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Abstract. Considering the present-day environmental and energy objectives set forth by
governments and aiming at minimizing carbon footprints and fuel consumption in the trans-
portation sector, it is of utmost importance for manufacturers to enhance tire design. This
is because doing so has the potential to revolutionize the automotive industry by promot-
ing advancements in structural performance and fuel efficiency while reducing environmental
impact and ensuring safer, more dependable vehicle structural performance. Moreover, such
an approach has the advantage that the choice of model’s features such as the geometry and
material mechanical properties, is done in a more detailed manner. The mechanical behavior
of rubber compounds used in tire manufacturing has a direct impact on the static as well as
the dynamic response of tires in various operating scenarios, such as steady state and tran-
sient dynamic. However, in the literature, there is a plethora of works that often consider
basic rubber constitutive laws without a consistent study of the impact on the model results.
Therefore, this paper proposes a comparative study of the static response of a radial tire using
finite element method for different choices of incompressible rubber material behavior rang-
ing from elastic(EL), hyperelastic(HE), visco-hyperelastic(VH) to hyper-pseudoelastic(HM).
Simulations of an inflated tire and vertically loaded were conducted in ABAQUS Explicit, and
the resulting radial deformation, maximum Von Mixes stress, CPU time, contact patch, and
contact pressure were selected as four consistent comparisons. The results show that among
the four material cases, the VH and HM material models lead to the most accurate result with
a shorter CPU time with the latter. Also, their contact pressure and body stress are higher
than those of the elastic and hyperelastic models, and this brings an important solution to the
disparity between the calculated and experimentally measured contact pressure in previous
works.

Keywords— rubber constitutive law, viscoelastic, hyperelastic, pseudo-hyperelastic, static loading, tire
response

1 Introduction

The recent targets in the advancement in the automotive industry have brought to light the urgent need for
innovative solutions that promote energy efficiency and environmental sustainability. Among the various
elements of a vehicle, tires play a crucial role in determining overall performance, energy consumption, and
ecological impact. As a result, enhancing tire models has emerged as a key area of focus for researchers
and engineers who are striving to drive these advancements. Improving tire models enables more precise
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predictions of tire behavior, leading to substantial improvements in fuel economy, reduced greenhouse
gas emissions, and optimized material usage. Therefore, throughout the tire development phases, it is
worthwhile to delve into the significance of tire model improvement, emphasizing its potential to transform
the automotive sector by fostering advancements in energy efficiency, minimizing environmental impacts,
and ensuring safer, more reliable vehicle performance. By refining tire models, the automotive industry
can meet the dual challenge of enhancing vehicle performance while adhering to stringent environmental
regulations, paving the way for a sustainable and energy-efficient future.

Over the past few years, there has been a significant surge in the interest among researchers and
engineers in gaining insight into tire behavior using the Finite element method (FEM) for optimal design,
performance, durability, and safety in compliance with government requirements. In the search tool
semantic scholar[1], a number of 1620 articles have been recorded on finite element modeling of tires
with a significant increase in number observed from 2000. Notwithstanding the fact the worldwide
alarming issues of global warming and resource scarcity have been imposed since 2010 up to today, the
design of not only resistant tires but also environment-friendlier products using coupling the power of
data-driven simulation and advanced simulation techniques during the design process ranging from the
product conceptualization phase to prototype validation. Recalling that the FEM is a mathematical
technique used to solve partial differential equations, the accuracy of its results depends closely not only
on the numerical solver but also on the thorough choice of boundary conditions and material properties.
In the realm of tire simulation, different types of material behavior are usually adopted to model the
contribution of rubber compounds, which are key elements in tire characteristics in both static and
dynamic operating scenarios. While experimental cyclic tensile tests on rubber compounds conducted
by authors in [2], [3] reveal that these components typically depict a viso-hyperelastic+Mullins damage
response, many authors restricted their model to reduced models such as linear elastic, hyperelastic and
visco-hyperelastic.

Andersen [4] designed a laminated linear anisotropic shell-based tire model. Krmela [5] proposed a
tire model with orthotropic fiber-reinforced rubber layers for static tire simulation. Mhaske, Narwade,
and Nagarkar [6] performed a quasi-static simulation of a passenger tire in LS-DYNA using linear elastic
material behavior described solely with the Young moduli F; and Poisson’s ratio v;.

