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Polyethylene (PE) has become one of the most important materials for pipe appli-

cations in the context of gas and water distribution, which results in required ser-

vice times of at least 50 years for pressurized PE pipes nowadays. To characterize 

the resistance against the critical failure mechanisms of crack initiation and slow 

crack growth, several standardized methods are available for a qualitative ranking 

of different PE types.  

With linear elastic fracture mechanics (LEFM), a tool for lifetime prediction of struc-

tures like pressure pipes is available, for which the knowledge of material and 

temperature specific crack growth laws is of fundamental importance. The primary 

objectives of this Dissertation therefore were to develop and carry out a test pro-

gram for the detection of relevant material parameters for crack growth laws for PE 

pipe grades at application near temperatures of 23 °C and to perform a fracture 

mechanics prediction of the lifetimes of pressurized PE pipes. 

A further aspect in the long-term application of pipes is related to the repair and 

rehabilitation of existing pipe systems. One of the most important trenchless tech-

nologies is the pipe rehabilitation with a Close-Fit-Liner. Within the scope of this 

method a folded PE pipe has to be inserted into an old pipe and reforms during a 

temperature controlled installation procedure. Due to the fact that there are no sci-

entific studies on material changes available yet, a further objective of this Disser-

tation was a comprehensive investigation of the influence of the deformation proc-

esses associated with this procedure on relevant material properties. 

In order to provide a lifetime prediction methodology for pressurized pipes, a frac-

ture mechanics concept was applied. To determine the creep crack growth kinetics 

under static loads, the fatigue crack growth kinetics of cyclic tests at different load-

ing ratios (R-ratios) was extrapolated to static loading conditions. To address the 

issue of technical feasible testing times – especially for fracture mechanics testing 

of modern PE pipe grades – cracked round bar (CRB) specimens were used. For 

a direct measurement of the crack growth kinetics in the CRB specimens a system 

of three extensometers was applied, which detects the crack length by measuring 
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the specimen compliance. After having created a compliance-calibration curve it 

was possible to measure the crack growth kinetics in a single CRB fatigue test. 

With the mentioned test and extrapolation procedure, so called “synthetic” crack 

growth curves for static loading were developed for different PE types to obtain the 

relevant fracture mechanics parameters. To predict the lifetime, different calcula-

tions for the stress intensity factor in an internal pressurized pipe from literature 

and finite element methods were compared. As part of a sensitivity study, the in-

fluence of different boundary conditions like the crack front geometry or the initial 

defect size, which must be considered in lifetime calculations, were investigated.  

The predicted lifetimes for the tested PE 80 and PE 100 pipe grades show mean-

ingful results, which indicate lifetimes for pressurized pipes of at least 50 years. A 

case study, in which two old PE pipes from real field installation were investigated, 

point out that even after a service period of several decades, a sufficient residual 

lifetime can be expected to reach the required overall service time. As to the calcu-

lation model, all predicted lifetimes were on the conservative side and got an addi-

tional safety, as the considerable fraction of crack initiation was not considered. 

The required times for testing of a given material were up to 2 month for the PE 80 

type and approx. up to 4 months for the PE 100 type. Therefore, an enormous ad-

vantage in testing time can be considered compared to standardized test methods 

(i.e. pressurized pipe tests), which do not give information on the potential for 

quasi-brittle failure, even after 104 hours (> 1 year). 

The morphological characterization of the Close-Fit-Liner improves the under-

standing of the interaction between the pipe deformation with the inserted molecu-

lar orientation and the memory effect which is essential for the inherent redeforma-

tion. Although the material is exposed to considerable thermal treatment during the 

installation (e. g. 80 °C for two hours), it could be shown that there is no significant 

thermo-oxidative aging taking place. However, a significant improvement of the 

finally installed Close-Fit-Liner was detected concerning the residual stresses, 

which were nearly completely reduced due to the additional heating step during 

installation. This result seems to cause a positive effect on the crack growth resis-

tance of the material and thus is also considered to positively affect the structural 

reliability of Close-Fit-Liner pipes. 
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In der Gas- und Wasserversorgung hat sich Polyethylen (PE) zu einem der bedeu-

tendsten Rohrwerkstoffe entwickelt, wobei die vorhergesagten Einsatzzeiten in-

nendruckbelasteter PE-Rohrleitungen heute zumindest 50 Jahre betragen. Zur 

Charakterisierung des Widerstandes gegen die kritischen Versagensmechanis-

men der Rissinitiierung und des langsamem Risswachstums steht eine Reihe 

standardisierter Prüfverfahren zu Verfügung, die eine qualitative Reihung unter-

schiedlicher PE-Typen ermöglichen.  

Die Lebensdauer von Strukturen, wie z. B. innendruckbelastete Rohrleitungen, 

kann mithilfe der Linear-Elastischen Bruchmechanik (LEBM) abgeschätzt werden, 

wobei die Kenntnis der material- und temperaturspezifischen Risswachstumskine-

tik bei statischer Belastung von entscheidender Bedeutung ist. Die primären Ziele 

dieser Dissertation waren daher die Erstellung und Durchführung eines Prüfpro-

gramms zur Bestimmung der relevanten Materialparameter bei anwendungsnahen 

Temperaturen von 23 °C und die bruchmechanischen Lebensdauervorhersage 

von PE-Druckrohren.  

Ein weiterer Aspekt in der Langzeitanwendung von Rohrleitungen umfasst die Sa-

nierung und Rehabilitierung bestehender Systeme. Eine der wichtigsten grabenlo-

sen Technologien ist die Sanierung mit Close-Fit-Linern, bei der ein werkseitig 

gefaltetes PE-Rohr in ein bestehendes Altrohr eingezogen und unter Temperatur-

einfluss wieder rückdeformiert wird. Da zu diesem Thema bisher keine werkstoff-

kundlichen Daten vorliegen, war ein weiteres Ziel dieser Dissertation, eine um-

fangreiche Untersuchung des Einflusses der Deformationsvorgänge auf relevante 

Werkstoffeigenschaften durchzuführen. 

Für die Lebensdauerabschätzung von innendruckbelasteten Rohren wurde ein 

bruchmechanisches Konzept basierend auf den Mechanismen der langsamen 

Rissausbreitung verwendet, wobei die Wachstumsgeschwindigkeiten von Rissen 

bei zyklischer Belastung (Ermüdung) unter unterschiedlichen Spannungsverhält-

nissen (R-Verhältnis) auf die statische Belastungssituation extrapoliert wurden. 

Um speziell bei modernen PE-Rohrwerkstoffen technisch sinnvolle Prüfzeiten zu 

gewährleisten, wurden zylindrisch gekerbte Prüfkörper („cracked round bar“, CRB) 
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verwendet. Eine direkte Messung der Risskinetik mit CRB-Prüfkörpern erfolgte 

über ein System von drei Extensometern, welches die Risslänge über die Prüfkör-

pernachgiebigkeit erfasst. Mithilfe einer Nachgiebigkeits-Kalibrierkurve war es 

möglich, die Risskinetik in einem einzelnen zyklischen CRB-Versuch zu messen. 

Mit der beschriebenen Prüf- und Extrapolationsmethodik wurden für eine Reihe 

von PE-Typen „synthetische“ Risswachstumsgeschwindigkeiten bei statischer Be-

lastung bestimmt und entsprechende bruchmechanische Kennwerte abgeleitet. 

Für die Lebensdauer-Modellrechnungen wurden verschiedene Berechnungen des 

Spannungsintensitätsfaktors in einem innendruckbelasteten Rohr aus der Literatur 

und basierend auf Finite-Elemente-Methoden gegenübergestellt. Im Rahmen einer 

Sensitivitätsanalyse erfolgte eine Untersuchung von Einflussfaktoren, wie z. B. die 

Form der Risswachstumsfront oder die Anfangsdefektgröße, welche bei der Le-

bensdauerabschätzung als Randbedingungen berücksichtigt wurden. 

Die für die getesteten Rohrtypen PE 80 und PE 100 berechneten Lebensdauern 

von innendruckbeanspruchten Rohren ergaben durchaus plausible Ergebnisse, 

welche auf Versagenszeiten von 50 Jahren und mehr hinweisen. Eine Fallstudie 

an zwei PE-Rohren aus realen Installationen deutet zudem darauf hin, dass trotz 

bereits jahrzehntelangem Betrieb die erforderlichen Restlebenszeiten erreicht wer-

den dürften. Die auf derartigen Modellrechnungen basierenden Lebensdauerab-

schätzungen lagen zudem auf der konservativen Seite, da der beträchtliche Anteil 

der Rissinitiierung nicht berücksichtigt wurde. Der Zeitaufwand für die Materialprü-

fung betrug je Werkstoff ca. 2 Monate für PE 80 Rohrtypen und ca. 4 Monate für 

Werkstoffe vom Typ PE 100, was einen erheblichen Vorteil gegenüber genormten 

Prüfverfahren (Zeitstandinnendruckversuch) darstellt, wo selbst nach 104 Stunden 

(> 1 Jahr) keine Informationen über das potentielle quasi-spröde Versagen gene-

rierbar sind. 

Die morphologische Charakterisierung der vorgeformten und rückdeformierten 

Close-Fit-Liner vertiefte vor allem das Verständnis für die Wirkungsweise der Mo-

lekülorientierungen und dem damit verbundenen Memory-Effekt, welcher ent-

scheidend für den Installationsprozess ist. Es wurde gezeigt, dass trotz der erheb-

lichen zusätzlichen thermischen Belastung während der Installation keine 

signifikanten thermo-oxidativen Alterungsvorgänge stattfinden. Eine wesentliche 
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Verbesserung des installierten Close-Fit-Liners wurde bei den Eigenspannungen 

konstatiert, die durch die thermisch begleitete Installation nahezu vollständig ab-

gebaut werden. Dieser Effekt dürfte sich auch positiv auf das Risswachstumsver-

halten auswirken, sodass insgesamt eine gute Zuverlässigkeit derart installierter 

Rohre gegeben erscheint. 
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Buried pipes contribute an inconspicuous but very important part to the mainte-

nance of the infrastructure in our modern society and depending on transported 

goods their applications vary in a wide range. Especially pressurized plastics pipes 

have been used successfully for several decades, and pipe systems made of poly-

ethylene (PE) have been employed widely in fuel gas and water supply as well as 

in sewage systems for more than 50 years (Richard et al., 1959; Gaube et al., 

1985; Lang, 1997; Lang et al., 1997; Janson, 1999; Brömstrup, 2004). Whereas 

such pipes were used initially in the low pressure regime up to 4 and 6 bars, re-

spectively, in the case of gas and water pipes, due to advancement in material 

performance they are now being operated at pressure levels of up to 10 bar (gas 

pipes) and 16 bar (water pipes). 

In 2007, the worldwide demand for pipes made of high density polyethylene (PE–

HD) was about 3.7 million tons, and with a growth rate of six percent per year up 

to 4.9 million tons are expected in 2012 (Brescia, 2008). Turning to Austria, the 

pipe systems for gas transportation at maximum operating pressures (MOP) 

above 6 bar for example are clearly dominated by steel, which is also illustrated in 

Fig. 1.1. Whereas about 6500 km of steel pipes were used in 2008, other materi-

als, like PE with about 53 km in 2008 are of only inferior importance in this field of 

application.  

However, at pressure levels up to an MOP of 6 bar a different distribution of the 

used materials is found (Fig. 1.2). Whereas the lengths of pipe systems made of 

materials like steel, ductile cast iron or polyvinylchloride (PVC) remain constant at 

levels below 4,000 km, PE has become the most important material for pipes in 

this pressure range. The amount of installed PE pipes for gas transportation in 

Austria increased constantly from about 16,000 km in 2002 to more than 

20,000 km in 2008.  

Pressurized pipes made of PE are designed to fulfill operating times of at least 50 

years. As a result of improvements of the raw materials, an increase in minimum 
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service life to possibly 100 years has been proposed most recently for the last 

generation PE materials of the PE 100 type (Brömstrup, 2004; Hessel, 2007). Due 

to this extension in operating times as well as due to the fact that repairing and 

rehabilitation of defect pipes is always associated with high technical efforts and 

extensive costs, the reliability of these pipe systems is of major significance, and a 

reliable lifetime prediction with modern methods is essential. 
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Crack initiation and slow crack growth (SCG) represent the critical failure mecha-

nisms in long-term applications of pressurized plastic pipes (Barker et al., 1983; 

Gaube et al., 1985; Ifwarson, 1989; Brown and Lu, 1993; Lang et al., 1997). State 

of the art lifetime predictions, that consider this quasi-brittle failure mechanism, are 

based on internal pressure tests at different temperatures and a standard extrapo-

lation method described in EN ISO 9080:2003 which classifies PE pipe grade ma-

terials by their minimum required strength (MRS) to ensure service times of at 

least 50 up to 100 years.  

Nowadays, modern materials with the classification PE 100 (MRS=10 MPa) are 

available in such fields, where essential improvements in the raw material, particu-

larly in the bimodal molecular mass distribution and in the controlled implementa-

tion of short chain branches, have led to materials with a significant increase in the 

resistance against crack initiation and SCG (Brown et al., 1992). These improve-

ments indeed shift the critical failure mechanisms in internal pressure tests to un-

practical time scales resulting in time consuming and expensive test procedures. 

To meet the demand for new accelerated characterization methods to describe the 

resistance against crack initiation and SCG, different laboratory tests like the 

Notched Pipe Test (NPT; Kuhlman et al., 1992; Beech et al., 2001; ISO 13479, 

2009), the Pennsylvenia Edge-Notch Test (PENT; Beech, et al., 1998; ISO 16241, 

2005; ASTM F1473, 2007) or the Full Notch Creep Test (FNCT; Fleissner, 1987, 

1998; ISO 16770, 2004) have been developed. Compared to these static tests, a 

significant acceleration of testing times was achieved by cyclic tests (fatigue) and 

especially tests with cracked round bar (CRB) specimens have been proposed 

and have shown a high potential for a quick ranking of different PE pipe grades, 

even at application near temperatures of 23 °C and without any additional stress 

cracking liquid (Lang et al. 2005; Haager, 2006; Haager et al., 2006; Pinter et al., 

2006; Balika et al., 2007; Pinter et al., 2007). 

Although all of the methods mentioned are well established and therefore capable 

of correlating the resistance against responsible failure mechanisms of different 

PE pipe grades, a science-based quantitative prediction of the lifetime of pressur-

ized pipes has not been possible yet as they do not provide any or at least not suf-

ficient information concerning the kinetics of slow growing cracks under service-
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like conditions. However, the knowledge of the material specific crack growth ki-

netics is essential for a reliable prediction of the time a crack needs to grow 

through a structure like a pipe wall until final failure.  

