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Abstract:
The main objective of this study was to analyze the integrity of a defective high density poly-
ethylene (HDPE) pipe by computing the J-integral. To this end, an experimental test was
performed to measure the toughness and to determine the mechanical behavior of the HDPE.
Many burst tests were achieved on longitudinally notched pipe specimens subjected to
internal pressure. The defect was machined by a disc cutter with 0.5mm thickness. So the
notch geometry was given by the disc cutter penetration in the pipe wall. Numerical
simulations based on the computation of the J-integral were used to analyze the fracture
behavior of these structures (notched pipe and pre-cracked pipe). The numerical results were
discussed and compared with the experimental tests. Using the critical value of J-integral, the
numerical simulations allowed determining the crack initiation pressure and the opening
stress in the vicinity of the defect root. Numerical results show that there is a gap between the
crack initiation pressures of pre-cracked pipe and those of the notched pipe. This gap
increases when the defect is deeper than half of the wall thickness. These pressures decrease

parabolically with the defect depth.
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Nomenclature

a defect depth
a, Original crack length
c Defect length
d Opening displacement
d, Outside diameter of the disc cutter
p Internal pressure of the pipe
t Wall thickness
u Displacement
D, Outside diameter of pipe
J J-integral
J,. J-integral critical value
U Energy
U, Indentation energy
U, Total energy
é Strain rate
n Geometric factor
O Circumferential stress
Aa Crack extension
Highlights

e J-R Curves and toughness J,, of HDPE PE100 have been obtained experimentally.

e Burst tests were achieved on longitudinally notched PE 100 pipes.
e 3D-FEM model based on J-integral criterion was used to analyze the defect severity.
e Both longitudinal notch and crack were numerically studied and compared.

e The numerical results show a good agreement with the experimental burst pressures.



1. Introduction

According to the Freedonia Group specialized in industry market research and analysis[1],
“Plastic pipes will offer the best growth of any product type through 2017.Global demand for
plastic pipes is projected to rise 8.5 percent annually through 2017 to 11.2 billion meters,
improving significantly from growth posted between 2007 and 2012.High density
polyethylene (HDPE) pipes, which have historically been used largely in the oil and gas
market, will continue to make gains in the water pipe market. PEX, a type of HDPE, can
replace Polyvinyl chloride (PVC) and metal pipes in distribution applications. HDPE pipes
will also supplant concrete, PVC, and steel pipes in drainage and storm sewer applications™.
The HDPE is the chosen material for fluid transport network pipelines thanks to its good
resistance to wear and corrosion, low density, ease of installation and low cost. However
compared to ductile iron and concrete pipes, the HDPE is a very soft material and
consequently more vulnerable to abrasions, scratches, and other damage types during
shipping and installation. In fact, ANS/AWWA C906[2]states that “the walls shall be free
from cuts, cracks, holes, blisters, voids, foreign inclusions, or other defects that are visible to
the naked eye and that may affect the wall integrity.” This is an arguably impractical
stipulation relative to many rugged construction sites.

The accurate prediction of the failure pressure in damaged pipelines remains a critical issue
for the safety assessment of high-pressure piping systems. Defect assessment in a pipeline is
achieved using different tools according to the defect types and fracture modes.

Several authors [3-12] have studied pipe fracture problems by means of experimentation and
numerical simulation in order to assess the mechanical integrity, taking into account different
crack shapes.

Unfortunately, there are only a few scientific publications dealing with the failure of the
polymer pipes. Benhamena et al. [13, 14] analyze the severity of semi-elliptical crack defects
located in different positions in the wall of a poly-ethylene pipe using the three finite element
method based on the computation of the J-integral. The effect of the position, shape, and size
of the crack on the J-integral was highlighted. These studies, however, were limited to crack
defects and without any experimental validation.

Since HDPE is a viscoelastic material, Linear elastic fracture mechanics (LEFM) theory
cannot be applied and the total work of fracture must include the various forms of plastic

deformation, which appear prior to and during any failure



The problems associated with the LEFM analysis on polymers have led to the development of
several elastic-plastic fracture analyses, with both of the J-integral and the Essential Work of
Fracture (EWF) as the most commonly used approaches. The EWF concept is very useful in
the characterization of the fracture behavior of films and sheets. Experimental protocols were
developed by the European group ESIS (European Structural Integrity Society) for measuring
the Essential Work of Fracture in plane stress state. The authors in [15-16] have tried to
operate this method in the plane strain state but it has not been normalized yet.