Among the hyperelastic-based rubber compound tire models, we can cite the works by Phromjan
and Suvanjumrat [7], who selected the Ogden model for quai-static tire finite element tire modeling. Li,
Liu, Sun, et al. [8] considered a hyperelastic rubber behavior to simulate the impact of tread patterns
on the static performance of the tire on a rigid flat surface. Similarly, Fathi, El-Sayegh, Ren, et al. [9]
adopted a Mooney Rivlin-type hyperelastic rubber constitutive law in their model to simulate tire static
performance on a flat rigid surface and dynamic response in the frequency domain in contact rolling with
a drum wheel. However, no irreversible material response, such as viscoelasticity, was included in the
evaluation of the rolling resistance coefficient. Instead, only parameters external to material behavior,
such as inflation pressure, vertical load and rolling speed, were taken into account.

Regarding FEM tire with visco-hyperelastic rubber compound behavior, Srirangam [10] developed
the so-called sequentially coupled thermo-mechanical model for tire-road interaction simulation, in which
Prony series approach was employed to account for rubber viscosity. Lu, Yang, Wu, et al. [11] designed
a simplified model with a visco-hyperelastic rubber material response to simulate static and rolling car
tires. The accuracy of this approach was estimated at 80 percent after being validated using experimental
tests.

Although Mullins’s damage is intricately associated with rubber compound response captured exper-
imentally, as mentioned, there is no existing tire simulation inventoried with hyper-pseudoelastic rubber
behavior in the literature. So, for the completeness of our comparison, we also consider it in this study.
Thereby, in this paper, a dynamic explicit FE-based comparative study is conducted on a static tire
using ABAQUS[12] and considering four types of incompressible constitutive laws for rubber compounds:
elastic(EL), hyperelastic(HE), visco-hyperelastic(VH) to hyper-pseudoelastic(HM). The selected compar-
ison variables are radial deformation, maximum Von Mixes stress, CPU time, contact patch and contact
pressure, respectively.

2 Material and method
Before going further, it is worth defining the hypothesis under which the current study was conducted:
e Rubber compounds, namely tread, inner liner, sidewall, undertread, and apex, are assumed to have
the same mechanical behavior so that the unique rubber matrix model holds;
e The rim is modeled as a rigid body using coupling contact with the wheel’s center;
e The simplified bead approach with a homogenized property is adopted [13];
e The rigid road model is considered;
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e Since only the static vertical loading setup is treated here, frictional effects are disregarded.

2.1 Geometry of the tire:
The geometry of the tire 175/75R14, whose half cross-section is depicted in Fig. 1, was selected for this
study and was drawn out from [14]. Tt is a radial passenger tire with 618mm diameter and 175mm tread
width. It is designed to be mounted on a 355.6mm rim diameter.
Undertread Tread
.

Y 1

Innerliner

i 4~
“”"\ | 7 Sidewall
Carcass —— ||l |
ml |
Apex._
*—— Abrasion
Bead

Figure 1: half cross-section of 175/75R14 tire[14]

This scanned image was utilized as a layout to sketch a cross-section in the software AUTOCAD.
subsequently, the dxf file was imported into ABAQUS and used to draw the 3D tire using a combination
of commands such as revolution, symmetry and mirror. Based on the cross-section in Fig. 2(f), beads
in Fig. 2(a) and rubber compounds in Fig. 2(f) were generated from their respective cross-sections using
a 360° revolution along the transversal axis passing through the wheel’s center(O). As for carcass parts
in Fig. 2(d), a single element was first drawn, and the other 299 were generated using a radial pattern
feature around the transversal axis.

(a) Beads (b) Steel cords (c) Textile cords

(d) Carcass (e) Cross section of rubber compounds (f) 3D view of rubber compounds

z

Figure 2: Parts of the tire

2.2  Material properties:

Another important input needed for building the FE model is the mechanical properties of parts or
structural components of the problem. For this sake, a combination of uniaxial tensile tests is usually
performed in laboratory conditions on steel cords, textile cords, and beads in compliance with the relevant
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test standards. Similarly, a cyclic tensile test is needed to capture the dynamic response of rubber
compounds as investigated by authors in [15], [16]. Hence, the mechanical properties of the reinforcements
adopted in this study are highlighted in Table 1.

