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ABSTRACT

The present study aims to characterize the cracking behaviour of high-density poly-ethylene
(HDPE) pipe elbow. Experimental studies were performed to determine the mechanical
behaviour of HDPE and study the anisotropy of the material. Tension tests were performed on
compact tension (CT) specimens to identify the toughness value, expressed by the critical
value of the J-integral Jic. These tests were carried out on specimens cut from a PE100 plate
with a different orientation angle with respect to the extrusion direction. The testing results
have shown that HDPE can be considered as an isotropic material. The methods used to
calculate the Ji value resulted in different value. Due to these uncertainties, a study of a
failure criteria using crack tip opening displacement (CTOD) was proposed and conducted.
The combination of the J-integral and "CTOD" method gave the possibility to determine for
the critical value of the J-integral as a value of the fracture toughness of the HDPE. The
obtained results suggest that the value of 8.4 kJ/m? can be considered as the Ji. fracture
toughness required to initiate the crack for the HDPE.

Keywords: HDPE elbow, J-integral, J-R curve, CTOD, Ji

Nomenclatures

a defect depth

ao Original crack length

Ci Constant

c2 Constant

CT Compact Tension

CTOD Crack Tip Opening Displacement
CTOA Crack Tip Opening Angle
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E Young's modulus
HDPE High-density polyethylene
K Stress Intensity Factor
u Displacement

J J-integral

Jie J-integral critical value
SZW Stretched Zone Width
U Energy

Ui Indentation energy

Ur Total energy

o Orientation angle

3 Strain rate

Oy Yield stress

Ou Ultimate strength

n Geometric factor

Aa Crack extension

1. Introduction

Water scarcity is considered among the most dangerous problems facing humanity. A study
conducted in 2015 has stated that water scarcity will be threatening more than 40% of the
world population by 2050 [1]. Therefore, ensuring a sustainable management of this resource
has never been more vital.

One of the aspects of sustaining this life-depending resource is the minimization of leaks.
Indeed, leakages in drinking-water supply networks can cause the loss of a huge amounts of
water. Moreover, drinking water resources are subjected to contamination in the presence of
leaks. A leakage in water distribution networks (WDN) is mainly caused by a pipe rupture. It
is considered a frequent phenomenon in urban zones and in general it is started with a defect.
Engineers and researchers depend on the science of fracture mechanics to study the structural
integrity of pipelines. However, the behaviour of pipelines presenting a defect is quite
different from one material to another. For instance, steel pipes are treated differently from
plastic pipes since the latter present a completely different mechanical behaviour.

It is worth noting that in the last 40 years, plastic pipes, namely high-density polyethylene
(HDPE) pipes have been widely used in WDNs. The mechanical properties of HDPE pipes



(fracture mechanics properties, elastic modulus, and tensile strength) induce a different
behaviour in the presence of a crack. Indeed, elastic pipeline with a sharp crack can be
damaged even under a small load. Whereas, the viscoelastic properties of HDPE can present a
different behaviour [2]. Under these circumstances, Linear Elastic Fracture Mechanics
(LEFM) based on the Stress Intensity Factor K [3,4] cannot be applied since the strain at the
crack tip is plastic.

To address this problem, a new branch of fracture mechanics has appeared in the period
between sixties and the eighties of the last century. Consequently, the plastic behaviour of
materials and the nonlinear or elasto-plastic fracture mechanics have been considered.

Even though a variety of methods are available to determine the properties of fracture
mechanics for elasto-plastic materials, the procedure is still not standardized. As a result, the
establishment of a consistent characterization procedure has been extremely delayed. Rice [5]
and Bui [6] have introduced the energetic contour path integral (also referred to as J) to
compute the release rate of the strain energy. The J-integral method have been widely used by
engineers and researchers [7-9]. The procedure consists in plotting J-R curves based on
standard compact tension tests (CT) to determine the fracture toughness of the material.
Indeed, fracture toughness is considered highly significant in the characterization of a material
its ability to resist to the crack propagation. Throughout the years, studies have demonstrated
that the critical fracture toughness (Ji.) of HDPE displayed significant variations, ranging
from as low as 7 kJ/m2 to above 20 kJ/m2 [10]. More precisely, the values of Ji. varies from
one researcher to another, which makes it difficult to choose the convenient value.

