be generated from 2D element

during the execution of the symmetric model genera-

tion command. The trigonometric interpolation func-

tion along the circumferential direction is used in this

element which is believed to give more accurate

results than the brick elements. 

However, as it is shown in Table 4, there is not any

significant difference between the results predicted by

the two finite element meshes. Consequently, we have

selected the simple brick elements in this work since,

the required computer resources for this type of ele-

ments is much lower in cost than the model with cylin-

drical elements. Furthermore, a comparison between

experimental and simulation results has proved the

accuracy and applicability of the developed models. 

We now refer to the results of the parametric study.

Two deformational characteristics of the tyre for the

designs No. 1 to No. 6 (Table 3) are given in Table 5.
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Category I II III

Design No.

Belt angle (deg)

Cap ply Cord

Ply cord

Friction coefficient

1*

±20

Nylon

Rayon

1

2

±20

Nylon

Polyester

1

3

±20

Rayon

Polyester

1

4

±20

Nylon 6,6

Rayon

1

5

±18

Nylon

Rayon

1

6

±22

Nylon

Rayon

1

7

±20

Nylon

Rayon

1.25

8

±20

Nylon

Rayon

0.25

Tyre/Model
Free rolling perimeter 

(mm)

Deflection under vertical load

(mm)

FEM (brick element)

FEM (cylindrical element)

Experimental data Tire A

Experimental data Tire B

1642

1638

1623

1671

22.73

22.72

22

24

Table 3. Selected designs for the parametric study.

(*) The first design was selected to be the base design. 

Table 4. Comparison between predicted values in two models of the tyre with experimental data.



These are the tyre radius  increment (measured at the

tread crown) and tyre deflection under vertical load.

As it can be seen the cord type in body and cap plies

have very little effect on displacement while belt

angle variations have had significant effect. This may

be described by the orientation of fibre in body ply

which has been parallel to tyre axis and thus could not

bear any hoop stresses. However, in cap ply and espe-

cially in belt, the cords bear much of the hoop stress.

Lowering the belt angle is resulted in a stiffer tyre and

thus the tyre displacement is decreased. Deflection

under vertical load has been mainly controlled by the

inflation pressure and as it is shown in Table 5, the rel-

ative differences in vertical deflections in the selected

designs are within 1.5% difference. 

Referring to the steady free rolling, the contact

pressure distributions for the mentioned designs in

this state are shown in Figures 4 to 9, respectively. It

can be concluded that the type of the cord in cap ply

affects the uniformity of contact pressure distribution.  
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Design  No. 1(Base) 2 3 4 5 6

Crown displacement (mm)

Vertical deflection (mm)

1.34

22.73

1.36

22.69

0.99

22.74

1.19

22.77

0.97

22.59

1.75

22.90

Table 5. Deformational characteristics of the tyre under inflation and static (footprint) loadings.

Figure 5. Contact pressure field (MPa) for the design No. 2.

Figure 4. Contact pressure field (MPa) for the design No. 1.
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Figure 8. Contact pressure field (MPa) for the design No. 5.

Figure 7. Contact pressure field (MPa) for the design No. 4.

Figure 6. Contact pressure field (MPa) for the design No. 3.



As the modulus of cap ply cord increases, the pres-

sure at the centre of contact area would be higher. In

addition, comparing design No.1 with design No.2

shows that the ply cord does not affect contact pres-

sure. The free rolling radius and number of revolu-

tions per kilometre for all selected designs are record-

ed in Table 6. Although the free rolling radius of dif-

ferent designs do not show a major difference, howev-

er, it can be deduced that as the stiffness of layers in

tyre increases in circumferential direction the free

rolling radius increases slightly. Examining the stress

distributions, the maximum computed components of

the normal stress in longitudinal direction (σ11) for the

first belt cord are recorded in Table 7. It is found that

increasing the belt angle would lead to lower stress in

this direction. Furthermore, by increasing the cord

modulus in body and cap plies, the stress at belt would

be reduced.

The third category of the parametric study belongs

to the effect of the friction coefficient between the

tread surface and the road. By increasing the friction

coefficient, the maximum contact pressure does not

change considerably. However, the main influence of

the friction which has been on the contact shear is

shown in Figures 10 to 12. It can be seen that the high-

est shear value corresponds to the highest friction coef-

ficient. In other words, higher grip between the tyre

and road was attributed to higher friction.
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Figure 9. Contact pressure field (MPa) for the design No. 6.

Design No. 1(Base) 2 3 4 5 6 7 8

Free rolling radius (mm)

Revolution / km

261.56

6087.85

261.5

6087.85

260.83

6105.05

261.19

6096.45

260.46

6113.64

261.81

6082.12

261.81

6082.1

261.32

6093.58

Design No. 1(Base) 2 3 4 5 6 7 8

(σ11) Max 1329 1322 1045 1211 1366 1281 1329 1329

Table 6. Free rolling radius and number of revolutions per kilometre.

Table 7. Maximum of the normal stress components in the longitudinal direction.



A Parametric Study on the Steady State Rolling ...Ghoreishy M.H.R et al.

547Iranian Polymer Journal / Volume 16 Number 8 (2007)

Figure 10. Relative shear in longitudinal direction for the base design (No. 1).

Figure 11.  Frictional shear stress in longitudinal direction for the design No. 7.

Figure 12.  Frictional shear stress in longitudinal direction for the design No. 8.



CONCLUSION

Finite element modelling has been used to study the

effect of different parameters on the static and steady

rolling behaviour of a 155/65R13 steel-belted tyre. The

following points have been deduced from this paramet-

ric study. 

-  The developed model is capable of predicting the

deformational behaviour of the tyre with a high degree

of accuracy both in static (footprint) and rolling states.

Type of cord in main body ply does not affect mechani-

cal response of tyre which confirms that the vertical

stiffness of the tyre is greatly influenced by the inflation

pressure and the geometry of the tyre carcass (as they

assumed to be constant in this work).

- Belt angle does affect tyre deflection in all three

steps (i.e., inflation, footprint, and rolling). Moreover,

the variation of this parameter on other characteristics

such as contact pressure is vital and should be carefully

taken into consideration.

- Contact pressure uniformity improves when cap ply

cord modulus increases. 

- Friction, changes the free rolling radius of the tyre in

such a way that higher friction results in smaller free

rolling radius. In addition shear stresses increase when

friction is increased. 
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