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Abstract: In the present work a 235/75R15 tyre 3D finite element (FE) model 
was developed using the commercial software package ABAQUS. The finite 
element model considers the severe nonlinearities due to a tyre’s complicated 
geometry, hyperelastic properties of the rubber material, contact between the 
tyre and the road, and the reinforcing bars inside the tyre’s structure. The FE 
model was utilised to implement a braking event of antilock braking system 
(ABS) controller logic. The ABS controller was developed based on a 
commercially available system and the logic was coded in Fortran 77 and 
implemented in a UVAMP ABAQUS subroutine. The detailed 3D tyre model 
and the FE ABS model are discussed in detail. The results show that the ABS 
logic is capable of maintaining the minimum slip ratio to avoid tyre sliding. 
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1 Introduction 

Since tyres perform as force generating and load transmitting mechanisms between the 
vehicle and the road, they are considered to be one of the most important components of 
a vehicle. Hence, the overall dynamic response of the vehicle is predominantly 
determined by tyre performance (Rao et al., 2006). The forces and moments generated in 
the tyre-road contact interface play a key role in handling and control of the vehicle 
during various operating conditions, e.g., during braking (Rao et al., 2006; Joy and 
Hartley, 1953). Without accurately determining the values for these dynamic interactions, 
designing accurate vehicle chassis control systems is impossible. Various empirical 
(Pacejka and Bakker, 1992; Pacejka and Besselink, 1997; Besselink et al., 2010; Braghin 
and Sabbioni, 2010), physical (Bernard et al., 1977; Guo and Lu, 2007) and  
semi-empirical tyre models (Schmeitz, 2004; Allen et al., 2008; Schmeitz et al., 2007) 
have been used in the past, in order to simulate tyre responses during different input 
conditions. 

Finite element method (FEM) has provided a powerful tool to simulate highly 
detailed tyre models which have resulted in more accurate studies on tyre performance 
than the physics-based tyre models. Although FEM simulations require heavy 
computational analysis, the advances in computing technologies have enabled performing 
large amounts of computations in a very short time. Commercial finite element analysis 
(FEA) software programs e.g., LSDyna (Kao and Muthukrishnan, 1997), ABAQUS 
(Sobhanie, 2003; Rao et al., 2006), or PAM-SHOCK (Kamoulakos and Kao, 1998;  
Chae et al., 2004) have been widely used to generate FE tyre models. Some efforts have 
been made to utilise the FEM simulations in order to parameterise different tyre models. 
For example, Rao et al. (2006) developed a method to predict the magic formula (MF) 
parameters using ABAQUS. Balaramakrishna and Kumar (2009) used ABAQUS to 
estimate the short wavelength intermediate frequency tyre (SWIFT) model parameters for 
a passenger car tyre. More detailed FE models were simulated (Cho et al., 2004, 2005) 
using ABAQUS. The models comprised detailed tread blocks and were used for static 
tyre analysis (e.g., inflation and footprint) and short time dynamic analysis (e.g., rolling 
over a cleat). Various detailed FE tyre models that have been developed and used in the 
past are suitable for simulating tyre response in short transient events. However, in order 
to be able to perform an FE dynamic analysis in relatively long time events (e.g., braking) 
the models with large degrees of freedom (DOF) are not suitable. 

Modelling antilock braking system (ABS) performances considering the dynamics  
of the tyres has been of a concern to tyre researchers (Sivaramakrishnan, 2013, 2014). 
Rigid ring tyre models have been utilised to examine the brake torque variations 
(Zegelaar and Pacejka, 1997) and performance of ABS (Jansen et al., 1999). MF-SWIFT 
model was also implemented in a full vehicle with ABS in order to study the braking 
response of a vehicle (Pauwelussen et al., 2003). In addition to analytical models,  
FE models were also considered to perform ABS braking simulations. Dymola and 
ABAQUS were utilised in a co-simulation by Schofield et al. (2009) in order to simulate 
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a hydraulic ABS. In that simulation, a full 3D FE tyre model was developed in ABAQUS 
and assembled to a 3D FE model of a braking disk. In addition, a simple slip-control 
based ABS hydraulic braking pressure system was modelled in Dymola. For the control 
system in Dymola to command the brake control, the translation and rotational velocities 
of the wheel were measured and used for longitudinal slip calculations. 