Table 1: Reinforcement material propeties

Tire parts FE [MPa] v g [mm] p [Kg/m3]

Steel cords 15.724 0.3 0.60 7 850
Textile cords 1900 0.35 0.80 1 250
Carcass 1900 0.40 1.00 1 250
Bead 164499 0.29 7 850

Aside from that, with data extracted from [14], [16], [17], we consider four (04) cases of incompressible
rubber material behavior ranging from elastic (EL), hyperelastic (HE), visco-hyperelastic (VH) to hyper-
pseudoelastic (HM), all with mechanical properties reported in Table 2

Table 2: Material properties of rubber compounds

Elastic Hyperelastic
; 3
Density p [Kg/m3] 1200 Density p [Kg/m3] 1200
Co1 [MPa] 15.724
f bl 0 igg Cio [MPa] 1.111
' Dy [MPa™1] 0.0018

a Case 1: linear elastic material model b Case 2: Hyperolastic material model

Hyperelastic viscoelastic Hyperelastic Mullins damage
Density p [Kg/m3] 1200 g1 0.1433 Density p [Kg/m?®] 1200
Co1 [MPa] 15.724 92 0.0852 Co1 [MPa] 15.724 ro 218
ClO [MP&] 1.111 T1 [S] 76125 CIO [MPa] 1.111 m 0.38
D1 [MPafl] 0.0018 ) [S] 235.62 Dy [Mpafl] 0.0018 B 0.5
c Case 3: Visco-hyperelastic material model d Case 4: Hyper-pseudoelastic material model

2.3  Mesh properties:

Bearing in mind that the time step in a dynamic explicit scheme is closely conditioned by stable time
increment, which in turn depends on mesh properties, special care must be taken when creating the
mesh. The best procedure is to mesh each entity separately. Furthermore, it prevents us from ending
up with densified mesh in the rubber domain in the vicinity of reinforcements. However, for the sake of
reducing the problem size, knowing that the contact zone between the tire and the road is located in the
lower portion of the tire throughout the test, the rubber part in Fig. 2(f) was partitioned into two parts:
the lower part is bounded by an angle of 35° on either side of the vertical axis centered at O and the
second part the remainder. The mesh size of the former part is smaller than that of the latter. Except
for beads that were meshed using C3D8R elements, all the other fibers were meshed as B32H elements,
which correspond to 1D beam elements (with 3 translations and 3 rotations degrees of freedom per node).
Table 3 summarizes the details of the mesh of the tire’s parts.

Table 3: Mesh properties

Parts Elements Element type Number of
elements

Rubber 3D solid C3D8R: 8-node linear brick, 20 090

compounds reduced integration with hourglass control

Bead 3D solid C3D8R: 8-node linear brick, 3 248
reduced integration with hourglass control

Textile cords 1D beam  B32H: 3-node quadratic hybrid elements 3 082

Carcass 1D beam  B32H: 3-node quadratic hybrid elements 19 800

Steel cords 1D beam  B32H: 3-node quadratic hybrid elements 5 768

Road 2D Shell S4R: 4-node linear shell with hourglass control 16 950
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In addition, enhanced hourglass control together with distortion, was activated to prevent mesh distortion
arising from large deformation. Also, reduced integration was selected to avoid volumetric locking, mostly
in the rubber part. The created mesh is shown in Fig. 3.

(a) Mesh view on the cross-section (b) Longitudinal view on the tire
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Figure 3: Parts of the tire
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2.4 Boundary conditions:
Three types of boundary conditions were enforced: Prior to this, the so-called hard contact type was
created.

Rim-tire interaction: As assumed in the introduction, the rim is a rigid body, so we enforce this
condition by linking the rim’s center (reference point) to its contact zone with the tire through a
coupling constraint. To maintain consistency with this concept, we activated kinematic coupling
under the coupling window and enabled all degrees of freedom;

Tire-road interaction: This contact constraint was enforced using a combination of general contact
interaction and surface-to-surface contact. While the former helps handle contact in general, includ-
ing self-contact, which prevents contact violations in a body’s interaction with itself, the second
formulation helps restrict the contacting surface to the specified master (road) and slave (tread
outermost face);

Embedded constraints: all fibers, namely carcass, steel cords, textile cords and bead were connected
to rubber matrix (hosting domain) using embedded constraints;

all the degrees of freedom of road’s nodes were blocked through the reference point at the center of
the road;

For stability reasons, U, at the wheel’s center was fixed.

