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 In the present paper, we propose a numerical modeling of fracture behavior of High 

Density Polyethylene (HDPE) using different fracture mechanics approaches as well as 

a simulation of the static behavior by calibrating the static traction curves in order to 

highlight the feasibility of the model in reproducing the results of the EWF. The 

numerical determination of the fracture parameters by the global approach which will be 

validated by a simulation by means of DENT specimens and results obtained are 

compared to those of experimental results. 
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1. INTRODUCTION 

 

The development of structural polymers is linked to their 

mechanical properties, which themselves depend on the 

microstructure, accordingly semi-crystalline polymers have 

for the most part a high tenacity that meets the requirements of 

products which must necessarily withstand severe conditions 

of use such as (impact, creep, fatigue). Among these materials 

HDPE which is most widely used particularly in urban water 

distribution networks and those for the distribution of natural 

gas. Damage or presence of cracks in such pipes can lead to 

leaks which are harmful both to financial and environmental 

terms and to some extent a sudden rupture may have more 

serious consequences. 

Determining the fracture strength of these materials is a 

main objective of either users or manufacturers. Arguably 

several authors have tried to understand the mechanisms of 

failure of thermoplastic materials [1-5]. Fracture mechanics 

concepts are of important use to characterize the fracture 

mechanical behavior occurring at stresses lower than the 

material elastic limit, under these conditions it is considered 

that plasticity at the tip of the crack is confined and the process 

of rupture has a brittle nature. In this condition, fracture 

parameter such as Critical Stress Intensity Factor, KIc or the 

critical strain energy release rate, GIc are used to characterize 

this type of fracture. During the 1970s, numerous studies were 

centered on the search for a parameter that can extend fracture 

mechanics to the elastoplastic behavior of materials [6, 7]. 

Among the different parameters, the J integral concept 

developed by Rice [8] which has very successful due to its ease 

of implementation and the numerical properties, having an 

energy obtained by a simple contour integral, independent of 

it. Begley and Landes [9] associated the integral J with a 

priming criterion Jc (J critical), which was later extended to 

ductile propagation via the tear resistance curves J - Δa. 

Wells [10] then Burdekin et al. [11], used the spacing of the 

two surfaces at the bottom of crack (CTOD: Crack Tip 

Opening Displacement) so as to study of a crack the behavior. 

The concept of essential work of fracture has also been 

proposed by Broberg [12] as an alternative to the integral J 

approach when the materials are ductile. 

Besides to what was said above, another approach called 

local has been developed to understand the mechanisms of 

failure of materials. This approach is based on the modeling of 

damage by a mechanism of germination, growth and 

coalescence of cavities born on second phase inclusions. 

Several models have been developed to describe the growth of 

cavities. 

The most widespread model is that of Rice and Tracey [13] 

who considered a spherical cavity in an infinite medium made 

of a rigid plastic material. Coalescence appears when R / Ro 

ratio reaches a critical value (R / Ro)c. 

Other models also have been developed and are based on 

the volume density of cavities which is a determining 

parameter for the characterization of ductile rupture. Among 

these models, we can cite that of Rousselier [14] and Gurson 

[15]. Accordingly, Tvergaard and Needleman have integrated 

the coalescence and the germination of the cavities in the 

Gurson model [16], which at endproduced the Gurson-

Tvergaard-Needleman (GTN) model. 

Further, numerical simulations based on the Gurson-

Tvergaard-Needleman (GTN) model already presented. Their 

application to HDPE will allow us to compare this type of 

approach with the experimental data. A simulation of the static 

behavior by calibrating the static traction curves in order to 

highlight the feasibility of the model in reproducing the results 

of the EWF. To determine the fracture parameters by the 

global approach we use a numerical simulation on DENT 

specimens [17]. 
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2. BEHAVIOR MODELING 

 

2.1 Study material 

 

In this work, the material used is high-density polyethylene 

(HDPE). It is a semi-crystalline thermoplastic widely used in 

engineering applications such as pipelines and pressure vessels 

[18]. 

 

2.2 Numerical model of the tensile specimens 

 

For simulation of the tensile specimens in FEM code, we 

use a software code ABAQUS/CAE function [19], a geometric 

model of the tensile specimens is produced, with the 

consideration of symmetry, it is modeled only half of the 

specimens shown in Figure 1.  

The equations of the GTN model are implemented on the 

ABAQUS. The Gurson Tvergaard–Needleman (GTN) model, 

as is shown in Eq. (1). 