In the present study, ABAQUS/Explicit solver was used to develop a 3D 
axisymmetric rolling tyre model. The FEM started with a 2D axisymmetric model and 
finally resulted in a 3D full tyre model. A commercially available ABS controller logic 
was implemented inside ABAQUS using a developed UVAMP Fortran subroutine. The 
subroutine was used to setup an input/output channel between the FE tyre model and the 
ABS controller logic. UVAMP subroutine enables coupling of engineering controller 
systems with FE models (Abaqus, 2009). Utilising this controller/FEM coupling 
technique eliminates the need for use of other software programs (e.g., Dymola, etc.) in 
order to implement control logics into detailed finite element models of tyres. This 
method is promising to study how the dynamic response of the tyre structure is affected 
by the control parameters (e.g., ABS, traction control, etc.). 

2 Method 

In order to couple an ABS controller algorithm with an FE tyre model and subsequently, 
model an ABS braking event, a transient dynamic tyre model is required. Finite element 
modelling of a tyre consists of various material and structural nonlinearities such  
as the materials’ hyper-elasticity, embedded reinforcing bars, large deformations,  
and contact implementation. This section covers the development of the FE tyre and  
ABS models. 

2.1 Finite element model 

2.1.1 First step – 2D axisymmetric model 

In this research, a 235/75 R15 radial tyre was used to develop the FE model. In order  
to reduce the cost of the simulation, a common geometry simplification was considered  
in modelling, where the tread pattern blocks were simplified in the model. In addition  
to a reduction in the DOF of the 3D tyre model, this simplification enables the tyre 
geometry to be treated as an axisymmetric deformable solid object. This assumption 
provides the opportunity to start the modelling with a relatively simple 2D axisymmetric 
FE model of the cross section as the first step. Applying inflation pressure, which is 
inherently an axisymmetric loading from inside the tyre, was also considered in this  
step. To further accelerate the simulation, only one half of the cross section was  
modelled in this step and the simulation results were mirrored in the subsequent 
modelling steps. 

Figure 1 shows the 2D axisymmetric model developed in the first step. In order to 
obtain the detailed cross-section geometry of the tyre, a real tyre was cut through the 
cross-section. Subsequently, the cut section was photographed and the image was 
processed thoroughly to ensure the quality of the obtained cross-section image. The 
captured photo was then imported in AutoCAD software and the geometry of the  
cross-section was re-drawn in CAD, emphasising the different parts of the tyre. Then,  
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the CAD drawing was exported to the ABAQUS pre-processor. Different parts of the tyre 
were sectioned according to the finalised drawing. The locations for embedding the 
reinforcing elements were also determined. The cross-section was finely meshed to 
consider the maximum agreement with the real geometry. This fine mesh reduced the 
three-node elements and captured the stress gradients through the thickness of the tyre to 
introduce an accurate contact patch in the subsequent 3D FE analyses. Reinforcement 
parts were meshed as two-node 2D axisymmetric elements and embedded into the host 
elements. 

Figure 1 One half of the cross section, including rubber and reinforcing parts of a 235/75 R15 
radial tyre, used in 2D axisymmetric modelling. Different parts, possessing different 
material properties, are painted in different colours (see online version for colours) 

 

The element-node assignments and the node coordinates were extracted from the 
ABAQUS pre-processor, and the three-node elements were given an extra node  
to be formulated as 2D axisymmetric four-node elements. As shown in Figure 1,  
six hyperelastic material types were assigned to the rubber elements: filler, rim strip, 
sidewall, ply, belt, and tread. Table 1 lists the Yeoh constants for hyperelastic material 
properties assigned to the above-mentioned tyre materials. The material properties were 
taken from (Balaramakrishna and Kumar, 2009). 

Table 1 Hyperelastic (Yeoh model) material properties of different tyre parts 

Tyre region C1 (N/m2) C2 (N/m2) C3 (N/m2) Density (kg/m3) 
Tread 7.77561 × 105 –2.76138 × 105 9.5427 × 104 1178 
Side wall 4.73685 × 105 –1.19853 × 105 3.4293 × 104 1118 
Rim strip 6.66402 × 105 –2.08725 × 105 6.5205 × 104 1153 
Belt 10.24719 × 105 –4.27524 × 105 1.73328 × 104 1198 
Ply 4.79895 × 105 –1.35723 × 105 4.3677 × 104 1177 
Filler 10.42176 × 105 –3.91161 × 105 1.34412 × 104 1204 

REBAR technique was used to introduce the reinforcing elements into the 2D tyre model. 
Two-node reinforcing elements were embedded inside the four-node rubber elements. 
The reinforcing materials were considered to be elastic isotropic and their material  
property constants are listed in Table 2. The reinforcement cross-sectional areas, their 
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spacing and their corresponding angles are listed in Table 3. The information in Tables 2 
and 3 was taken from (Balaramakrishna and Kumar, 2009). 