A different criterion, in case of highly ductile materials, can be used when the plasticization at
the end of the crack becomes significant. Crack Tip Opening Displacement (CTOD) criterion
uses the crack tip gap to prevent cracking [11]. The crack tip opening displacement is
measured with a Digital Image Correlation (DIC) camera and commercial digital image
analysis software with distance- and angle-measuring tools.

In the present study, we aim to determine an exact value of the critical J-integral using both
approaches. Firstly, the constitutive law of HDPE material based on tension tests will be
determined. To this end, the material characteristics are first determined. The tests were
carried out on a series of molded specimens and, subsequently, on a second extruded series.
In a second part, the extension of a crack by means of tests conducted on specimens of
compact tension (CT) is investigated. The test specimens were taken from an HDPE plate in
three different directions to highlight an eventual anisotropy of our material. In a final stage,

this criterion will be combined with the Crack-Tip-Opening-Displacement to find the value



of the critical J-integral.

2. Mechanical Properties of High-Density Polyethylene

In this section, the mechanical properties of HDPE material, namely the modulus of

elasticity, elastic limit, elongation, proportional limit, reduction in area, tensile strength, yield

point, and yield strength, are determined. This task is achieved by performing tensile tests on

standard test specimens. The test specimen presented in Fig. 1 was manufactured according to

the ISO 6259 procedure [12]. The various dimensions presented on the same figure are

displayed in Table 1. It is to note that the values of the thickness and the width are 8 and 10

mm, respectively.
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Fig. 1: Geometry of the test specimen

Table 1. Dimensions of the test specimens

Symbol Discription Dimensions (mm)

A Overall length 150

B Width of ends 20+0.2

C Length of narrow, parallel-sided portion 60+0.5

D Width of narrow, parallel-sided portion 10+0.2

E Radius 60+0.5

F Gauge length 50+0.5

G Initial distance between grips 115£1.0

H Thickness 8+0.2

2.1. Effect of strain rate

To determine the mechanical characteristics of HDPE material (CH2-CH2), the tension tests

were performed at room temperature. Samples were extracted from the elbow according to the

instructions of ISO 6259 [12] standard. The test specimens were cut from the molded 90

Degree elbow (Fig. 2). The dimensions of the elbow made of HDPE material are presented in



Table 2. The tension specimens were machined in two steps: cutting with a water jet to obtain
the shape of the specimen was performed as a first step followed by surfacing operation by
milling to reach the desired thickness. To account for the dispersion of the results, three
tension tests were performed for each strain rate. In what follows, an average curve of the

three measurements will be represented.

LI

Fig. 2: Sampling of test specimens from the elbow

Table 2. Dimensions of the elbow

Dimension Value (mm)
D, 125
L1 95
L 184
S 114
H 250.5

The tension specimens are placed between two jaws of the machine and then stretched until
they break. In the current case study, the elongation increases uniformly. Deformation of the
specimen is measured during the test by a high-resolution universal tensometer, "MakroXtens
II", which is displayed in Fig. 3. The machine used for these different tests, ZWICK Z250, is
a universal machine. Its test strain rate varies between 0.0005 and 3000 mm/min. This
machine is designed for loads up to 250kN. Furthermore, it can be piloted in force or in
displacement. During the experiments, the parameters of the machine were modified
according to a control software. For the current investigation, three different strain rates 1073,

5.103, and 1072 s! were chosen.



Testing machine Extensometer

jaws

specimen

Fig. 3: Extensometer

Fig. 4 illustrates the measured engineering tension stress—strain curves for molded HDPE
specimens at different crosshead strain rates. The mechanical characteristics, obtained from
the three tension tests on specimens which were machined from a molded elbow, are
summarized in Table 3. We note that the strain rate loading influences the behaviour of the
material in two aspects. First, the elastic limit increases with the strain rate since the rigidity
of the material will increase. The second aspect is the decrease in the elongation at break with
increasing solicitation strain rate. It is to note that the obtained behaviour is related to the

viscous component of the polyolefin material.
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Fig. 4: Stress-strain curves for specimens machined from a molded HDPE elbow



Table 3. Mechanical characteristics of specimens machined from a molded HDPE elbow
for three strain rates

Strain Young's modulus E  Yield stress oy~ Ultimate strength 6,  Ultimate strain (%)
rates (s (MPa) (MPa) (MPa)

10 1520.2 23.5 25.85 9.44

5.10° 1458.6 22 24.92 9.06

103 1346.4 17.5 22.08 10.12

Three different strain rates were first considered to investigate the effect of the strain rate on
the mechanical characteristics of the material. Obtained experimental results are displayed in
Table.3. It is clearly observed that a slight difference was obtained for the different values of
strain rate. Therefore, only one value of the strain rate is considered for the following tests.

