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Abstract

The paper presents the results of a study applying numerical simulation to investigate the effects of load, pressure and speed on 

the performance of Bridgestone Ecopia EP422 tires. The 3D model of the research object was built using Siemens NX software and 

analyzed using Ansys Workbench. The main output parameters including deformation, stress and contact area were analyzed under 

various operating conditions. The results show that load directly affects the contact area; low pressure increases the contact area 

but reduces fuel efficiency; high speed reduces contact time and causes stress concentration at the sidewall. The simulation results 

are consistent with previous experimental studies, confirming the reliability of the model and its applicability in tire design and 

optimization. The topic opens up the potential for integrating advanced factors such as material nonlinearity, environmental impact 

and artificial intelligence in subsequent studies.
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1 Introduction
Automobile tires play a decisive role in transmitting forces 
between the vehicle and the road surface. The mechani-
cal properties of tires, including stiffness, load-carrying 
capacity and rolling resistance, directly affect the vehi-
cle's performance, stability and fuel consumption (Sabey 
et  al.,  1970). As the automotive industry moves towards 
energy optimization and emission reduction goals, it is 
necessary to study the factors that affect tire performance.

The Bridgestone Ecopia EP422 Plus is a tire that aims to 
reduce rolling resistance and save fuel, through the use of 
new materials and optimized design. However, the actual 
performance of this tire depends not only on the design 
structure but is also significantly affected by operating con-
ditions such as load, inflation pressure and speed (Hùng 
and Công, 2021). Quantifying the impact of these condi-
tions on tire performance is necessary to properly evaluate 
the performance and optimize it in real-world operations.

Several previous studies have shown the relation-
ship between operating conditions and tire performance. 
Specifically, Li et al. (2012) proposed a tire wear predic-
tion model based on the analysis of the effects of load, 
speed and temperature. The model showed the ability to 

accurately reflect the wear phenomenon over time and 
under different operating conditions. In Vietnam, experi-
mental studies by Dang and Le (2018) evaluated tire dura-
bility according to QCVN 34:2017/BGTVT standard (The 
Government of Electronic Information Portal,  2017), 
clearly identifying the effects of load and speed on tire 
size deviation and deformation (Dang and Le, 2018). 
However, these studies often only consider each factor 
individually and have not integrated numerical simula-
tion in the overall assessment of the simultaneous influ-
ence of many different parameters.

In this study, a numerical simulation model based on 
the Finite Element Method (FEM) is used to analyze the 
simultaneous effects of tire pressure, load and speed on 
performance (Lv et al., 2023) with the Bridgestone Ecopia 
EP422 tire as an example. The evaluation parameters 
include total deformation, contact pressure distribution 
and contact area at the rolling surface. The objective of the 
study is to clarify the influence of each factor and the cor-
relation between them, thereby providing recommenda-
tions to manufacturers and suitable operating conditions 
for this type of tire (Sahu and Kanchwala, 2024).
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This study uses numerical simulation to quantita-
tively analyze the effects of three main operating factors: 
load, tire pressure, and speed on the performance of the 
Bridgestone Ecopia EP422 Plus tire. The analysis process 
is divided into two main stages. In the first stage, a  tire 
structure model is established and analyzed using the finite 
element method under dynamic contact conditions with 
the road surface (Kislov et al., 2023). Next, characteristic 
mechanical quantities such as total deformation, pressure 
distribution, and contact area are extracted to investigate 
the changes in tire performance characteristics under dif-
ferent load and speed conditions, corresponding to real-
life operating scenarios (Gong et al., 2024). The simulation 
results not only provide input data for evaluating tire per-
formance under typical conditions, but also serve as a basis 
for proposing optimal operating limits for this type of tire.

2 Theoretical basis
2.1 Theoretical basis of tire dynamics
Consider a wheel in contact with the road surface and the 
wheel axle is attached to the vehicle frame, the character-
istic parameters include: mass (m), moment of inertia (I ), 
dynamic radius (rd ) (Persson, 2011). It is assumed that the 
vehicle does not oscillate vertically.

