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ARTICLEINFO ABSTRACT

In this paper an analysis of the evolution of a semi-elliptical crack located at different
positions of the wall of an HDPE pipeline under internal pressure is made. The three-
Received 28 November 20 dimensional finite element method is used to calculate the integral J. The J integral is
important in the extreme positions on the contour of integration. When the ratio (a / t)
reaches a critical value (a / t = 0.6), the effect of crack depth becomes important. It’s
also shown that for low values of the opening angle of the curve, the crack tends to be
propagated from the position /. The transverse cracks have a lower risk that the axial
cracks and then the cracks into interior of the wall of the pipe are more dangerous than
the cracks external.
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1 Introduction

The development of structural polymers is related to their mechanical properties, which themselves depend on the
microstructure. Semi-crystalline polymers for the most part have a high tenacity that meets the requirements of products
that must withstand severe use conditions (impact, creep, fatigue). Among these materials, polypropylene "PE" is a material
that is used more and more extensively, and more particularly in the urban water distribution networks and those of the
distribution of natural gas [1-3].

Because of their good resistance to cracking, PE pipes have a high degree of reliability under normal use conditions.
Under these conditions their life span is estimated at more than 50 years on the basis of regression curves built from
accelerated hydraulic pressure tests [4]. In use, polyethylene pipes undergo internal and external loads that cause
deformation and alter mechanical properties. The prediction of the lifetime of these materials has been the subject of
several studies [5-9]. Benhamena et al. [10] used the local approach in fracture mechanics to study the fracture behavior of
polymers pipes with defect. They have found that the temperature level has a great effect on the mechanical properties of
polymers materials. In another hand, it is known that, the presence of defects during production or in service leads to the
initiation and propagation of cracks. The prevention and reliability of HDPE pipes is a primary objective, given its
economic and security impact. For this reason studies on the breaking behavior of pipes and the analysis of the harmfulness
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of faults in these pipes have been undertaken [8-15].The study of the breaking behavior of polymers has attracted the
attention of many authors [16-19].

Among them, Garcia et al. [20] who conducted an experimental study based on the use of three arc-shaped specimen
bending test specimens obtained from a pipe in the same context, Salazar et al., 2008 [21] use the method of separation of
the loading parameter to determine the curve JR of a polypropylene. An experimental study was undertaken by Nishimura
et al. [22] to analyze the fatigue endurance of polypropylene gas distribution pipes. From these studies, we can conclude
that the shape, the geometry of the crack and its dimensions as well as the position of its location in the structure are
essential to predict the evolution of defects in service. These conclusions are at the origin of the main idea of this study,
where we propose to study and analyze the propagation, the direction of propagation of a semi-elliptical crack located at
different positions in high density polyethylene pipes (HDPE) based on the three-dimensional finite element method.

2 Material and geometric model
In this study we consider the propagation of a semi-elliptical crack located in different positions on the wall of a pipe

subjected to internal pressure. Figure 1 shows the pipe with axial and transverse cracks. The pipe is characterized by its
internal diameter D and its thickness t (Figure 2).
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Fig. 2 — Schematic representation of a pipe under internal pressure P.

Figure 3 presents the geometric models and the four crack configurations studied. The shape of the cracks with their
positions relative to the X axis is given in figure 3e.

The initial crack is defined by the crack depth ratio divided by the pipe thickness a / t and the ratio of the crack depth to
the half length a / ¢c. Two configurations of cracks are studied: the first configuration corresponds to two internal cracks
located at different positions of the pipe wall: internal axial crack (IAC) and internal transverse crack (ITC). The second
configuration is similar but the two cracks are located on the outside of the pipe wall: external axial crack (EAC) and
external transverse crack (ETC). The material studied is high density polyethylene (HDPE), widely used in engineering
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applications such as drinking water pipelines, gas and pressure vessels. It is a semi-crystalline thermoplastic material.
HDPE is supplied by STPM CHIALI located in Sidi Bel Abbés (Algeria) certified according to ISO 9001-2000 [23] and
characterized at different strain rates and temperatures by Aour et al. [24].
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Fig. 3 — Cracks studied. a) Internal axial crack (IAC), b) External axial crack (EAC), c) Internal transverse crack (ITC),
d) External transverse crack (ETC) e) Shape of the crack.

The elastic properties at room temperature obtained were: Young’s modulus, E = 500 MPa, Poisson’s ratio, v= 0.38
and the yield strength, oy=19.5 MPa.