A different but nevertheless important aspect of pipe systems with long service 

times is the rehabilitation of old or defect pipes. Rehabilitation of existing water 

and gas supply piping systems (e. g. cast iron and asbestos-cement) is expected 

to be one of the driving forces for a steady growth of the PE pipe market in 

Europe. Trenchless techniques are increasingly popular and cost effective for the 

renewal of piping systems using preformed PE pipes. The technology of Close-Fit-

Lining is one of the most modern methods and although it has become one of the 

most important one (Glanert and Schulze, 2002), hardly anything has been pub-

lished regarding the long-term behavior of preformed pipes. It is expected that the 

deformation and the thermal exposure during preforming as well as during installa-

tion alters the morphology of the pipe and can change the performance compared 

to the original pipe. Focusing on operating times of at least 50 years, the under-

standing of material changes and the knowledge of relevant long-term properties 

of such pipes is of high interest. 

2,5	 �����	���	�������	�/3���
���	

Based on the problems encountered with the original fracture mechanics ap-

proaches, a new concept for an accelerated lifetime prediction of PE pressure 

pipes has already been proposed by Lang and Pinter (Lang et al., 2005). This 

concept is based on cyclic tests at different loading ratios and the extrapolation of 

specific “synthetic” fatigue crack growth rates into the case of static loading. The 

implementation of CRB specimens to create a test method with relatively short 

testing times at application near temperatures was one of the major aims of this 

Dissertation. 

The developed test procedure has been used to study the crack growth kinetics in 

selected pipe grade PE’s: an elder PE 80 material, which represents thousands of 

kilometers of installed pipes today, and a modern PE 100 material with an im-

proved resistance against long-term failure. To close the gap between theoretical 

laboratory tests and real pipe applications the concept has also been applied to 

real pipes already in service for several years to predict their residual life time. 
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To ensure a realistic fracture mechanics lifetime prediction, different boundary 

conditions which may affect the calculations have been investigated within a sensi-

tivity study. Parallel to the material investigations, a simulation model based on 

finite element methods (FEM) has been developed to combine practical test re-

sults with modern computational methods (the development of the FEM simulation 

model itself was not part of this Dissertation). The FEM simulation of pipes under 

complex loading situations provides the possibility to predict lifetimes for pipes 

close to real installation conditions. 

To focus on the Close-Fit-Lining technology, a comprehensive investigation had to 

be conducted in order to study the influence of typical deformation and redeforma-

tion processes on relevant material parameters and their interaction with structure 

properties. In this case special attention was paid to the influence of the additional 

thermal and mechanical treatment on the morphology and on material ageing. 

Moreover, a further aim was to study the potential influence of this specific pre-

history on the resistance against crack initiation and SCG. 

2,6	 ���������	��	��
�	#
�������
��	
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Polymer Competence Center Leoben GmbH (PCCL). Several publications which 

address different issues of these projects have been published in scientific jour-

nals and have been presented at international conferences during the last years.  

The structure of this Dissertation is divided into three parts. Whereas ����	& and 

����	&& refer to the two main topics of the development of a fracture mechanics test 

method and the long-term behavior of PE Close-Fit-Liner, respectively, a selection 

of publications in ����	&&& form the framework of this Dissertation:  

����	&C Lifetime assessment of polyethylene pressure pipes based on 

an accelerated fracture mechanics test procedure 

����	&&C Long-term failure behavior of a polyethylene Close-Fit-Liner 

����	&&&C Appendix – Selected papers 
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Following this introduction, ����	& provides a brief review on the failure behavior of 

pressurized pipes and a summary of the used basic elements of LEFM. After-

wards, the stress intensity factor concept – an essential part in fracture mechanics 

investigations on crack growth kinetics and lifetime predictions – will be described. 

Furthermore, the extrapolation concept for which Lang and Pinter proposed cyclic 

tests for the accelerated extrapolation of the crack growth kinetics to static loading 

will be described (Lang et al., 2005).  

Based on this concept, a procedure for the direct measurement of SCG in CRB 

specimens was developed and different PE materials were tested to evaluate the 

crack growth kinetics for static loading conditions. A sensitivity study investigates 

the effect of various assumptions in the boundary conditions of the applied fracture 

mechanics approach. Finally, a lifetime prediction of pressurized pipes based on 

the generated parameters of the tested materials was conducted. 

����	&& then focuses on the importance and the demand for pipe rehabilitation in 

general and provides basic information concerning trenchless pipe rehabilitation 

with the Close-Fit-Liner technology. A comprehensive investigation of the effects 

of preforming and redeformation of Close-Fit-Liners will be described. This study 

primary focuses on the influence of the additional mechanical and thermal treat-

ment during deformation and redeformation of the pipes on changes in morphol-

ogy, material aging and residual stresses. The changes in these material proper-

ties and their effect on the long-term performance of the final state of the 

redeformed Close-Fit-Liner compared to original pipe are of special interest in this 

part. 

Major findings covering several issues of the described ����	& and ����	&& have 

been published yet. Hence, ����	&&& of this Dissertation provides a selection of 

seven publications which are collected in the Appendix and which form the frame-

work of ����	& and ����	&&, respectively. Whereas ������	&�2 to &�9 cover the major 

aspects of lifetime assessment of polyethylene pressure pipes based on an accel-

erated fracture mechanics test procedure (����	&), the ������	&&�2 and &&�5 refer to 

the long-term failure behavior of a polyethylene Close-Fit-Liner (����	&&). 
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The long-term failure behavior of pressurized PE pipes is characterized by the de-

termination of the long-term hydrostatic strength with internal pressure tests, regu-

lated in EN ISO 9080. Testing times with this method typically last about 1 year 

and the testing of pipes that do not fail is usually stopped after a testing period of 

104 hours (approx. 13.5 months). However, this means that especially for modern 

PE types of the classification PE 80 and PE 100 nearly no quantitative information 

concerning the relevant quasi-brittle failure region can be provided. 

With the purpose of an accelerated correlation of different materials and their re-

sistance against crack initiation and SCG, several specimen tests for an acceler-

ated data generation have been implemented and compared (Haager, 2006). Al-

though these tests are useful for material ranking and preselection, they do not 

provide any information concerning the kinetics of quasi-brittle growing cracks, 

though. However, this information is essential for a fracture mechanics lifetime 

prediction of pressurized pipes.  

The following sections give a brief overview on the failure behavior of pressurized 

pipes and the applicability of linear elastic fracture mechanics. Especially the con-

cept of the stress intensity factor and a fracture mechanics based lifetime predic-

tion approach are summarized. Furthermore, the fracture mechanics approach 

based on cyclic tests, which has been proposed used to realize a novel qualifica-

tion concept for a lifetime and safety assessment of PE pressure pipes, is de-

scribed (Lang et al., 2005). An overview of the tested materials in context of this 

Dissertation closes this chapter. 

5,2	 ��
����	/����
��	��	�������
0��	�
���	

The standard test method which is generally used to characterize the long-term 

failure behavior of pressurized pipes is the internal pressure test, standardized in 

EN ISO 9080. The typical failure behavior of PE pipes that may occur in those 

tests has already been well investigated (Richard, 1959; Gaube et al., 1985; Lusti-

ger, 1986; Kausch, 1987; Ifwarson, 1989, Lang et al., 1997) and can usually be 

divided into different characteristic failure regimens depending on the stress level. 
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Those regimens are schematically illustrated in Fig. 2.1 (Lang, 1997; Lang et al., 

2005).  

 

�
�,	5,2C Characteristic failure behavior of PE pressure pipes (Lang et al., 2005). 

In Region A (or stage I) at high internal pressures the failure is dominated by duc-

tile deformation with large plastic zones after relatively short times. This region is 

mainly controlled by the yield stress of the material and failure usually occurs at 

the smallest wall thickness or at defects (Krishnaswamy, 2005; Zhou et al., 2005).  

At lower loads the failure mechanism passes a transfer knee and switches into the 

quasi-brittle failure Region B (stage II). In this region the failure is caused by crack 

initiation and SCG with only small scale plastic deformations at the crack tip. In the 

majority of cases the origins of slow growing cracks turn out to be microscopic de-

fects near the inner pipe wall. Due to stress peaks cracks are initiated which grow 

continuously through the pipe wall. The total failure time of the pipe consists of 

both mechanisms: crack initiation time and SCG time (Barker et al., 1983; Stern, 

1995; Lang et al., 1997; Pinter, 1999). Slow crack growth is significantly influenced 
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by the molecular mass of the PE as well as the concentration and length of short 

chain branches (co-monomer) (Lustiger, 1986; Böhm et al., 1992; Brown et al., 

1992; Egan and Delatycki, 1995; Pinter, 1999; Pinter and Lang, 2004; Krishnas-

wamy, 2005).  

The nearly load independent third failure Region C (stage III) becomes relevant 

after very long times and is the result of aging processes and polymer degrada-

tion. Whereas the effect of global aging of the material leads to the forming of a 

large number of cracks, only small stresses may cause a brittle failure of the pipe. 

The resistance against this failure is basically controlled by stabilizer systems 

(Gaube et al., 1985; Doerner, 1994; Stern, 1995; Choi et al., 2009). 

For long-term applications of pressurized pipes it is very well accepted, that failure 

according to Region B represents the critical failure mechanisms. Slow crack 

growth is always connected to an initial defect which is usually located at or near 

the inner pipe wall surface (Barker et al., 1983; Stern, 1995; Pinter, 1999). This 

initial defect creates a stress singularity in which micro-deformations are nucleat-

ing local micro-voids simultaneously originating crazes. During the formation of the 

crazes a combination of local shearing in the amorphous phase and a transforma-

tion of the crystalline phase lead to highly drawn fibrils which enlarge the craze. 

During this time, which is the crack growth initiation time, the size of the initial de-

fect remains essentially constant. Subsequently quasi-brittle crack growth gets 

initiated. At the same time the stress at the tip of the craze zone increases and 

continues the craze formation, respectively. This procedure of permanent craze 

formation and breakdown of fibrils is characteristic for quasi-brittle SCG and has 

already been investigated in the framework of numerous studies (Dugdale, 1960; 

Barenblatt, 1962; Friedrich, 1983; Lang, 1984; Lustiger, 1986; Kausch et al., 

1999). As part of the described mechanisms of craze breakdown, chain disentan-

glement and chain rupture may be assumed to have a contribution to the failure of 

fibrils (Kausch, 1987; Lustiger and Ishikawa, 1991) and also local crack tip aging 

affects the mechanisms of SCG (Lang et al., 1997; Pinter, 1999; Pinter and Lang, 

2003; Pinter et al., 2004). 
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A large body of scientific work over the past decades has shown, that linear elastic 

fracture mechanics (LEFM) provides reliable methods to describe and study struc-

tural failures of materials (Irwin, 1957; Hertzberg, 1989; Broek, 1986, 1988; Wil-

liams 1987; Dieter, 1988; Anderson, 1991). Originally developed for metals, the 

methods of LEFM may also be utilized for plastics materials (Hertzberg, 1980; 

Kinloch and Young, 1983; Lang, 1984; Stern, 1995; Stern et al. 1998) as long as 

the two following basic requirements are met (Lang, 1984): 

� The global loading situation of specimen or component is within the range 

of linear viscoelasticity. 

� The formation of plastic deformations at the crack tip is only small. 

As already described in Section 2.1, quasi-brittle failure of pressurized PE pipes 

(Region B) results from small defects or cracks inside the pipe wall. The stress 

distribution in the vicinity of such a crack tip is described by the stress intensity 

factor KI (Equation 2.1) which is a function of the global loading �, the crack length 

a and a geometric factor Y that is well known for several specimens and compo-

nent shapes (Murakami, 1990). It may also be derived from FEM simulation. The 

index “I” specifies the loading mode I, which refers to pure tensile crack opening 

and represents the most relevant loading mode for practical applications (Hertz-

berg, 1989). 

 YaKI ����  (2.1) 

The crack growth kinetics da/dt is expected to be a function of KI and typically re-

sults in an S-shaped relationship in a double logarithmic diagram. In Fig. 2.2 the 

crack growth kinetics (left) and failure times of internal pressure tests of pipes 

(right) for two different materials are shown schematically. Material 2 is the one 

with higher resistance against SCG. Hence, compared to Material 1 it fails after 

longer testing times. Analogously, at a given KI-value the crack growth kinetics 

curve for material 2 shows a slower crack growth rate than the curve for mate-

rial 1. 
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The region of stable crack growth rate can be described by the equation originally 

proposed by Paris and Erdogan (Equation 2.2) (Paris and Erdogan, 1963), in 

which the crack growth rate da/dt is a function of KI and the constants A and m, 

which are material parameters depending on the material, the temperature and the 

loading conditions. Whereas the exponent m is dimensionless, the unit of the pa-

rameter A is mm/(sMPam0.5), which, however, has no physical significance (Broek, 

1988). If the crack growth kinetics for one geometric structure is known (e.g. test 

specimen), it can be calculated for any other component (e. g. pipe) as long as all 

geometrical and loading parameters are known. 

 m
IKA

dt
da

��  (2.2) 

 

�
�,	5,5C	 Schematic illustration of the relationship between creep crack growth 

behavior and failure behavior of internal pressurized pipes (Lang, 1997).	

The time a crack needs to grow through a component can be calculated by trans-

forming Equation 2.2, so that the time for creep crack growth tCCG from an initial 

defect size aini to a failure crack size of af is a function of the component-specific 

function of the stress intensity factor and the material parameters A and m at static 

loading conditions (Equation 2.3). The overall failure time tf consists of the sum of 

the time for crack initiation tini and tCCG (Equation 2.4). However, the evaluation of 

tini was not part of this Dissertation which implies, that all lifetime predictions are on 

the conservative side as they only take into account an immediately growing crack. 
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5,6	��������	 ������
��	 ��������	 ���	�
��	�
���
��	��������� �	/����	� �	
����
�	�����	

Specimen tests with cyclic loads are an important option to accelerate crack initia-

tion and SCG. Different studies have suggested that within the boundaries of 

LEFM frequently the same failure mechanisms may be responsible for SCG in fa-

tigue tests as for creep crack growth in static tests. Furthermore, those studies 

have proposed that the results of fatigue tests are in good accordance to internal 

pressure tests regarding the purpose of material ranking (Hertzberg and Manson, 

1980; Chudnovsky, 1983; Barker et al., 1983; Lang, 1984; Shah et al., 1997, 

1998a,b; Parsons et al., 1999; Parsons et al., 2000; Lang et al., 2004; Pinter et al., 

2004; Haager et al., 2006; Lang et al., 2006; Pinter et al., 2006, 2007).  