 

∅ =
𝜎𝑒𝑞

2

𝜎0
2 + 2𝑞1𝑓∗ cosh (

3𝑞2𝜎𝑚

2𝜎0

) − (1 + (𝑞1𝑓∗)2)  = 0 

 

(1) 

 

where, 

σeq is von Mises equivalent stress,  

σ0 is the microscopic yield stress of the undamaged matrix 

material,  

σm is the mean normal stress,  

q1 and q2 are constitutive parameters introduced by 

Tvergaard to modify the original Gurson model. 

 

 
 

Figure 1. Half geometry model of tensile specimen 

 

2.3 Mechanical behavior model 

 

To modeling the behavior of the material, we adopted an 

elastoplastic behavior model coupled with a damage model 

known as the porous plastic metals. The rupture simulation 

was carried out by a rupture criterion integrated in the GTN 

model; these criteria are the critical void volume fraction and 

the volume fraction at rupture. 

The elastic part is materialized by the modulus of elasticity 

and the Poisson’s ratio. The plastic work hardening part is 

introduced point by point in the calculation code from the 

traction curve in Figure 2 [20]. 

The parameters of the GTN model are calibrated by trial and 

error until an acceptable correlation is obtained with the 

experimental traction curves. 

 

Table 1. GTN parameters for the different calibrations 

 
Tests Variables 

 q1 q2 fc fF 

A  1 1.5 0.5 0.55 

B 1 0.8 0.5 0.55 

C 1.37 1.3 0.5 0.55 

 

The consideration of the damage in the numerical model is 

guaranteed by the implementation of the GTN model included 

in all the models of porous metals. The Table 1 summarizes 

the parameters used for the calibration of our material. In this 

modeling q3 is taken equal to q1
2. 

 

 
 

Figure 2. Stress-strain curves [20] 

 

2.4 Mesh and boundaries conditions  

 

2.4.1 Tensile specimens 

The 2D finite element model geometry with 154 elements, 

in which the type of element used in static mechanical 

behavior analysis is a linear quadrilateral elements of plane 

stress type with reduced CPS4R integration. 

The Figure 3 illustrates the finite element mesh adopted for 

the numerical simulation of static mechanical behavior. 

The boundary conditions applied to the tensile specimen are: 

a displacement and a rotation (U2 = UR2 = 0) along the Y axis. 

The application of the symmetry model FE on the X axis is 

chosen for the reduction of the calculation time. 

 

 
 

Figure 3. Finite elements mesh of the tensile specimens 

 

2.4.2 DENT specimens 

In the simulation of the EWF tests, the DENT specimens 

were modeled in 3 dimensions, the Figure 4 represents the 

adopted mesh. 
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Figure 4. Finite element mesh of the DENT specimens 

 

The choice of the mesh is important for two reasons which 

guide its dimensioning. On the one hand, the greater the 

number of degrees of freedom, the longer the calculation time. 

On the other hand, the impact of the mesh which is linked 

to the precision of the desired result. This means that the 

smaller the elements, the more the solution announced by the 

solver approaches the appropriate solution. The element type 

selected is C3D8R (element eight first order nodes with 

reduced integration). The boundary conditions are set as 

follows: the edge of the specimen following the X axis is 

considered to be XSYMM (U1 = UR2 = UR3 = 0). 

 

2.4.3 CT specimens 

As it was introduced in the preceding chapter, the 

characterization of the resistance to rupture by the approach of 

the J integral contour is carried out on CT specimens (Compact 

Tension). Several authors have used this type of specimens in 

the literature [21]. The Figure 5 shows the geometry of this 

specimen. The contour integral is calculated by the Eq. (2): 

 

( )0aWB

U
J

−
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  (2) 

 

The Merkle-Corten parameter η for CT specimens is equal 

to (2 + 0.522 (b0/W)) where b0 is the length of the uncracked 

ligament W-a0. The Eq. (2) therefore becomes: 
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Figure 5. Geometry of CT specimens 

 
 

Figure 6. EF CT models in (a) 3D and (b) 2 D 

 

Figures 6.a and 6.b represent the geometric models in finite 

elements three and two dimensions respectively. 

 

 

3. RESULTS AND DISCUSSIONS 
 

3.1 Mechanical behavior model 

 

After several tests and calibrations, the parameters of the 

GTN model are calibrated by adjusting the numerical results 

until an acceptable correlation is obtained with the 

experimental traction curves. The Figure 7 clearly illustrates 

the effect of chosen parameters from the GTN model. 

The symbols indicate the parameters used according to 

Table 1. In Figure 7, it is the curve C which best correlates 

with the experimental curve [20]. So, these are the parameters 

of test C that we will use for the simulation of the DENT 

specimens rupture. 