Experiments to study the impact of the specimen direction on the mechanical characteristics

were conducted for a strain rate of 107,

2.2. Influence of orientation

To perform a complete study of the behaviour and anisotropy of the HDPE material, it is
necessary to use specimens in different directions (o = 0 °, 45 ° and 90 °) with respect to the
extrusion direction of plates, as shown in the Fig. 5. Since the elbows are molded, HDPE
plates were used to prepare the test specimens shown in Fig. 5. The results of uniaxial

solicitation are presented according to the direction of sampling in the plane of the plate.
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ﬁ

Fig. 5: Specimens cut from the extruded sheets in different directions
Fig. 6 depicts the stress-strain curves for the different orientations, obtained for a strain rate
equal to 107 s, It is observed that the curves follow a relatively similar pattern up to a
deformation equal to 200%. As a result, one can conclude that the PE100 material has a

particularly isotropic behaviour. A further observation of Fig. 6 indicates that specimen’s



deformation of the 0° and 45° orientation reached 210% and 240%, respectively. On the other

hand, the deformation reached up to 370% for an orientation of 90°.

"I a comparison was made between the tension tests results for

For a strain rate of 107 s
specimens machined for different angles with respect to the extrusion direction (Fig. 6) and
those machined from a molded elbow (Fig. 3). The obtained gap was found to be not
exceeding 3%. Henceforth, it can be concluded that the high-density polyethylene PE100 is an

isotropic material.
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Fig. 6: Stress-strain curves for different angles

3. The J-integral
3.1. Objective

In this section, the initiation of defects in the structures is analysed based on the level of
ductility of the material according to different concepts. For high density polyethylene, the
strain at the crack tip is plastic. As a result, the approach of Linear Elastic Fracture Mechanics
(LEFM) based on the Stress Intensity Factor K, is not applicable. Nevertheless, since the
HDPE has a visco-elastoplastic behaviour, a second concept has been developed, i.e. non-
linear fracture mechanics, which takes into consideration this type of material and all ductile
materials in general. The toughness of HDPE material is represented by the curve of the J-
integral (J = f (Aa)), corresponding to the rate of energy relaxation for the propagation of
plane cracks. When the J-integral reaches the critical value (Ji¢), the crack propagates. Jic can

be considered as a material parameter.



3.2. Specimen preparation

The compact tension (CT) specimen was standardized by the ISO 13586 standard [13]. Since

the machining of specimens from a bent pipe is quite difficult, we have chosen to use 8 mm

thick PE100 plates instead. For the rest of this study, all CT specimens were cut from a plate.

The dimensions of the specimens were determined in accordance with ASTM E1820. To

establish a comprehensive study on this material, we machined specimens from extruded

plates in three different directions (o = 0°, o = 45° and o = 90°). Fig. 7 indicates that the

directions are chosen with respect to the extrusion direction. Moreover, all results are

presented according to the sampling direction. The initiation of the crack depends on the

radius of the root pertaining to the initial pre-notch. A smaller pre-notch is more comparable

to the geometry of a crack during propagation [14]. Therefore, a very fine pre-crack of 4 mm

depth has been introduced at the bottom of the notch using a cutter blade.

a=m/4

A

a=0  Extrusion direction

b —

w =40*2 | Width
L =50** Overall length 1,2w +0,01w
H —=8¥2 | Thickness WA<b<Q6worb<w?2
ay =20*"" | Crack length 0,45w <a<0,55w
d, =484 Transverse width 1.2w+0.01w

_ ~ni02 | Distance between the
4 =30 center of the two holes 0.375w +0.005w

Distance between the

—_ +0.2
d; =8.4 two edges of sensor 0.21w£0.005w
R =7.5*%2 | Radius 0.188wx0.005w

Fig. 7 : Standard compact tension (CT) (mm)




4. Experimental procedure of J-integral

In this section the experimental procedure for calculating the J-integral is introduced. Tension
tests on CT specimens were performed by imposing a transverse displacement energy with a
set speed of 0.05 mm/min and an ambient temperature of 20°. Tests were carried out on an
INSTRON tension / compression machine. The mounting on the machine and the progress of

the test are recommended by ASTM D6068.

