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Abstract 

Elastomeric materials are widely used in different industries due to their excellent capability to 

withstand different loading types. There are significant challenges to the efficient design of 

elastomeric structures because of the rate-dependent and highly nonlinear behavior of this type 

of material. In the present study, a damage zone model was employed to simulate the material 

behavior and damage evolution in polyurethane elastomers with different shore hardness. This 

model consists of three sections, hyper viscoelastic constitutive model, damage initiation and 

damage evolution using a hyper viscoelastic traction-separation law. To simulate the nonlinear 

behavior of polyurethane, a rate-dependent factor implemented into the Mooney-Rivlin strain 

density function with 9 parameters. The material characteristics are specified by performing the 

experimental tests for 3 different shore hardness. In the present study, a user-defined subroutine 

(VUMAT) was developed to predict the damage evolution in the pure shear tearing specimen of 

polyurethane elastomers. The results verification proves a good agreement between the FEA 

simulation and experimental data. Therefore, the developed numerical analysis procedure can be 

used to investigate the damage initiation and evolution in elastomeric materials.  

Introduction 

Elastomeric polymer composites are used in a wide variety of engineering structures. 

Investigations clearly show that elastomers have a significant contribution in increasing and 

strengthening the protective performance of elastomeric polymer composites. The effective 

factor in this performance is exceptional mechanical and thermal properties along with the 

property of automatic recovery. The elastomeric polymer coating also improves the 



deformability of composite structures, as a result of which the energy absorption capacity 

increases impressively. Polyurethane (PU) is the most widely used elastomer in the industry, 

which behaves both hyperplastic and viscoelastic. PU is the result of the chemical reaction of 

polyol and isocyanates. Recently, some investigations worked on the combination of elastomeric 

polyurethane with carbon fibers to make a more eco-friendly and stronger composite materials 

[1]. The nonlinear behavior of elastomers involves significant challenges in modeling and 

investigating the performance of these materials under dynamic loading. This nonlinear behavior 

caused by the long-chain molecular structure leads to hyper-viscoelastic properties of the 

elastomers. Another interesting feature is that the mechanical properties of elastomers are not 

only affected by pressure and temperature, but also by changing the loading rate. All elastomer 

products possess microscopic defects which are the basis of the damage initiation in these 

materials. These microscopic flaws colligate together to shape a crack and growth during the 

time under loading. Therefore, investigations on prediction of crack initiation and evolution in 

elastomers seems to be a crucial issue. However, most of the previous studies on the mechanics 

of elastomeric material worked on the description of material behavior and deformations, and 

there is a limited number of investigations focused on the damaged modeling. Gurvich [2] 

proposed a general methodology for behavioral modeling and fracture investigation in adhesive 

element-based hyperelastic materials, focusing specifically on nonlinear hyperelastic problems. 

In this research paper a cohesive element-based modeling was developed containing three steps 

of determining possible locations for the onset of crack damage and orientation of expected 

cracks. All modeling and analyses features were selected to achieve an almost accurate response 

and the hyperplastic deformation was defined by the Hookean-Neo law. The major damage 

mechanisms were considered independently and the initial gap in the middle of the specimen was 

expected to be under uniaxial stress. Nair et al. [3] also utilized standard test data to model 

multiaxial loading modes, fracture of hyperelastic materials, simulation of indentation test, and 

then determined the failure characteristics of hyperelastic materials using finite element method. 

The failure model based on the adhesive area has been used to simulate the crack growth in 