Vertical applied load F, was applied linearly at the reference point located at wheel’s center in
Fig. 3(b) up to the value of 7500N;

Inflation pressure: a uniformly distributed pressure of 0.35MPa was applied on the inner liner
surface;

Tire self-weight was taken into account thanks to gravity effects defined on all model’s elements
except the road.

The abovementioned loads were applied in a single load step of 1s, as represented in time history in Fig. 4

(a) gravity in N/Kg (b) Inflation pressure MPa (¢c) Fyin N
*10% Din 104N
9.81 \ 0.35 w Fymaz
0 1 t 0 1 t t

Figure 4: Load definition

2.5 Finite element formulation of problem:
Let Q) be the bounded domain of space occupied by the tire and Q(?) the domain occupied by the road.

Let 899), '™ and 89&1) be respectively the inner liner surface, the potential contact surface and the
remainder of QM such that:

a0 = a0M uans? ur® (1)
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We define the mapping ¢ that links the position X of V M, € Qgi) in the reference configuration to a
point M; € ng) with position z in the current configuration as follows

@ : Q0 x[0,T] — R?

X —z=9(X,t) @)

With this definition at hand, we then defined the transformation gradient of the mapping ¢

dp 0
=2 - % (X +u(X,t
ax ~ ax X HulXt) 3)
F=I+Vxu or FZJ:6,J+U17J

2.5.1 Strong equation
At every time t € [0, T], the dynamic response of V M; € Qii) in the tire is described by the equilibrium
equation given by
V.o (u)+b=pii(z,t) in QY x [0,T] (4)
Where v € R?, u € R3, 0 € M3*3 and b € R? are the displacement field, acceleration field, Cauchy stress
tensor and body forces, respectively.

2.5.2  Constitutive laws : To Eq. (13), we add the constitutive laws, which depend on the material
properties of the domain:
In linear elasticity: the stress-strain relationship is described by Hooke’s law

re ()

o

o =

Where C is the material elasticity tensor.
In Hyperelasticity: the constitutive equation derives from Mooney Rivlin the strain density given by

W(Tl,TQ,J) =Cho (71—3)+001(72—3)+%(J—1)2 (6)

7

Where J = det (J), I; and I, are the determinant jacobean, the reduced form of the first invariant I;

and the second invariant 5 of the right Cauchy tensor C = FTF, respectively. C;; and D; stand for

material constants and compressibility constant. ¢ is straightforwardly obtained from W the chain rule

1OW (F(t)) 1

o(t)= ————=—=F 7

=32 m

In visco-hyperelasticity: making use of Prony series, the constitutive equation is given by the convo-
lution equation

o (t) = ob (1) + / t Frlt—t)od (t—t)F7 (¢ —t)ge (¢ )dt (8a)
0

ol ()=l (t) + / ol (t —t)g.(t)dt (8b)
0

Where o and olfare the instantaneous deviatoric and hydrostatic stresses, respectively. We recall that
the strain energy density function of the material undergoing finite deformation is split into its deviatoric
and volumetric components as given in Eq. (6) such that the corresponding stresses can be computed

oy 2 _1OW (F(1))

ot = (T = 1), oolt) = 5

— D FT, crOD(t) = o9(t) — aéq(t) (9)

In Hyper-pseudoelastic: the most widely used pseudo-strain energy density function was proposed by
Dorfmann and Ogden [18] and reads as

{W(F,n)=nW(F)+U(J)+1/)(n) (10a)
v (n) = -W (F) (10b)
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Where 7 is the damage factor. Ogden and Roxburgh [19] suggested a derivative to v () as a function of

the maximum history deviatoric strain density energy W,,,, and three other parameters m, 8 and r as
follows

&Oﬂ:—(m+BW%m>aFl&m—1»—W%m (11)

Where erf is the Gauss error function. After replacing Eq. (11) into Eq. (10b) and solving for 7, we end

up with B
() =1 Lot (%—W(F)) 12
r m + BW’H’LCLQZ

Subsequently, the Cauchy stress can be computed by applying the chain rule

o= LOW (Fm)

o (t) =% FT (13)

2.5.8 Boundary conditions
The initial conditions prescribed according to test setup are the following:

u(z,0) =0in T® € Q@ (14a)
i (z,0) = 0 in QW (14b)

Aside from initial conditions, we define displacement and traction boundary conditions as follows

w(z,t) =0in T® e Q® (15a)
0N =piy in 89&1) (15b)