In the general case, the wheel is subjected to the follow-
ing forces and moments (Selig et al., 2014):

•	 Torque M : active torque (creating traction) or brak-
ing torque;

•	 Impact force from the road surface: the total reaction 
force from the contact area between the wheel and 
the road surface is analyzed into two components:
•	 Tangential force (Fx ): parallel to the contact plane, 

in the direction of vehicle motion;
•	 Normal force (Fz ): perpendicular to the road sur-

face, affects tire pressure on the road surface.

The specific location of these forces is shown in Fig. 1.

The force acting from the vehicle frame Fb is also 
divided into two components:

•	 Horizontal component Fxb: depends on the operating 
state of the wheel (passive, active or braking).

•	 Vertical component Fzb: is the static load of the vehi-
cle distributed on the wheel, under non-oscillating 
conditions.

In addition, consideration should be given to:
•	 The weight of the wheel itself Gbx. Combined with Fxb , 

we have the total force from the frame:

G F Gb xb bx� � . 	 (1)

•	 Translational inertia force Fqb: arises due to vehicle 
acceleration; has the opposite direction to the motion 
when the vehicle accelerates and the same direction 
when the vehicle decelerates.

•	 Moment of inertia Mqb: corresponds to the rotational 
motion of the wheel under the influence of angular 
acceleration. When the vehicle moves uniformly, 
Fqb = 0 and Mqb = 0.

2.2 Theoretical basis of factors affecting tire 
performance
In traditional powertrains, the internal combustion 
engine  (ICE) acts as the primary source of power, gen-
erating output torque, which is used to move the vehicle. 
This torque is generated by the combustion of the fuel and 
air mixture in the combustion chamber. When the mix-
ture burns, the pressure generated from the combustion 
pushes the piston down to the bottom dead center during 
the explosion stroke. The piston then continues to perform 
the remaining cycles including exhaust, intake, and com-
pression, forming a complete four-stroke cycle.

The up and down reciprocating motion of the piston is 
converted into rotary motion through the crankshaft. The 
output torque from the engine, denoted by Tengine, can be 
calculated by the expression (Suyabodha, 2017):

T n
n

R

R
engine

MEP
�

�
�2

, 	 (2)

where:
•	  MEP: mean effective pressure (Pa);
•	  Vd : engine working capacity (m3 );
•	  nR : number of crankshaft revolutions per power cycle 

(for 4-stroke engines, nR =  2).

Fig. 1 Model of forces acting on the driving wheel
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The torque from the engine is then transmitted through 
the transmission system, which consists of the clutch and 
the gearbox (Grappe et al., 1999). The gearbox is respon-
sible for adjusting the torque and rotational speed through 
different gears, ensuring that the vehicle can accelerate 
from rest to the design speed. The relationship between 
torque and rotational speed at the wheels is described by 
the expressions (Soica et al., 2020):

T T iwheel engine total� � , 	 (3)

n
n
iwheel

engine

total

= , 	 (4)

where:
•	  Twheel : torque at wheel (N ∙ m);
•	  nengine : engine rotation speed (rpm);
•	  nwheel : wheel rotation speed (rpm);
•	  itotal : total transmission ratio of the transmission system.

For the wheels to rotate and propel the vehicle forward 
on a flat road surface, the torque generated must be suf-
ficient to overcome the minimum resistance forces as 
shown in Fig. 2, including aerodynamic resistance Rd and 
rolling resistance Rr (Mukherjee, 2014). These forces are 
calculated using the following formulas:

R C A vd d� � � ��
1

2

2� , 	 (5)

R K Wr r� � , 	 (6)

where:
•	  ρ : air density (kg/m3 );
•	  Cd : aerodynamic drag coefficient;
•	  A : front bumper area of the car (m2 );
•	  v : vehicle speed (m/s);
•	  Kr : tire rolling resistance coefficient;
•	  W : weight acting on the wheel (N).