Abacus software, and also the two-line stretch-separation model used to simulate the onset and 

crack growth in the rupture test. Elmukashfi et al. [4] analyzed the expansion of dynamic cracks 

in the elastic region. In this research, the growth of dynamic cracks in the elastic region has been 

analyzed numerically using the finite element method. The performed FEA was non-linear and 



implicit. Also, the behavior of materials was defined based on the viscoelastic theory and the 

characteristics of the separation process using the adhesive region model with the bilinear 

traction separation law. Following that, the adhesive region theory used for numerical analysis of 

failure and the Maxwell model was used to calculate the total strain energy, which also includes 

the viscous response. Venkata [5] simulated the butadiene styrene elastic rupture using finite 

element analysis focused on the onset and spread of failure in styrene butadiene elastic (SBR) 

plates. In his research, using the concept of adhesive zone at the crack tip, a special traction-

separation law was proposed in the elastic structural equations and then the hyper-viscoelastic 

fracture equations were implemented in a VUMAT subroutine in Abaqus software. Therefore, 

the failure of SBR plates under dynamic tensile loading has been predicted. In another study, Lev 

and et al [6] modeled the growth and expansion of cracks in the elastic region. This simulation 

has been performed by the dynamic version of DYNA-LS limited element software. By 

implementing the user defined subroutines, simulation of an elastic plate cracking stretched in 

two directions was performed. Volokh [7] has investigated the approach of energy limiters to 

model elastic fracture. In this research, the examination of the new approach of energy limiters 

along with hyperelastic theories made it possible to see the failure process. Based on this 

approach, the onset of failure has been predicted but its propagation was not traced. Finally, the 

theory is used to numerically simulate the three-dimensional high-velocity penetration of a rigid 

elastic object into an elastic plane. The failure of elastomers due to cavitation has been also 

investigated by Hamdi et al. [8]. They studied the phenomenon of cavitation in quasi-elastic 

materials, with a combination of experimental, theoretical and numerical approaches, and 

designed and performed special experiments on styrene-butadiene elastic in order to show the 

main properties of cavitation. This investigation showed that the hydrostatic critical pressure and 

the overall critical deformation control the formation of the cavitation nucleus. Conventional 

hyperelastic models cause the accumulation of strain energy indefinitely. The phenomenon of 

accumulation is non-physical and the possibility of material failure should be considered in the 

description of the model theory. Implementing energy limiters in strain energy formulation is a 

proper way to describe the failure. Li et al. [9], proposed an adhesive zone model to predict 

dynamic rupture in the rubberlike materials. The aim of this work was to develop a numerical 

model according to adhesive zone theory to investigate the growth of cracks in tires under 

tearing loading. The extended numerical model was attached to Abaqus software to simulate the 



adhesive region. The adhesive zone model was used to predict the crack growth in hyperelastic 

materials based on the idea of energy release rate first developed by Griffith [10]. Rivlin and 

Thomas [11] then developed a criterion for tearing of rubber based on Griffith's energy 

perspective. Being independent from the shape of the test specimen is the main advantages of 

using this method which leads to better find the mechanical properties affecting the tearing of a 

test specimen. In most of the previous researches, in order to model the hyper viscoelastic 

behavior of elastomer materials, the Maxwell rheological model was used to derive the total 

Cauchy stress coming from both hyperelastic and viscoelastic material properties.  

In the current investigation, using the hyper viscoelastic strain density potential provided by 

Somarathna et al. [12] the behavior of PU elastomers is modeled which lead to more accurate 

results while reducing the modeling complications. In addition, the damage initiation and 

evolution are employed according to the cohesive zone modeling approach. The cohesive 

hyperviscoelastic traction-separation law is also used a user defined material subroutine in the 

commercial finite element software for damage modeling of PU material with different shore 

hardness.  The material characteristics are specified by performing the experimental tests for 3 

different shore hardness. The predicted results are verified with experimental results. 

1. Hyper-Viscoelastic Damage Model 

In this research, the damage constitutive law based on the traction-separation curve shown in Fig. 1 

was developed as a VUMAT subroutine to predict the damage initiation and evolution in the 

polyurethane material. During the crack growth in elastomers, there exists a damage zone ahead of 

the crack tip. The material behavior in this zone can be modeled based on the cohesive zone 

modeling approach in terms of an equivalent traction-separation law proposed by Li [8]. This 

traction-separation law consists of three events as shown in Fig. 1. The line OA is representative of 

the hyper viscoelastic behavior of the elastomer before damage, point A is relevant with damage 

initiation and line AB is representative of the behavior of the material after damage initiation 

concurrent with the stiffness degradation. In this model, T is denoted by the equivalent stress and   

is denoted by the equivalent strain.  