Now we define contact conditions between T'™) and T'?) using Karush-Kuhn-Tucker (KKT) conditions
gN(Xat)Zov pN(th)gov pN(th)gN(th):O (16)

Where py and gy are the normal contact pressure and the gap function. The latter is given by the
expression

g (X, 1) = 7 - [a:(l)(X(l),t) _ m(2)(X£2),t]} >0 (17)

Having all the ingredients at hand, we now proceed with the variational formulation. Let V} be the
space of kinematically admissible displacements associated with . The variational formulation of the
problem is defined in the discretized space by find uj € V}, and py € V), such that :

plp, oupdV + oy : 0epdV = b dupdV + Din - OupdS — PN - dgndS (183)
(1) (1) (1) (1) (1)
Q 0 af 29! a0

h h h

/3(2(1) 5pN . gNdS =0 (1812))

After writing out Eq. (19), considering constitutive laws for different case in Sect. 2.5.2, we end up with
the discrete equation of motion given by

Mi (t) + Ci (t) + Ku (t) = fezt (t) - fcontact (t) (193)
W (u,t,pn) =0 (19b)

Where M, C, K, fezt, and feontact are the mass matrix, damping matrix, stiffness matrix, external force
vector, and contact force vector, respectively. The reader can find further details on these expressions
in [20]. With the help of a dynamic explicit scheme, it is possible to solve this equation without strictly
enforcing equilibrium like in the implicit scheme through Newton-Raphson algorithm. Therefore, the
former method is faster, but its drawback is that it necessitates choosing a stable time step At that
fulfills the stability condition given as

h
Atstable - g (20)
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[E
where h is the characteristic length of the element and ¢;, = 4/ —. An alternative to this approach defined

the critical time step as a function of the maximal eigenfrequency of the mesh and reads as follows

Atstable < (21)

max

Depending on the size of the finite elements, Atgyape can be very small and lead to very long execution
times. For the sake of getting the highest value possible, hexahedral elements were chosen over tetrahedral
elements, and the mesh feature was set to comply with contact conditions and stability reasons. Under
the details provided in Table 3, an initial time increment of Atgae = 1.0128 x 107%s was obtained.
Among possible acceleration strategies, mass scaling is considered here to increase the time step. So,
after many stability verifications, we obtained an acceptable mass scaling factor of 100, which means that
in virtue of Eq. (20), we ended up with At = 1.0128 x 10~ °s.

3 Results and discussion

All of the four tire models with rubber compounds outlined in Table 2, were computed separately, and
the corresponding distribution of Mixes stress, vertical displacement U, and normal contact stress are
presented below in Fig. 5, 6, 7, 8, Fig. 9, 10, 11, 12 and Fig. 13, respectively.

3.1 Von Mises stress distribution in [MPa]

(a) 3D view (b) rear view

S, Mises S, Mises

(Avg: 75%) (Avg: 75%)
13.190 13.190
12.366 12.311
11.542 11432
10718 10554
9.894 9.675
9.069 8.796
8.245 7917
7421 7038
6.597 6.159
5773 $380
4.949 4.401
4125 333
3300 3e83
2476 156
1652 Y
0.828 0o
0.004 .

Y

Y b x

Figure 5: oy at t =1 s in the tire with incompressible linear elastic rubber materials.
(a) 3D view (b) rear view

S, Mises

(Avg: 75%) S, Mises

(Avg: 75%)
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(a) 3D view (b) rear view

S, Mises

(Avg: 75%)
14913
13.981
13.050
12.118
11.186
10.254
9.322
8.391

Figure 7: oy at t =1 s in the tire with incompressible visco-hyperelastic rubber materials.

(a) 3D view (b) rear view
S, Mises .
s S, Mises
(Avg: 75%) (Avg: 75%)
14.864
13.007 13.870
12.078 12.879
11.149 11.889
10.221 10.899
9.292 9.908
8.363 8.918
7.434 7.928
6.506 6.937
5.577 5.947
43*.%(8) 4.957
2791 %Zggg
1.862 1.985
0.933 0.995
Y
y b x
Z :

N
Figure 8: oy at t =1 s in the tire with incompressible hyper-pseudoelastic rubber materials.

As expected, we observe that Von Mises stress is not the same for all the models, of which the values of
the visco-hyperelastic and hyper-pseudoelastic models are closer to each other. The hyperelastic model
has the lowest values and is followed by the elastic model.
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3.2 Distribution of the vertical displacement U, in [mm]

(a) 3D view rear view

o

Figure 9: Uy (in mm) at t = 1 s in the tire with incompressible linear elastic rubber materials.