 

 
 

Figure 7. Stress-strain curves of the different simulations 

compared to experimental results [20] 

 

Figure 8 represents the different stages of Von Mises 

stresses and plastic deformations with the volume fractions of 

the voids during the loading of the tensile specimens. 
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Figure 8. The different stage of Von Mises stresses and Plastic deformations 
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3.2 Simulation of EWF tests 

 

The ligament lengths used in this study are 7, 9, 11, 13, 15, 

17, 25 and 33 mm. in which lengths are chosen in order to 

compare our results with those of Houari et al. [20]. The 

different geometric models are presented in Figure 9. 
 

 
 

Figure 9. Some DENT models in symmetry 
 

3.3 Fracture behavior analysis 
 

In this part, the analysis of the numerical modeling results 

of the DENT specimens were presented and checked the 

conditions of the EWF concept and then validate the results by 

experimental comparison. 
 

3.3.1 Analysis of the conditions of the EWF method 

One of the necessary conditions for the validation of the 

EWF method is the plastic zone around the ligament, since 

condition has been checked to ensure the condition of the 

plane stresses. 

The analysis of the results of the different simulations 

shows that the ligament length is fully plasticized before the 

start of the void initiation process. This is shown in Figure 10, 

where the plastic area surrounds the ligament. 

Figure 10 clearly illustrates that the entire ligament is 

plasticized. The shape of this plastic zone is almost elliptical 

which well agrees with our experimental observations. 
 

 
 

Figure 10. Plastic area around the ligament 

For longer ligament lengths, after noting the appearance of 

edge effects, it appears that the mode of deformation is 

different as shown in Figure 11 for L = 33 mm. We notice a 

more pronounced curvature of the specimens at the two edges 

of the notch.  

 

 
 

Figure 11. Plastic area for a high ligament L = 33 mm (Edge 

effect) 

 

 

4. CURVES LOAD-DISPLACEMENT 

 

The Figures 12 and 13 present the results of the modeling 

of the load curves according to displacements. 

The results are in accordance with our model compared to 

experimental results [20]. 

This consolidates the choice of parameters for the GTN 

model. The three zones of the damage process are representing 

an acceptable overlap with the experimental curves obtained 

by the EWF tests. 

 

 
 

Figure 12. Curve load-displacement for ligament L=7 mm 

 

 
 

Figure 13. Curve load-displacement for ligament L=9 mm 
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The shape of these curves confirms a ductile rupture for this 

type of polymer material with plasticization ligament. This 

shows that the mode of rupture is independent of the length of 

the ligament. 

The load-displacement curves for the different ligament 

lengths chosen are presented in Figures 14a to 14e. 

 

 
(a) Curve load-displacement ligament L=11 mm 

 
(b) Curve load-displacement ligament L=13 mm 

 
(c) Curve load-displacement ligament L=13 mm 

 
(d) Curve load-displacement ligament L=15 mm 

 
(e) Curve load-displacement ligament L=33 mm 

 

Figure 14. Curve load-displacement for different lengths of 

ligament 

 

As it has been previously estimated, DENT specimens with 

short ligament lengths give closer results to the experimental. 

As the length increases, the modeled curves deviate more 

and more from the EWF test curves. This finding confirms the 

results and observations mentioned in the literature [20, 22]. 

 

 

5. NUMERICAL ANALYSIS BY J INTEGRAL 

 

5.1 Geometry models 

 

According to standard ASTM E399 [23] for CT specimens 

the crack length (a) must meet the following double conditions: 

 

55.045.0 
W

a  (4) 

 

In this regard, we have modeled CT specimens in 2D with 

the ratios a/W (see Figure 6) 0.55, 0.53, 0.5, 0.47 and 0.45. 

The Figures 15 a-d represents the different lengths of crack 

studied numerically in Abaqus/CAE, respectively. 

 

 
 

Figure 15. CT models analyzed numerically (a) a/W=0.55, 

(b) a/W= 0.53, (c) a/W= 0.5 et (d) a/W=0.47 

 

5.2 Boundaries conditions and mesh  

 

In order to guarantee a similarity between the experimental 

conditions and the numerical simulation we imposed a 

displacement on the axes level of the specimens fixation 

modeled by the holes on Figures 16. The Figure 17 illustrates 

the boundary conditions used in this analysis. 
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The Figure 17 illustrates the conditions for displacement 

imposed on the periphery of the specimen hole simulating the 

displacement of the fixing axes of the specimens. 