 

Fig.1. Traction-separation law used in damage zone model 

 

The hyper viscoelastic behavior, OA, is developed using a hyper viscoelastic strain density 

function. As a matter of fact, elastomeric material behavior is crucially dependent on strength 

and energy absorption in the application of dynamic forces. Since hyperelastic strain density is 

independent of strain rate, it is necessary to consider strain rate-dependent functions in 

conjunction with genuine hyperelastic strain density function so that a constitution law can be 

developed to precisely predict the material behavior. The current study is devoted to simulating 

hyper-viscoelastic behavior establishing the dynamic increase factor proposed by Somarathna et 

al. [12] into the Mooney-Rivlin strain density function to make a hyper-viscoelastic strain 

density function. In previous researches, the Mooney-Rivlin strain density function with 9 

parameters was introduced to have more accurate results in predicting elastomeric materials' 

nonlinear behavior.  

 (       )=    (  ̅   )     (  ̅   )     (  ̅   )(  ̅   )     (  ̅   )
 + 

   (  ̅   )
     (  ̅   )

 (  ̅   )     (  ̅   )(  ̅   )
     (  ̅   )

       (  ̅   )
    (   )

  

(1) 

Where,   is the Mooney-Rivlin strain density function,    ,    ,    ,    ,    ,    ,    ,    ,    , 

    and    are the material constants determined by the experimental tests,   ̅ and   ̅ are the first 

and second invariants of the left Cauchy deformation tensor respectively and   is the determinant 

of deformation gradient tensor. In this study, it has assumed that the material behavior is nearly 

incompressible (J=det(F)=1). The strain density function used in this study is the hyper 

viscoelastic Mooney-Rivlin strain density potential [12].  
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A and N are calculated from the experimental tests and they are the coefficients of dynamic 

increase factor (DIF) which is multiplied by the conventional strain density function as the rate-

dependent parameter.  
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 ̇ , the normalized strain rate, is specified as the ratio of the actual strain rate to the reference 

strain rate. Based on the theory of the hyperplastic material, the stress can be calculated as: 
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  , B=    and p is the hydrostatic pressure. (5) 

 

1.2 Damage evolution model 

The material behavior is simulated based on the hyper viscoelastic constitutive model. As soon 

as the damage initiates (point A in Fig.1), the material properties and consequently the material 

stiffness are degraded. To describe the stiffness degradation, a damage parameter is defined 

based on the traction-separation law which is representative of the damage evolution in the 

material. 

2.2.1 Damage initiation 

Point A in Fig. 1 is the damage initiation point. Many researches indicated that necking or local 

thinning leads the crack to develop in the elastomers. Based on these observations, it is 

considered that there is a critical negative pressure at which all the cavities inside the elastomer 

will burst. Therefore, the critical hydrostatic tensile pressure (   ) obtaining from experimental 

results, can be assumed as the fracture criterion for thin elastomers [9]. In other words, damage 

initiates when the hydrostatic pressure meets the critical value. 
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Where p is the hydrostatic pressure, and                  are the normal stresses and for the 

uniaxial tension loading along the x axis,     and     are equal to zero. Based on the rate 

dependent behavior of the elastomeric materials, the hydrostatic tensile pressure is rate-

dependent as well. Therefore in the present study, the hydrostatic tensile pressure is assumed as 

follows: 
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2.2.2 Damage Evolution 

Once the damage initiation is occurred, the degradation of material properties is started. Based 

on the equivalent traction-separation law, the degradation path AB in Fig. 1 can be expressed as 

a linear damage evolution criterion as follows: 
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In this study, it has been considered that only the tensile components of strain cause damage. 