For each sampling angle, the tests were carried out on seven test pieces with different levels
of arrow or opening. Each specimen leads to the determination of the curve (load /

displacement). Consequently, a coupling (J,Aa) in the J-R curve is obtained.

4.1. Method of determining the J-integral

Numerous methods were proposed in the literature to experimentally determine the J
parameter. The researches of Sumpter and Rice et al. [15,16] have shown that the parameter J

can be represented by Eq. (1).

J=n HOW —ag) (1)
In which, the term of energy U represents the difference between the total energy Ut and the
indentation energy U;. U; was computed following a tension test, which is performed on an
unnotched CT specimen (Fig. 8 (b)). The maximum load for this test was 10% higher

compared to that obtained in testing notched CT specimens.

The n factor from Eq. (1) can be computed using the following equation (Eq. (2)) [17]:

a
n —2+0.522(1—W) 2)
L )
Load Laads
Max |
. Max load |- = =mmmes
@
3 gy of | O
Total energy : - con-
Displacement' Displacement
(a) Notched specimen (b) Unnotched specimen

Fig. 8: Determination of total and indentation energy
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Fig. 9: Experimental load-displacement curves (Specimens 0°)

Fig. 9 presents the resulting load-displacement curves of the CT tests. The total energy Ur is
therefore computed as the area under the load-displacement curve. It was found that the value
of the maximum load is reached for a displacement in the vicinity of 6 mm, which

corresponds to a load drop and a visible propagation of crack.
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Fig. 10: Load-displacement curves for an imposed displacement of 6 mm

Considering an imposed displacement of 6 mm, the load-displacement curves for the three
different angles are superposed in Fig. 10. A first glance indicates that each angle direction
exhibits a different behaviour. The obtained dissimilarities can be elucidated by the
orientation of the macro-molecular chains (micro-fibrils). As shown in Fig. 11, the

propagation of the crack would be easier in the longitudinal direction since it is aligned with

11



micro-fibrils. However, it is not the same case for the transversal direction where the micro-
fibrils are perpendicular to the crack direction. The obtained conclusion may also serve as an
explanation for the variant behaviour of the specimens in Fig. 6. Fig. 12 presents a zoom of
Fig. 6 for a strain larger than 200%. The difference of elongation for different angles of

orientation can thus be attributed to the orientation of the micro-fibrils.

16
s oo T T \
— \
€ 14
Direction L Direction T £
: £ 13
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+ "
:jzé z:THx{zé £ 12 4 @=0°
cracks cracks 11 - == a=90°
- — —q=45°
10 T T T
200 250 300 350 400
Strain (%)
Fig. 11: Direction of micro-fibrils
corresponding to the direction of Fig. 12: Stress-strain curves for different angles

solicitation
4.2. Crack-extension Aa

To represent the J-R curve, a coupling between J and the crack extension value (Aa) is
required. To distinguish Aa from the other zones, the following steps are performed; First, a
pre-crack zone P is created, followed by the CT test. As soon as the CT test is finished, a
yellow paint is sprayed on the crack. The yellow paint serves as a marker of the two facies of
the crack propagation, which will be considered for the microscopic observation and hence
the determination of Aa. After perfect drying of the paint, the tension test was carried on at a

higher strain rate of the order of 10* s! to break the specimen.

12
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Fig. 13: Crack-extension measurements (Aa)

Fig. 13 depicts an observation, obtained by means of a 3D optical microscope "ALICONA",
of the notch zone (E), the pre-crack zone (P) created by a cutter, and the crack propagation
surface (F). Based on this observation, Aa is defined as the distance, marked in red arrows,
between the front of the pre-crack and the front of the final crack. The final value of the crack
extension is calculated as the average of five values measured at the five equidistant points

marked in red.

The previous instructions were performed for the specimens obtained at different angles with
respect to the direction of extrusion. The experiments were performed under various imposed
displacement (2mm-14mm). Results of the calculated crack extension for the different cases

are regrouped in Table 4.

