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Abstract

Through this paper limit load analysis and the EPRI/GE procedure were applied to predict instability conditions

for medium density polyethylene flawed pipes. Predicted values for internally pressurized cylinders with axial cracks

and cylinders with circumferential cracks under remote tension were compared to experimental results obtained from

tests conducted on full scale structures. For the pipes under internal pressure, both schemes led to critical pressure

values in agreement with actual burst pressures, despite plastic collapse having been observed in the failure of these

structures. For the pipes with circumferential internal cracks subjected to remote tension, the predicted loads from

the EPRI procedure do not agree with experimental values whereas limit load predictions are quite satisfactory. On

the other hand, for the circumferentially externally cracked pipes both predictions reasonable agree with experimental

data.

� 2002 Elsevier Ltd. All rights reserved.
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1. Introduction

Over the recent years, the application of polyethylenes as structural materials has greatly increased, hence

the study of their fracture behavior has received significant attention by the polymer community. Many

works have been reported in literature concerning the failure behavior of pipe grade polyethylenes as well
as on testing methodologies [1–11]. The integrity assessment of defective structures is particularly important

in those cases, such as in polyethylene water and gas distribution pipelines, where the consequences of

structural failures may be catastrophic.

A commonly used scheme to estimate maximum load in a structure is the limit load analysis. Its ap-

plicability is restricted to fixed dimensions structures that develop a reasonable amount of plasticity before

maximum load. Structures containing crack-like defects may undergo ductile crack extension and therefore
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Nomenclature

J J -integral
A area under the load–displacement record

a crack length

B specimen thickness

W specimen width

F load

P pressure

v displacement
r stress

r0 yield stress

e deformation

a, e0 and n power-law stress–strain approximation parameters

h functions tabulated in the EPRI/GE Handbook

L1 characteristic length of the structure

F0 normalizing load

P0 normalizing pressure
Da crack extension

c uncracked ligament

E Young�s modulus

m Poisson�s ratio
E0 E=ð1� m2Þ
ae effective crack length

K stress intensity factor in Mode I

S support span
F1 and h1 functions tabulated in the EPRI/GE Handbook

Ri pipe inner radius

Ro pipe outer radius

Rc radial distance from the centerline to the crack tip

Patm atmospheric pressure

r1 remote uniform tensile stress
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change their dimensions. In such cases a limit load solution alone is not enough and another criterion based
on the material fracture toughness has to be used in order to determine crack length during loading [12].

On the other hand, the EPRI/GE estimation technique described in the General Electric Fracture

Handbook [13] offers a simple and attractive approach to design and safety analysis of defective structures.

Although this scheme is widely adopted for metals and in general, the agreement between the predicted and

measured values is very good, confidence in its use for polymers is still controversial due to the scarce

number of experimental data available.

The purpose of this paper was to analyze the capability of the EPRI and the limit load approaches to

predict instability conditions in the case of a medium density polyethylene pressurized cylinder with an
internal axial crack and a medium density polyethylene cylinder with a circumferential crack under remote

tension. The procedure proposed in the EPRI/GE Handbook as well as the limit load analysis were applied

and the results obtained from these schemes were compared to experimental results obtained from tests

conducted on full scale structures.
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2. Methodologies

2.1. Limit load analysis

When a reasonable amount of plasticity occurs before maximum load [12], critical loads or pressures can

be calculated from the yield stress of the material and the effective cross-section of the samples for different

crack lengths by using the appropriate formulae and by assuming that the main effect of the crack is to

reduce the net cross-section of the structure [14].

For the case of an internally pressurized cylinder with an axial crack, the critical pressure Pc was cal-

culated as follows by assuming the pipe as a thin-walled pipe [15]:
Pc ¼ Patm þ r0c=Ri ð1Þ
where Patm is the atmospheric pressure, r0 is the yield stress of the material, c is the uncracked ligament and

Ri is the pipe inner radius.

For a circumferentially internally cracked cylinder under remote tension, the critical load Fc was de-
termined from
Fc ¼ r0pðR2
o � R2

cÞ ð2Þ
whereas for a circumferentially externally cracked cylinder under remote tension, the critical load Fc was
calculated as
Fc ¼ r0pðR2
c � R2

i Þ ð3Þ
where Ro and Ri are the pipe outer and inner radii respectively and Rc is the radial distance from the

centerline to the crack tip.

2.2. EPRI/GE prediction

The GE Handbook [13] contains tabulated functions which are normalized finite-element solutions for

power-law plastic materials which can be used as schemes for the integrity assessment of defective struc-

tures.