For a ductile material, the gradual increase of plastic strain at the crack tip during initiation
and propagation causes an increase and a stabilization of its cracking resistance. The crack

extension resistance becomes a function of the specimen’s size and geometry. So, the
toughness of the material cannot be represented by a single critical parameter (K, or G,) but
by the R-curve (J = f(Aa)). This curve describes the energy conditions required by an
additional crack extension after the crack initiation. It indicates at the same time when and
how the rupture will occur.

The J-integral, developed by Rice [17], is defined as a contour integral, which describes the
energy per unit area needed for the creation of two new surfaces in a cracked body submitted

to loading. When the J-integral reaches the critical value (J,,) the crack propagates. J, can

be considered as a material parameter.

In the present works, longitudinally defective PE100 pipe specimens subjected to internal
pressure were numerically studied. A series of full scale burst tests were performed on the
same closed-end pipe specimens. Experimental and numerical results were compared and
analyzed.

In the first part of the paper, we recall the Elastic-Plastic Fracture Mechanics theory (EPFM)
based on the J-integral concept. Laboratory testing of the PE100 material was performed at
room temperature. Deep crack “CT” specimens provide the needed data to measure the crack
growth resistance curve J-Aa(R-curves) of the material. In the second part, 3D-FEM based on
the computation of the J-integral [17] at both notch and crack front was used to analyze the
defect severity. This led to study the evolution of damage degree in the equipment (HDPE
pipe) under internal pressure during its propagation. Finally, experimental burst tests were
performed on PE100 vessels containing a longitudinal notch defect.

The remaining of this paper was organized as follows: section two described the experimental
procedure. Section three was devoted to numerical simulations. In section four, the numerical
and experimental results were analyzed and discussed before drawing the major conclusion in

section five.



2. Experimental section

2.1. Mechanical behaviour of the material

High Density Polyethylene (HDPE) is a thermoplastic material supplied by the manufacturer
in a ‘ready to use’ pelletized form. The grades suitable for pipe manufacture are PE 63, PE 80
and PE100. The pipe manufacturer converts this material into pressure pipes.

For drinking water application HDPE strength class PE100 is widely used. These materials
are termed as "the third generation HDPE". The evolution of the true axial stress versus axial
strain for different strain rates of PE100 was investigated by Ferhoum [18]. The test
specimens were cut from the HDPE pipe in the axial direction. Images supplied by a camera
of VideoTraction system were used. The results of this investigation were used in our study to
characterize the material on ABAQUS. However, one of the main drawback of the
VideoTraction system is the low precision in the characterization of the viscoelastic region.
Indeed, in the beginning of deformation, the specimen cross section does not change
significantly and the accuracy of the data acquisition system (typically of the order of +/-
30um) in ordinary conditions of use, does not allow obtaining reliable measures [19]. For
these reasons, tensile tests were conducted on a standard traction-compression machine
piloted in a displacement mode using an extensometer in order to better characterize the
material at low deformations. This allows us to accurately determine the elasticity modulus,
Poisson's ratio of PE100 and the viscoelastic region. These tests were carried out at three

different test strain rates. A stress-strain curve for each strain rate is represented in figurel.
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Figure 1.Stress-strain curves for the HDPE



2.2. The J-Integral

To define the J-integral as a fracture criterion, extensive experimental investigations on the J-
integral testing were conducted in order to evaluate the critical value (J, ) for the onset of a

crack growth under plane strain conditions.

Several methods (ASTM D6068) [20] have been developed specifically to determine the
crack growth resistance curves (J R-Curves) of thermoplastic polymeric materials. The
construction method involves performing standard compact tension (CT) tests to different
displacements with the same speed (10 mm/min) recommended by The ISO 13586 standard
[21]. CT specimens (figure 2), used for the tensile test, were machined by abrasive water jet
cutting. A razor blade was used across the root of the machined pre-notch to generate the
crack.

Load-line displacement measurements for each imposed openness (figure 3), are used to
calculate the J-integral from the area under the recorded load-displacement which is the Total
Energy “UT”. The remote displacement measurement is performed using the position
transducer on the testing machine. The obtained data were corrected for extraneous
displacements (such as indentation effects, pin penetration, or machine compliance) by
conducting a separate indentation measurement. The Low gap observed in Figure 3 between
load displacement curves is due to low accuracy of the pre-crack. An unnotched calibration
specimen that is of the same geometry as the individual specimens used in the J tests has been
used for the indentation correction [20].It has been loaded to a maximum load that is at least
10 % greater than the maximum load used in the set of individual J tests (figure 4b). The
loading rate and test temperature are the same for the indentation correction and J tests.

