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Abstract. Almost all road vehicles have wheels with pneumatic tires. Tire development made 

possible to the automotive industry to design comfortable and safe road vehicles. According 

to the Federal Motor Vehicle Safety Standards (FMVSS) some test procedures for tire 

endurance, high-speed performance and strength are required. Tire strength, for example, is 

verified by a Plunger Test. This test procedure aims to press the tire by a cylindrical steel 

plunger with a hemispherical end perpendicularly into a raised tread element as near as 

possible to the centerline of the tread, at a rate of 50 mm/min, until the tire breaks or the 

plunger is stopped by the rim. Thus, the Plunger test is performed to determine the belts 

breaking energy value for the tire. These values are taken into account to estimate the tire 

reliability. Due to the physical nonlinearity and uncertainty inherent in tire system a three-

dimensional finite element model (FEM) was proposed. The elastomers were modeled by 
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using the Mooney-Rivilin model and the composites by the equivalent orthotropic material 

model based on the Halpin-Tsai equations in the commercial software Abaqus®. The 

hyperelastic material constants were obtained from experimental data and are confidential 

for the tire industry. Comparisons between numerical and experimental Plunger test results 

demonstrated the accuracy of the proposed model where numerical results presented errors 

less than 10%.  

Keywords: Plunger test, Hyperelastic constitutive model, Finite element analysis     

1  TIRE CHARACTERIZATION 

Wheels have been discovered centuries ago. The tire’s invention, and further 

enhancement, made it possible to the automotive industry engineers to design comfortable 

and safe road vehicles.  

Tires are supposed to fulfill the following functions: support vehicle weight, properly 

absorb forces (Wong, 2008), provide vibration damping, cushion the vehicle over surface 

irregularities (Dai Vu et al., 2017; Matsubara et al., 2017), contribute to cornering stability 

providing adequate steering control (Wang & Wang, 2013), provide sufficient traction for 

driving and braking in different surfaces, grant operational safety (Ružinskas & Sivilevičius, 

2017). To fulfill these functions properly, tires are required to have some characteristics such 

as: having low rolling resistance, minimally heat up, rolling noise reduction (Hoever & 

Kropp, 2015), present excellent adhesion on wet surfaces (Xie et al., 2016) and display 

maximum fatigue life (Schön et al., 2014; Diaz et al. 2016). 

The main objective of air pressure inside the tire is to enhance its structural stiffness 

(Cueto et al., 2016). The air pressure "𝑝𝑎" causes sidewalls bending. The normal forces "𝐹𝑎"  

are applied in the bead area and the outcome on the rim is a vertical load "𝐹𝑧". The forces 

carried by a tire and the moving reference system 𝑆 = (𝑥, 𝑦, 𝑧; 𝑂) are depicted in Fig. 1. 

   

Figure 1. Tire loads and vehicle moving reference system (Guiggiani, 2014) 

Most of the forces and moments influencing the motion of a ground vehicle, aside from 

aerodynamic and gravitational forces are applied through the tire–ground contact (Xiong & 
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Tuononen, 2015). In a classic work, Gillespie (1992) affirmed that tire and vehicle interaction 

are a very complex matter. Tire characterization and suspension simulation play an important 

role in vehicle dynamics (Winroth, et al., 2017).  

According to Faroni (2016) the vehicle degrees of freedom (DOF) need to be considered. 

In particular, DOF should refer to in plane vehicle body motions (longitudinal, lateral and 

yaw motions), wheel rotations and wheel steering angle (Abdolmaleki et al., 2015). In order 

to illustrate the complexity of this matter, the data necessary for a simple vehicle 

characterization are shown in Table 1.   

Table 1. Summary of vehicle and tire characterization parameters (Faroni, 2016) 

 

Besides the interaction of rolling tire and vehicle, it is also important to consider the road 

surface skid resistance (Sun et al., 2017) and mechanical responses of soil materials (Recuero, 

et al., 2017) that are subjected to cyclic loading. Additionally, the inelastic ground 

deformation and frictional sliding phenomena, induced by vehicle’s movement must be taken 

into account (Zhao & Zang, 2017; Ozaki & Kondo, 2016).  

2  TIRE TEST PROCEDURES 

The National Highway Traffic Safety Administration (NHTSA) is an agency of the 

Executive Branch of the U.S. government, part of the Department of Transportation (DOT), 

which issues Federal Motor Vehicle Safety Standards (FMVSS). The FMVSS are U.S. federal 



CILAMCE2017-0790 - Constitutive Modelling of a tire Plunger Test through Finite Element simulation 

CILAMCE 2017 

Proceedings of the XXXVIII Iberian Latin-American Congress on Computational Methods in Engineering 

P.O. Faria, R.H. Lopez, L.F.F. Miguel, W.J.S. Gomes,  M. Noronha (Editores), ABMEC, Florianópolis, SC, 

Brazil, November 5-8, 2017. 