To deduce static failure behavior from fatigue tests, an extrapolation concept was 

proposed by Lang and Pinter, which also forms the base of this Dissertation (Lang 

et al., 2005, 2006; Pinter et al., 2007). A main objective of this Dissertation is to 

address and examine the open issues of the proposed extrapolation method and 

to transform the concept into a laboratory test procedure. Hence, some important 

parameters for fracture mechanics fatigue testing are defined below, followed by a 

brief overview of the proposed concept for an accelerated development of CCG 

curves at application near temperatures. 

In contrast to static tests, a cyclic test (fatigue test) is also defined by its loading 

ratio R (Equation 2.5), which is the ratio of minimum-to-maximum load in a loading 

cycle. In that case, KI, which is the driving force for SCG in a static test, changes 

to the difference of maximum and minimum stress intensity factor 	KI in a cyclic 

test (Equation 2.6).  

 
max,I

min,I

max

min

K
K

F
F

R ��  (2.5) 

 
 �R1KKKK max,IinImmax,II �����	  (2.6) 

Several studies show, that for a given value in KI,max a variation of the R-ratio may 

affect crack growth rates, with crack growth rates increasing as the R-ratio de-

creases. Thus, the dynamic component of a cyclic test was detected to be an es-
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sential factor that may reduce testing times (Lang, 1984; Shah et al. 1997, 

1998a,b; Parsons et al., 1999, 2000; Balika et al., 2007). 

In cyclic tests the times for crack initiation and SCG are also a factor of the test 

frequency f, so that crack growth rates are usually defined as changes in the crack 

length per loading cycle N (Equation 2.7). The material parameters A’ and m’ in 

the respective Paris law, however, are unique for every single R-ratio. To correlate 

and compare the crack growth kinetics of fatigue and static loading, fatigue crack 

growth rates are multiplied with the test frequency to achieve crack growth rates 

per time unit (see Equation 2.8; Lang, 1984, Balika, 2003). 

 'm
IK'A

dN
da

	��  (2.7) 

 f
dN
da

dt
da

��  (2.8) 

To determine the CCG kinetics at static loading at application near temperatures 

of 23°C, Lang and Pinter proposed an extrapolation concept based on cyclic tests 

at different R-ratios (Lang et al., 2005). In this concept, static loading conditions 

are approached by a variation of cyclic test parameters as it is shown schemati-

cally in Fig. 2.3.  

zyklisches (min

statisches (
zyklisches (max

!	D	>
!	D	>,2

!	D	>,8

!	D	>,7

!	D	2
statisches ( = zyklisches (max

(�
�
!		D

(��1

zyklisches (min

statisches (
zyklisches (max

!	D	>
!	D	>,2

!	D	>,8

!	D	>,7

!	D	2
statisches ( = zyklisches (max

!	D	2
statisches ( = zyklisches (max

(�
�
!		D

(��1

(�
�
!		D

(��1

 
�
�,	5,6C Variation of KI at various R-ratios (Lang et al., 2005). 
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For each single R-ratio a specific failure and kinetics curve is measured. Usually, 

an increasing R-ratio – which means a decrease of the loading range and the 

crack growth driving 	KI, respectively – causes a decrease of the corresponding 

crack growth rate by a simultaneously increasing failure time. Hence, the longest 

testing times are required for tests at R=1. If KI,max remains constant at different R-

ratios, a mathematical extrapolation of the SCG rates measured at low R-ratios 

(and relatively short testing times) to the creep crack growth rate at R=1 should be 

possible, where the static KI is equal to KI,max of a quasi-cyclic test. The extrapola-

tion procedure proposed by Lang and Pinter for the generation of creep crack 

growth curves with cyclic tests includes up to four key steps, which are illustrated 

in Fig. 2.4 (Lang et al., 2005):  

� First, fatigue tests with suitable specimens at different R-ratios (e.g. R=0.1, 

0.4 and 0.7) and with similar KI,max are performed and analyzed in R-specific 

Woehler-curves. 

� For each R-ratio the generated failure data are converted into “synthetic” 

FCG curves, using fracture mechanics computational methods and aver-

aged crack growth rates. 

� In the next step, the “synthetic” FCG curves at the different R-ratios are 

transformed into a diagram, in which KI,max is a function of R at constant 

crack growth rates. These curves are then extrapolated to static loading 

(R=1). 

� Finally, the stress intensity factors for R=1 are transformed back into the 

crack growth kinetics diagram to generate a “synthetic” creep crack growth 

curve. 

If cyclic crack growths rates are directly determined experimentally via appropriate 

techniques, it is not necessary to include steps 1 and 2 in the above procedure. 

From the generated “synthetic” creep crack growth curve the material parameters 

A and m can be obtained and furthermore be used for the calculation of the creep 

crack growth time tCCG in any structure like in pipes. 
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�
�,	5,8C Methodology to generate “synthetic” CCG curves for static loading 

(R=1) based on cyclic experiments with CRB specimens (Lang et al., 

2005). 

5,8	 ������
��	��	�����
���	

Table 2.1 lists the selected materials used in Part I of this Dissertation and de-

scribes the tested R-ratios as well as the condition of the bulk material, from which 

the specimens were manufactured. Also indicated in the table are those materials 

for which the extrapolation procedure to R=1 was carried out. The extrapolation 

was conducted for those materials, which allowed testing of at least three different 

R-ratios. 

All materials tested are commercially available PE types. However, to protect the 

interests of the involved project partners, only coded material names are used in 

this Dissertation. To meet the requirements of an academic work in terms of re-

producibility, a supplementary sheet which includes the un-coded commercial ma-

terial names was made available to the project partners. 

CRB specimen 
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��/��	5,2C Tested materials, pipes and fittings.  


����
��	
���
����
��	

�$	�����	
%!�	����
����	
��������	����	

������	
!����
��	

�1��������
��	
��	!D2	

PE-BF non-pipe PE compression molded plate 0.1, 0.3, 0.5, 0.7 yes 

PE-BF-1 non-pipe PE compression molded plate 0.1, 0.3, 0.5 yes 

PE 80 PE 80 compression molded plate 0.1, 0.3, 0.5 yes 

PE 100-1 PE 100 compression molded plate 0.1, 0.3 no 

PE 100-1F PE 100 iInjection molded fitting 0.1, 0.3 no 

PE 100-2 PE 100 compression molded plate 0.1, 0.3, 0.5 yes 

PE 100-2P PE 100 extruded pipe 0.1 no 

PE 100 RC PE 100 RC compression molded plate 0.1 no 

PE 80-MD PE 80-MD compression molded plate 0.1 no 

old pipe 1981 PE 80-MD extruded pipe 0.1, 0.3, 0.5 yes 

old pipe 1988 PE 80 extruded pipe 0.1, 0.3, 0.5 yes 

 
The blow-forming non-pipe material PE-BF was used for the development of the 

extrapolation procedure due to its rather brittle character. A second non-pipe ma-

terial, PE-BF-1 with higher ductility, which typically is used for extruded films, was 

selected to evaluate the potential of the lifetime prediction procedure for non-pipe 

applications.  

To study the applicability of the extrapolation procedure for pipe materials, a com-

mercial PE 80 pipe grade was selected, which has been frequently used and still 

exists in many pipe systems. The characterization of the commercial PE 100 pipe 

grades was done with PE 100-1, by also taking additional specimens from an in-

jection molded fitting (PE 100-1F), and with PE 100-2 by also testing specimens 

from a pipe (PE 100-2P). In order to have a modern PE 100 material with im-

proved resistance to cracks, PE 100 RC was selected.  

As part of the characterization program of pipes that had been in service for some 

time, two further pipe materials were selected: a pipe for water supply which has 

been in service since 1988 (old pipe 1988) and which was identified as a PE 80 

pipe grade (Frank et al., 2008), as well as a gas pipe which has been in operation 

since 1981 (old pipe 1981) and which was found to be a medium density 

PE 80-MD (Frank et al., 2008). In that case the specimens were directly taken out 

of the pipes, both of which had the same dimensions of D160 SDR 11 (outer di-
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ameter: 160 mm, wall thickness: 14.5 mm). As a reference for this material an ad-

ditional PE 80-MD pipe grade was selected. 
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The following paragraph describes the development of a laboratory test method for 

the accelerated and reliable fracture mechanics determination of CCG in PE pipe 

grade materials based on the extrapolation concept by Lang and Pinter (Lang et 

al., 2005, 2006). Major parts of this research work have been published in ������ 

&�2F	&�5	and &�9	in the Appendix and were presented at the Annual Technical Con-

ference of the Society of Plastics Engineers (ANTEC) 2008 and 2009, the Plastics 

Pipes XIV Conference (Frank et al., 2008) and the 5th International Conference on 

Fracture of Polymers, Composites and Adhesives 2008.  

First, the selection of a suitable specimen geometry and the corresponding calcu-

lation of KI as well as experimental details of the cyclic tests will be outlined briefly. 

Following a first evaluation of the applicability of simple fatigue tests for the ex-

trapolation concept, the development of an advanced test methodology for the di-

rect measurement of crack growth rates in the selected specimen configuration will 

be described. 

6,2	 ���	����-��	�����	/��	����
���	

Several specimen configurations are available for fracture mechanics testing. To 

meet the requirements of a significant acceleration of testing times, cracked round 

bar (CRB) specimens were selected, as this type exhibits several advantages 

(Lang et al., 2005) and has already showed promising results in previous studies 

(Haager, 2006; Pinter et al., 2006, 2007a,b). By conducting cyclic tests on CRB 

specimens it is not only possible to differentiate between different PE grades 

(PE80, PE100) within a few days, but also to draw a distinction within one grade 

as to potential process based batch variations. The correlation of CRB failure data 

with those of time consuming methods like the FNCT opens an interesting poten-

tial for product ranking and material development (Haager, 2006; Pinter et al., 

2006, 2007a).  

A further advantage of CRB specimens is that fatigue tests can be done at appli-

cation near temperatures of 23 °C and without any additional stress cracking liq-
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uid. Due to the very simple geometry that is shown in Fig. 3.1, it is possible to 

manufacture the CRB specimens either from compression molded plates or even 

straight out from extruded pipes.  

 
�
�,	6,2C Typical dimensions of the used CRB specimen. 

A crucial advantage of the CRB specimens in terms of reduction of testing times 

are the almost plain strain conditions, which reduce the formation of plastic zones 

at the crack tip to a minimum. The high constraint in this specimen also ensures 

an accelerated crack initiation. Finally, the fast raise in KI with increasing crack 

length, which occurs after crack initiation, leads to a further acceleration of SCG 

and a decrease of the testing time, respectively. 

In CRB specimens KI can be calculated with different mathematical formulas. Cor-

responding to the dimensions depicted in Fig. 3.1, in the calculations presented 

below F is the applied load, a is the current crack length, R is the radius and b is 

the ligament radius of the CRB specimen. Equations 3.1 to 3.3 describe the KI-

calculation by Benthem and Koiter (Benthem and Koiter, 1973) that is very accu-

rate for the evaluation of CRB specimens (Murakami, 1990; Scibetta et al., 2000; 

Haager, 2006). 
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More simple calculations for the CRB specimens were presented by G.E. Dieter 

(Dieter, 1988), which is shown in Equation 3.4, as well as Janssen et al. (Janssen 

et al., 2004), presented in Equation 3.5. The advantage of these formulas is the 

ability of solving them analytically in the lifetime calculation model described in 

Equation 2.3, what is demonstrated in �����	&�9 in the Appendix. 
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In �����	&�9, KI was also numerically simulated with the FEM simulation program 

ABAQUS (Vers. 6.91 Standard, SIMULIA, USA). The result of this calculation is 

presented in Equation 3.6 and was found to follow a polynomial function of fourth 

order. 

 
 �432
2I a17.0a94.0a80.1a09.022.1

1000D
F4K ���������

���

�
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In Fig. 3.2 the presented definitions of the stress intensity factor, in which KI is a 

function of the normalized crack length a/R, are compared. In order to calculate KI 

in the CRB specimen, the geometric values of Fig. 3.1 (D=13.8 mm) and a typical 

maximum load of a cyclic test (F=1340 N) have been used. In CRB specimens 

typical values for quasi-brittle crack length are between 1.5 mm and 4 mm which 

correspond to a/R-values between 0.22 and 0.58. 

At short crack lengths, up to a/R=0.4, a very good correlation of all three functions 

exists. Whereas KI by Dieter shows the lowest values at higher crack lengths at 

a/R > 0.7, KI of the ABAQUS simulation clearly has the steepest gradient above 

a/R=0.5. For all functions, the quick increase of KI with increasing crack length is 

well recognizable. At higher KI the limitations of LEFM are usually violated and the 

quasi-brittle failure mode at the crack tip turns into a ductile failure mode. In this 



+������
�	
����
����
���	
���������������
����
���#���
���
� 30 

Dissertation all CRB tests have been analyzed not exceeding a crack length of 

4 mm. An optical evaluation of the fracture surface was combined to evaluate the 

change in the failure modes. If not mentioned explicitly, all KI-calculations in this 

Dissertation were done with Equation 3.1. 

0.0 0.2 0.4 0.6 0.8 1.0
0

5

10

15

20

25

30

����
���	���	����
��
����
�����
��C
CRB specimen, D=13.8 mm
Load F=1340 N

#
�������	(&���������
���C
 Benthem und Koiter
 G.E. Dieter
 Janssen et al.
 ABAQUS

  
K

I [M
P

am
0.

5 ]

a/R [-]

range of a typical
CRB test

 

�
�,	6,5C Comparison of stress intensity factors in CRB specimen obtained ac-

cording to Benthem and Koiter, to G.E. Dieter, to Janssen et al. and to 

ABAQUS simulation as a function of the normalized crack length a/R. 

6,5	 $1���
������	���	����	������
��	���������	

The test methodology was developed with the help of two different types of PE. 

The first one was a PE high density grade (PE-HD) with the classification PE 80, 

which is a material that is typically used in many existing pipe systems (Table 2.1). 

The second one was a non-pipe PE-HD, which is usually employed in blow form-

ing applications and is labeled as PE-BF within this Dissertation (Table 2.1). This 

material was used due to its rather brittle character that ensured relatively short 

failure times in the fatigue tests for a quick development of the test procedure. For 

both materials kinetics data from a previous project were available as a reference, 

which have been measured with compact type (CT) specimens (Pinter et al., 

2002).  

For the specimen preparation compression molded plates with a thickness of 

15 mm were produced. The CRB specimens with a diameter of 13.8 mm and a 
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length of 100 mm (Fig. 3.1) were manufactured out of these plates and a circum-

ferential initial crack of 1.5 mm in depth was inserted with a razorblade (Haager, 

2006). 