 

 
 

Figure 16. Boundary conditions imposed on the symmetrical 

CT model 

 

 
 

Figure 17. Representation of the displacement imposed on 

the specimen hole 

 

5.3 Behavior analysis 

 

The various stages of behavior for the various crack lengths 

are presented. The fields of deformation and stresses in the 

vicinity of the crack are analyzed. 

Figures 18 (a), (b) and (c) represent the iso values for an 

increment of displacement of 10% (0.1), it is noted that the 

stresses or centered in the crack point, the specimens are in a 

state of compression on the edges of the line on the crack plane. 

This is illustrated by negative deformations on the edges of 

the hole and the lower left edge on the crack plane (Figure 

18(c)). 

 

 
(a) 

 
(b) 

 
(c) 

 

Figure 18. Iso values of (a) displacement (b) stresses (c) 

deformations, for a displacement increment of 0.1 

 

When pursuing the imposed displacements, we noticed an 

intensification of the stresses around the crack point. 

Displacements are negative above the uncracked ligament, 

which is reflected by compressions in this area. The different 

increments are brought together in Figures 19 (a), (b), (c) and 

(d). 

 

 
(a)                                                                                          (b) 
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(c)                                                     (d) 

 

Figure 19. Iso values of the stresses and strains for increments of displacement to 50% (a and b) et 100% (c and d). 

 

5.4 J integral and numerical determination of Jc 

 

5.4.1 Load-displacement curves 

For the calculation of the energy parameter J, it is first 

necessary to obtain the Load curves as a function of the 

displacements. By studying the results of the forces as a 

function of the displacements for the different ligament 

lengths in the CT specimens, we will able to calculate the 

critical initiation energy which corresponds to the maximum 

load in the displacement forces curves.  

Figure 20 summarizes all the curves obtained numerically; 

by calculating the nodal reaction forces on the line of the 

uncracked ligament. 

 

 
 

Figure 20. Load-displacement numerical curves for the 

analyzed 5 CT models 

 

We noted that the maximum load increases with the 

increase in the non-cracked ligament. An interesting 

observation concerns the displacements which correspond to 

the maximum loads, further we noticed approximately the 

same value for all the ratios a/W. We can say that, it is 

necessary to predict a value of J equal of the critical value of 

initiation of the crack propagation. 

 

5.4.2 Correlation between J integral and Load-

Displacement curves 

According to the literature [24], the authors noted that it is 

wise consider the value of J corresponding to the maximum 

load JM considered as a critical value. Figure 21. shows the 

obtained JM values for the different a/W ratios. It is noted that 

the value of JM is independent of crack the length. However, 

for different geometries such as SENB used in three-point 

bending, the authors confirm a distance between the results of 

JM; which means the inconvenience of the J approach for 

Polymer cases [24]. Regarding this study, we took the 

initiative to only calculate JC on a qualitative basis. Figure 22 

illustrate the method adopted for determining JC for a/W=0.5. 

 

 
 

Figure 21. Correlation of the value of J with the load as a 

function of displacements and determination of JC (a/W=0.5) 

 

 
 

Figure 22. Numerical JC values depending on function of 

ligament lengths and the determination of JC average 
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Figure 22 summarizes the values of JC obtained for the 

various a/W ratios, we noticed that JC is independent of the 

crack length. 

The results obtained are in good agreement with results 

obtained by Elmeguenni et al. [24]. 

6. CONCLUSIONS

In the research presented in this paper, the objective of this 

study has been extended to the relevance of fracture mechanics 

concepts on highly deformable materials, we used local 

approaches based on continuum damage mechanics, could be 

an alternative way to enrich the understanding of fracture of 

such materials. 

In this context, the EWF concept can be present an 

alternative or a complementarily to the approach based on the 

integral J to determine the breaking strength properties of 

deformable materials. 

- The constitutive model of Gurson-Tvergaard-Needleman 
is introduced in the finite element analysis to describe the 
behavior at quasi static loading and at rupture of the DENT 
test specimens of high HDPE-100. The parameters q1 and q2 
have a significant influence on the tensile strength. The GTN 
model allows a good calibration of the parameters and allows 
a modeling of the real behavior by the finite element method.

- The coupling of the GTN model as a damage model with 
the elastoplastic behavior taken as the traction curve true 
stresses as a function of true deformation, allows us to 
characterize our material, HDPE, at rupture.
- The EWF method can be performed numerically for the 
characterization of the We parameter or the essential work of 
fracture.

- The determination of critical J based on the correlation 
between the numerical values of J and the Load curves as a 
function of the displacements calculate on CT test pieces used 
for the experimental.
- The EWF method, by its simplicity, is the most suitable 
for characterizing the parameter of the intrinsic failure of the 
material.
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