 

regulations specifying design, construction, performance, and durability requirements for 

motor vehicles and regulated automobile safety-related components, systems, and design 

features.  

FMVSS No. 119 is a standard that establishes performance and marking requirements for 

tires for use on multipurpose passenger vehicles, trucks, buses, trailers, and motorcycles. This 

standard specifies test procedures for tire endurance, high-speed performance and strength. 

Tire strength is verified by the plunger test. Test procedure aims to force a cylindrical 

steel plunger with a hemispherical end. The diameter is specified according to the tire size, 

pressing the tire perpendicularly into a raised tread element as near as possible to the 

centerline of the tread, at a rate of 50 mm/min (8.3x10-4 m/s), until the tire breaks or the 

plunger is stopped by the rim. 

The Plunger test is performed to determine the belts breaking energy value for the tire 

according to ASTM F414-06 (2006) standard test method. This standard accounts for the 

energy absorbed by a tire when deformed by slow-moving plunger in order to estimate the tire 

reliability. The test method specifies the tire plunger energy required to completely penetrate 

the tread area of an inflated tire as indicated by a rupture, loss of inflation pressure, sudden 

drop in plunger force or bottom-out. For the test implementation it is required a laboratory 

testing machine capable of slowly penetrating the tire tread surface with a cylindrical plunger. 

A typical testing system is depicted in Fig. 2. 

 

Figure 2. Tire strength testing system (Harris & Evans, 2013) 

Test procedure includes preparation of the tire as per ASTM F414-06 (2006) standard, 

including mounting the tire and inflating it until a specified pressure. The tire is then, 

conditioned at a room temperature for at least 3h. Then, tire pressure is adjusted to the 

specified test pressure based on the maximum pressure listed on the sidewall. Afterwards, the 

test is conducted as mentioned previously. 

It is very important to avoid penetration into the tread groove. The load “𝐹” and 

deflection “ ” are recorded for the 5 test points equally spaced around the circumference of 

the tire. 
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If the tire fails to break before the plunger is stopped by reaching the rim, the force and 

penetration as the rim is reached is recorded and used to calculate the energy for each test 

point. The strength energy is calculated by Eq. (1). 

𝑊 =
𝐹∙𝛿

2
 (1) 

 For instance, a tire 325/35R28 was tested and reported by Harris & Evans (2013). The 

obtained load vs deflection graph is depicted in Fig. 3. According to the standard FMVSS No. 

109 the minimum breaking energy for this tire is 5200 lbf.in. The maximum plunger 

penetration was 5.17 inches under a load of 3257 lbf. The maximum strength energy for the 

tested tire was 8418 lbf.in exceeding the minimum energy specified.  

 

Figure 3. Load vs deflection graph of a tire 325/35R28 (Adapted from Harris & Evans, 2013) 

3  HYPERELASTIC CONSTITUTIVE MODELING   

Testing data are commonly used to calibrate constitutive models (Montella et al. 2014). 

This is especially important in FEM simulations, once rubber-like materials exhibit an 

intricate nonlinear performance. Due to the macromolecular network structure of rubber-like 

materials, a stress-strain behavior (primarily governed by changes in configurational entropy) 

is a result of randomly-oriented molecules that become preferentially-oriented during 

stretching (Chen et al. 2017). Effects such as hysteresis, viscoelasticity and stress softening 

phenomenon play an important role in rubber behavior (Khajehsaeid et al. 2014; Marckmann 

et al. 2016). The last case calls Mullins effect and occurs during the first cycles of loading 

(Mullins, 1969).   

Large-strain elasticity applied to hyperelastic isotropic and incompressible materials 

models are based on the definition of a strain-energy function “𝑊” (Sasso et al. 2008). This 

strain energy is expressed as a function of the strain tensor invariants or principal stretches, as 

in Eq. (2). 

𝑊 = 𝑊(𝐼1, 𝐼2, 𝐼3) = 𝑊(𝜆1, 𝜆2, 𝜆3) (2) 
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The strain tensor invariants are described as a function of the principle extension ratios 

𝜆1, 𝜆2 and 𝜆3 described by Eq. (3). 