All cyclic tests were executed on a servo-hydraulic closed-loop testing system of 

the type MTS Table Top (MTS Systems GmbH; Berlin, D). The force controlled 

load was applied sinusoidal with a frequency of 10 Hz. All cyclic tests were con-

ducted at standardized laboratory conditions at ambient temperatures of 23 °C and 

a humidity of 50 %. The failure cycle number of the fatigue tests was recorded as 

Nf. In order to provide an exact calculation of the initial KI, the specimen diameter 

and initial ligament diameter of the CRB specimen were measured after the test 

using a light microscope of the type BX51 (Olympus; Vienna, A) and the analyzing 

software analySIS 3.2 (Soft Imaging Systems GmbH; Munich, D). A detailed de-

scription of the determination of the initial KI from the fracture surface can be found 

in the Diploma Thesis of Freimann (Freimann, 2008). 

6,5,2	$1��������
��	������	.
��	�
����	���
���	�����	

For a first evaluation of the extrapolation concept (Lang et al., 2005) fatigue tests 

at the R-ratios of 0.1, 0.3 and 0.5 were executed on CRB specimens of the PE 80 

material. In Fig. 3.3 the number of cycles until failure Nf at a temperature of 23 °C 

for the different R-ratios as a function of the initial KI,max is shown. As expected, Nf 

increases with increasing R-ratio. For R=0.3 and 0.5 not only the quasi-brittle fail-

ure regime was detected but also ductile failure at higher stress intensity factors, 

which is demonstrated by the open symbols in Fig. 3.3. The illustrated fracture 

surfaces show eccentric crack growth starting anywhere around the circumference 

of the specimen, which is typical for this type of specimen (Haager, 2006). Unfor-

tunately, due to this effect it is difficult to directly observe the current crack length 

and the crack growth rate, respectively.  

Although the test configuration with the CRB specimen generally decreases the 

testing time, Nf at R=0.5 are higher than 107 cycles, which amounts to about 12 

days of testing at a frequency of 10 Hz. A further increase of the test frequency will 

lead to hysteretic heating of the specimen, which will influence the failure behavior 

significantly. For modern PE 100 pipe grades, with an improved resistance against 
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crack initiation and SCG, it is expected, that cyclic tests at R-ratios of 0.5 need to 

be tested 4 to 8 weeks per specimen or even more. 

 

�
�,	6,6C	 Number of cycles until failure Nf of PE 80 at 23 °C for R-ratios of 0.1, 0.3 

and 0.5 and corresponding fracture surfaces of CRB specimens (open 

symbols refer to ductile failure). 

As in the fatigue tests which are presented in Fig. 3.3 a direct measurement of the 

crack growth kinetics was not possible, the “synthetic” FCG curves were deter-

mined with the help of the calculation of averaged crack growth rates based on 

fracture surface analyses of the single specimens. For this purpose, the length of 

the quasi-brittle crack was measured from the initial crack length aini up to the start 

of the brittle-ductile transition. The “synthetic” FCG curves for PE 80 are summa-

rized in Fig. 3.4, and the data are compared to crack kinetic curves measured with 

CT specimens of the same material (Pinter et al., 2002). Whereas the reference 

curves display real kinetic lines of a single test, in which the current crack tip in the 

CT specimen was observed with a travelling microscope and was correlated to the 

relevant number of cycles, the “synthetic” FCG curves were calculated on the ba-

sis of several cyclic CRB tests and fracture surface analysis. In that case, the cy-

cle number for crack propagation was obtained from the crosshead displacement 

recorded during the cyclic test. On the other hand, the length of the quasi-brittle 

crack was estimated from the fracture surface of the failed CRB specimen as the 
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distance from the initial crack length to the change of the failure mode from quasi-

brittle failure to ductile failure. Hence, each single cyclic CRB test results in a sin-

gle average crack growth rate (see ����� &�2 in the Appendix). 
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�
�,	6,8C	 Correlation of “synthetic” FCG in CRB specimens and crack growth ki-

netics in CT specimens for PE 80 at R=0.1, 0.3 and 0.5 at a temperature 

of 23°C. 

Although the single points of the “synthetic” FCG curves match the kinetic lines of 

the reference data quite well, a description of crack growth kinetics seems not to 

be reliable enough with this approach, especially for higher R-ratios. To generate a 

R-specific “synthetic” FCG curve, at least two CRB tests have to be conducted. 

The results of Fig. 3.4 show, that a determination of a crack growth laws based on 

only two points of average crack growth rates is not precise enough. Hence, an 

acquisition of a representative number of data is necessary, which increases the 

testing effort significantly. Furthermore, it was detected, that the single-point 

evaluation is highly dependent on the fracture surface analysis. Especially for 

higher R-ratios it turns out difficult to detect the brittle-ductile transition. Moreover, 

the action of detecting it causes uncertainties in the determination of the average 

crack growth rate, which is a significant source for data scattering. Instead of de-

veloping “synthetic” FCG curves, as originally proposed by Lang and Pinter, it was 
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decided to develop a methodology which allows a direct measurement of the crack 

growth kinetics in CRB specimens. 

6,5,5	%����
����	���
/���
��	������	

Due to the unknown position of the crack initiation around the circumference of the 

CRB specimen and the eccentric crack growth, the direct measurement of the cur-

rent crack length is quite difficult for this type of geometry. However, an indirect 

determination of the average current crack length is possible by using the speci-

men specific compliance C of a material (Saxena and Hudak, 1978), which is the 

ratio of the crack opening displacement (COD) of a crack and the applied force F 

(see Fig. 3.5, left).  

   

�
�,	6,9C	 Left: Schematic illustration of the crack opening displacement (COD) 

and the relationship between the compliance C and the crack length a; 

Right: CRB specimen with three extensometers for the measurement of 

the COD. 	

The application of this technique to CRB-specimens is part of ����� &�5 in the Ap-

pendix and it is also described in the Diploma Thesis of Freimann (Freimann, 

2008). Therefore, three extensometers (Type 632.13-20, MTS Systems GmbH; 

Berlin, D) were positioned at equal distance around the specimen crack (see 

Fig. 3.5, right). To develop a compliance calibration curve, first the compliance of 

the CRB specimens was measured at different initial crack lengths from 1.0 to 

3.0 mm. As a result of the cyclic loads in the fatigue test, the crack opening dis-
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placement was measured as the difference 	COD of minimum and maximum 

COD and the specimen compliance was calculated to 	C, respectively. The de-

veloped compliance calibration curve allows calculating the current crack length in 

a single CRB specimen at any time of a fatigue test by measuring 	C. 

For both materials, PE 80 and PE-BF, the compliance calibration curve 	C as a 

function of the crack length a at a temperature of 23 °C is shown in Fig. 3.6. As a 

result of the higher material stiffness of the blow forming type the curve for PE-BF 

is clearly lower than for PE 80. As long as the requirements of LEFM for plastics 

are met, at a constant temperature the compliance only depends on the material 

and the specimen geometry but but it does not show any dependency regarding 

the applied load. This was proven by the results of material PE-BF in which the 

compliance at different aini was also measured at R=0.3. The data overlap the cali-

bration curve quite well, indicating load independency. 
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�
�,	6,:C Compliance calibration at 23 °C; 	C as a function of the crack length a 

for CRB specimens of PE-BF (R=0.1 and 0.3) and PE 80 (R=0.1). 

To avoid starting effects, the values for 	C were recorded after a few thousand 

cycles and definitely before crack initiation occurred. The curve fitting was done 

with a simple polynomial function of 2nd order. By converting this material and 

specimen specific function into a quadratic equation, it was possible to calculate 
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the current crack length in a cyclic CRB test from any corresponding measured 

	C.  

Another benefit of the system with three extensometers is the possibility to accu-

rately detect the crack initiation. In Fig. 3.7 the extensometer signals of a typical 

CRB fatigue test show 	COD as a function of cycle number N, also indicating Nini 

and Ntot. The crack initiation cycle number Nini is characterized by the first step in 

these signals. With continuing crack growth a stepwise signal can be recognized, 

which is very typical of quasi-brittle crack growth in PE, until final failure of the 

specimen occurs at Ntot. 

This clear separation of the overall failure time into crack initiation time and SCG 

time provides new interesting options for material benchmarking. Furthermore, a 

more reliable estimation of the fraction of crack initiation at static loading condi-

tions is possible with this additional information. A detailed study on the reproduci-

bility of the compliance calibration method on CRB specimens, which is of high 

precision, is summarized in �����	&�5 in the Appendix. 
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�
�,	6,7C Extensometer signals 	COD as a function of cycles N, indicating values 

for Nini and Ntot for a typical CRB fatigue test on PE-BF. The first steps in 

the curves indicate crack initiation. 
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6,5,6	$1��������
��	���������		

With the direct measurement of the current crack length in a CRB fatigue tests it is 

possible, to generate real FCG curves at a specific R-ratio with only one single 

test, which makes the mathematical transformation from several failure data into 

“synthetic” FCG curves obsolete. Thereby, the extrapolation procedure from 

Fig. 2.4 is reduced to Fig. 3.8, so that the evaluation of R-specific Woehler-curves 

is no longer required.  

	

�
�,	6,<C	 Extrapolation procedure to generate “synthetic” CCG curves for static 

loading (R=1) based on measured FCG kinetics at different R-ratios in 

CRB specimens. 

The crack growth curves for PE-BF at R=0.1, 0.3, 0.5 and 0.7 at a temperature of 

23 °C are shown in Fig. 3.9, left. As expected, for a given KI,max the crack growth 

rate decreases with increasing R-ratio. This diagram also includes crack growth 

rates which have been measured with CT-specimens (Pinter et al., 2002). The CT 

data show somewhat faster crack growth rates which may have been caused by 

marginal changes in the raw material (different batches). Nevertheless, the func-

tional characteristics of the curves confirm the reliability and the potential of the 

developed method for a quick measurement of crack growth kinetics with CRB 

specimens.  
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As demonstrated schematically in Fig. 3.8, the kinetics of the PE-BF at different R-

ratios were cut at lines of constant crack growth rates and transformed into a chart 

KI,max being a function of R (Fig. 3.9, right). An empirically found logarithmic func-

tion was used for the extrapolation to R=1, which represents static loading. Finally, 

the obtained stress intensity factors at R=1 were transformed back into the kinetics 

diagram to generate the “synthetic” CCG curve, which is shown in Fig. 3.10 along 

with the crack growth data obtained for different R-ratios. Having this “synthetic” 

CCG curve, it was possible to obtain the material parameters A and m for static 

loading conditions which allow a fracture mechanics lifetime prediction. In the case 

of PE-BF at a temperature of 23 °C this parameters are A=4.65 x 10-5 and m=7.32. 
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�
�,	6,=C Left: Measured crack growth curves da/dt of PE-BF at different R-ratios. 

Right: Extrapolation of R-ratio depending KI,max to R=1.0 (static loading). 
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�
�,	6,2>C Measured crack growth curves da/dt of PE-BF at different R-ratios and 

extrapolated “synthetic” CCG curve (R=1.0). 
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The rather brittle non-pipe material PE-BF was primarily selected to ensure short 

testing times and for a quick development of the test methodology. To evaluate the 

applicability of the test procedure for pipe grade PE, the whole procedure was re-

peated with the material PE 80 from Table 2.1. Results for this material are sum-

marized in Chapter 5. 
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In addition to the material parameters A and m, the correct calculation of KI values 

in a pressurized pipe is essential for reliable fracture mechanics predictions of life-

times. The aim of the present chapter is to introduce the selected pipe model as 

well as to further investigate the calibration of KI in the pipe. Furthermore, the in-

fluence of the initial crack size and variations in the extrapolation from FCG to 

CCG will be demonstrated within the scope of a sensitivity analysis. Details with 

regard to the development of the simulation model for an internally pressurized 

pipe are summarized in �����	&�6 in the Appendix, which also includes detailed 

information on more complex loading situations like soil loads or additional bend-

ing. 
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The standard model for fracture mechanics lifetime prediction is an internal pres-

surized pipe with an initial defect at the inner pipe surface, as shown in Fig. 4.1. 

This model also describes the loading situation in internal pressure tests based on 

ISO 9080 in which pipe specimens are tested at different internal pressures but 

without any additional load. This means that lifetime predictions based on this 

model can be compared to real test data, if available. If not mentioned explicitly, it 

is stated that all calculations in this Dissertation were performed for a model pipe 

of the dimensions D40 SDR 11 (outer diameter: 40 mm, wall thickness: 3.6 mm). 

 

�
�,	8,2C Model of the pipe with a surface crack at the inner pipe wall. 

p 
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Literary publications provide different solutions for the stress intensity factor in the 

described pipe model (Murakami, 1990; Anderson, 1991; Krishnamachari, 1993). 

To verify these solutions and to open the possibility of calculating more complex 

loading situations (soil load, bending), KI was also simulated with FEM using 

ABAQUS (see �����	&�6 in the Appendix). 

A comparison of KI as a function of the normalized crack length a/t (crack length a 

divided by pipe wall thickness t) provided by Muarkami, Anderson, Krishnamachari 

and based on the FEM simulation is shown in Fig. 4.2. The calculations were ac-

complished for a semi-elliptical surface crack (b=2a), which is usually assumed 

(Stern, 1995). The different calculations of KI for semi-elliptical surface cracks 

show, that the literature formulas proposed by Murakami and Anderson match the 

characteristics of the FEM simulation quite well, especially at small crack lengths, 

associated with the initiation of creep crack growth. However, the curve based on 

the calculation of Krishnamachari is completely different in comparison to the other 

calculations. Thus, this solution will no longer be considered in this study. The se-

lection of the KI-calculation in pressurized pipes used in this Dissertation is de-

scribed in the following section. 
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�
�,	8,5C Calculations of KI in the wall thickness direction as a function of the nor-

malized crack length a/t in an internal pressurized pipe with semi-

elliptical crack front geometry. 
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The characteristics of the KI vs. crack length relationship in a pressurized pipe also 

depend considerably on the crack front geometry and the crack front position 

(Broek, 1986, 1988; Hertzberg, 1995). A model of a semi-elliptical and a semi-

circular crack front geometry of identical initial crack length aini in the wall thickness 

direction is shown in Fig. 4.3. As pointed out before, a crack with a semi-elliptical 

shape and a constant ratio between main axis and minor axis, the main axis (crack 

width) 2ce being twice the minor axis 2aini, was assumed for the calculations illus-

trated in Fig. 4.2. For this crack front geometry, KI is higher at point A than at point 

Ce, which results in a transformation of the semi-elliptical shape into a semi-

circular shape as the crack grows (Pinter, 1999). In the second assumption of a 

semi-circular initial crack shape the radius cc is equal to the initial crack length aini 

in the wall thickness direction. In this situation KI is only slightly lower at point A 

than at point Cc, which will result in only a small tendency of the crack front ge-

ometry to change from semi-circular to semi-elliptical crack shape. 

 

�
�,	8,6C Semi-elliptical and semi-circular surface crack front geometry of identical 

initial crack length aini in the thickness direction at the inner pipe wall of 

an internal pressurized pipe. 