Table 2 Material properties of different reinforcements 

Reinforcement Young’s modulus (Pa) Poisson’s ratio Density (kg/m3) 
Bead 2.06555 × 1011 0.3 7570 
Ply 4.93515 × 109 0.49 1068 
Belt 2.18158 × 1011 0.3 7618 
Chafer 1.725 × 109 0.49 940 

Table 3 REBAR characteristics of reinforcing elements 

Reinforcement Cross-sectional (m2) Spacing (m) Angle (deg) 

Ply 3.52257 × 10–7 9.652 × 10–4 –2.28 
Belt 1.96128 × 10–7 1.47828 × 10–3 –66.7 
Chafer 3.39999 × 10–7 1.40462 × 10–3 44.6 

In order to model the rim, rigid solid two-node axisymmetric elements were defined on 
the left most nodes of the cross section (Figure 1). The rim elements then, were tied to 
another node (called rim node) defined in the centre point of the tyre, which is placed on 
the line of axisymmetry. As boundary conditions, the rim node was fixed in all directions 
while the top most nodes were fixed in perpendicular directions. To complete the first 
step and to induce stress inside the tyre, inflation pressure of 2.2 kPa was applied to the 
inner surface of the ply. 

2.1.2 Second and third step – 3D tyre model subjected to a vertical load 

A 3D model of one half of tyre was generated via rotating the 2D model around the  
rim. An analytical rigid surface was also created to present the road (Figure 2(a)).  
A frictionless contact was defined between the half-tyre model and the road surface. In 
addition to a vertical load of 2157 N, which was applied to the rim node, the same 
inflation pressure as in the first step (2.2 kPa) was also applied. Running the simulation 
resulted in a full contact between the tyre and the road. After the second step, the whole 
model (including the half-tyre contacted with the road and the simulation results) was 
mirrored in a new simulation to make a full 3D tyre model (third step). All the inputs of 
the second step remained the same for third step, except for the vertical load, which was 
doubled (4314 N). Figure 2(b) illustrates the full 3D tyre model. It is worth mentioning 
that all the 2D two-node shell and 2D four-node solid axisymmetric elements used in the 
first step were automatically transformed to be 3D four-node shell and 3D eight-node 
solid elements respectively after running the second step. 

2.1.3 Fourth step – steady state dynamics 

The first three steps were static simulations. In order to find the loaded radius of the tyre, 
and the corresponding free rolling speed, a steady state dynamic simulation, which is a 
semi-static analysis, was performed. In this step, the 3D tyre model was imported from 
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the previous step. The same loading as in the previous step was maintained in this step. 
For defining the coefficient of friction, the exponential decay model of equation (1) 
suggested by Abaqus (2009) was used: 

) ,( c eqd
k s k e γµ µ µ µ −= + −  (1) 

where µ is the Coulomb friction coefficient, µk is the kinetic friction coefficient, µs is the 
static friction coefficient, dc is a decay coefficient, and eqγ  is the slip rate. The static 
friction, kinetic friction and decay coefficients were assumed to be 0.90, 0.45, and 0.50 
respectively which is in agreement with the values used in the literature (Rao et al., 2006; 
Balaramakrishna and Kumar, 2009). 

Figure 2 3D tyre models of second (a), and third (b) steps. Inflation pressure, vertical load and 
full static contact are implemented (see online version for colours) 

 

A translation speed of 11.165 m/s was applied as a boundary condition to the centre node 
of the rim. Then, different trial values for rotational speed were exerted on the rim node 
as inputs in order to find the free rolling speed and the loaded tyre radius corresponding 
to the input rotational speed. In order to maximise the accuracy of the results, a Fortran 
subroutine code was utilised to do the try and error procedure. The subroutine applied 
trial angular velocities and measured the resultant rolling torque on the rim node. In order 
to maintain the free rolling condition, the torque should reach zero. The subroutine 
changed the input rotational speed several times to find the free rolling rotation speed 
corresponding to the zero rolling torque at the rim node. 