The indentation energy, “Ui”, for each J test specimen is obtained by integrating the load
versus load-point displacement curve measured in the indentation test up to the displacement
that corresponds to the maximum load (F (max)) for that J test specimen (figure 4).

Using Ur and U,, the J can be calculated for all the tested specimens by the relationship

_ U(UT _Ui)
= —a,) @

where7 is a dimensionless eta factor that depends solely on geometrical parameters but not

on the level of deformation [22]. Garcia et al [23] affirms that for J-testing of polymers, eta
factor is functions of crack length to width ratio (a/W). Clarke and Landes [24] obtained an

approximate fitted function of the 7 factor for compact tension specimens as:
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Figure 4.Determination of the total and the indentation energy
When the traction machine reaches the imposed displacement, a white paint is applied to
mark the different areas of the fracture surface. This surface is observed by a3D Optical
microscope and shows the characteristic dimple-type of a ductile tearing mode (Figure 5).

The original crack length, a,, is calculated from the average of three measurements from one

side of the specimen along the original crack front on the fracture surface. Along the front
stable crack extension region, the crack length was measured at five equally spaced points
(Figure 5). The average physical crack extension Aa is calculated from these measurement

points.
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Figure 5.Measurement of crack-extension (Aa )

The J-R curve is constructed from J-Aa sets of the data determined as previously described.
Figure 6 shows a representative crack growth resistance curve (J-R curve) obtained from an §

mm thick CT specimen by the above described procedure.



For the determination of the toughness inJ, , besides the method of the offset construction

line recommended by the ASTM E 813 [25], some authors choose to alternately define J,,, for

polymeric materials, as the value of J-integral for a crack extension set at 0.2 or 0.4 mm [26-

28]. So J , corresponding to the value of the J-integral for Aa =0.2mm can be considered as
a critical value which characterizes the crack initiation [26]. This assumption was discussed in
sub-section 3.2.

In the case of HDPE, figure 6 shows that the critical fracture toughness (J ,c) is equal to
7.69k] / m® .This value is quite logical because fracture toughness for HDPE determined
using the same approaches showed significant variations, from as low as 7kJ / m* to above
20kJ/m* [29].

This value was inserted in the ABAQUS software to determine the internal pressure which

leads to the crack initiation in the pipe.
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Figure 6.Crack growth resistance curve (R-Curve)
2.3. Burst tests

2.3.1. Pipe specimen geometry

The experimental study was made on PE100 pipe specimens. The dimensions of the pipe

pieces, shown in figure 7, are 400 mm length, of thickness # = 12 mm and external diameter

D, =125mm with different external notches.



Notches are machined by a disc cutter that has a plate thickness of 0.5 mm and an outer
diameter (d,) of 80 mm. The depth of the notch (a) is due to the disc cutter penetration depth

into the pipe wall. Figure 7 shows the geometries of the defected test specimen.
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Figure 7.Notched pipe geometry
2.3.2. Test process and results

To validate the theoretical method, burst tests were conducted under various temperatures.
The structural parameters of the PE 100 specimen are listed in figure 8. All specimens were
made from the same material and production batch. Test temperature was set at 20 °C, and
three specimens were used for each group of tests.

Figure 8 shows the details of the clamp, with a flange 3 and chucking parts 2 and 7 forming
the main structure of the clamp by the clumping nut 8.Closed-end PE100 specimens were
exposed to internal pressure tests using the testing apparatus shown in figure9(b).

The outer surface of the compressing part 6 bears a tooth system that runs in the hoop
direction. The compressing part 6 is pressed on the inner surface of PE100 1 such that the
loads exerted on compressing part 6, particularly those in the axial direction, can be
transmitted reliably to the PE100 to limit the axial displacement of the pipe. A compressing
part 5 is next to the compressing part 6. Compressing part 5 is pressed against a gasket 4,

which efficiently prevents water leakage. The assembled cap has a size of 100 mm.

10




Figure 8.Dectails of the test apparatus, 1: PE100; 2: chucking; 3: flange;4: gasket; 5,
6: compressing parts, 7: chucking; 8: clamping nut

A controlled burst test machine was used, and the pressure controlling precision reached up to
0.01 MPa. Closed end specimens were initially filled with water at atmospheric pressure than
they have been loaded by forcing water in with a continuous pressure rate of 12 bar per

minute until failure (figures 9).
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Figure 9.Typical specimen failure of short-term burst tests

The measurement results are presented as a curve of pressure versus volume of added water
until failure (figure 10).Although these curves have the same shape which is quite
independent from the notch depth, the burst pressures are greatly affected by such a depth.
Table 1 shows the effect of the notch depth on the burst pressure.