Fig. 4.4 to Fig. 4.6 illustrates various fracture surfaces of internal pressure tests on 

pipe segments. A typical effect of SCG in PE is the discontinuous character of 

crack propagation which results from the continuous formation of a craze with 

highly orientated fibrils at the crack tip and the stepwise breakdown of the crack tip 

craze upon physical crack growth (Barker et al., 1983; Pinter, 1999; Parsons et al., 

2000; Favier et al., 2002; Pinter et al. 2005; Balika et al., 2007). This discontinuous 

mechanism creates markings on the fracture surface indicating the real crack front 

geometry at various times of crack advance. 
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Figure 4.4 shows a fracture surface of an internal pressure test on an old pipe 

which has been used in service since 1988 (Table 2.1) and which was tested in 

2009. Slow crack growth starts at an inherent defect at the inner pipe surface. The 

markings at very small crack lengths confirm a nearly semi-circular crack front ge-

ometry. With increasing crack length the plain stress situation at the inner pipe 

surface allows for larger plastic deformations which retard SCG. In the center of 

the pipe wall plain strain conditions prevail and ensure a higher constraint with 

continuing SCG. When the crack front approaches the outer pipe surface the plain 

stress condition again allows for larger plastic deformations which are crack re-

tarding. Meanwhile, the crack in the center of the pipe wall is still growing in a 

quasi-brittle manner in the direction of the pipe axis until final breakdown with duc-

tile failure at the outer pipe wall occurs. 

This characteristic of a predominantly semi-circular crack front geometry at small 

and mid-size crack length and the change to a semi-elliptical crack front geometry 

at large crack lengths can be observed on many fracture surfaces of pipes from 

internal pressure tests. The examples of fracture surfaces in Fig. 4.5 (Barker et al. 

1983) and Fig. 4.6 (Pinter, 1999) also confirm the dominating semi-circular crack 

front geometry. 

 
�
�,	8,8C Fracture surface of an internal pressure test on an old pipe installed in 

1988 at 80 °C and a hoop stress �=4.6 MPa. Failure time tf=1038 h. 
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�
�,	8,9C Fracture surface of an internal pressure test on PE-HD (Barker et al. 

1983). A semi-circular crack front dominates the fracture surface.  

 
�
�,	8,:C Fracture surface of internal pressure tests on PE-HD (Pinter, 1999).  

To take the findings of the real crack front geometry into account, in Fig. 4.7 KI as 

a function of the normalized crack length a/t by Murakami and Anderson were re-

calculated with the assumption of a constant semi-circular crack front geometry 

throughout the entire SCG regime. Compared to the semi-elliptical crack shape, a 

significant decrease in the values of KI at a constant a/t can be noticed. This chart 

also includes a FEM simulation of KI values taking into account the change of the 

real crack front geometry. At very small and mid-size crack length the FEM simula-

tion matches the literature formulas for the semi-circular crack front geometry quite 

well, whereas at very long crack length KI increases faster and approaches the 

curves of the semi-elliptical crack front geometry of Murakami and Anderson. The 

mathematical formulation of KI of the FEM simulation is shown in Equation 4.1, p 

being the internal pressure of the pipe, a the crack length, and t is the pipe wall 

thickness. This solution is only valid for a standard dimension ratio (SDR) of 11, 

which describes the ratio of the outer pipe diameter D divided by the pipe wall 

thickness t. 
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�
�,	8,7C Calculation of KI in the wall thickness direction as a function of the nor-

malized crack length a/t in an internal pressurized pipe with semi-

elliptical, semi-circular and simulated real crack front geometry. 
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I t
a80.1

t
a16.0

t
a36.074.3apK  (4.1) 

On the one hand, this KI study emphasizes the importance of the correct use of 

literature values and the choice of right assumptions for the crack geometry. On 

the other hand, the potential of the FEM simulation for KI calibration was demon-

strated. For the fracture mechanics lifetime prediction in this Dissertation, KI of 

Equation 4.1 including the change of the real crack front geometry was used, if not 

mentioned explicitly. 
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As shown in Equation 2.3, a fracture mechanics lifetime prediction calculates the 

time that a crack needs to grow from an initial crack length aini through the entire 

pipe wall up to a final failure crack length af which corresponds to the pipe wall 

thickness. Whereas in a test specimen like a CRB specimen aini is well defined by 

the sharp notch inserted with a razor blade, in real applications unavoidable inher-

ent defects like impurities, polymer agglomerates, material inhomogeneities or 

cavities are frequently responsible for the initiation of SCG. For internal pressur-

ized pipes it was shown, that a reasonable assumption of a typical size of such 
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inherent defects is between 100 and 400 �m (Gray et al., 1981; Stern, 1995; Lang 

et al., 1997; Pinter, 1999). This variation of inherent initial crack length leads to a 

scattering of failure times in internal pressure tests. An example of internal pres-

sure test results of a PE 80 pipe grade (a different type to those which were char-

acterized within this Dissertation) based on ISO 9080 is shown in Fig. 4.8, left 

(Bodycote Polymer, 2009). The material was tested at temperatures of 20, 60 and 

80 °C, a distinctive quasi-brittle failure within the test time was only detected at 80 

°C, though. At constant hoop stress, the variation of the inherent initial defects led 

to a distribution of failure times of about one decade. A typical initial defect, that 

causes SCG, is shown in Fig. 4.8, right (Pinter, 1999). For the lifetime assessment 

calculations within this Dissertation the initial crack length aini was assumed to be 

between 100 and 400 �m, the larger assumption resulting in a more conservative 

lifetime estimate. 

 

�
�,	8,<C Left: Internal pressure test (ISO 9080) for a PE 80 material (Bodycote 

Polymer, 2009); Right: Typical inherent defect responsible for the initia-

tion of SCG (Pinter, 1999). 

8,8	 *������
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An important quantitative influence in the lifetime prediction is linked to the ex-

trapolation procedure to obtain a creep crack growth law for static loading from 

cyclic experiments (compare Section 3.2.3). In Fig. 4.9, left, the measured da/dt 

50 μm 

Typical initial (inherent) 
defect size: 

100 – 400 μm 

Crack growth initiation at 
or near inner pipe surface 
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vs. KI,max at R=0.1, 0.3 and 0.5 are shown for the PE 80 material. The kinetic 

curves are cut at constant crack growth rates and transformed into the right dia-

gram, by depicting KI,max as a function of R. In this chart the extrapolation of con-

stant crack growth rates to R=1 is conducted to derive a “synthetic” CCG curve.  

1
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�
�,	8,=C Effect of the extrapolation function for fatigue crack growth data to ob-

tain “synthetic” CCG curves for R=1: logarithmic vs. potential extrapola-

tion. 

An uncertainty in this procedure is the fact, that the extrapolation function is based 

on only three data points, which makes it quite difficult to predict a suitable 

mathematics correlation. As already mentioned in Section 3.2.3, crack growth data 

at higher R-ratios like R=0.7 would be desirable. However, due to the higher crack 

resistance of PE 80 and the exceeding long testing times, such tests are very time 

consuming. Hence, the extrapolation in Fig. 4.9 was done using two different func-

tional correlations, a logarithmic function (Equation 4.2) and a potential function 

(Equation 4.3), with a and b being the fitting parameters in these functions.  

 
 � bRlnaKI ���  (4.2) 

 b
I RaK ��  (4.3) 

Although both functions show a proper fitting within the experimental data range of 

R=0.1 to 0.5, a significant deviation in the extrapolated KI,max values at R=1 is ob-

served, with the potential extrapolation leading to higher KI,max than the logarithmic 

extrapolation. When re-transforming KI,max at R=1 back to the kinetics diagram, the 

potential extrapolation exhibits significantly slower crack growth rates compared to 



!##�
���
�
��������
	
���
�����%���
�%������
�	
����
����##����������
%
�
	
�#�
�
��
�� 49 

the logarithmic extrapolation at the same KI,max. The obtained crack growth law 

parameters, A=1.40 x 10-6 and m=6.33 for the logarithmic extrapolation, and 

A=4.52 x 10-7 and m=7.57 for the potential extrapolation, also differ significantly. 

To ensure a conservative approach for the lifetime prediction, the logarithmic ex-

trapolation procedure was chosen as the standard procedure in this Dissertation. 
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All of the discussed boundary conditions have certain effects on the calculated 

lifetimes of pressurized pipes, which is demonstrated in Fig. 4.10. In this figure the 

lifetimes for a pressurized pipe of the material PE 80 were calculated by using the 

fracture mechanics material parameters A and m at 23 °C from Section 4.4. In this 

diagram the calculated lifetimes are compared to real failure times of the same 

material at 20 °C (TGM, 1993; Stern, 1995), although only ductile failure was de-

tectable within 104 hours.  

In Fig. 4.10, the calculation with the material parameters A and m from the poten-

tial extrapolation results in the longest failure times which are more than a decade 

higher than those of the logarithmic extrapolation. For this extrapolation procedure 

the predicted lifetime of a pipe at a hoop stress of �hoop=8 MPa and an initial defect 

size of aini=400 �m is about 107 hours, which is more than 1,100 years. However, 

as ageing mechanisms and potential material degradation are unknown for such 

times, such lifetime estimates raises questions as to their reliability. 

The lifetime calculation based on material parameters from the conservative loga-

rithmic extrapolation decreases the predicted failure by more than one magnitude 

in time. In this case a lifetime of about 70 years is predicted for a hoop stress of 

8 MPa and an initial defect size of 400 �m. 

In both examples, KI was calculated for a semi-circular crack with the formula of 

Murakami (Murakami, 1990), and the strong dependene of the initial crack length 

aini can be noticed. The shift in failure times with aini=100 �m and 400 �m is more 

than one decade and matches the experience in data scatter of real internal pres-

sure tests (see Fig. 4.8). Using the FEM simulation model for KI, which also ac-

counts for the change in the real crack front as the crack advances (Equation 4.1), 

only a slight decrease in the failure times can be observed. At a hoop stress of 
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8 MPa and an initial defect size of 400 �m a lifetime of about 60 years is estimated 

with this model. 
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�
�,	8,2>C Lifetime prediction of a pipe of PE 80 with the dimension D40 SDR 11 at 

T=23°C. The calculation are based on parameters A and m from poten-

tial and logarithmic extrapolation and on different initial crack length as-

sumptions of aini=100 and 400 �m in comparison with experimental data 

from internal pressure tests of pipes at 20 °C (TGM, 1993). 

The results presented in Fig. 4.10 emphasize, that some fundamental assump-

tions are necessary in order to reliably predict the fracture mechanics lifetime. Ex-

cept for cases with explicit mentioning of deviations, all lifetime calculations within 

this Dissertation were done for the following boundary conditions and assump-

tions: 

� Logarithmic extrapolation of the FCG curves to “synthetic” CCG curves. 

This solution will result in conservative results. 

� Initial defect size aini=400 �m.  

� FEM model for KI in a pressurized pipe considering the real crack front ge-

ometry according to Equation 4.1. This model also allows for comparisons 

to real internal pressure tests. 
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This chapter describes the application of the test methodology and data reduction 

procedure developed in this Dissertation to different non-pipe and pipe grade PE’s, 

which have been summarized in Table 2.1. First, the discussion of crack initiation 

and total failure times of CRB specimens emphasizes the applicability and new 

options of the chosen specimen geometry for a quick and reliable material ranking. 

After extrapolating fatigue crack growth data to R=1, lifetime predictions for se-

lected materials including specimens from real pipes are described and discussed. 

������ &�2, &�5, &�8 and &�9 in the Appendix	provide the major results of this chap-

ter.  
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The quasi-brittle failure cycle numbers Nf of cyclic CRB tests at R=0.1 at a tem-

perature of T=23°C are shown in Fig. 5.1 as a function of 	KI and the initial liga-

ment stress �0, respectively. A clear separation of different PE classes is possible, 

where the two non-pipe grades PE-BF and PE-BF-1 show the shortest failure 

times. For the pipe grade materials Nf increase continuously from PE 80 to PE 100 

and finally to PE 100 RC. Within the PE 100 pipe grades, PE 100-1 shows slightly 

longer failure times than the specimens made from PE 100-2. 

As an effect of the processing history, the CRB specimens of PE 100-1F manufac-

tured from an injection molded fitting show shorter Nf values than specimens ob-

tained from the compression molded plate. However, the PE 100-2P specimens 

from the pipe have somewhat longer failure times, if there is any difference at all. 

These results differ from the results of Haager (Haager, 2006), who found an in-

crease of the failure times in the order pipe - compression molded plate - injection 

molded fitting. These differences point out, that the influence of the processing 

history (which affects the crystallinity, molecular orientations, residual stresses, 

etc.) on the long-term failure behavior seems to be significant and even more 

complex than expected. For this reason, information on the processing history is 

essential when comparing different materials. Whereas test results obtained from 
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compression molded plates reflect a pure material behavior, other results from 

specimens out of extruded pipes or injection molded fittings also include aspects 

of the specific processing history. 

As to the old pipe characterization, the failure cycle numbers of the old pipe from 

1988 even match the region of a novel PE 80 material, whereas the crack growth 

resistance of the old pipe from 1981 is clearly shorter than even the PE 80-MD 

reference material. Also, the slope of the curves of the old pipes and the PE 80-

MD reference material is somewhat lower than the one for the other materials. A 

more detailed interpretation of the results of the old pipes characterization can be 

found in �����	&�8 in the Appendix. 
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�,	9,2C Failure cycle numbers Nf of CRB specimens of different PE types tested 

at R=0.1 and f=10 Hz at T=23°C. 

To obtain values for the testing times, the failure cycle numbers Nf of Fig. 5.1 are 

transformed into failure times tf by dividing Nf by the test frequency f (Equa-

tion 2.8). Crack initiation cycle numbers or times can also be detected with high 

precision by using the extensometer system as already mentioned in Sec-

tion 3.2.2. Thus, the total failure time tf can be divided into a time for crack initiation 

tini and a time for SCG tSCG. Average numbers for the contribution of SCG in per-

cent of the total failure time are provided in Fig. 5.2 for the various materials. 
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First, values for tini in Fig. 5.2 for the different PE pipe grades in general show the 

same ranking as tf values. However, a change in the ranking can be noticed be-

tween the differently processed specimens of PE 100-1 and PE 100-1F. Whereas 

the total failure times for specimens from the compression molded plates are 

slightly longer than for specimens from the injection molded fitting, only minor dif-

ferences were found for crack initiation times. This might signify that there are dif-

ferences in the morphology influence SCG, whereas crack initiation has not been 

affected essentially, at least in the investigated case. As a detailed study of proc-

essing history effects was beyond the scope of this Dissertation, this topic is rec-

ommended for further research. 
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�
�,	9,5C Crack initiation times tini and total failure times tf of cyclic CRB speci-

mens at R=0.1 and f=10 Hz of different PE types at T=23°C. 