2.1.4 Fifth step – transient dynamic 

In order to simulate a dynamic event with a controllable input (e.g., braking torque) the 
dynamic explicit solver of ABAQUS is preferred. In this step, the free rolling translation 
and rotational velocities of the centre node of the rim, achieved from the previous step, 
was applied as initial conditions to the simulation. The same inflation pressure, vertical 
load and road contacts as in the previous simulation were applied for this step. The total 
time of 1.5 s was considered for the braking event. The outputs of this dynamic explicit 
simulation were stress components, velocities of the nodes, as well as contact forces and 
stress. An ABS controlled braking event was simulated, including a user subroutine for 
controlling the ABS braking torque. Time intervals of 10–4 s were assumed for capturing 
the results. The rim’s rotational and translation velocities were considered as sensors for 
being utilised in the ABS controller Fortran subroutine code. 
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2.2 ABS simulation using VUAMP subroutine 

The braking torque, acting on the centre node of the rim, was one of the inputs to the 
dynamic explicit simulation of the FE model. As mentioned before, the linear and 
rotational velocities of the rim were defined as sensors in the model. The braking torque 
at the beginning of each time interval needed to be controlled by the ABS logic system. 

The torque value was defined as an amplitude value in the simulation and this 
amplitude was controlled by an ABAQUS subroutine called VUAMP. This subroutine is 
suitable for modelling the control-engineering aspects of the system in a dynamic explicit 
FE model. 

The ABS logic used in the present work is well explained in Sivaramakrishnan, 
(2013). Figure 3 illustrates the flow chart of this logic. As a summary, the controlling 
algorithm reads the translation and the rotational velocities of the wheel and calculates 
the slip ratio, defined in equation (2): 

,x l r

x

V R
V

ωκ −
=  (2) 

where κ is the slip ratio, Vx is the translation velocity, ωr is the rotation velocity, and Rl is 
the loaded tyre radius calculated in step four. 

Based on the input, the algorithm determines the brake states and calculates the 
needed brake torque. The brake states considered in the algorithm could be listed as: 
initialise, hold brake pressure, increase brake pressure, fast increase brake pressure, 
decrease brake pressure, step increase brake pressure, step decrease brake pressure, and 
exit ABS braking (Sivaramakrishnan, 2013). 

The controlling algorithm was coded in Fortran 77, which is the coding language for 
the ABAQUS subroutines. The subroutine code reads the sensor values, calculates the 
slip ratio, determines the brake state and gives the updating value for braking torque for 
continuing the FE simulation. 

3 Results and discussion 

Table 4 summarises the FE models of the different steps, the number of nodes and 
elements, the number of degrees of freedom, as well as the computation time required for 
running the simulations. Eight CPU cores were used for all the simulations. 

Table 4 Finite element simulation parameters for different steps 

Step 
number Type 

Number of 
elements 

Number of 
nodes 

Number of 
DOF 

Computation 
time 

1 Static 332 393 1179 2 s 
2 Static 16898 20,834 59,484 7 m, 52 s 
3 Static 33,794 41,330 117,948 43 s 
4 Steady state dynamic 33,794 41,330 117,948 64 m, 34 s 
5 Transient dynamic 33,794 41,330 117,948 26 h, 27 m 
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Figure 3 Antilock braking system algorithm flowchart (Sivaramakrishnan, 2013), κ is slip ratio, 
and Vx is translation velocity (see online version for colours) 

 

3.1 Static simulations 

Figure 4 shows the contour plot of Von Mises stress after applying inflation pressure in 
the first step model. As expected, the reinforcing elements stand the maximum stress. 

The second step includes transferring the axisymmetric inflation simulation into a 3D 
model and applying contact with the road. As mentioned in the previous section, the third 
step transfers the results of the second step and adds the other half of the tyre into the 
model. Figure 5 shows the stress distribution in the tyre cross section close to the contact 
region. As another result of this simulation, contact pressure distribution of the tyre  
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with the road is plotted in Figure 6. It has to be mentioned that, in this static analysis,  
the tyre-road contact was considered to be frictionless. 

Figure 4 Contour plot of Von Mises stress after applying inflation pressure in the first step model 
(see online version for colours) 

 

Figure 5 Stress distribution in the tyre cross section close to the contact region. Some elements 
are hidden in order to expose the stress distribution in the rebar elements (see online 
version for colours) 

 

3.2 Steady state dynamic simulation 

The free rolling translation and rotational velocities, resulting from the forth step 
simulation were calculated to be 11.165 m/s and 28.268 rad/s, respectively. The free 
rolling effective tyre radius was calculated to be 394.2 mm. 