11
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Table 1.Burst pressure for each pipe specimens
Notch depth (mm) 4 6 8

Burst pressure (MPa) 5.52 1 5.04|4.54

In addition to the experimental study, the defective PE100 pipe subjected to internal pressure
were numerically simulated by the means of FEM model based on the J-integral criterion. The

experimental and numerical results were compared

3. Numerical Modelling

The crack behavior was analyzed by computing the J-integral at the crack front of a
longitudinally pre-cracked pipe and a notched pipe. It is necessary to study and analyze the
difference between pre-crack and notch. Five defect depths were considered in order to
determine the effect of the depth on the pressure leading to the crack initiation in the poly-

ethylene pipe.
3.1. Finite element modelling

A finite element simulation was performed using the ABAQUS (FEA). The numerical
simulation of three dimensions crack propagation is known to be tricky for reasons related to
the mesh near the notch front, especially when it comes to polymer materials.

Figures 11, 12 and 13 show a three dimensional representations (3-D FE) of the finite element
mesh. Assembled burst tests specimens (pipe +cap) were modeled as a rigid body by a 20 mm

closed ends pipe (Figure 11-a).Symmetric conditions were fully used. Only a quarter of the



model was studied in order to reduce the computation time. The specimen was loaded with an
internal pressure P uniformly distributed over the entire inner surface of the model (pipe+cap)

with a continuous pressure rate of 12 bar/min (Figure 11-b).

a) Cap was defined as rigid body elements. b) Load and Boundary conditions
Figurell.3D pipe Mesh

The quarter of the specimens were meshed by HyperMesh using C3D20 which is a second
order element consisting of 20 nodes. Several contour integral evaluations are possible at each
location along the crack front. In a finite element model each evaluation can be thought of as
the virtual motion of a block of material surrounding the crack tip. Each such block is defined
by contours: each contour is a ring of elements completely surrounding the crack tip or crack
front from one crack face to the opposite crack face.

The mesh was sufficiently refined in the vicinity of the crack tip with special elements to
increase the accuracy in local area and predict the J-integral correctly. Seven ring elements
surrounding the crack tip were used to evaluate the contour integrals. These rings of elements
are defined recursively to surround all previous contours. The first contour was the crack tip
caused by disc cutter penetration into the pipe wall (Figures7 and 12).This is defined in
ABAQUS/CAE as the crack front. After that the virtual crack extension direction was defined
by specifying the normal to the crack plane as shown in figures12 and 13.

Generally, the nodes number in typical FE meshes ranges between 200000 and 320000 nodes.
To include the nonlinear effects of large displacements, the NLGEOM_ABAQUS option was
used.

As HDPE is a high strain rate sensitive material, the FE model takes into account the variation
of the strain rate by using the strain-stress curves at different strains rate (5 107, 10~and 10

explained in subsection 2.1.



Figurel2.3D Notched pipe Mesh

Figurel3.3D Pre-cracked pipe Mesh

Thermoplastic materials such as PE 100 have a viscoelastic behavior and a high degree of
ductility. For this kind of materials, the viscoelastic-plastic fracture mechanics concept is
recommended to analyze the fracture behavior (the initiation and propagation of cracks) [30,
31]. Benhamena et al. [13, 14], however, showed that elastic-plastic approaches can

approximate the critical J-integral of the polyethylene with acceptable accuracy.



3.2. Results and discussion

The values of J integral depend on the current point of the crack front characterized by the
angle O (from @ =0" to 8 =90", see figure 14). The analysis was limited to one particular

point in the crack front characterized by the angle & =90° (position 1). It is the point where

the J integral presents the maximum values.

Position 0

Figureld./ integral in three dimensions (3-D) [13]

The evolution of the J-integral in different contours in the normal plane to the crack tip, for
both pre-cracked and notched pipe, is represented in figure 15. Results converge to saturation
values from the third contour in the case of a cracked pipe and the fourth contour in the

notched pipe. This convergence proves that a good meshing was adopted.