For more information on the contribution of crack initiation and SCG to the total 

failure time, Fig. 5.3 shows correlation between the applied initial 	KI and the ratio 

tini/tSCG. For all tested materials the fraction of crack initiation in the CRB speci-

mens decreases with decreasing 	KI. 

Apparently, at least for the tested CRB specimens, most of the lifetime (i.e. 60 to 

70 %) of the PE 100 grades is dominated by SCG. This implies, that, compared to 

PE 80, the improvements of the raw materials increases the resistance against 

SCG. On the other hand, most of the lifetime of the PE 100 RC material is domi-
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nated by crack initiation (i.e. 66 %) with a significant improvement of the resistance 

against the mechanisms of crack initiation.  

Focusing on the PE 100 materials it can be noticed, that the results for the com-

pression molded plate material state PE 100-2 and the pipe material state 

PE 100-2P are nearly identical, whereas the material states of the compression 

molded plate PE 100-1 and the fitting PE 100-1F exhibits significant deviations. 

The completely different slope of the lines for the injection molded fitting compared 

to the compression molded plate again indicates a complex influence of the proc-

essing history on the mechanisms of crack initiation and SCG.  

Comparing the results of each compression molded plate, it becomes evident, that 

the slope for PE 100-RC is also somewhat different than for PE 80, PE 100-1 and 

PE 100-2. The special modifications in the morphology of this material (molecular 

mass distribution, short-chain branches, crystallinity) apparently lead to a higher 

increase in the resistance against crack initiation at higher stress intensities when 

compared to the PE 100 materials. 
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�
�,	9,6C Ratio of crack initiation time tini and SCG time tSCG in cyclic test on CRB 

specimens for different PE pipe grades at T=23°C with R=0.1 and 

f=10 Hz, as a function of the initial 	KI value applied. 
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The primary objective of the developed test method was to determine the crack 

growth kinetics in CRB specimens. In Fig. 5.4 the fatigue crack growth data da/dt 

vs. KI,max for R=0.1 are shown. The material ranking in terms of the crack growth 

rates corresponds to the ranking in terms of failure times in Fig. 5.1 in which a 

clear separation between the different PE classes is possible. As expected, at a 

given KI,max-level the non-pipe PE’s show the fastest growing cracks. At constant 

KI,max the crack growth rate da/dt decreases in the order of non-pipe PE to PE 80 

to PE 100 to PE 100 RC. This result reflects the improvements of the materials in 

terms of an increased resistance against SCG. The PE 100 RC material clearly 

shows the best performance of the investigated materials as it exhibits the slowest 

crack growth rates. However, the crack growth curve of PE 100 RC is also charac-

terized by the highest slope. 

The crack growth rates of the old pipes correspond to the failure times of Fig. 5.1. 

Again, the crack growth kinetics of the old pipe from 1988 is similar to the one of 

PE 80. Conversely, at equivalent values for KI,max, the crack growth rates of the old 

pipe from 1981 are clearly higher and comparable to the non-pipe PE’s. 
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�
�,	9,8C Fatigue crack growth kinetics of different PE types at T=23°C, obtained 

with CRB specimens at R=0.1 and f=10 Hz. 
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9,6	 I�������
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As indicated in Table 2.1, for some materials FCG curves obtained at different R-

ratios were extrapolated to CCG curves with R=1. The procedure and the result of 

the extrapolation to “synthetic” creep crack growth curves have already been de-

scribed in Section 3.2.3 for PE-BF.  

The measured crack growth data for PE 80 at the R-ratios of 0.1, 0.3 and 0.5 are 

shown in Fig. 5.5. The kinetic data from a previous project obtained from CT 

specimens of the same material are also included into this chart as a reference 

(Pinter et al., 2002). The compliance calibration based kinetic curves for R=0.1 

and R=0.3 show an excellent correlation to the CT data. However, at R=0. 5 the 

crack growth rates in the CRB specimens are higher than those in the CT speci-

mens, what is probably due to the lower constraint and the larger plastic zones in 

the CT specimen which are crack retarding. The material parameters for CCG 

(R=1) for PE 80 were obtained to A=1.40 x 10-6 and m=6.33. 
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�
�,	9,9C Crack growth data da/dt vs. KI,max for PE 80 at R=0.1, 0.3 and 0.5 and 

“synthetic” CCG at R=1 (CT data taken from Pinter et al., 2002) 

The testing times of the cyclic CRB tests increase significantly for the PE 100 pipe 

grades, so that the cyclic crack growth data were only measured at R=0.1 and 0.3, 

except for PE 100-2, which was also tested at R=0.5. In the latter instance, the 

testing time amounted to about eight weeks. In Fig. 5.6 the results for PE 100-2 at 
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R=0.1, 0.3 and 0.5 are shown. The extrapolation to “synthetic” CCG results in 

terms of fracture mechanics parameters yields values for A=8.45 x 10-7 and 

m=6.83. 
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�
�,	9,:C Crack growth data da/dt vs. KI,max for PE 100-2 at R=0.1, 0.3 and 0.5 

and “synthetic” CCG at R=1. 

The measured FCG data for the non-pipe material PE-BF-1 at R=0.1 and 0.3 are 

shown in Fig. 5.7. The crack growth curve for R=0.5 had to be estimated as testing 

was not possible due to the high ductility and the low yield stress of this material. 

However, the extrapolation to R=1 results in a “synthetic” creep crack growth curve 

from which the fracture mechanics material parameters were obtained as 

A=4.68 x 10-6 and m=6.82. 

In Fig. 5.8 the crack growth behavior for the old pipes from 1981 and 1988 which 

were investigated at R=0.1, 0.3 and 0.5 is shown. In contrast to the materials dis-

cussed so far, in this case the CRB specimens were manufactured from the pipe 

walls to be loaded in axial pipe direction. The extrapolation to the static loading 

conditions of R=1 resulted in the material parameters A and m for CCG with 

A=6.41 x 10-8 and m=5.02 for the old pipe from 1981 and A=4.49 x 10-8 and 

m=4.68 for the old pipe from 1988. 
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�
�,	9,7C Crack growth data da/dt vs. KI,max for PE-BF-1 at R=0.1, 0.3 and 0.5 (es-

timated) and “synthetic” CCG at R=1. 
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�,	9,<C Crack growth data da/dt vs. KI,max for pipes from 1981 and 1988 at 

R=0.1, 0.3 and 0.5 and “synthetic” CCG at R=1. 
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Table 5.1 summarizes the material parameters A and m for the extrapolated “syn-

thetic” CCG curves of the various materials investigated at T=23°C. With the help 

of these parameters the fracture mechanics lifetime prediction based on Equa-

tion 2.3 can now be performed. 

��/��	9,2C	 Fracture mechanics parameters A and m of “synthetic” CCG curves for 

selected materials at 23°C.	


����
��	�$	 �����	 %���
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5.0sMPam
mm 	 �	K�L	

PE-BF non-pipe PE compression molded plate 4.65 x 10-5 7.32 

PE-BF-1 non-pipe PE compression molded plate 4.68 x 10-6 6.82 

PE 80 PE 80 compression molded plate 1.40 x 10-6 6.33 

PE 100-2 PE 100 compression molded plate 8.45 x 10-7 6.83 

old pipe 1981 PE 80-MD pipe 6.41 x 10-8 5.02 

old pipe 1988 PE 80 pipe 4.49 x 10-8 4.68 
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The lifetime prediction for the material PE 80 at a temperature of 23 °C is shown in 

Fig. 5.9. This figure also presents a comparison between the predicted results and 

real data which have resulted from internal pressure tests according to ISO 9080 

(TGM, 1993). In the pressurized pipe tests, significant quasi-brittle failure was only 

detected at a temperature of 80 °C. Whereas the ductile-brittle transition was 

reached for tests at 60 °C, the measurements at 20 °C only showed ductile failure 

within the maximum testing time of 104 hours. 

The prediction of the pipe lifetime, that neglects the crack initiation time and as-

sumes SCG immediately after the pressurization of the pipe, was done with Equa-

tion 2.3 using KI from the FEM simulation model considering the change of the 

crack front geometry (Section 4.2) and the fracture mechanics parameters A and 

m from Table 5.1. The calculation was done for a pipe of the dimension 

D40 SDR 11, which means an outer pipe diameter of 40 mm and a pipe wall thick-

ness of 3.6 mm. To demonstrate the influence of the initial crack length aini, the 

prediction was done for aini=400 �m and 100 �m, respectively (Gray et al., 1981; 



(��������"����
���
��������
%
�
	
�#�
�
��
����%��
�
��
��	��
�
��� 62 

Stern, 1995; Lang et al., 1997; Pinter, 1999). The two different assumptions result 

in a deviation of the failure times of more than one decade in time. Although there 

is a lack of data in internal pressure tests of about one decade to the conservative 

fracture mechanics failure estimation with the initial defect size of 400 �m, the 

slope and the values of the predicted SCG curve show reasonable characteristics. 
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�
�,	9,=C Fracture mechanics lifetime prediction for PE 80 pipes at 23°C in com-

parison to experimental data from internal pressure tests of pipes at 20, 

60 and 80°C (TGM, 1993). 

In Fig. 5.10 the predicted lifetimes of the materials PE 80 and PE 100-2 at 23°C 

and real test data from internal pressure tests based on ISO 9080 at 20°C (TGM, 

1993; Bodycote Report, 2002) are compared. At a given hoop stress, the experi-

mental failure times of PE 100-2 are approximately one magnitude higher than for 

PE 80, although only ductile failure was detectable at this temperature within 104 

hours. The prediction of quasi-brittle failure by SCG via the fracture mechanics 

method shows analogous results with a significantly higher failure time for SCG for 

PE 100-2 than for PE 80.  

Based on the predicted failure times, both materials seem to fulfill the require-

ments of ISO 9080, which demands a resistance against failure of at least 
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50 years at MRS values of 8 MPa and 10 MPa for PE 80 and PE 100, respec-

tively. Whereas the predicted failure time at �hoop=8 MPa is in the range of 

60 years for the PE 80 material, the failure time for the PE 100 material at 

�hoop=10 MPa is about 55 years. As pointed out before, crack initiation times, 

which have not been taken into account in the fracture mechanics lifetime calcula-

tion, will provide a significant additional safety. 
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�
�,	9,2>C Fracture mechanics lifetime prediction for PE 80 and PE 100-2 pipes at 

23°C in comparison to experimental data from internal pressure tests of 

pipes at 20°C (TGM, 1993; Bodycote Report, 2002). 
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The prediction of the residual lifetime of the old pipes is shown in Fig. 5.11. The 

calculation was done for a pipe of the dimensions D160 SDR 11 (outer diameter: 

160 mm, wall thickness: 14.5 mm), as those were the original nominal pipe dimen-

sions. To achieve an overall operating time of 50 years, the old pipes of years 

1981 and 1988 need a resistance against quasi-brittle failure for further 22 respec-

tively 29 years. In this calculation it was assumed, that a quasi-brittle crack of an 

initial size of aini=400 �m had started immediately at the beginning of the pipe ser-

vice in 1981 and 1988, respectively, and has been growing continuously until to-
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day. Under this assumption, at a hoop stress of 8 MPa and a temperature of 

23 °C, additional crack growth of about 0.195 mm and 0.129 mm until the year 

2009 was calculated in the pipe from 1981 and 1988, respectively. Afterwards, the 

current crack length in 2009 (0.595 mm and 0.529 mm, respectively) served as 

new initial crack length for the prediction of the residual CCG time.  

For both pipe materials the predicted failure times at �hoop=8 MPa are long enough 

to fulfill the requirements of a total lifetime of 50 years. The old pipe of 1988 re-

quires a minimum residual lifetime of 29 more years and 37 years are predicted. 

The predicted residual lifetime of 28 years for the old pipe of year 1981 is some-

what lower than for the old pipe of 1988. Nevertheless, the required residual life-

time of 22 years should be sustained as well. However, it should be emphasized 

again, that it tends to be difficult to provide an exact prediction of lifetimes as many 

aspects may lead to significant scattering of the data. And yet, the simulated fail-

ure times do not appear unfeasible, and as already mentioned before, the ne-

glected time for crack initiation will provide additional safety. The demonstrated 

lifetime prediction and a comprehensive material characterization on the old pipes 

has been published in �����	&�8 in the Appendix. 
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�
�,	9,22C Fracture mechanics prediction for the residual lifetime old pipes from 

1981 and 1988 at 23°C. 
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For a fracture mechanics lifetime prediction of internally pressurized pipes the 

knowledge of the material specific kinetics of CCG is essential. The development 

and implementation of a new methodology for an accelerated prediction of life-

times of PE pipes at application near temperatures of 23°C, which was already 

proposed within a fracture mechanics extrapolation concept by Lang and Pinter, 

was the major objective of this Dissertation.  

To guarantee a quick data acquisition, CRB specimens were selected as they en-

sure a high reliability and relatively short testing times. The generation of “syn-

thetic” FCG curves based on single Woehler-type fatigue tests with CRB speci-

mens combined with a post-failure fracture surface analysis results in average 

crack growth rates for individual tests. However, the uncertainty in the optical de-

tection of the transition from a brittle failure mode to a ductile failure mode was too 

high, resulting in a large scatter and low reproducibility of the data. Due to this fact, 

the final intention was to develop a new test procedure that allows for a direct 

measurement of crack growth rates in CRB specimens. 

For this purpose a compliance methodology was used to determine a crack length 

depending continuously compliance calibration curve for CRB specimens. With 

this compliance curve it was possible to detect the current crack length during a 

single fatigue test. To measure the specimen compliance, a system of three ex-

tensometers was used to detect the crack opening displacement around the cir-

cumference of the cracked specimens. With the knowledge of the crack length as 

a function of the number of cycles, it was possible to calculate crack growth rates. 

This direct measurement of the crack growth kinetics helped to modify the original 

extrapolation concept by Lang and Pinter, as the development of Woehler curves 

at different R-ratios was no longer necessary. Much rather the FCG curves could 

be determined directly and more reliably.  

With the measured FCG kinetics at different R-ratios, an extrapolation to static 

loading with R=1 was carried out to derive a “synthetic” CCG curve which served 
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to obtain the fundamental material constants A and m for a fracture mechanics 

lifetime assessment. 

An additional option of the test procedure with three extensometers was the high 

sensitivity in the detection of crack initiation. The fact, that the ranking of the vari-

ous PE types investigated in terms of crack initiation was the same as in terms of 

total failure times, opens the potential for a further acceleration of the test proce-

dure for material ranking or even for scientific investigations on the mechanisms 

which are responsible for crack initiation. 