Solutions have the following general form. The plastic strain is related to stress by a simple power-law:
e=e0 ¼ aðr=r0Þn ð4Þ
where a, r0, e0 and n are material constants. For any particular geometry the corresponding elastic–plastic

values of J may be expressed in terms of dimensionless f1 and h1 functions as:
J ¼ f1ðae;Ri=RoÞ
Q2

E0 þ ae0r0L1h1ða=b; n;Ri=RoÞðQ=Q0Þnþ1 ð5Þ
where a is the crack length, ae is the effective crack length in plane strain, E0 is E=ð1� m2Þ for plane strain, B
is the section thickness, L1 is a length characteristic of the structures, Q is the applied stress or load and Q0 is

a normalizing stress or load. The use of a simple power-law in Eq. (4) allows the dependence of J on stress

or load to be included by the normalization in Eq. (5).

The EPRI/GE procedure allows the instability condition determination by comparing the crack driving

force diagram with the material resistance to crack growth curve. A J -integral crack driving force diagram

was generated in the range of values for crack length and applied loads or pressures obtained in the ex-

periments. From the material stress–strain power-law constants and the respective elastic–plastic solutions
J versus a curves having Q as the parameter were simply constructed from Eq. (5). Then, the instability

point was determined from the constant load or pressure line which was tangent to the J–R curve.
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Specific equations for the two geometries studied here are reported in the EPRI Handbook [16] and were

used in this paper to predict failure of cracked pipes structures. These equations are transcribed in Ap-

pendix A.

J -resistance curves were determined by the multiple-specimen technique first proposed by Landes and
Begley [17]. This method consists of loading a series of identical specimens to various subcritical dis-

placements, producing different amounts of crack extension, Da. The value of J for each specimen was

determined from the load versus displacement curve by the approximate equation proposed by Rice et al.

[18]:
J ¼ 2ðU=BÞðW � aÞ ð6Þ
which is valid only for a span-to-width ratio (S=W ) equal to 4 and a crack-to-width ratio (a=W ) between 0.4

and 0.7 [19]. The fracture energy, U , is the area under the load deflexion curve and B is the specimen

thickness. J–R curves were constructed by plotting values of J as a function of Da.
3. Experimental

3.1. Sample preparation

3.1.1. Small scale samples

Test specimens were extracted from two different commercial polyethylene extruded pipes: a carbon

black filled medium density polyethylene pipe and a natural medium density polyethylene pipe. The first

pipe and its material will be referred to as P1 and PE1 respectively and the second pipe and its material as

P2 and PE2 respectively. Fracture specimens were obtained from pipe sections as explained below and then

machined to reach final shape and dimensions.

Because the mechanical behavior of extruded plastic pipes is not only governed by its material charac-
teristics and pipe dimensions but also by material morphology and orientation derived from processing [20],

fracture characterization in different pipe directions was conducted on specimens with different geometries.

For longitudinal–transversal fracture behavior evaluation of PE1 an arc-shaped geometry (thickness,

B ¼ 10 mm) obtained from transversal pipe section was used. On the other hand, for PE2 traditional SE(B)

samples axially cut out from the pipes were used in order to determine circumferential–radial fracture

properties.

Dumb-bell specimens for uniaxial tensile tests were also axially cut out from the pipes. The final thickness

was 5 mm, gage length was 50 mm and the width was 13 mm.
Fracture experiments were conducted on the specimens in three-point bending. Thickness-to-depth ratio

(B=W ) and span-to-depth ratio (S=W ) were always kept equal to 1 and 4 respectively. Sharp notches were

introduced by sliding a sharp scalpel to a depth corresponding to crack-to-depth ratios (a=W ) of 0.3 and

0.5.

Pressurized pipes in service experience a high degree of constraint from the surrounding material [21]. In

order to simulate this situation, usually not found in small scale laboratory samples, fracture specimens were

side-grooved after sharp notching reducing the thickness by 20%. The angle of the side grooves was 45�.
3.1.2. Full scale samples

On the other hand, 700 mm long and 125 mm outer diameter P1 pipes with axial internal cracks were

machined. Wall thickness was 10 mm. Two different crack depths were used: 2.58 and 5.15 mm while crack

length was kept equal to 500 mm. An un-notched pipe specimen was also used to obtain a blank test.