(a) 3D view ) rear view

U, U2
493
1.66
-1.61
—4.89
-8.16
-11.44
-14.71
-17.98
-21.26
-24.53
-27.81
-31.08
-34.35
-37.63
‘gt
X

Figure 10: Uy (in mm) at t = 1 s in the tire with 1nc0mpre551ble hyperelastic rubber materials.

(a) 3D view rear view
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Figure 11: Uy (in mm) at t = 1 s in the tire with incompressible visco-hyperelastic rubber materials.
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(a) 3D view (b) rear view

Figure 12: Uy (in mum) at t = 1 s in the tire with incompressible hyper-pseudoelastic rubber
materials.

When it comes to the comparison of vertical displacement U, , we observe that the elastic model witnesses
the highest vertical deformation U, = 40.019mm and is followed by the hyperelastic model with U, =
37.85Tmm. After the previous ones, the visco-hyperelastic and hyper-pseudoelastic models come with
almost the same value of U,,.

3.3 Distribution of the normal contact stress pn in [MPa]

(a) Elastic (b) Hyperelastic (c) Visco-hyperelastic (d) Hyper-pseudoelastic

CPRESS CPRESS CPRESS CPRESS
2258 2.733 2.758
2070 2,505 2528
1.882 2278 2208
1.693 2.050 2.069
1.505 1.822 1.839
1.317 1.594 1.609
1.129 1.367 1.379
0.941 1.139 1.149
0.753 0911 0.919
0.564 0.683 0.690
0376 0.456 0.460
0.188 0.228 0.230
0.000 0.000 0.000

z z z z

- x e x e x t x

Figure 13: Normal contact stress p, at t = 0.46 s for different rubber material constitutive laws.

We see that, for instance, at t = 0.46, the contact patch shape is nearly the same for all models. However,
there is a higher normal contact stress (circa 18%) with the visco-hyperelastic and hyper-pseudoelastic
models than the elastic model.

8.4 Comparison of results
At the end of the simulation, we collected ov s, Uy, py and CPU time for all of the four models and
summarized them in Table 4 below

Table 4: results and performance

Model Elastic Hyperelastic Visco-hyperelastic Pseudo-hyperelastic
ovm [MPa] 13.190 12.460 14.910 14.864
Uy [mm] 40.02 37.63 34.86 34.65
pn [MPa] 6.783 9.502 11.230 11.385
CPU time [min] 82.00 70.53 100.30 68.82
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It is more convenient to compare these models using a bar chart of the data in Table 4 and depicted
in Fig. 14

D Elastic
1 B Ee — = |0 Hyperelastic
D Visco-hyperelastic

IS
©
T
|

- l Pseudo-hyperelastic

Normalized values
o o
= 0
T T
| |

I
o
T
|

I

I I I T
ovMm Uy Pn CPU time

Figure 14: Performance analysis of the different models

4 Conclusion

This study has explored different approaches to modeling static tire response using different rubber con-
stitutive behaviors, including elastic, hyperelastic, visco-hyperelastic, and unexplored hyper-pseudoelastic
rubber behaviors. The comparative analysis was conducted on the results obtained using dynamic explicit
FEM in ABAQUS, taking into account tire performance metrics such as radial deformation, maximum
Von Mises stress, contact patch, and contact pressure. In light of the findings of this study, we demon-
strate that the choice of rubber compound material behavior has to be made judiciously in accordance
with the real material response recorded in laboratory testing so as to mimic the mechanical contribution
of the element in the FE model. In such a way, there should be a good tradeoff between computational
complexity and model accuracy. So, as long as the vertical displacement is the only target of the study,
the visco-hyperelastic suffices, but when extended results such as stress distribution, contact pressure and
CPU time are concerned, the model with Hyper-pseudoelastic rubber compound has to be prioritized.
Furthermore, this model is better than the others since it is computationally less intensive and gives
better results. The knowledge gained in this study paves the way for a more in-depth consideration
of the constitutive behavior of rubber compounds for more accurate prediction of tire response, which
is essential for the optimal use of materials but also for improving tire energy performance. In future
work, we will conduct a comparison analysis of the same tire in frictional rolling conditions with thermo-
mechanical loads and provide the field with further recommendations on the choice of rubber compound
material behavior.
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