To get reliable fracture mechanics lifetime predictions, a proper calculation of the 

stress intensity factor KI, which describes the stress field in the vicinity of a crack 

tip, and the definition of suitable boundary conditions are also necessary. To em-

phasize the importance of relevant assumptions, different solutions for KI in an 

internally pressurized pipe were studied. It was shown, that the literature formulas 

by Murakami and Anderson provide results of sufficient accuracy concerning the 

standard model of an internally pressurized pipe without any additional loading 

and the assumption of a semi-circular crack front geometry. However, in reality the 

crack front geometry first having a semi-circular shape usually turns into a semi-

elliptical one, which was considered in a finite element method (FEM) simulation 

model. This FEM model of a pressurized pipe represents the loading situation in 

the internal pressure test according to EN ISO 9080 and may also be used to cal-

culate more complex loading situations like sand embedding, as well as superim-

posed bending or point loads for the prediction of lifetimes for pipes under arbitrary 

loading situations.  

The described test method and the extrapolation procedure were successfully ap-

plied to different PE types. A blow-forming PE (PE-BF) was used to develop the 

test procedure, as its brittleness results in short testing times. To ensure a high 

reliability in the extrapolation to R=1, the crack growth kinetics of the PE-BF grade 

was measured up to R=0.7. To apply the test procedure to PE pipe grade materi-

als, a typical PE 80 material, which has been used widespread in existing pipe 

systems and several modern PE 100 pipe grade materials, were characterized.  

The predicted lifetimes at a temperature of 23 °C of the PE 80 and PE 100 pipe 

grade materials were compared to available real test data of internal pressure 
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tests based on ISO 9080 at 20 °C. The position and the slope of the calculated 

failure times indicate reasonable results and underline the potential of the devel-

oped test procedure for a fracture mechanics lifetime calculation of pressurized 

pipes, even with modern pipe grade PE types. 

To emphasize a more practical application of the developed test procedure, two 

old pipes, which have already been in use for more than 20 years, were character-

ized to predict their residual lifetimes. The CRB specimens for the characterization 

were prepared from the pipe walls to be loaded in axial pipe direction. Although it 

was estimated that immediately after the pressurization a crack has started to 

grow, the fracture mechanics lifetime prediction seem to confirm a sufficient resid-

ual lifetime for both pipes to fulfill an overall service time of 50 years. The overall 

testing time in this study was less than three months per pipe.  

Although one of the aims of the developed test method was to ensure an acceler-

ated material characterization, testing times at higher R-ratios are in the range of 

several weeks. Especially testing times at R=0.5 require at least 8 weeks for each 

specimen of PE 100 pipe grades, and modern PE 100 RC materials with espe-

cially improved resistance against crack initiation and SCG even need to be tested 

several months. However, compared to the standard extrapolation method by 

EN ISO 9080, in which internal pressure tests on pipes of modern PE pipe materi-

als are stopped after 104 h (approx. 13.5 month) without any information on quasi-

brittle crack growth kinetics or even crack initiation, the developed test method still 

offers more comprehensive information on these phenomena. Furthermore, the 

methodology presented opens the opportunity for a modern fracture mechanics 

lifetime assessment of pipe systems within a time which is significantly lower than 

the one currently needed according to EN ISO 9080. Especially in combination 

with the FEM model it is possible to predict the lifetime of pipes under arbitrary 

loading situations. 

For all demonstrated lifetime predictions it always has to be remarked, that the 

lifetime estimates are conservative, as they only take CCG times into account. 

Crack initiation claims a significant fraction of the total failure time. Neglecting this 

part of the total failure time always gives additional safety as to more realistic life-

time expectations.  
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Differences in the results of CRB specimens with different processing histories 

indicate certain effects of the morphology on the mechanisms of crack initiation 

and SCG. Whereas quasi-brittle crack growth in PE has already been well investi-

gated resulting in a wide range of available studies, the mechanisms and kinetics 

of crack initiation are still not fully understood. Therefore, this topic is recom-

mended for further scientific research. 
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7	%� �$��&���&'$!	 �! #�%�& '	�'#	&'�������& '	

Buried pipes contribute an important part in the maintenance of our modern infra-

structure and the high living standard of our society. Depending on the transported 

goods, the application and materials of buried pipes vary in a wide range. Due to 

the long service times and the proximity to urban regions, the reliability of pipe sys-

tems and the avoidance of pipe failure are fundamentally important for any type of 

material. However, many pipe systems which have been operating for decades 

are now approaching the end of their lifetime and need to get renovated or even 

replaced. Especially in urban regions repair or rehabilitation of old pipes is always 

connected to high technical efforts and enormous costs. The following chapter out-

lines the importance of reliable pipe systems and the need for time and cost sav-

ing methods for pipe rehabilitation. Furthermore, the technology of Close-Fit-Lining 

will be introduced as a special application for a trenchless rehabilitation of already 

installed pipes. 

Some of the essential results of the investigations have already been published in 

two papers available in the Appendix. Whereas ����� &&�2 mainly focuses on 

changes of the thermomechanical material behavior, ����� &&�5 will also describe 

the long-term failure behavior of Close-Fit-Liner in a rather detailed way. 

7,2	 $��
����
��	���	���-��	
���������	

Based on the global water supply and sanitation assessment 2000 report (WHO 

and UNICEF, 2000) the house connection rate in urban regions of Africa (43 %), 

Oceania (73 %), Asia and Latin America (77 %) is still developable, whereas the 

largest cities in Europe and North America already dispose of a house connection 

rate between 96 and 100 %. The essential function of a reliable piping system is to 

ensure a safe water supply at minimized water loss as well as the prevention of 

contamination by infiltration. However, the lower the development-standard of a 

nation, the higher the grade of contamination of potable water. In Africa more than 

35 % of the available drinking water does not correspond to national standards 

with regard to microbiological, chemical, physical or esthetic characteristics (WHO 

and UNICEF, 2000). 
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Due to leaking pipes the amount of non-revenue water is higher than 50 % in 

some regions of the world, and even the large cities of Africa (39 %), Asia and 

Latin America (42 %) have to face with enormous water loss (WHO and UNICEF, 

2000). Based on only few data, the leakage rate of water in North America is also 

said to be above 15 % (WHO and UNICEF, 2000).  

In international comparison, the Austrian pipe network for potable water supply is 

in good conditions. The regulation W 100 from the Austrian Association for Gas 

and Water (ÖVGW) indicates a burst frequency of 7 defects per 100 km pipe per 

year (ÖVGW Richtlinie W 100, 2007; Gangl, 2008). However, hardly no informa-

tion is available how this number relates to different pipe materials (steel, cast iron, 

cement, plastics). A high burst rate in Austria is 20/100 km, which is a relatively 

low level anyway, compared to other international supply areas (Gangl, 2008), 

such as London Three Valleys with 226/100 km or London Thames Water with 

430/100 km (Parker, 2007). The leakage rate in Austria amounts approx. 9.5 % 

(Schönbäck et al., 2003). However, to keep this high standard of infrastructure in 

Austria and to improve the situation in other cities and nations, the availability of a 

sustainable maintenance and rehabilitation program is of essential importance.  

The obviously existing defects and the age of pipe systems both indicate the need 

of rehabilitation (Winkler, 2003; Kaller, 2007). Especially in big cities the infrastruc-

ture for water supply is more than 100 years old. In London for example, more 

than 90 % of the pipes which are in use today have been installed before 1900. 

This serves as an explanation for the mentioned high burst frequency and a leak-

age rate of more than 30 % (Kaller, 2007). In Germany, between 1990 and 2001, 

the need for rehabilitation due to a pipe age of 75 years and more remains con-

stant at rates between 17 and 22 %, which is more than 75,000 km per year 

(Winkler, 2003). Just for the sake of completeness it is mentioned, that all these 

mentioned old pipes are made of non-plastics material. 

7,5	%������
���
���	 ����������	

For a time and cost efficient, traffic and environmental friendly pipe rehabilitation, 

different trenchless technologies for plastics pipes have been developed since the 

1980’s (Glanert and Schulze, 2002). Recently, such technologies have also be-

come more important and due to improvements in standardization, quality assur-
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ance and documentation also the acceptance of construction companies increases 

(Philipp, 2009). 

Trenchless pipe rehabilitation with Close-Fit-Liner (CFL) is an established and 

state of the art technology for the renovation of existing pipe systems. Besides, it 

is used for significantly extending the service time of old or damaged pipes. Thus, 

the technology of Close-Fit-Lining with PE pipes has become increasingly impor-

tant (Glanert and Schulze, 2002).  

To manufacture a CFL, usually a conventional extruded pipe gets folded under 

certain temperature and loading conditions to achieve a reduction of the cross-

section of about 30 % (Glanert and Schulze, 2002, Rabmer-Koller, 2007). After 

this process the folded pipe is cooled and stored on coils.  

During a typical installation, which is shown schematically in Fig. 7.1, the CFL is 

pulled directly off the coil into an already existing pipe system. Afterwards, both 

ends will be closed. Without a pressurization of the CFL, at the beginning of the 

pipe, which is called A-station, steam with a temperature of approx. 120 °C is in-

serted for heating up the material to a temperature of about 80 °C. This tempera-

ture is held constant for about 2 hours. To ensure a constant heating of the whole 

pipe, the temperature is permanently measured at the outer pipe wall position at 

the end of the CFL, which is called B-station, and controlled at the A-station 

(Rabmer, 2009).  

 

�
�,	7,2C Schematical illustration of the installation process of a CFL: a) old or 

damaged pipe; b) old pipe with inserted preformed CFL; c) old pipe with 

redeformed CFL (Rabmer-Koller, 2007). 

a b c
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During this heating, the CFL relaxes and redeforms back to almost its original cir-

cular shape due to frozen orientation within the pipe material. This characteristic, 

which is typical of thermoplastic materials, is called memory-effect (Menges et al., 

2002). After this inherent redeformation of the CFL, a dimension specific stepwise 

pressurization of the pipe ensures a close-fit without any gap to the old pipe. Dur-

ing this process, the pipe is usually not heated anymore. At a specific maximum 

pressure the installed pipe gets cooled stepwise. According to CFL suppliers, the 

final installed pipe is supposed to exhibit characteristics of a complete virgin con-

ventional pipe. Depending on the pipe dimensions, it is possible to install lengths 

of about 950 m in just one step with this sort of technology (Rabmer-Koller, 2007).  

7,6	$������	 ��	�������	�����	��	���	�����
��	

In contrast to a conventionally installed PE pipe, the necessary process steps of 

heating and folding at manufacturing, and reheating during the installation imply a 

considerable additional thermal and mechanical exposure of the pipe material. 

However, scientific studies that deal with this topic have not been published so far 

and appear not to be available. It is assumed, that changes in morphology and 

properties may occur in the crystallinity, in molecular orientation, in the stabiliza-

tion of the material against thermo-oxidative aging, or in mechanical properties like 

residual stresses or the resistance against crack initiation or SCG. Under the as-

pect of a rehabilitation technology with high sustainability, which ensures operating 

times of the new installed Close-Fit-Liners of 50 years and even more, the critical 

questions on changes in the pipe material are more than eligible.  

The relatively long thermal exposure at 80 °C for several hours (Rabmer, 2009) is 

comparable to an annealing procedure, which on the one hand will reduce molecu-

lar orientations as well as processing related residual stresses of the pipe (Choi 

and Broutman, 1997). On the other hand, additional annealing usually influences 

the crystallinity of the material and also thermo-oxidative aging may change the 

material behavior. All these characteristics and properties play a fundamental role 

in the resistance of the material against the critical failure mechanisms of crack 

initiation and SCG as well as for the long-term properties of the pipe. 

For modern pipe applications special pipe grade materials of the classification 

PE 100 with bimodal molecular mass distribution are used nowadays. Although 
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there is a huge number of studies on morphological or thermomechanical behavior 

of PE pipe grades, no information is available on the effects of the deformation 

and redeformation process on the material properties of CFL.  

Therefore, one major goal of this part of this Dissertation was to perform a sys-

tematic study of the influence of the additional mechanical and thermal processes 

on the material properties of the CFL. In particular, morphological changes in crys-

tallinity and molecular orientation were investigated as well as changes in residual 

stresses of the pipe, the stabilization against thermo-oxidative material aging and 

the long-term failure behavior. 

7,8	 
����
��	���	����
���	��������
��	

The morphological characterization of the CFL was conducted with a new product 

of AGRU Kunststofftechnik GmbH (Bad Hall, A). The investigated pipes of the di-

mension D188 SDR 17 (outer diameter: 188 mm, wall thickness: 11.1 mm) were 

manufactured using a modern PE 100 pipe grade. The redeformation under labo-

ratory conditions inside a steel pipe was done by the company RABMER 

Rohrtechnik GmbH & Co.KG (Altenberg, A). This pipe is labeled as “AGRU I” in 

this Dissertation. 

With a different batch of the AGRU pipe a redeformation under laboratory condi-

tions was done by RABMER with the aim of investigating different thermal insula-

tions. Therefore, for one redeformation the steel pipe was used again, another re-

deformation was done in a steel pipe with an additional insulation of a 

polypropylene (PP) pipe. The purpose of this procedure was to simulate a more 

realistic heat balance that normally exists by the surrounding soil at real construc-

tion sites. This pipe is labeled as “AGRU II” in this Dissertation. 

Other CFL segments from a field installation with the dimensions D150 SDR 15 

were manufactured by REHAU GmbH (Guntramsdorf, A) and installed and deliv-

ered by RABMER. The exact type of the PE 100 pipe grade was unknown. Be-

cause of the fact that the motivation for testing this pipe was a correlation of mate-

rial properties at the A-station and the B-station of a real installed pipe, it is labeled 

as “A-B-correlation” in this Dissertation. 
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To obtain comprehensive information on morphological properties around the cir-

cumference of the pipe, five characteristics positions (Pos. 1 to Pos. 5), which are 

shown in Fig. 7.2, were defined considering the folding process. The strongest 

changes in the geometry of the pipe in the CFL appear at Pos. 1. The symmetrical 

positions Pos. 2 and Pos. 3 represent vertices, at which the pipe radius is signifi-

cantly decreased. The positions Pos. 4 and Pos. 5, which are symmetrical as well, 

are nearly unaffected by the mechanical folding process. Segments were milled 

out from all positions, and care was taken to minimize any thermal effects while 

cutting the samples. Afterwards, these segments were used for further specimen 

preparation depending on the characterization method. If possible, specimens 

were also prepared from different pipe wall positions (inner pipe wall, center of the 

pipe wall, outer pipe wall) (Mannsberger, 2007; Redhead, 2009). 

 a)           b) 

     

�

 

�
�,	7,5C Schematical illustration of the defined positions Pos. 1 to Pos. 5 in a) the 

undeformed pipe and b) the folded intermediate state of the CFL. 
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The morphological characterization of the CFL is subdivided into three parts. First, 

a correlation of the properties of an undeformed pipe with those of a redeformed 

CFL was done. The results of this study have been published in �����	&&�2 and &&�5	
in the Appendix. In a second step pipe segments of a real installation were investi-

gated comparing the properties of the A-station to those of the B-station. In a third 

step the influence of different thermal insulation conditions were studied. Compre-

hensive details on sample preparation and the development of the characterization 

methods are available in the Master Thesis of Mannsberger (Mannsberger, 2007) 

and in the Bachelor Thesis of Redhead (Redhead, 2009). 