Rolling resistance is a force acting in the opposite direc-
tion of tire movement and depends on rolling speed, tire 
pressure, and rubber material properties. The mechanism 
of rolling resistance formation, shown in Fig. 3, originates 
from the asymmetrical stress distribution in the tire-road 
contact area, causing the resultant normal reaction force Fz 
to shift forward and generate a rolling resistance moment 
in the opposite direction of tire movement (Pillai, 2006).

3 Model building
A three-dimensional model of the Bridgestone Ecopia 
EP422 Plus tire, with the manufacturer's specifications as 
shown in Table 1, was built in Siemens NX (Siemens, 2024) 
(Fig. 4 (a) and (b)), and imported into ANSYS Workbench 
(ANSYS, Inc., 2025) for finite element analysis. ANSYS 
Workbench was chosen for its robust ability to handle 

Fig. 2 Minimum resistance to driving at constant speed (Páscoa 
et al., 2012)

Fig. 3 Side view of tire stress distribution

Table 1 Technical specifications of Bridgestone Ecopia EP422 Plus 
tires (Bridgestone, 2025)

Detail Information

Brand Bridgestone

Seasons Year round

Size 215/55R17

Load capacity 1,477 Pounds (670 kg)

Tread depth 10/32" (7.94 mm)

Tire aspect ratio 55.0

Speed rating V

Ply rating SL

Fig. 4 Simulation model: (a) Tire model; (b) Rim model
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nonlinear structural problems involving large deforma-
tions, material nonlinearity, and contact interactions – fac-
tors essential for accurately describing tire behavior under 
real-world operating conditions.

To ensure numerical accuracy and solution stability, 
a mesh convergence study was first performed. Three 
characteristic element sizes (20 mm, 15 mm, and 10 mm) 
were evaluated by comparing key output parameters such 
as deformation and contact characteristics. The results 
showed a significant improvement when reducing the ele-
ment size from 20 mm to 15 mm, while further refine-
ment to 10 mm led to negligible changes but substantially 
increased computational cost. Therefore, an element size 
of 15 mm was adopted for all subsequent simulations as 
an optimal compromise between accuracy and efficiency.

Based on the convergence analysis, the tire rubber 
domain was discretized using a MultiZone meshing strat-
egy with structured hexahedral elements. This choice 
improves numerical robustness in large-deformation non-
linear analyses and minimizes element distortion in the 
contact region. The final tire model consisted of approxi-
mately 40,916 hexahedral elements. The rim was meshed 
using tetrahedral elements, while the road drum was dis-
cretized with hexahedral elements of the same character-
istic size to ensure compatibility at the contact interface.

The mechanical behavior of the rubber was described us- 
ing a Mooney–Rivlin hyperelastic material model, enabling 
realistic representation of the nonlinear elastic response 
under compression and rolling conditions. Other compo-
nents, including body plies, bead wires, and the rim, were 
modeled as linear elastic materials with properties defined 
according to manufacturer data and published references.

The mechanical behavior of the rubber was described 
using a Mooney–Rivlin hyperelastic material model, 
which enables realistic representation of the nonlinear 
elastic response under compression and rolling condi-
tions  (Nguyen et  al., 2023). The remaining components, 
including the tire plies, bead region, rim, and road sur-
face, were modeled using material properties summarized 
in Table 2 (Haiquan et al., 2025; Quan et al., 2026).

4 Simulation results and discussion
4.1 Effect of load
In this study, the load applied to the tire was investigated at 
three values: 1 kN, 3 kN and 6 kN, while the tire pressure was 
kept constant at 35 psi (0.241 MPa), which is the standard 
value published by the manufacturer. The load range was 
chosen to simulate different operating conditions, from light 
to heavy loads, reflecting the real-life conditions that can 

occur when the vehicle is carrying few or many passengers 
and goods (Levesque et al., 2023). Keeping the tire pressure 
constant helps to isolate the effect of the load, thereby sep-
arately evaluating the impact of this parameter on the tire's 
performance and stress distribution. The selected load lev-
els refer to published experimental data, providing a basis 
for comparison and verifying the reliability of the numerical 
simulation model used in the study (Ge et al., 2023).