Table 4. Crack extension values obtained for different specimen orientation

Imposed displacement

u (mm) 2 4 6 8 10 12 14
Specimens 0° 0.3 0.37 1.5 3.06 4.17 4.865 7.1
Specimens 45° 0.5 0.626 1.15 247 4.42 5.04 5.7
Specimens 90° 0.3 0.4 1.6 24 3.79 5.82 6.1

Fig.14 displays the fracture facies on a scale that represents the crosshead displacement. As
illustrated in the microscopic observations, the shape of the crack varies as a function of the
imposed displacement. Precisely, the crack tip takes a parabolic shape, highlighted in red, as it
propagates thought the specimen.

13



At a given crosshead displacement between 6 and 8 mm, named dmax, the crack is already
initiated over the entire thickness of the specimen. The denomination dmax comes from the
fact that the maximum load, during the tension test CT, is obtained in the vicinity of this
displacement where the crack tip takes a parabolic shape. After reaching dmax, the spread
becomes faster and more stable, which results in a gradual decrease in applied loading as

depicted in Fig. 9.

2 mm 4 mm 6 mm 8 mm

Fig. 14 : Crack-extension (Specimens 0°)

5. J-R curve and fracture toughness

As discussed previously, the total and indentation energies are required to calculate the J-
integral. To this end, values of Ur and U; are computed for the different cases described
previously. To recall, the values of the energies are determined from the Load vs

Displacement curve, as shown in Fig. 8.

For a better visualization of data, the CT test results are displayed in Table 5. The J-integral
value is calculated through Egs. (1) and (2). Obtained values are later used to plot the J-R
curves. For the sake of simplicity, only the J-R curve of the Specimens 0°is presented, (see

Fig. 15).
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Table 5. Summary of the tests

Imposed displacement u (mm) 2 4 6 8 10 12 14
Specimens (°
Max-load (N) 250 360 382 395 370 378 365
Aa(mm) 0.3 0.37 1.5 3.06 4.17 4.865 7.1
Total energy Ur (1073 J) 356.94 1065.08  1884.7 2494.64 3037.68  3423.56 3855.8
Indentation energy U; (107 J) 38.1 48.5 50.5 52.1 49.5 50 49
Ur-U; (1037) 318.84 1016.58  1834.2 244254 2988.18  3373.59 3806.8
J (kJ/m?) 1.99 6.35 11.46 15.26 18.67 21.08 23.79
Specimens 45°
Max-load (N) 210 275 280 285 294.5 297.8 292
Aa(mm) 0.5 0.626 1.15 247 4.42 5.04 5.7
Total energy Ur (1073 J) 332.16  972.68 1348.9  2027.966 2427.64 29779 3386.03
Indentation energy U; (107 J) 33.8 40.2 41 41.5 42.2 43 42
Ur-U; (1037) 298.35 93248 1307.9 1986.47 2385.44 2934.9 3344.03
J (kJ/m?) 1.86 5.28 8.17 12.41 15.02 18.34 20.9
Specimens 90°
Max-load (N) 255 341 363 364 370 366 370
Aa(mm) 0.3 0.4 1.6 2.4 3.79 5.82 6.1
Total energy Ur (103 J) 353.87 973.427 1837.257 2399.42 3189.61  3892.53 4457.02
Indentation energy U; (107 J) 38.4 46.5 48.5 48.7 49.5 49 49.5
Ur-U; (1037) 31547 926927  1788.5 2350.72  3140.11  3843.53 4407.52
J (kJ/m?) 1.97 5.79 9.17 14.69 19.62 22.77 27.54

The interpolation proposed by Hiser and Loss [18] is used to determine the equation of J-

integral variation as a function of the crack extension. Specifically, they have proposed the

use of smoothing points by means of a power function that exhibit the following form:
J=cfMa™ (3)

In which ¢, and c;, are constants, and Ja is the crack extension.
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Fig. 15: J - Aa diagram of HDPE, including blunting line (Specimens 0°)
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S5.1.  First method to determine the of Jic
When applying a load on specimens, a blunting in the crack tip is generated. The J values,

hence, follows the following law [19]:

T =B.Aa (5

Where f is a constant that depends on the tensile characteristics of the material.