{

𝐼1 = 𝜆1
2 + 𝜆2

2 + 𝜆3
2

𝐼2 = (𝜆1
 𝜆2

 )2 + (𝜆2
 𝜆3

 )2 + (𝜆1
 𝜆3

 )2

𝐼3 = (𝜆1
 𝜆2

 𝜆3
 )2

  (3) 

Incompressible materials have the third invariant (𝐼3) equal to one. This results in strain-

energy function that will depend only on 𝐼1 and 𝐼2. In continuum mechanics the most common 

constitutive models used to represent hyperelastic materials are: Mooney–Rivlin, Ogden, 

Arruda–Boyce, Yeoh and Neo-Hookean (Bergstrom, 2015).   

3.1 Mooney–Rivlin  

Mooney (1940) postulated that: “if a material is isotropic, if its hysteresis and volume 

change are negligible and the shear is proportional to the traction in simple shear in a plane 

previously deformed, if at all, only by uniform dilatation or contraction”, then the general 

strain-energy function could be described by Eq. (4). 

𝑊 =
𝐺

4
∑ (𝜆i

 −
1

𝜆i
 )

2
3
𝑖=1 +

𝐻

4
∑ (𝜆i

2 −
1

𝜆i
 2)3

𝑖=1  (4) 

When the author originally proposed the model, it was established that 𝜆i were the 

principal stretches, 𝐺 the shear modulus, and 𝐻 was a new elastic constant not found in 

previous theories.  

According to Rivlin (1948) “the equations of motion, boundary conditions and stress-

strain relations for a highly elastic material can be expressed in terms of the stored-energy 

function”. So the Mooney model was expressed in terms of invariants.  The first order 

Mooney-Rivlin model is presented by Eq. (5). 

𝑊 = 𝐶10(𝐼1 − 3) + 𝐶01(𝐼2 − 3) (5) 

where, 𝐶𝑖𝑗 are material constants obtained from testing data (Soares & Gonçalves, 2014).  

Thus, it is possible to expand Eq. (5) to the second order terms as per Eq. (6). 

𝑊 = 𝐶10(𝐼1 − 3) + 𝐶01(𝐼2 − 3) + 𝐶20(𝐼1 − 3)2 + 𝐶11(𝐼1 − 3)(𝐼2 − 3) + 𝐶02(𝐼2 − 3)2 (6) 

Equation (6) represents the strain-energy density function dependence on other material 

parameters. It is useful to describe stress-strain response at higher strain levels (Cheviakov & 

Ganghoffer, 2012).  

3.2 Ogden 

Ogden (1972) presented the correlation of theory and experiment for incompressible 

isotropic elastic solids under isothermal conditions and finite strain. The strain energy 

function is presented by Eq. (7). 

𝑊(𝜆1, 𝜆2, 𝜆3) = ∑
𝜇p(𝜆1

 α𝑝
+𝜆2

 α𝑝
+𝜆3

 α𝑝
−3)

α𝑝

𝑁
𝑝=1  (7) 
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According to Ogden (1997; 2007), 𝑁 is a positive integer assumed to be 3 (but can be 

larger or even smaller), α𝑝 and 𝜇p are real algebraic parameters that satisfy the condition 

expressed by Eq. (8). 

𝜇 =
1

2
∑ 𝜇pα𝑝

𝑁
𝑝=1    (8) 

where μ is the ground state shear modulus. 

Analyzing Eq. (7) it is possible to demonstrate that for 𝛼1 = 2 and 𝛼2 = −2, it is 

equivalent to the first order Mooney-Rivlin function with 𝐶10 = 0,5𝜇1 and 𝐶01 = −0,5𝜇2.  

3.3 Arruda–Boyce  

Statistical and continuum mechanics approaches were incorporated by Arruda & Boyce 

(1993).  Authors have shown that higher order continuum mechanics models are accurate 

since they describe the physics of successful non-Gaussian statistics models. So, they 

adequately provide relation between the higher order continuum models and the statistical 

mechanics models. The Arruda-Boyce model, based on assigned coefficients “𝐶𝑖”, is 

expressed in Eq. (9). 

𝑊 = 𝜇 ∑
𝐶i

𝜆m
 2i−2 (𝐼1

i −  3𝑖)5
𝑖=1    (9) 

where 𝜆𝑚 is the limiting network stretch and the material parameter 𝜇 is defined as Eq. (10). 

𝜇 = 𝑛. 𝑘. 𝛩 (10) 

in which “𝑛” is the chain density, “𝑘” is the Boltzmann’s constant, and “𝛩” the temperature. 

3.4 Neo-Hookean   

Treloar (1946) have proposed the neo-Hookean model based on 𝐼1 as a material 

parameter. The model is expressed in Eq. (11). 

𝑊 = 𝐶10(𝐼1 − 3)   (11) 

3.5 Yeoh   

Yeoh (1993) proposed a model that accounts for the principal features of swollen rubber. 