Therefore, considering    to be the first invariant of the left Cauchy deformation tensor, in the 

case that   is equal to    , the equivalent stretch ratio ( ̅) for the incompressible elastomer is 

defined as [9]: 
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Therefore the equivalent stretch ratio is determined by calculating the largest positive root of the 

following equation: 

 ̅     ̅   =0 (11) 

As a result the equivalent stress T in the traction-separation law is given by: 
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In this equation,    to    are the ratios of the Mooney-Rivlin coefficients which are assumed to 

be constant before and after damage initiation. 
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Based on (9), describing the damage evolution as a linear function and equating the right hand 

side of (9) and (12), gives: 
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Where,      is the damaged parameter of Mooney-Rivlin function.    and    are the equivalent 

stress and displacement at damage initiation which are calculated by the critical tensile pressure 

and    is the final equivalent displacement which is calculated based on the tearing energy of the 

elastomer. The area under the traction-separation diagram is equal to the total tearing energy G. 

Considering the areas under OAD and ADB in Fig. 1 as    and    respectively, it will be 

concluded that, 

        (15) 

On the other hand the amount of    can be derived from the traction-separation curve as: 
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By equating the (15) and (16), the equivalent final displacement can be calculated as: 

      
 (    )

  
 

(17) 

In the present study, the total tearing energy G, is calculated based on the experimental results 

and the calculation of    will be explained in the next sections. The procedure of the damage 

analyses for Polyurethane elastomers is illustrated in Fig. 2. 



 

Fig 2. Procedure of the progressive damage analyses for Polyurethane elastomers 

 

 

 

 



2. Material Characterization 

In most of the previous researches the conventional strain density is used to simulate the highly 

nonlinear behavior of elastomers. Currently, researchers has focused on the high strain rate 

dependency of the elastomers to model both hyperelastic and viscoelastic behaviors. In this 

study, Mooney-Rivlin strain density function with 9 parameters is multiplied by the dynamic 

increase factor (DIF) proposed by Somarathna et al. [12] to simulate the hyper viscoelastic 

behavior of Polyurethane under different strain rates. 

To calculate the 9 parameters of Mooney-Rivlin strain density function and 2 parameters of 

dynamic increase factor (DIF), the uniaxial tension loading test has been performed under 

different strain rate from 0.001 s
-1

 to 0.33 s
-1

. In addition, as it is discussed in the previous 

section the critical tearing energy of the elastomer (G) should be calculated from experiments. 

These tests were performed using pure shear specimens with strain rate of 0.33 s
-1

. The 

specimens provided for the experiments were polyurethane elastomer with 3 different shore 

hardness of 60, 75 and 85. These shore hardness are in the group of shore-A.  

2.1 Uniaxial Tension Tests  

The uniaxial tension loadings were accomplished under different strain rate from 0.001 s
-1

 to 

0.33 s
-1

 to calculate the DIF and Mooney-Rivlin coefficients [14]. These experiments followed 

the procedure described in the ASTM D-412 standard. The stress-strain curves plotted under the 

assumption that the polyurethane is nearly incompressible. Afterwards the above mentioned 

coefficients were calculated by curve fitting method. More details of the procedure has been 

described in our previous study, from which the coefficients summarized in Table 1 [14]. 



 

Fig 3.  Uniaxial tension loading test [14] 

 

Table 1. Parameters of Mooney-Rivlin strain density potential under the strain rate of 0.33 s
-1

 and the 

coefficients of DIF for shore hardness of (a) 60, (b) 75, and (c) 85 [14] 

(a) 

 

(b) 

 

(c) 

 
 

 

 

 



2.2 Tearing energy 

The tearing energy in elastomeric materials is representative of the fracture toughness property. 

Modification of Griffith‘s approach to the tearing performance of rubbers by Rivlin and Thomas 

[11, 15] became the basis for defining the tearing energy as a crack growth criterion in rubberlike 

materials. Then, Lake et al. verified this approach by performing several investigations and 

proved that the damage growth is independent of geometry [16-19]. There are three common test 

specimens for evaluation of the elastomer fracture depends on the loading mode and deformation 

rate of the experiments. In this study, the pure shear specimen is employed. The specimen is a 

wide strip of elastomer material with dimensions shown in Fig.4, connected to rigid grips of the 

testing machine from its long edge as shown in Fig. 5 and subjected to a uniform strain rate of 

0.33 s
-1

.  