The contact stress distribution of the quasi-static steady state dynamic model  
(forth step in free rolling) is plotted in Figure 7. Comparing the contact patch stress 
distributions of the static tyre (Figure 6) and the steady state rolling tyre (Figure 7) 
reveals that the contact patch area for both cases remains almost the same, but for the free 
rolling tyre simulation, the maximum pressure point moves forward in the direction of the 
tyre motion and its value is greater than the maximum pressure in the static tyre. 
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Figure 6 Contact pressure distribution in contact patch of the static tyre simulation (step 3)  
(see online version for colours) 

 

Figure 7 Contact pressure distribution in contact patch of the free rolling steady state tyre 
simulation (step 4) (see online version for colours) 

 

The free rolling velocities calculated in the fourth step were used as initial conditions for 
the transient dynamic tyre analysis. 

3.3 ABS simulation 

Utilising the VUAMP subroutine mentioned in Section 2.2, the input braking torque was 
calculated for all the time increments. Figure 8 shows the calculated ABS braking torque 
vs. time. 

Figure 8 ABS controlled braking torque during the brake event (see online version for colours) 
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As a result of this varying braking torque, the translation and rotational velocities  
of the tyre reduced with time to illustrate an ABS controlled braking event. The 
circumferential velocity, which is rotational velocity multiplied by the loaded radius  
of tyre, and the translation velocity of the tyre as functions of time are plotted  
in Figure 9. 

Figure 9 Translation and circumferential velocities of the tyre during the ABS controlled 
simulation (see online version for colours) 

 

Inferred from the results of Figure 9, at the start of the simulation both velocities have the 
same value in order to illustrate a free rolling situation as the initial condition, but as the 
braking torque acts on the tyre, the circumferential velocity drops quickly and an almost 
constant difference between the two velocities is retained by the ABS controlling 
algorithm. 

The slip ratio, which is defined as in equation (2), should remain low to prevent 
slippage of the tyre during the braking event. In other words, high slip ratio (close to 1) 
represents tyre locking which is in contrast with the purpose of ABS. Figure 10 illustrates 
the slip ratio values during the braking event, which is controlled to stay less than 0.135 
for the most part. As the slip ratio increases, the ABS controller adjusts the braking 
torque in order to prevent the tyre from locking. As a result of these adjustments in the 
braking torque over the braking time, the road applies a variable longitudinal reaction 
force against the tyre motion. Figure 11 shows the road’s longitudinal force and its 
associated slip ratio during the brake time. 

Figure 10 Slip ratio during the brake event (see online version for colours) 

 

The ABS was successfully coupled to the FE model of the tyre, utilising a UVAMP 
ABAQUS subroutine. The method used in this study is promising to implement control 
logics into detailed finite element models of tyres. In addition to the antilock brake 
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system, the same approach could be used to couple other controlled phenomena  
(e.g., traction control at an acceleration event) with FE tyre models. 

Figure 11 The road’s longitudinal reaction force and its associated slip ratio during the  
brake event (see online version for colours) 

 

4 Conclusion 

A 235/75R15 tyre 3D finite element model was developed using the commercial software 
package ABAQUS. A 2D axisymmetric tyre model was firstly developed for applying 
the inflation pressure. It was shown that the reinforcing bars carry the most portion of the 
stress during inflation. The model was rotated and then mirrored in order to generate a 
full 3D tyre model. The vertical load and the contact with the road were defined  
in this step. That model was then imported to a new steady-state dynamic model  
to find the loaded radius of the tyre and the free rolling translation/rotational 
combination. The tyre/road contact pressure distribution in static and dynamic states was 
also studied. Subsequently, the 3D tyre model in the ABAQUS/standard solver was 
exported to the ABAQUS/Explicit solver to simulate the tyre transient loading. An ABS 
controller logic was coded in Fortran 77 and implemented inside a UVAMP ABAQUS 
subroutine in order to simulate an ABS controlled braking event. The modelled  
FE transient rolling tyre was coupled with that subroutine and the ABS braking event  
was simulated. The detailed 3D tyre model was capable of stress analysis of the tyre 
under inflation, road contact and braking loadings. The final simulation demonstrated  
the ABS controlled adjusting braking torque during the event. It was shown that the 
method and the ABS logic were capable of maintaining a minimum slip ratio to avoid 
tyre sliding. 
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