In order to machine straight axial notches, a specially designed device was used (Fig. 1). The device
consisted on a rectangular base of 1100 mm long and 220 mm wide, where pipes were fixed. At the ends of
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Fig. 1. Sketch of the device for machining axial notches in P1 pipes.
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the base, two 10 mm diameter threaded bars were normally screwed. These bars served as guides for the

cutting tool (Fig. 1) allowing a longitudinal movement. The cutting tool acted in the bore of the pipe

machining notches of different depths. A commercial 300 mm long saw was used as a cutting tool. It was
specially designed so that its teeth presented a single sharp prism shaped edge line. In this way, ‘‘V’’ notches

in the deepest part of the notch were produced by avoiding lateral material laceration due to alternating

deviations of the teeth.

Circumferentially cracked P2 pipes 150 mm long and 125 mm of outer diameter were also machined.

Wall thickness was kept equal to 10 mm. Different crack lengths were used: 3, 6, 7 and 7.5 mm. Both

circumferential internal and external notches were machined.
3.2. Mechanical testing

3.2.1. J–R curve determination
Fracture testing was carried out at 2 mm/min cross-head speed and room temperature in an Instron 4467

dynamometer.

Load–displacement traces were corrected for indentation using the test configuration recommended by

the ESIS Protocol [22]. Due to the large ductility displayed by both polyethylenes, large degrees of crack tip

blunting were observed, and hence large specimen displacements were allowed in order to try to measure

the actual crack advance. So that J was determined from the indentation corrected area under the load–

displacement curve. The materials displayed a high degree of blunting consistent with their high ductility. A

relatively short a=W ratio (0.3) was also used in order to try to obtain J–R curve points within the stable
propagation zone outside the blunting zone.

Circumferential–radial and longitudinal–radial J -resistance curves for medium density polyethylene were

determined by the multiple-specimen technique consisting on loading a series of identical specimens to

different subcritical displacements and then unloading. Then the samples were completely fractured in a

Charpy pendulum at room temperature after they had been immersed in liquid nitrogen for a few minutes

and the ductile tearing zone, Da determined postmortem from the surface, using an optical microscope.

Uniaxial tensile experiments were conducted using an Instron 4467 dynamometer at 2 mm/min. The

strain was continuously recorded during the test, by means of a clip/gauge extensometer having a 50 mm
gauge length.
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3.2.2. Full scale tests

Full scale burst tests of P1 pipes were carried out in the CINI laboratories, SIDERCA, Campana. Before

testing, the ends of each pipe were sealed using specially designed floating end caps connected by a central

coaxial tie bar. The end caps were sealed to the outside surface of the pipe and to the tie bar using O-rings

type sealings (Fig. 2). After fixing the end caps, the pipe was filled with water through one of them, while the
other allowed air to be expelled. Finally, the internal pressure was elevated in a controlled way until col-

lapse had occurred. Applied pressure was continuously monitored during the tests.

Uniaxial tensile tests were conducted on full scale circumferentially flawed P2 pipes with both internal

and external cracks at a cross-head speed of 2 mm/min in the Instron dynamometer. Specially designed

bridle type clamping fixtures were used. Load–displacement records were obtained from these experiments.
4. Results and discussion

As explained in Section 2 the EPRI Handbook calculations require the parameters of a power-law stress–

strain approximation like Ramberg–Osgood�s law, widely adopted in the description of stress–strain be-

havior of metals [23].

The following uniaxial stress–strain relationship was considered:
e
e0

¼ r
r0

þ a
r
r0

� �n

ð7Þ
where a, n and r0 are the power-law fitting parameters. r0 was determined from the maximum in the true

stress–strain curve accurately obtained for strains values up to 10% and was also taken as the yield stress.

The parameter e0 was calculated as
e0 ¼
r0

E
ð8Þ
where Young�s modulus (E) was determined from the initial slope of the true stress–deformation curve.

By applying the proposed fitting (Eq. (7)), Ramberg–Osgood�s parameters were found to be a ¼ 4:9 and

n ¼ 3 for PE1 polyethylene, and a ¼ 2:1 and n ¼ 2:6 for PE2 polyethylene. The values of yield stress

and Young�s modulus were r0 ¼ 20 MPa and E ¼ 948 MPa for PE1 polyethylene and r0 ¼ 18:4 MPa and
E ¼ 839 MPa for PE2 polyethylene.

Fig. 3a and b shows typical micrographs of the fracture surfaces of pendulum-broken samples of both

polyethylenes after a significant crack extension had apparently occurred.

Fig. 4a and b shows J–R curves for both polyethylenes. The high scatter exhibited by experimental data

can be attributed to the high degree of distortion displayed by the samples due to the large values of

displacement used. A simple power-law J–Da relationship (J ¼ XDaY , where X and Y are constants) was

used for fitting experimental data by following the ESIS Protocol recommendations [22].