In this study, the integral J approach defined by Shih et al. [25] is used to calculate the rate of released mechanical
energy, denoted J (s), at each point s at the crack front (Figure 4), it is expressed by:

. du;
](S) = llmr_,o f [Wni - O_l'j a—x‘n]] ar (1)
L
Where: W is the strain energy density due to stress work, oj; is the stress tensor, u; is the displacement vector, I' is a

contour surrounding the crack tip at each point s, n; is the normal unit vector at contour I', and x; is the local Cartesian
coordinate system at location S on the crack front.

Fig. 4— Representation of the J integral in 3 dimensions
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In this study the numerical simulation by the finite element method in three dimensions was made by the
calculation code WARP3D [26]. The asymptotic behavior of the displacement field in the vicinity of the crack front
indeed requires the local use of an extremely refined mesh with special elements. The modified Newton-Raphson
method is used to solve the elastoplasticity equation. The singularity around the crack point is modeled by special
elements adapted to the calculation of the quantities associated with the fracture mechanics.

3 Results and Discussions

The effects of the crack position, the loading, the crack shape and the thickness of the pipe on the evolution of the
integral J are studied.

3.1 Effect of the crack position

Figures 5a to 5d show the variation of the integral J as a function of the angle ¢ of the orientation of the crack with
respect to the X axis for the four configurations and the ratios a / t (a/t=0.33 ; 0.44 ; 0.55 et 0.66). These results show that
the value of the integral J takes extreme values, the angles of orientation ¢= 0 and ¢ =90 °.

The results obtained show that whatever the position of the crack in the pipe or the position on the crack front, the
integral J increases and reaches a maximum with the increase in the ratio a / t for an orientation angle ¢ = 0.

We also note the integral J decreases as the angle ¢ increases. For internal cracks, the values of the integral J obtained
are greater than those obtained for external cracks regardless of their orientation (axial or transverse). This difference is

more marked for values of the (a / t) ratio less than 0.5.
We also observe that the values of the integral J for the axial cracks are much larger than the values of the integral J

obtained for the transverse cracks. This can be explained by the fact that the axial cracks are parallel to the orientation of
the fibers, while the propagation of the transverse cracks is slowed down by those fibers which are perpendicular to the

longitudinal direction (see Figure 1).
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Fig. 5a— Evolution of the integral J as a function of the orientation angle (a/t = 0.33).
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Fig. 5b— Evolution of the integral J as a function of the orientation angle (a / t = 0.44).
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Fig. 5c— Evolution of the integral J as a function of the orientation angle (a / t = 0.55).
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Fig. 5d— Evolution of the integral J as a function of the orientation angle (a / t = 0.66).

3.2 Load effect

The influence of the loading on the integral J is studied for cracks characterized by the ratios of the depth of crack at
the half-length a / ¢ = 0.75 and that of the depth of the crack at the thickness of the wall a /t=0.33 and for the four geometric
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configurations. Figures 6a-b represent the variation on the integral J as a function of the loading P for two extreme
positions of the crack ® = 0° and ® = 90°.

We observe that the value of the integral J is directly proportional to the loading and whatever the pressure on the crack
front, it increases with the increase of the crack for ® = 0° and ® = 90°. It should be noted that transverse cracks give
reduced values of the integral J compared to those obtained for axial cracks. When ®@ = 0 ° the integral J takes maximum
values greater than those obtained for @ = 90 °, this increase in the integral is due to the edge effect (© =0°), where the
propagation requires more of energy at the tip of the crack, after propagation there is dissipation of energy and relaxation of

the stresses leading to a decrease in the integral J for ®=90 °.
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Fig. 6a— Evolution of the integral J as a function of the load P (¢=0, a/t =0.33 and a/c=0.75).
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Fig. 6b— Evolution of the integral J as a function of the load P (¢=90, a/t =0.33 and a/c=0.75).

3.3 Effect of crack shape

Figures 7 to 14 show the variation of the integral J as a function of the different sizes of the cracks characterized by the
ratio a / ¢ for a ratio a / t = 0.33 in the two extreme positions on the crack front ® = 0 © and ® = 90 ° and for different
pressure values (P=6; 10 ; 15 et 20 MPa).