According to Beaver et al.[20] the value of the constant B can be expressed as follows:

p= 20, (6)

In which Oy represents the average of the yield strength Re and the maximum stress Rm.

The standard ASTM E 813 [21] indicates that the toughness Jic should be calculated as the
intersection of the J-R curve and the blunting curve shifted by 0.2 mm. Henceforth, the

following equation will be considered to express the J values:

1=20,.(Aa-0.2) %

Based on these instructions, the fracture toughness is described as the intersection of the
blunting line with the J-R curve as illustrated in Fig. 16. Using this method, the value of
fracture toughness was calculated for each angle. Despite the isotropy of the studied material,
the obtained values of Jic (between 1.9 and 3.2kJ/m?) are different compared to those
presented in the literature (between 7 and 20 kJ/m?) [22]. Consequently, this method is

considered not reliable to determine the toughness of HDPE.

16



30

V=7446x06% |
25 g
[ ]

NE 20 o
S~
2
T 15 A
7]
[J)
£
= 10 A

5 - J=2%cy* (Aa-0.2)

1=32 | [
0 T L L T T L L
0 1 2 3 4 5 6 7 8

Aa(mm)

Fig. 16: J - Aa diagram of HDPE, including blunting line (Specimens 0°)

5.2. The Second method to determine the value of Jic

A second method to determine the critical value of the J-integral from the J-R curve has been
studied by various authors; namely Pluvinage [23], Dzugan et al.[24], and Kim et al. [25]. In
the case of a ductile material, this method indicates that the experimental J-R curve follows
two linear functions. The first function characterizes the blunting of the crack during loading

and it is expressed as follows:

J= B.Aa (8)

The second linear function represents the stable growth of the crack. The intersection between
these two functions represents the crack propagation moment (fracture toughness). The usage

of this method is illustrated in Fig. 17.

Using this second method, we observed Ji values (between 5.02 and 7.38kJ/m?) in

accordance with the values found by Bouaziz (equals to 7.69kJ/m2) [26].

17
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Fig. 17: J-R curve of HDPE (Specimens 0°)

A comparison between the results of the tension tests on the two series of CT specimens using
the two methods are compared in Table 6. It is obvious that fracture toughness values
obtained using the second method are approximately twice larger than those obtained using

the first method.

Table 6. Resistance to cracking of PE100 (kJ/m?)

Angle 0° 90° 45°
First method 3.2 2.72 1.9
Second method 7.38 5.87 5.02

The precision of the J-R curve highly depends on the material, the geometry of the specimens,
the loading method, and the precision of the different measurements taken along the
procedure. Due to these uncertainties of the critical value of the integral J, a study of a failure
criteria with the Crack Tip Opening Displacement CTOD is proposed in the following

section.

Following the standards ASTM E1820 [27] and ASTM D6068 [28] the curves describing the
energy conditions, required for an additional propagation of the crack initiation, can be
established as well as that of CTOD according to the advance of the crack. Specifically, these
curves describe the case of a slow crack propagation, stable in mode I and in a state of plane

deformations in an elastoplastic material.
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6. Crack-Tip- Opening-Displacement-CTOD measurement
6.1. Test procedure

In fracture mechanics, the resistance to cracking is described by expressing the crack tip
opening displacement (CTOD) as a function of crack propagation Aa. Tests on CT specimens
were performed using different orientation angles (0 °, 45 © and 90 °). After pre-cracking, the
specimens were painted white to enhance contrast with the black background. Using the same
Instron 1341 hydraulic tension/compression machine, the sample was attached to both jaws
via two pins. The loading of the tension test was controlled using the INSTRON Wavemaker
software, which records the movement of the cylinder and the applied force (DIAdem

software). An Olympus camera (500i /s), with two lighting flashes, was used for image

acquisition (Fig. 18). The camera is used to record the crack initiation on specimens.

Fig. 18: Experimental test set-up
6.2. Results

Fig. 19 illustrates how the CTOD can be measured [30]. Accordingly, the recordings were
performed during the loading measure of CTOD as a function of the depth of the 'Stretched
Zone Width' SZW blunting zone. According to the American standard ASTM (E 2472) [29],
the mean value of the SZW zone is between 0.5 and 1.5 mm. To obtain satisfactory results, 30
different images at different instants were selected. In other terms, these recordings will be

used to determine the values of CTOD as it propagates with time.
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Crack Tip

CTOA

Fig. 19: Definition of CTOD and CTOA [30]

Once a test was completed, the entire video-taped history was reviewed to measure CTOD
and the crack extension. Fig. 20 indicates the location where CTOD was measured. Using
length measurement tools, the crack extension was measured from the crack tip location from
the previously selected image and the final crack tip location and recorded for each stable

tearing event [29].