Fig. 5 shows the crack driving force diagram constructed from specific EPRI/GE equations (see Ap-
pendix A) for an internally pressurized cylinder with an axial internal crack. The J -resistance curves for



Fig. 3. Photograph of fracture surfaces of samples immersed in liquid nitrogen prior to complete fracture: (a) PE1 polyethylene,

(b) PE2 polyethylene (The crack extended from the left to the right.).
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Fig. 4. J–R curves for both polyethylenes used in this study superimposed to the power-law fitting of experimental data: (a) PE1

polyethylene, (b) PE2 polyethylene.
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ao ¼ 2:58 and 5.15 mm are superimposed to the diagram. The instability points predicted from the tangency

between the J–R curves and the driving force diagram led to critical pressure values in apparent agreement

with experimental burst pressures obtained from hydraulic tests. In Fig. 6, experimental and predicted
pressure values from limit load analysis and the EPRI procedure are plotted as a function of initial crack

length. Both predictions agree with experimental data.

The fracture appearance of P1 pipe in a full scale burst test showed that the pipes failed by first yielding at

the reduced net cross-section along the axial notch, then rupturing circumferentially. Hence, the failure of

these pipes appears to be governed by plastic collapse rather than by an actual fracture propagation

phenomenon.

Fig. 7a and b shows tensile load–displacement records for P2 flawed pipes with circumferential external

and internal cracks respectively. Critical loads were obtained from these records.
Fig. 8a and b shows the crack driving force diagrams for circumferentially externally and internally

cracked cylinders in tension respectively. The material J -resistance curves for the initial crack lengths used
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crack.
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in full scale tests are superimposed to these diagrams. The instability conditions were identified from the
tangency between the resistance curves and the J versus crack length curves with load held constant.

In Fig. 9 experimental data of critical loads are compared to predicted values obtained from limit load

analysis and EPRI procedure. For circumferentially internally cracked pipes, the predicted instability loads

from the EPRI scheme resulted higher than critical loads obtained from uniaxial tensile tests directly

conducted on flawed pipes whereas limit load predictions accurately fit actual critical loads. On the other

hand, for the circumferentially externally cracked pipes both predictions reasonably agree with experi-

mental data.
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In the light of the results found for internally cracked P2 pipes and due to the problems related to crack

length measurements reported for these materials [8], additional tests were conducted to determine if the

measured crack extensions were due to actual crack growth or due to blunting. Different methods were used

to determine the increase in crack length, Da. In the first one, apparent crack extension was evidenced by

painting it with a penetrating ink before unloading. The second method was to measure the amount of
crack extension from side views of polished samples.

Fig. 10 is an optical micrograph of the fracture surface of PE2 samples by using the first method for

evidencing crack advance. The distinctive zone observed ahead of the crack tip can be identified as the crack

tip craze zone which was separated during the fracture of the sample in the pendulum. It is well established

that the fracture growth process in polyethylenes consists of the failure of the crazed material developed at

the crack tip [24].

Fig. 11 is an optical micrograph of side view of a polished sample of PE2 polyethylene. Clearly only

stretching with some crazes is observed in this figure without any evidence of subcritical crack growth.
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Fig. 10. Photograph of the fracture surface of a PE2 polyethylene sample painted prior to complete fracture (The crack extended from

the left to the right.).
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Fig. 12 shows a macrophotograph of the side view of a polished sample of PE1 polyethylene. As in the

case of the PE2 polyethylene sample, in spite of the large displacements developed during the tests only

stretching with no signs of stable crack extension could be observed for this sample.

Fig. 13a and b shows the J–R curves of Fig. 4 by using a linear regression of experimental data of J versus

Da instead of the power-law fit. The corresponding theoretical blunting lines which account for the ap-

parent increase in crack length due to crack tip blunting prior to material separation are also included in

these plots. They were obtained from the yield strength of the materials by assuming a smooth blunting

with a semicircular profile as J ¼ 2r0Da [8]. It should be noted that despite the scatter of the data, ex-
perimental points of both polyethylenes reasonably agree with their corresponding theoretical blunting



Fig. 11. Optical microphotograph of the side view of a polished sample of PE2 polyethylene (The cracks extended from the left to the

right.).

Fig. 12. Optical microphotograph of the side view of a polished sample of PE1 polyethylene (The cracks extended from the left to the

right.).
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lines. This reinforces the notion that no crack extension has occurred in these experiments and the apparent

increase in crack length was only due to crack tip blunting. Similar results were reported in literature for
medium density polyethylene [25].