15
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In the case of a notched pipe, a plastic zone begins to appear and extends over a large area of
the structure. In such a case the elastic—plastic stress at notch root increases to a maximum

stress then decreases until reaching a certain distance referred to (X, =1.05mm ) (Figure 16-

a). Therefore, at low pressure, the J-integral which is a parameter that describes the state of the
crack growth is higher than in the case of pre-cracked pipe (Figure 15) where the plastic zone
appears later and is still confined to the crack tip. So, the stress concentration is considerably
higher in the case of pre-cracked pipe (Figure 16-b). This explains the strong rapid rise in J
when the load reaches a level close to the critical value needed to propagate the crack. In the
case of notched pipe, however this increase does exist but it this increases, although it exists,

remains relatively slower (Figure 15).
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Figure 16.Maximum principal stress (0,) distribution along the crack ligament

Now, it becomes possible to discuss and justify (as mentioned in sub-section 2.2) the choice

ofJ,, as a critical value of the J-integral. This can be achieved by plotting the opening stress ,

Oy, and the Von Mises stress, 0,

ises 3

distribution along the ligament in a pre-cracked pipe

when the J-integral is equal to 6, 7.69 (Jo») and 14.1 (Jo4) KI/m® (see figure 17 and 18).

We note that a damaged region (plastic zone) appears when the J-integral found by ABAQUS

is close to the value of J,, measured experimentally. For J =J, (red curve), the damaged

region is much more remarkable. So, it is more conservative to take J,, as a J-integral critical

value.
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Figure 18.Von Mises stress (Oisises) distribution along the crack ligament (in the vicinity of the
crack tip)

The value of the critical fracture resistance (J;c=7.69 KJ/m2) allows to determine the internal
pressure which leads to the crack initiation. The values of this pressure are deduced from

figure 15 and are presented on figure 19 as a function of the defect’s depth.

For notched pipe these pressures are higher than pre-cracked pipe ones because they have a
more important stress concentration in the vicinity of the crack tip (Figure 16-b). The
interpolation curve of the points takes a parabolic shape. While the gap between the curves
remains constant until a defect depth of 6mm (half wall thickness) is reached while it
increases when the defect is deeper than 6 mm. This increase can be explained by the edge

effects shown in figure 19.
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Figure 19.Crack initiation pressure vs defect depth

4. Experimental and Numerical results analysis

Both experimental and numerical Curves of the internal pressure as a function of water
volume added to each specimen during burst tests are presented in figure 20.

The numerical results agree well with the burst test results. The relative weak errors can be
mainly caused by two factors. First, the HDPE is actually a viscoelastic—plastic material,
whereas in the numerical model is described as an elastic-plastic which may result in an
overestimation of the HDPE properties. Second, it can be caused by experimental errors such

as measurement and leak.
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Figure 20.Pipe’s internal pressure vs added water volume during the Burst test
(a=Notch depth)



The burst pressure for each notch depth (4mm, 6mm, and 8mm) is deduced from the figure 20
and represented by green points on figure 21. This figure shows that the burst pressure
decreases linearly with the notch depth. However, the decrease of the crack initiation
pressure, numerically predicted, is parabolic.

This interpolating curve establishes the minimum pressure needed to initiate a crack. So the
zone located under this curve is a safety zone. Beyond this curve, the damaged region

expands in size over time and the crack propagates until pipe failure (figure 21).
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Figure 21.Pressure variation vs notch’s depth
5. Conclusion

PE100 cannot be treated by classical fracture mechanics. In this case the procedure is
inappropriate and too much conservative. This kind of material induces viscoelastic-plastic
failure and can be assessed by Elastic-Plastic Fracture Mechanics theory (EPFM) based on the
J-integral concept. In this paper, an experimental study led to draw the J-R curve and deduce
the critical value of the J-integral. Numerical simulations of longitudinally pre-cracked and
notched pipes allow studying the evolution of the J-integral over a linear pressure loading (12
bar/min). These simulations allowed determining the crack initiation pressure for pre-cracked
as well as notched pipes. In the two cases, it decreases parabolically with the defect’s depth.
There is a constant gap until a defect depth of 6mm (half wall thickness) is reached. However
it increases when the defect is deeper than 6 mm. The numerical model was validated by the

burst tests through comparing the pressure variation versus the volume of added water.



The experimental results of defected pipes with defect depth between 4mm and 8 mm show
that the burst pressure decreases linearly with the notch depth. However to conclude about the
general shape of burst pressure as function of defect’s depth more experimental tests will be
conducted in the upcoming studies. Results in this paper show that the J-integral can be used

as a criterion to evaluate the severity of a small width notch.
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