It is noted that for the same ratio a / t, the integral J reaches a maximum value for a lower a / c ratio then decreases with
when the a / ¢ ratio decreases, in other words a large crack length leads to a decrease in the integral J. Except that for the
internal transverse crack in position on the crack front ® = 90 ° there exists a critical a / ¢ ratio (a / ¢ = 0.45) beyond which
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the integral J strongly decreases with the development of the crack.
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Fig. 7- Evolution of the integral J as a function of the a / ¢ ratio (¢=0; a/t =0.33 P= 6 MPa).
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Fig. 8— Evolution of the integral J as a function of the a / ¢ ratio (¢=90, a/t =0.33 P= 6 MPa).
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Fig. 9— Evolution of the integral J as a function of the a / ¢ ratio (¢=0, a/t =0.33 P= 10 MPa)
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Fig. 10— Evolution of the integral J as a function of the a / ¢ ratio (¢=90, a/t =0.33 P= 10 MPa).
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Fig. 11— Evolution of the integral J as a function of the a / ¢ ratio (¢=0, a/t =0.33 P= 15 MPa).
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Fig. 12— Evolution of the integral J as a function of the a / ¢ ratio (¢=90, a/t =0.33 P= 15 MPa).
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Fig. 13— Evolution of the integral J as a function of the a / ¢ ratio (¢=0, a/t =0.33 P= 20 MPa)
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Fig. 14— Evolution of the integral J as a function of the a / ¢ ratio (¢=90; a/t =0.33 P= 20 MPa).

3.4 Effect of pipe thickness

To complete this analysis, we studied the effect of thickness on the failure criterion of a cracked pipe. Figures 15 and
16 show the variation of the integral J as a function of the thickness of the pipe characterized by the ratio a / t for different
crack position and in two cases ® = 0 ° and @ =90 °. We notice that the integral J increases and reaches a maximum value
with the increase of the ratio a / t, this maximum is reached when the size of the crack tends to a value greater than half the

thickness of the pipe.
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Fig. 15— Evolution of the integral J as a function of the a/t ratio (¢p=0).
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Fig. 16— Evolution of the integral J as a function of the a/t ratio (¢=90).

4 Conclusion

In this study, the failure behavior of a high density polyethylene (HDPE) pipe under internal pressure is analyzed using

the three-dimensional finite element method based on the concept of integral J.

Regardless of the nature of the material (strain rate) of the pipe for a semi-elliptic crack, the integral J reaches its
maximum for a position on the crack front characterized by ® = 0 °. This may explain why the stress field is important at
this position on the integration contour and that the direction of crack propagation is in a direction perpendicular to the

crack ligament (Y direction, Figure 3);
Regardless of the crack depth, for a crack size characterized by the low ratio (a / c) the integral J is very sensitive; on

the contrary, for higher values (a / ¢) which lead to a reduction of this integral. In other words, this behavior is more marked

for an elliptic-shaped crack;
There is a critical depth (a / t = 0.6) regardless of the size of the crack in which the integral J reaches its maximum.

Beyond this critical value, the integral J decreases independently of the crack.

REFERENCES

[1] F. Addiego, Characterization of the volume variation of polyethylene during plastic deformation in tensile and

creep , PhD thesis of Lorraine University, France, 2006.
[2] L.E. Janson, Plastics pipes for water supply and sewage disposal, Borealis, Stockholm, Sweden, 1999.



502

RECUEIL DE MECANIQUE voL.5 N°2 (2021)492-502

[3] R.W. Lang, A. Stern, G.Doerner, Applicability and limitations of current lifetime prediction models for
thermoplastics pipes under internal pressure, Die Ang Mak Chemie, vol. 247 (1997) pp. 131-137.

[4] M. O. Hehn, Experimental analysis and thermomechanical simulation of end-to-end welding of polyethylene
tubes, PhD Thesis of University of Paris, France, 2006.

[5] L. Andena, M. Rink, R. Frassine, R. Corrieri , A fracture mechanics approach for the prediction of the failure time
of polybutene pipes, Eng. Fract Mech vol.76 (18) (2009) pp. 2666—77.

[6] E.M. Hoang, D. Lowe, Lifetime prediction of a blue PE100 water pipe, Polym Degrad Stab vol.93 (2008) pp.
1496-1503.

[7] R.Khelif, A. Chateauneuf, K. Chaoui, Reliability-based assessment of polyethylene pipe creep lifetime, Int J
Press Vessels Pip vol. 84 (2007) pp.697-707.