Furthermore, all the techniques used to determine crack lengths led to data points that can be fitted by a

single linear regression which is also very close to the theoretical blunting line (Fig. 13).

The agreement between experimental values and predicted values from limit load analysis obtained for

the materials and geometries analyzed as well as the results of fracture tests indicate that fully plastic regime

exists. In this regime, single-parameter fracture mechanics would only be valid provided the specimen

maintains a relatively high level of triaxiality [26]. Otherwise critical fracture toughness values would exhibit

a size and geometry dependence and the problem would be reduced to a limit load solution, where the main
effect of the crack would be to reduce the net cross-section of the structure [14].

Our results can be explained in terms of the large craze zone that develops ahead of a crack tip in medium

density polyethylene. It has been reported in literature for tough grades of polyethylenes [24,27] that this
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zone tends to eliminate the stress singularity at the crack tip and hence to invalidate the use of a single

parameter fracture analysis.
5. Conclusions

Through this paper the predictive capability of the limit load and the EPRI analyses for polymers was

studied with two different defect structures, i.e., an axially flawed polyethylene pipe under internal pressure

and a circumferentially cracked polyethylene pipe subjected to remote tension by comparing predicted

instability points with actual values obtained from full scale tests.
For the axially cracked pipes under internal pressure, both the predicted critical pressure values from

limit load analysis and EPRI scheme agree with actual burst pressures determined from hydraulic full scale

tests. However, experimental observations of failed structures indicated that plastic collapse had occurred.

Hence, that failure is governed by the flow properties of the material rather than its fracture toughness [14].

For the circumferentially externally cracked pipes subjected to remote tension, both the EPRI and limit

load predictions reasonably agree with experimental data. On the other hand, for the circumferentially

internally cracked polyethylene pipes, the predicted critical loads from the EPRI procedure overestimates

measured values at failure whereas limit load predictions based on the material yield stress and net cross-
section of the structures accurately fit them. The inherent assumption contained in the EPRI scheme that

computed driving force parameter uniquely characterizes crack tip conditions breaks down under large

scale plasticity [26,28,29].

Finally, some care should be taken to apply the EPRI procedure originally developed to failure as-

sessment of metal structures to predict instability points in the case of ductile polymers like tough grades of

polyethylenes which exhibit extensive plasticity.

Appendix A

EPRI elastic–plastic estimation formulae are
J ¼ f1ðae;Ri=RoÞ
Q2

E0 þ ae0r0cða=bÞh1ða=b; n;Ri=RoÞðQ=Q0Þnþ1 ðA:1Þ



C. Bernal et al. / Engineering Fracture Mechanics 70 (2003) 2149–2162 2161
Q is the pressure or load, Q0 is the limit pressure or load in the perfectly plastic case corresponding to n ¼ 1
and ae is the effective crack length in plane strain.
ae ¼ aþ /ry ðA:2Þ

ry ¼
1

6p
n� 1

nþ 1

� �
KI

r0

� �2

ðA:3Þ

/ ¼ 1

1þ Q
Q0

� �2
ðA:4Þ
For an internally pressurized cylinder with an internal axial crack [16]:
KI ¼
2pR2

o

ffiffiffiffiffiffi
pa

p

R2
o � R2

o

F ða=b;Ri=RoÞ ðA:5Þ

Q0 ¼ 2ffiffi
3

p cr0=Rc ðA:6Þ
where Rc ¼ Ri þ a is the radial distance from the centerline to the crack tip.
f1ða=b;Ri=RoÞ ¼ 4pa
R2
o

R2
o � R2

i

� �2
F 2ða=b;Ri=RoÞ ðA:7Þ
F1 and h1 are the functions tabulated in Ref. [30].

For a cylinder with a circumferential crack under remote tension [16]:
KI ¼ r1 ffiffiffiffiffiffi
pa

p
F ða=b;Ri=RoÞ ðA:8Þ
where r1 is the uniform tensile stress field at the cylinder ends.
Q0 ¼ 2ffiffi
3

p r0pðR2
o � R2

cÞ ðA:9Þ
with Rc ¼ Ri þ a for an internal crack and,
Q0 ¼ 2ffiffi
3

p r0pðR2
c � R2

i Þ ðA:10Þ
with Rc ¼ Ro � a for an external crack.
f1ða=b;Ri=RoÞ ¼
aF 2

1 ða=b;Ri=RoÞ
pðR2

o � R2
i Þ

2
ðA:11Þ
F1 and h1 are the functions tabulated in Ref. [31].
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