The simulation results in Figs. 5 to 7 show that when 
the load acting on the tire increases from 1 kN to 6 kN, 

Table 2 A short title for tables should be indented center

Material Rubber Body-ply Bead wire Concrete

Density (kg/m3) 1,400 1,200 6,500 2,300

Poisson's ratio – 0.3 0.3 0.18

Young's modulus 
(MPa) – 500 207 30,000

Mooney–Rivlin 
constant (MPa)

C10 = 8.061 – – –

C01 = 1.805 – – –

Thermal 
conductivity 
(W/m °C)

0.293 0.293 60.5 0.72

Hysteresis 0.1 – – –

Fig. 5 Simulation results at 1 kN: (a) Total deformation (mm); 
(b) Pressure at contact point (MPa)

Fig. 6 Simulation results at 3 kN: (a) Total deformation (mm); 
(b) Pressure at contact point (MPa)

Fig. 7 Simulation results at 6 kN: (a) Total deformation (mm); 
(b) Pressure at contact point (MPa)
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the contact area between the tire and the road surface 
remains almost unchanged, fluctuating slightly between 
5,428.9 mm2 and 5,429.0 mm2. This small variation reflects 
that the tire is still working in the linear elastic region, and 
the investigated load has not exceeded the nominal load 
capacity of the tire.

Specifically, the Bridgestone Ecopia EP422 tire is 
designed with a load index of 94, equivalent to a maxi-
mum load of 670 kg (~6.7 kN). Therefore, the load range 
from 1 to 6 kN corresponds to 15% to 90% of the limit 
load. In this range, the tire structure – including the plies 
and rim – still maintains a stable shape, without large 
deformations in the contact area.

However, as the load increases while the contact area 
remains unchanged, the average contact pressure across 
the contact surface increases significantly. This results in 
a more concentrated stress distribution, especially at the 
contact edge – the transition between the tread and the 
shoulder. As a result, the risk of localized wear, spot heat-
ing, and material degradation may increase if the tire is 
operated for a long time under high loading conditions.

Fig. 8 shows that the results obtained from the study tend to 
coincide with published experimental data (Ge et al., 2023), 
both in terms of the geometrical characteristics of the con-
tact area and the degree of deformation under static load-
ing conditions. This similarity shows that the finite element 
model correctly reflects the actual mechanical properties of 
the tire within the investigated load range. Thanks to that, 
the reliability of the simulation method as well as the accu-
racy of the entire research process are clearly confirmed.

From a design and operational perspective, this result 
shows that the tire structure has been optimized to main-
tain a stable geometry within the normal operating load 
range. However, when contact pressure increases under 
high load conditions, it is necessary to consider adjusting 
the inflation pressure or redistributing the load to limit the 
contact stress, thereby reducing the risk of local damage 
and extending tire life.

4.2 Effect of pressure
In this study, tire pressure was examined at 25 psi 
(0.172 MPa), 35 psi (0.241 MPa), and 45 psi (0.310 MPa). 
The central value of 35 psi, recommended by the manufac-
turer, represents the standard operating condition, while 
25 psi and 45 psi simulate under- and over-inflation, which 
are frequently encountered in practice and can strongly 
influence tire safety and performance. This range was 
selected to assess the effect of deviations from the stan-
dard pressure, with reference to conditions reported in 
recent experimental studies (Norrby, 2012) to ensure con-
sistency between simulation and experiment.

The simulation results in Figs. 9 to 11 indicate that the 
largest deformation area is concentrated at the tire bot-
tom – the area that is in direct contact with the road sur-
face and bears the main compressive load. Meanwhile, 
the edge and sidewall areas have smaller deformation lev-
els because they are far from the main force transmission 
area and close to the fixed boundaries. The stress distri-
bution shows that high stress does not appear at the con-
tact area but is concentrated at the transition area between 

Fig. 8 Comparison of numerical and experimental results: 
(a) Experimental results; (b) Simulation results

Fig. 9 Simulation results at 25 psi (0.172 MPa): (a) Deformation (mm); 
(b) Stress distribution (MPa)

Fig. 10 Simulation results at 35 psi (0.241 MPa): (a) Deformation (mm); 
(b) Stress distribution (MPa)

Fig. 11 Simulation results at 45 psi (0.310 MPa): (a) Deformation (mm); 
(b) Stress distribution (MPa)
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the rolling surface and the sidewall. The reason is that the 
combination of tension and bending caused by the curved 
shape of the tire when compressed leads to stress concen-
tration in the area of sudden geometric change.