Unlike Mooney-Rivlin and neo-Hookean models, Yeoh model is applicable over a wide range 

of strains. The model is expressed in Eq. (12). 

𝑊 = ∑ 𝐶𝑖0(𝐼1 − 3)𝑖 3
𝑖=1    (12) 

4  HALPIN-TSAI MODEL COMPOSITE CONSTITUTIVE 

MODELING  

Acording to Shokrieh & Moshrefzadeh-Sani (2016) it is very well accepted to predict 

elasticity of composite material using Halpin-Tsai model. The mathematical model is a 

technique to calculate the stiffness of composites reinforced by micro and nano particles. It is 
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based on the geometry and orientation of the filler and the elastic properties of the filler and 

matrix.  

In this method, first the longitudinal and transverse moduli of composites are calculated. 

Then, the elastic modulus of randomly oriented composites is obtained using an equation 

containing a constant coefficient. This coefficient is assumed to be constant and independent 

of the matrix and reinforcement properties (Halpin & Kardos, 1976). The model is based on 

the Hartree–Fock, also called self-consistent field method (Pavarini et al., 2016).    

According to Mouritz & Gibson (2007) the Halpin-Tsai general form is expressed in Eq. 

(16). 

𝑃 = 𝐻𝑆(𝑃𝑓 , 𝑃𝑚 , 𝑉𝑓, 𝜉𝑝 ) = 𝑃𝑚
1+𝜉𝑝𝜂𝑝𝑉𝑓

1−𝜂𝑝𝑉𝑓
     where 𝜂𝑝 =

𝑃𝑓−𝑃𝑚

𝑃𝑓+𝜉𝑝𝑃𝑚
 (16) 

“𝐻𝑆” is a function that represents the Halpin-Tsai relationship. Pf and Pm are the 

equivalent fiber and matrix values, respectively, of the property in question. The “𝜉𝑝” is the 

factor that relates the influence of the phase arrangement for the particular property. 

5  FINITE ELEMENT SIMULATION 

Modeling tires geometry and their behavior are very complex engineering. Loading 

conditions, which can be quasi-static or dynamic, are also affected by severe contact 

restrictions (Cueto et al. 2013).    

Abe (2015) presented a theoretical investigation into the effects of tire parameters on 

vehicle’s dynamics. Typically, authors based their analysis on the classical mathematical 

model presented by Fiala (1954). A common tire structural model is depicted in Fig. 4.  

 

Figure 4. Tire structural model (Abe, 2015) 

Although the models seem to be simple, tire manufacturing is a highly complex process 

(Gupta et al., 2017) consisting of four major steps, including mixing, component preparation, 
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building, and curing (Kim et al., 2017). According to Choi & Lyu (2017) automotive tires 

start mixing crude rubber with carbon black and sulfur to form a rubber with desirable elastic 

properties. Extrusion process follows to produce rubber layers that will form a cylindrical 

green tire. Lastly it undergoes vulcanization and due to the curing process it becomes a 

structure with a balanced elasticity and rigidity. During the curing process, high-pressure 

steam is applied to the bladder, forcing the green tire to expand onto the mold. This will lead 

to adopting its shape and forming a tire with unique and complex groove on the tread region.   

Tire construction methods vary somewhat in the number and type of components. Tire 

carcass is composed by the tread, bead, sidewall, shoulder, and ply. Important constituents 

such as (1) tread, (2) sidewall, (3) rim, (4) fabric airbag, (5)–(8) radial cords, (9) 

circumferential cords are depicted in Fig. 5. 

 

Figure 5. Rim and tire components (Baranowski et al., 2016) 

Tires are elaborated engineered components since they are a conglomerate of 3 

completely contrasting materials: metals, polymers and composites (Jia et al., 2017).   

Polymers such as rubber have high elasticity, low density, long service life, light weight 

and relatively low cost (Lijuan et al., 2014). The macrostructure and the glass transition 

temperature have a dominant role in wear resistance (Kern & Futamura, 1988). 

Tire composites are a network of fiber/textile/steel cord structures arranged in a parallel 

configuration and imbedded in a rubber matrix (Kersker et al, 1969). Cords should present 

high modulus and low shrinkage characteristics as well as excellent dimensional stability. It is 

also desired to have retention of relaxation modulus under constant strain and to exhibit 

greater elasticity at room temperature (Tonatto et al., 2017).   