Fig. 20: Example of CTOD and crack-extension measurements

To obtain the value of the critical J- integral, all results obtained for test specimens with
different orientation angles were used. In other terms, the data are plotted in the same figure.
The results displayed in Fig. 21 represents the variation of the CTOD as a function of the
crack advance Aa. The crack starts to propagate when the CTOD reaches a critical value. The
method used to determine the critical CTOD is according to the ASTM EI1820

recommendation.
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The CTOD curve as a function of Aa exhibit a relatively rapid increase. Therefore, the

blunting equation can be expressed by the following equation (norm: ASTM E1820):

CTOD =1.4Aa )
However, it is difficult to experimentally determine the ductile initiation instant. Therefore,
the standards indicate that the crack initiation is defined from the propagation value Aa=0.2

mm. The blunting line is thus shifted by 0.2 mm on the abscissa as indicated in Fig. 21.

+ (CTOD
7 —— Upper envelope curve of CTOD
Lower envelope curve of CTOD

6 Trend curve of CTOD /
5 / ’

'g / CTOD=1.4 (8a-0.2) / 5
a4 :
o ;

C /

4 6 Aa(mm) 8 10 12 14

Fig. 21: CTOD R-curves

Normally, the critical value of the CTOD is computed from the intersection of the blunting
line with the CTOD curve. However, a further observation from Fig. 21 reveals that data
points are almost overlapping at the beginning of the CTOD test. Consequently, Data
envelopment technique was used to determine the trend curve of CTOD. Using the obtained
trend curve in Fig. 20, the CTOD. value for tension CT specimens was found equal to 1.38

mm. This value corresponds to a crack extension equal to 1.15 mm.

6.3. Discussion

To obtain one critical value of J-integral, data envelopment analysis was used for CT test
results for all specimens. Fig. 22 displays the upper envelope curve, the lower envelope curve,
and the mean curve of CT tests results. By placing the value of the critical crack advance,
determined from the crack opening curve in the average crack resistance curve (Fig. 21), we
show that the value of the critical J-integral is equal to 8.4 kJ/m2. The value of the J-integral is
determined by referring to the J-R curves (Fig. 15), and projecting the value of Aa = 1.15 mm

on the curve J-R.
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Fig. 22: Crack growth resistance curve (R-curve)

Table 7 indicates that the difference between the values obtained using the second method and
those obtained using the CTOD method varies between 9.5% and 28% for the three
considered angles. Meanwhile, the first method presents a difference in the calculated values
up to 60%. It is worth noting that the new Jic values are closer to the values found using the
second method. Consequently, one can conclude that the first method should not be
considered for calculating the critical value of the J-integral.

Table 7. Resistance to cracking of PE100 (kJ/m?)

Angle First method Second method  For Aa=1.15 mm
0 3.2 7.38 8.15
90 2.72 5.87 8.16
45 1.9 5.02 6.2
7. Conclusions

In this paper, the critical value of the J-integral was determined experimentally for HDPE
elbow. Basing on tension tests performed on specimens machined for different angles with
respect to the extrusion direction, it was demonstrated that high-density polyethylene PE100
is an isotropic material. The curves of the J-integral as a function of the crack-extension were
later plotted based on the tension tests performed on CT specimens. To calculate the critical
value of the J-integral, two methods were used. It was shown that the results of these methods
present large dissimilarities in the fracture toughness values. Correspondingly, a study of a
failure criteria with the crack tip opening displacement (CTOD) was proposed. Basing on the
combination of the ASTM D6068 with J-R curve and the ASTM E1820 with the crack tip
opening displacement (CTOD), the initiation fracture toughness (Jic) was determined. The

obtained value of 8.4 kJ /m? is considered quite logical because the fracture toughness for
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HDPE determined using only the J-integral methods showed significant variations, ranging

from as low as 7 kJ/m2 to above 20 kJ/m2 [10].
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