In addition, at the top of the tire, where there is no con-
tact with the road surface, the stress is almost eliminated 
due to the large distance from the main bearing point. As 
the inflation pressure increases, the compression reaction 
at the bottom increases, increasing the stress level spread 
throughout the entire tire body, especially at the curved 
transition areas. This result shows that tire geometry and 
pressure play an important role in controlling the stress 
distribution and identifying potential damage risk areas.

When analyzing the simulation results in the first 1 s, 
Fig. 12 shows that the contact area between the tire and 
the road surface increases gradually over time at all three 
pressure levels investigated (25 psi, 35 psi and 45  psi). 
The  rate of increase in contact area is inversely pro-
portional to pressure: the tire inflated to 25 psi has the 
fastest increase rate, while one inflated to 45 psi has the 
slowest. At 1 s, the contact area reaches approximately 
35,000 mm2, 23,000 mm2 and 20,000 mm2, respectively, 
for the three pressure levels mentioned above.

The inverse relationship between tire pressure and con-
tact area is explained based on the deformation proper-
ties of rubber materials. At low pressure, the tire is softer, 
deforming more easily under vertical load, resulting in 
an expanded contact area. Conversely, high pressure 
increases the tire stiffness, limiting the ability to deform, 
thereby reducing the contact area. Notably, at the highest 
pressure level (45 psi), a slight oscillation in the contact 
area appears in the range of 0.8 to 0.9 s. This phenome-
non may be related to the rapid elastic response or natural 
vibration of the tire structure in the numerical simulation, 
reflecting the propagation of stress waves in the structure 
of a high-stiffness material.

The results obtained are consistent with the trends reported 
in previous studies. Specifically, the study by Norrby (2012) 
using the coast-down method showed that the rolling resis-
tance increased by 48.52% at 25 psi and decreased by 
13.46% at 45 psi compared to the standard level of 35 psi. 
At the same time, the study by Tomaraee et al. (2015) also 
showed that the rolling resistance increased linearly with the 
contact area between the tire and the ground. Thus, the simu-
lation results in this study are not only mechanically consis-
tent but also compatible with the experimental data, thereby 
confirming the reliability of the simulation model used.

4.3 Effect of speed
In this study, the tire speed range was investigated from 
40  km/h to 100 km/h. This range was selected based on 
the common speed limit according to current regulations 
in Vietnam, in which the maximum speed allowed on high-
ways often reaches 100 km/h. This speed range simultane-
ously represents three typical operating states of cars in real 
conditions: moving in residential areas (low speed), accel-
eration phase (medium) and stable traffic on highways (high 
speed). The investigation in this range allows to evaluate 
the influence of speed on the dynamic and mechanical prop-
erties of tires under typical operating conditions.

The simulation results Figs. 13 to 15 show that the area 
with the greatest deformation is still concentrated in the cen-
ter of the tire bottom, where it is in direct contact with the 
road surface. When the vehicle moves, the weight of the 
entire system is pushed down to the contact surface, while the 
reactive force from the road surface creates a high local pres-
sure area, leading to significant deformation at this location.

Fig. 12 Contact area in 1 s according to pressure values

Fig. 13 Simulation results at 50 km/h: (a) Deformation (mm); 
(b) Stress distribution (MPa)

Fig. 14 Simulation results at 80 km/h: (a) Deformation (mm); 
(b) Stress distribution (MPa)
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In addition to static compression, rotating tires are also 
affected by friction and inertia. Contact friction generates 
shear stress in the rubber surface, contributing to local 
shear deformation. As speed increases, the frequency 
and intensity of interaction between the tire tread and the 
road surface increase, generating more heat energy due to 
mechanical loss. Increased temperature leads to a decrease 
in material stiffness, thereby increasing the ability to 
deform in the main load-bearing area. Meanwhile, the 
sidewall edges have a smaller deformation because they 
are not directly affected by compression force and are less 
affected by contact friction.