 The finite element model was implemented in the Abaqus commercial software.  This 

software is extensively applied to perform tire structural analysis as it can be found in works 

published by Costa (2000), Maluf Filho (2002), Costa (2007), Neves et al. (2008), Chang & 

Yang (2009), Liu et al. (2010), Xia (2011), Behroozi et al. (2012), Kuster et al. (2013), Tang 

et al. (2014), Cho et al. (2015),  Wei & Olatunbosun (2016) and Rafei et al. (2017).    

The plunger test is a dynamic experiment. Nevertheless, in this paper we propose to 

model it by means of a quasi-static analysis. In a classic study on the dynamic axial response 
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of idealized elastic–plastic models, rods, cylindrical shells and square tubes, Jones (2003) 

discussed the dynamic plastic instability of structural members, subjected to large axial 

impact loads. The author has shown that quasi-static methods of analysis can be applied 

correctly when the striking mass is much larger than the mass of the rod and the velocity 

impact is lower than 15 m/s.  

A tridimensional non-linear model based on the Mooney-Rivlin and Halpin-Tsai 

hyperelastic constitutive equations was used in finite element simulation. The 3D model of a 

truch tire is depicted in Fig. 6. Different colors refer to different tire components with 

different material properties. Parameters were obtained by experimental testing. In this figure, 

“𝑅” stands for components made of rubber; “𝑆” relates to steel; and “𝐶”, composites.  

 

Figure 6. 3D finite element model used to describe a tire 

The rubber parts were modeled with 50000 C3D8H elements. The letter H represents a 

hybrid formulation, thus the hydrostatic stress component can be treated as an independent 

variable, avoiding volumetric locking. Approximately 331000 DOFs were taken into account 

in during 145h simulation. The composites were modeled using the Abaqus Rebar element 

(Simulia, 2016) as it is depicted in Fig. 7.  
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Figure 7. 3D finite element model with composites shown in green (Rebar) and rubber in yellow (C3D8H) 

The cylindrical steel plunger with a hemispherical end was modeled according to Fig. 8.  

 

Figure 8. 3D finite element model of plunger hemispherical end 

In order to validate the model response, tire experimental plunger test was performed and 

results were compared to simulation´s prediction. The comparison is depicted in Figs. 9 and 

10.  
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Figure 9. Plunger test vs model simulation 

 

Figure 10. Tread deformation section 

According to FMVSS No. 119 the minimum breaking energy strength to this specific 

truck tire size is 12500 lbf.in (1.14kJ). The standard specifies that each tire has to be tested in 

5 spots. The test result should be considered as the average value. The plunger test performed 

had resulted in a 17701.5 lbf.in (2.0kJ), with a variation of 7% between the higher and the 

lower test result. 

 Tire simulation predicted a 15931.4 lbf.in (1.8 kJ), which represents a 9% difference 

between the tested tire and the model simulation. The results are depicted in Fig. 11.  
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Figure 11. Plunger test vs model simulation results 

6  CONCLUSIONS 

The essential aspects of the elastomeric materials stress–strain behavior have been 

reviewed. The literature most frequently used models invariant-based and/or stretch-based 

continuum mechanics theories were explored.  

Also the Halpin-Tsai model, that are used to describe tire composites, was approached. 

The equations represent empirical relationships that allow composites to be represented in 

terms of the matrix and reinforcing properties. The model curve is fitted to explicit exactly 

elastic solutions and endorsed by experimental measurements.  

An investigation on the usage of hyperelastic constitutive model, calibrated with 

experimental data, to perform a finite element analysis on the response of tires subjected to 

plunger test, was described in detail in this article.  

The proposed model can be used in design and/or optimization stages. By virtually 

reproducing the standards experimental procedures it is possible to reduce prototype 

production and testing.  Far less prototype measurement is needed and hence the time-to-

market and cost-to-market could be both significantly reduced. 

According to Lee (2015), the quality of the tire models can be accessed via experimental 

validation measures or metrics. Comparisons between numerical and experimental plunger 

test results demonstrated the accuracy of the proposed model, with a 9% difference. 
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Numerical results showed that the model is arguably reliable and its convergence is fairly 

good. 

Tires have a limited lifetime after which they are rendered unusable (Datta et al., 2017).  

It has been estimated that around 290 million tires are discarded annually in US (Brunet et al., 

2016). So tire recycling became a major engineering concern (Machado et al., 2017; 

Czajczyńska et al., 2017; Bompa et al., 2017).  According to Mangili et al. (2015) “scrap tire 

materials consume landfill space, spoil soil, groundwater and surface water. They also 

represent threats for public health and safety because of the risk for diseases and fires that 

may release toxic chemicals into the air”. This is an important engineering and social matter 

that was not addressed in this article but must be considered in further studies in order to 

avoid environment damages (Derakhshan et al., 2017). 
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