 

Specimen dimension mm 

Initial crack, a 35 

Length, L 120 

Width, w 20 

Thickness 2.33 
 

 

Fig.4. Tearing test specimens geometry and dimensions 
 

 

 

Fig 5. Pure shear specimen subjected to the uniform strain rate in testing machine 



The mode-I tearing energy is calculated as: 

       (19) 

Where,    is the strain density function under pure shear region and    is the height of the 

specimen between two rigid grips. The value of the strain density function,   , can be 

determined by integration under the load-displacement curve of pure shear specimen [19]. The 

obtained load-displacement curves for pure shear specimens with 3 different shore hardness are 

depicted in Fig. 6. The calculated critical tearing energies using (19) are listed in Table 2. 

 

Fig 6. Load versus displacement for pure shear tearing specimens with 3 different shore 

hardness 
 

Table 2. Calculated tearing energy for pure shear tearing specimens with different shore hardness 

             Shore hardness 60 75 85 

            Tearing energy (G)     KJ/m2 4.180 5.941 6.989 
 

 

3. Analyses and Results  

A user material subroutine was developed to simulate the hyper viscoelastic and damage 

behavior in polyurethane elastomers. To investigate the hyper-viscoelastic damage evolution in 

polyurethane, the pure shear tearing specimen and the SENT specimen were simulated in Abaqus 

software linked to the developed user defined subroutine. To model the specimens, 3 



dimensional 8 node elements (C3D8) were used in the finite element modeling. The developed 

subroutine verified by a single element subjected to the uniaxial tension loading under the strain 

rate of 0.33 /s. Fig.7 shows the element with dimension of 0.1 mm×0.1 mm×0.1mm and the 

boundary condition applied to it. The FEA result for 3 different shore hardness at strain rate of 

0.33/s depicted in Fig.8 shows hyper viscoelastic behavior, damage initiation and damage 

evolution slopes.  

 

 

Fig7. Single element subjected to the uniaxial tension loading 

 

 

Fig8. FEA Single element results 
 

 

 



3.1 SENT Model 

A single edge notch tension (SENT) specimen which is a tensile strip of polyurethane material 

with a dimension of 40 mm×60 mm × 2.33 mm and an initial crack length of 12 mm, connected 

to rigid grips of the testing machine and subjected to a uniform strain rate of 0.33 s
-1

. In FEA 

procedure, a quarter of the SENT specimen was modeled (half of width and thickness) to 

simulate the test with the same material properties and the geometry of the test specimens. The 

displacement-based loading with the strain rate of 0.33 s
-1

 was applied on the reference point 

located on the top surface of the model with the symmetry boundary conditions. Finite element 

analyses of the models were performed by Abaqus explicit solver linked with the developed user 

material subroutine. The deformation and tearing of the model with shore hardness of 85 during 

the time is shown in Fig. 10 comparing with the experimental results. Also is shown in the 

Figure, a close up view of the crack tip propagation with element deletion at the bottom layer. 

This figure shows a good agreement between the predicted response and the experimental 

images of the tensile strip test. In this analysis 1785 number of elements were employed. To 

ensure proper mesh size, an independent simulation using 2873 elements was conducted. 

Comparing obtained results from both simulations showed a less than 2% different in peak loads 

that considered mesh size is suitable for the analysis 

 

 

Fig.9 Geometry of the full specimen and FEM mesh for the quarter model of SENT specimen 



 

 

Fig. 10 Comparison of tearing in the experimental test and FEA modeling of Polyurethane with 

shore hardness of 85 under the strain rate of 0.33 s
-1 

 

Two other tensile strip specimens with shore hardness of 60 and 75 are also analyzed by the 

finite element modeling and developed progressive damage analysis procedure. The obtained 

force-displacement histories for all three different shore hardness are compared with the 

experimental results and shown in Fig. 12. 