Fig. 16 shows a tendency for contact area to decrease 
as speed increases, when analyzing the change in contact 
area over time at three speed ranges (50 km/h, 80 km/h 
and 100 km/h). Specifically, at 50 km/h, the contact area 
reaches its maximum value and continues to increase 
steadily until the end of the survey period. At 80 km/h, 
the contact area decreases slightly compared to 50 km/h 
and is almost stable after 0.8 s. At 100 km/h, the contact 
area is the smallest, changes insignificantly after 0.6 s and 
remains almost stable.

The mechanism of this trend can be explained based on 
the dynamic interaction between the tire and the road sur-
face. As the speed increases, the time each point on the tire 
is in contact with the road surface is shorter, the rubber 
material has not had time to completely deform, resulting 

in the contact area not expanding significantly. At the same 
time, the centrifugal force increases, causing the middle 
part of the tire to tend to expand outward, reducing the 
contact pressure at the bottom. In addition, friction at high 
speed generates heat, leading to an increase in tempera-
ture and pressure inside the tire according to the ideal gas 
law, making the tire more tense and reducing the ability to 
deform locally. As a result, at high speed, the tire maintains 
a stiffer shape, limiting the development of the contact area 
even though the load and contact time continue to increase.

4.4 Discussion
Through numerical simulation, this study analyzed the 
effects of load, pressure, and speed on the performance 
of the Bridgestone Ecopia EP422 tire. Under loads from 
1–6 kN, the tire remained in the linear elastic region below 
its nominal limit (6.7 kN); however, the stable contact area 
caused a rise in contact pressure, which may lead to local 
heating and wear under prolonged use.

For pressure, the contact area decreased as inflation 
rose from 25 to 45 psi. Low pressure increased deforma-
tion and traction but also rolling resistance, while high 
pressure reduced deformation and cushioning. These 
results are consistent with earlier studies, confirming that 
maintaining the recommended 34–35 psi provides the best 
balance of grip, durability, and fuel efficiency.

At higher speeds (50–100 km/h), the contact area 
declined due to shorter ground contact, centrifugal bulg-
ing, and temperature-induced pressure rise. Stress con-
centration in the sidewall and transition zones highlighted 
the risk of fatigue or failure under severe conditions.

Overall, the findings show that tire behavior depends 
on the interplay of load, pressure, speed, and material 
properties. Operating within the optimal range of these 
factors is essential to ensure safety, service life, and effi-
ciency. The results also demonstrate the usefulness of 
numerical simulation in predicting tire performance and 
supporting design optimization.

5 Conclusion
This study developed a numerical model to examine 
how load, pressure, and speed affect the performance of 
Bridgestone Ecopia EP422 Plus tires. Using a 3D model cre-
ated in Siemens NX software (Siemens, 2024) and simulated 
in ANSYS Workbench (ANSYS, Inc., 2025), mechanical 
responses such as deformation, Von Mises stress, and contact 
area were evaluated. The findings indicate that load within the 

Fig. 15 Simulation results at 100 km/h: (a) Deformation (mm); 
(b) Stress distribution (MPa)

Fig. 16 Contact area in 1 s according to velocity values



8|Hai Quan and Tran Quang
Period. Polytech. Transp. Eng. 

elastic range mainly influences stress, low pressure increases 
deformation and contact area, while high speed reduces con-
tact due to centrifugal force and higher internal pressure.

The results align with theoretical analysis and previous 
experiments, confirming the reliability of the proposed 
approach for tire mechanics. The model offers a founda-
tion for selecting operating parameters and supporting tire 
design and optimization. Future work may incorporate 

nonlinear materials, dynamic loading, and machine learn-
ing to broaden its applicability in automotive engineering.
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