[8] A. Benhamena, B. Bachir Bouiadjra, A. Amrouche, G. Mesmacque, N. Benseddig,M. Benguediab, Three finite
element analysis of semi-elliptical crack in high density poly-ethylene pipe subjected to internal pressure.
Materials and Design. Vol.31 (6) (2010) pp.3038-3043.

[9] A.Benhamena, L. Aminellah, B. Bachir Bouiadjra , M. Benguediab ; A. Amrouche, N. Benseddiq , J integral
solution for semi-elliptical surface crack in high density poly-ethylene pipe under under bending, Materials Design
Vol.32 (2011) pp.2561-2569.

[10] A. Benhamena, F. Benaoum, A. Baltach, A. Drai, F. Khelil, Numerical Analysis Of Ductile Failure Of Polymers
Materials: case of polyvinyldifluoride, PVDF. Recueil de mécanique, Volume 4, Numéro 2 (2019), pp. 374-381.
DOI : 10.5281/zenodo.3738703.

[11]Y.J. Kim, D.J. Shim, S.S. Hwang, J.S. Kim, Finite element based plastic limit loads for cylinders with part-
through surface cracks under combined loading, Int J Pres Ves Pip vol.80 (2003) pp.527-40

[12] Yahiaoui K., Moffat D.G., Moreton D.N. : Piping elbows with cracks a parametric study of the influence of crack
size on limit loads due to pressure and opening bending, J Strain Anal 35 (2000) pp.35-46.

[13]A.G Miller, Review of limit loads of structures containing defects, Int J Pres Ves Pip vol. 32 (1988) pp.197-327.

[14]A.G. Miller, The plastic collapse of cracked pipe bends under internal pressure or in-plane bending, CEGB report
TPRD/B/0806/R86, 1986.

[15]A. Zahoor, Ductile fracture handbook, EPRI/NP-6301, 1991.

[16]C.R. Bernal, , P.E. Montemartini, P.M. Frontini, The use of load separation criterion and normalization method in
ductile fracture characterization of thermoplastic, Journal of Polymer Science Part B Vol. 34 N°11 (1996)
pp-1869-1880.

[17]C. Morhain, J.I. Velasco, Determination of J-R curve of polypropylene copolymers using the normalization
method , Journal of Materials Science Vol.36 No.6 (2001) pp.1487-1499.

[18]J.Wainstein, L.A.Fasce , A. Cassanelli, P.M. Frontini, High rate toughness of ductile polymers, Engineering
Fracture Mechanics Vol.74 No.13 (2007) pp.2070-2083.

[19]M. Zhou, R.J. Clifton, A. Needleman, Finite element simulations of shear localization in plate impact, J. Mech.
Phys. Solids 42 (1994) pp.423-458.

[20]B.V. Garcia, C. Bernal, P. Frontini , Calibration of fracture mechanics parametersand J -R curve determination
in polyethylene side-grooved arc-shapedspecimens, Polym Eng Sci. (1999) pp.231-48.

[21]A. Salazar,J. Rodriguez, The use of load separation parameter Spb method to determine the J-R curves of
polypropylenes. Polymer Testing Vol.27 No.8 (2008) pp.977-984.

[22]H. Nishimura, A. Nakashiba, M. Nakakura, K. Sasai, Fatigue behavior of medium-density polyethylene pipes for
gas distribution, Polym. Eng. Sci. 33(14) (1993) pp. 895-900.

[23] STPM. Chiali : Tubes polyéthyléne et accessoires. Catalogue technique, 2006.

[24] B. Aour; F. Zairi ; M. Nait-Abdelaziz ; J.M. Gloaguen, O.Rahmani. J.M. Lefebvre, A computational study of die
geometry and processing conditions effects on equal channel angular extrusion of a polymer, Int J Mech Sci Vol.
50 (2008) pp.589-602.

[25]C.F. Shih, B. Moran , T. Nakamura , Energy release rate along a three dimensional crack front in a thermally
stressed body, Int J Fract Vol.30 (1986) pp.79-102

[26] A.S. Gullerud, K.C. Koppenhoefer, A. Roy, Jr R.H. Dodd, WARP3D: 3-D dynamic nonlinear fracture analysis of
solids using parallel computers and workstations. Structural Research Series (SRS) 607 UILU-ENG-95-2012,
University of Illinois at Urbana-Champaign, 2004.