 



 

Fig. 12 Load-displacement curves of the SENT specimen for experimental test and FEA 

simulation under strain rate of 0.33 /s (a) shore hardness of 60, (b) shore hardness of 75, (c) 

shore hardness of 85 

3.2 Pure Shear Tearing Model 

To decrease the computational time and due to the existence of symmetry conditions, a quarter of 

the pure shear specimen (half of width and thickness) was modeled. The full specimen and the 

quarter model of that are shown in Fig.13. The dashed line in this figure shows the quarter model 

used in the FEA which has the symmetry boundary conditions. The displacement based loading 

with the strain rate of 0.33 s
-1

 was applied on the reference point located on the top surface of the 

model. The material properties and the geometry of the model are the same with the pure shear 

specimens of the experiments (Table.1 and Table.2). The developed user material subroutine 

based on the damage zone approach discussing in section 2, linked to the Abaqus explicit solver 

and used to analyze the damage initiation and evolution of the model. The deformation and 

tearing result of the FEA model with shore hardness of 75 is compared with the experimental 



result in Fig.14 showing a good agreement between the predicted response and the experimental 

images of the pure shear tearing test. In this model also the crack tip propagated along with the 

element deletion at the bottom layer.  

 

 

Fig. 13 Geometry of the full specimen and FEM mesh for quarter of the pure shear specimen 
 

 

Fig. 14 Comparison of tearing in the experimental test and FEA modeling of Polyurethane 

with shore hardness of 75 under the strain rate of 0.33 s
-1

 



Two other pure shear specimens with shore hardness of 60 and 85 are also simulated in the FEA 

procedure. The force-displacement histories for all three different shore hardness are shown in 

Fig. 15. In this analysis 2530 number of elements were employed. To ensure proper mesh size, 

an independent simulation using 4123 elements was conducted. Comparing obtained results from 

both simulations showed a less than 2% different in peak loads that considered mesh size is 

suitable for the analysis. 

 

Fig. 15 Load-displacement curves for pure shear specimen from experiments and FEA 

simulations under strain rate of 0.33 s
-1

, (a) shore hardness of 60, (b) shore hardness of 75, and 

(c) shore hardness of 85 

Comparison between the FEA and experimental results shows that the trend of the force 

displacement curves for the experimental and FEA analysis before the beginning of tearing are 

very close together. The peak force at starting of tearing in all 3 different shore hardness is about 

10-15% more than the peak force of the experimental results and the drop force of the FEA 

results occurs in smaller displacement values in comparison with the experimental results. 



However, according to the highly nonlinear behavior of the material, it can be considered that 

there is a good agreement between the FEA and experimental results. As a result, it can be 

concluded that using the hyper viscoelastic strain density function in the damage zone modeling 

could be an effective methodology to predict the tearing of elastomeric materials.  

Conclusion 

A cohesive zone model based on the traction-separation law proposed by Li et al. was used to 

simulate the damage initiation and propagation of the elastomeric polyurethane materials. In the 

traction-separation diagram, the behavior of the elastomer before damage initiation is considered 

as hyper viscoelastic. In previous studies about the damage growth in elastomers, the hyper 

viscoelastic behavior was simulated using the rheological model which makes much complexity 

in numerical analysis. In this study, the simulation of the hyper viscoelastic behavior has been 

performed by implementing a rate-dependent factor proposed by Somarathna et al, to the 

Mooney-Rivlin function to make a more accurate prediction of the material behavior. The critical 

tearing energy used in the calculation procedure of the damage evolution has been determined by 

performing the tearing tests for all three shore hardness of the polyurethane elastomers. The 

material properties determined by the experimental tests were implemented in the FEA 

simulation procedure. In the present study, a developed user-defined material subroutine 

(VUMAT) linked to the FEA software was utilized to predict the damage evolution in pure shear 

specimens of the polyurethane material with 3 different shore hardness. A Comparison of the 

FEA simulation and experimental results showed that the damage zone approach based on the 

hyper viscoelastic strain density function can lead to good accuracy in the prediction of damage 

initiation and evolution in Polyurethane elastomers.  
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