<,2	$1���
��� ���	

To evaluate the temperature dependent mechanical properties (like storage 

modulus and damping), dynamic-mechanical analysis (DMA) tests were per-

formed. Therefore, film specimens with a thickness of approx. 30 �m were tested 

in a force controlled mode at a frequency of 10 Hz within the linear-viscoelastic 

region of the material. The temperature was increased with a heating rate of 

3 K/min from -90 to 130 °C and the storage modulus E’ and the loss-factor (damp-

ing) tan� as a function of the temperature were recorded. Testing was accom-

plished using a device of the type DMA/SDTA861e (Mettler Toledo GmbH; 

Schwerzenbach, CH).  

The degree of crystallinity � was determined with a differential scanning calorime-

ter (DSC) of the type DSC822 (Mettler Toledo GmbH; Schwerzenbach, CH) be-

tween 23 and 180 °C and a heating rate of 10 K/min (ISO 11357-3:1999). The cal-

culation of � was done by using a recommended value for the enthalpy of a PE 

with theoretically 100 % crystallinity of 	Hm0=293 J/g (Lohmeyer, 1984). 

To estimate the degree of molecular orientation which allows to draw conclusions 

on the thermal and mechanical history, the linear thermal expansion was meas-

ured in circumferential direction with specimens of the dimensions 4 x 4 x 6 mm 
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(with the long side in circumferential direction). Testing was done between 25 and 

120 °C and a heating rate of 2 K/min (ISO 11359-2:1999) with a dilatometer of the 

type TMA/SDTA840 (Mettler Toledo GmbH; Schwerzenbach, CH). 

<,5	 #����
�	������
���	������
�	

The DMA results at Pos. 1 of the pipe AGRU-I, which are presented in Fig. 8.1, 

show a slightly lower E’ value at the outer pipe wall position in the whole tempera-

ture range compared to the pipe center or the inner pipe wall position for both pipe 

conditions, undeformed as well as redeformed. Analogously, tan� exhibits some-

what higher values at the outer pipe wall position. This effect is related to the 

processing history of the pipe in which the material gets cooled more rapidly at the 

outer surface, retarding the formation of the crystalline phase (Ehrenstein et al. 

1995). For the redeformed pipe a tendency to an increased E’ value can be no-

ticed which may have been caused by a higher crystallinity across the pipe sec-

tion. However, a significant change in the measured properties due to the addi-

tional thermal and mechanical treatment could not be detected. The position 

Pos. 1 is the section of the pipe with the maximum deformations. The results of 

Pos. 2 to 5, which are not depicted here, show similar values, so that a strong in-

fluence of different degree of deformation on the stiffness of the material can be 

excluded. 
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�,	<,2C Storage modulus E’ and loss-factor tan� at Pos. 1 of the undeformed 

and redeformed pipe of AGRU I at different pipe wall positions. 
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The characteristics of the storage modulus E’ and the loss factor tan� of the A-B-

correlation in Fig. 8.2 shows results that are comparable to the AGRU I pipes. Al-

though similar effects across the pipe wall position were noticed, a significant dif-

ference between the beginning and the end of the pipe was not detected. 
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�
�,	<,5C Storage modulus E’ and loss-factor tan� at Pos. 1 of the A-station and 

the B-station of the redeformed pipe; A-B-correlation at different pipe 

wall positions. 

To summarize, the characterization of dynamic-mechanical properties (Mannsber-

ger, 2007; Redhead, 2009) shows no significant influence of the deformation of the 

pipe to the CFL and the later deformation to the final pipe on the investigated ma-

terial properties. Solely the tendency of a somewhat higher stiffness in the rede-

formed CFL indicates an increase in crystallinity as a result of the additional ther-

mal treatment. 

<,6	 %������	
�	���	������	��	��������
�
��	

The degree of crystallinity � of AGRU I is shown in Fig. 8.3 ascertaining a clear 

dependence on the pipe wall position. The lowest value for � with approx. 53 % 

was found at the outer pipe wall position of the undeformed pipe, and increases to 

about 57 % in the center and the inner pipe wall position. This gradient confirms 
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the results of the DMA in which the lower crystallinity results in a somewhat lower 

storage modulus due to the higher cooling rate at the outer pipe wall.  

After the redeformation process of the CFL, � increases constantly by about 4 to 

5 % across the whole pipe wall up to a maximum of about 62 % and without any 

significant differences in the circumferential positions. This post-crystallization is a 

clear hint for morphological changes within the pipe material as a result of the ad-

ditional heating during the installation. Usually, a higher degree of crystallinity re-

lates to higher material stiffness and hardness, however, the fracture toughness 

and crack growth resistance of the material can potentially be affected negatively.  
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�
�,	<,6C Crystallinity � for the undeformed pipe and the redeformed CFL of 

AGRU I at different pipe wall positions. 

Whereas � shows similar results for the A-station and the B-station in the rede-

formed pipe of the A-B-correlation, different shapes of the enthalpy curves at the 

inner pipe wall position were observed (Redhead, 2009). The heat flow as a func-

tion of the temperature for these two positions is shown in Fig. 8.4. For the signal 

at the A-station a significant shoulder with a peak at a temperature of approx. 

120 °C can be recognized. During the installation and redeformation process of 

the CFL, steam with a temperature of about 120 °C is inserted at the A-station to 

hold a temperature of about 80 °C at the outer pipe wall position at the B-station 

for at least two hours. As distance between the A-station and the B-station was 
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about 100 m, the amount of heat energy to hold a constant temperature along the 

whole CFL was higher at the A-station. This apparently resulted in the detected 

temper-shoulder. Due to the fact of similar overall crystallinity and stiffness at both 

pipe ends, the temper-shoulder may not expected to have a significant effect on 

the behavior of the final pipe. 
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�,	<,8C Heat enthalpy at the inner pipe wall position of the A-station and the B-

station of the A-B-correlation. 
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During the mechanical deformation in the folding process of the pipe to the CFL, 

high molecular orientations are inserted into the material, which are essential for 

the inherent redeformation during the installation of the pipe. This entropy-elastic 

effect is called memory-effect (Menges et al. 2002). One way to determine mo-

lecular orientations is by measuring the linear thermal expansion of the material. 

A simplified model of the coherency of molecular orientation and thermal expan-

sion is shown in Fig. 8.5. Macromolecules always tend to take a shape of highest 

entropy, which means the highest level of disarrangement. While processing, the 

macromolecules are usually orientated in a preferred direction. After a very quick 

cooling they get frozen with a high degree of orientation (Fig. 8.5 a). If the material 

is heated to or above the temperature at which the orientations were frozen, the 

thermal mobility allows for a rearrangement of the macromolecules to increase 
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their entropy and disorientation. As a result of this process the thermal expansion 

is affected as it is illustrated in Fig. 8.5 b. 

 

�
�,	<,9C Schematically illustration of molecular orientation: a) most unlikely 

shape with lowest entropy; b) most possible shape with highest entropy. 

The measurements in axial direction of AGRU I in Fig. 8.6 only show a significant 

change at the outer pipe wall position, where the linear thermal expansion 	l in the 

undeformed pipe is clearly higher than in the redeformed CFL. In the undeformed 

pipe a high extent of orientation was frozen in circumferential direction that leads 

to a relatively high 	l in axial direction. In the redeformed pipe the orientations 

have been removed and the thermal expansion in axial direction shows lower val-

ues. Hardly any difference between the positions Pos. 1 to 5 could be detected, 

which leads to the conclusion that a dependency of the extent of mechanical de-

formation on molecular orientation in axial direction can be excluded. 

A completely different behavior was found for the linear thermal expansion in 

circumferential direction, where a strong dependency of 	l on the extent of me-

chanical deformation was detected (Fig. 8.7). The thermal expansion curves for 

the outer pipe wall at the positions Pos. 4 and 5 of the redeformed CFL, which are 

nearly unaffected by the folding process of the pipe, show a good agreement in 

data for the undeformed pipe. However, at the vertices of the redeformed CFL at 

Pos. 2 and 3, a lower linear thermal expansion was measured, and at Pos. 1 even 

b) a) 

T1 

T2>T1 
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a negative gradient of the curve was detected at higher temperatures. The differ-

ent 	l values indicate a strong correlation between the degree of mechanical de-

formation of the material during the action of folding and installation and the mo-

lecular orientation. 
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�
�,	<,:C Linear thermal expansion 	l in axial direction at the outer pipe wall posi-

tion of the undeformed pipe and the redeformed CFL of AGRU I. 
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�
�,	<,7C Linear thermal expansion 	l in circumferential direction at the outer pipe 

wall position of the undeformed pipe and the redeformed CFL of 

AGRU I. 
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Higher values for 	l were noticed at the A-station in the A-B-correlation in Fig. 8.8. 

During the installation of the CFL, the exposure of the A-station to heat is consid-

erably higher than at the B-station. This higher thermal treatment increases the 

occurrence of relaxation processes within the material, which in turn decrease the 

degree of molecular orientation. 
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�
�,	<,<C Linear thermal expansion 	l in circumferential direction at the outer pipe 

wall position of the redeformed CFL of the A-B-correlation. 

A more detailed investigation of the changes in molecular orientation was per-

formed for the pipes of AGRU II. In addition to investigations of the undeformed 

pipe and two redeformed CFL pipes under different insulation conditions during 

the redeformation process, special attention was also paid to the intermediate 

state of the deformed CFL. The results for Pos. 1 are shown in Fig. 8.9, which 

points to a significant change of the linear thermal expansion between the unde-

formed pipe and the redeformed CFL to the deformed CFL. At the outer pipe wall 

position of the deformed CFL 	l increases rapidly, whereas even a negative ther-

mal expansion was measured at the inner pipe wall position. For the folded pipe, 

this tendency of an expansion at the outer pipe wall and contraction at the inner 

pipe wall at Pos. 1 leads to the inherent redeformation of the CFL into its origin 

shape during heating at the installation process.  

The high gradient of the entropy-elastic effect emphasizes the importance of a 

proper redeformation temperature during installation. At a typical installation tem-
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perature of 80 °C the thermal expansion of the tested specimens at the outer pipe 

wall is about 490 �m and about -140 �m at the inner pipe wall, respectively. If this 

temperature decreases by only 5 K to 75 °C, the thermal expansion will be re-

duced by 16 % (410 �m) at the outer and 18 % (-115 �m) at the inner pipe wall, a 

redeformation temperature of 70 °C will reduce the inherent redeformation by 

33 % (330 �m) at the outer and 36 % (-90 �m) at the inner pipe wall. A similar ef-

fect of this entropy-elastic memory-effect was found at Pos. 2 and 3. However, due 

to the folding of the pipe wall in the opposite direction, the outer pipe wall pipe wall 

tended to contract whereas the inner pipe wall expanded during the process of 

heating. 

The different insulation conditions, which are also displayed in Fig. 8.9, only show 

a little effect on 	l in the final redeformed CFL. If at all, the additional insulation 

with a PP-pipe results in somewhat lower thermal expansion which probably may 

be caused by a lower cooling rate. 
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In contrast to conventional PE pipes the folding to a CFL and the redeformation 

during the installation process implies a considerably additional mechanical and 

thermal treatment of the material. Changes in the material stabilization against 

thermo-oxidative aging may be expected as well as an influence on residual pipe 

stresses. The following sections focus on these properties and essential findings 

of this study have been published in ������ &&�2 and &&�5	 in the Appendix. Details 

on the specimen preparation and development of the test methods are described 

in the Master Thesis of Mannsberger (Mannsberger, 2007) and in the Bachelor 

Thesis of Redhead (Redhead, 2009). 

=,2	$1���
��� ���	

The thermo-oxidative material aging was evaluated by determining the oxidation-

induction time (OIT) and via infrared (IR)-spectroscopy. The OIT measurements 

were carried out according to ISO 11357-6 with a differential scanning calorimeter 

of the type DSC822 (Mettler Toledo GmbH; Schwerzenbach, CH). The samples of 

about 7 mg, which were taken from stripes of different pipe wall positions, were 

weighed in aluminum cups with a volume of 40 �l and heated up to 210 °C in an 

atmosphere of nitrogen with a heating rate of 10 K/min. This temperature was held 

constant, and afterwards the atmosphere was switched to atmospheric air. The 

time until exothermic oxidation of the material was measured as OIT. 

For IR-spectroscopy a device of the type Spektrum GX (Perkin Elmer, Überlingen, 

D) in attenuated total reflection (ATR) mode was used. As the highest temperature 

exposure occurs inside the pipe during the redeformation process, stripes were 

prepared from the inner pipe wall position. To avoid possible surface effects, the 

specimens were taken from the inner pipe surface in a distance of 0.5 mm. Special 

focus on the characterization was on regions between wave numbers � of 

1700-1740 cm-1, as they indicate carbonyl groups as typical aging products. 

Residual pipe stresses are typically determined by the measurement of the defor-

mation of cut free pipe samples (König, 1989; Choi und Broutman, 1997; Janson, 
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1999; Pilz, 2001). Residual stresses in circumferential direction �R,c were meas-

ured with ring deformation tests, for which cut free ring segments of 80 mm in 

length had previously been prepared. The residual stresses in axial direction �R,a 

were detected by the deformation of stripes with a thickness of 5 mm and a length 

of 250 mm, which were taken from the pipe parallel to the pipe axis (strip deforma-

tion test). At different times after cutting the contours of the specimens were plot-

ted on millimeter paper to determine the deformation. The necessary time de-

pendent creep modulus in bending Eb(t) was taken from the material data sheet, 

the time dependent Poisson's ratio �(t) was assumed to remain constant at 

�=0.48. A detailed description of the ring and strip deformation test and the corre-

sponding calculations can be found in Pilz (2001). 
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Thermoplastics like PE are already exposed to high temperatures during the 

granulation process. Especially high shear rates and long dwell times, as they oc-

cur in extrusion, are critical as they may induce thermo-oxidative degradation of 

macromolecules. Moreover, the exposure to atmospheric oxygen supports the 

creation of radicals which accelerate this effect (Pinter, 1999). In addition to mate-

rial stabilization against these short-term processing effects, a long-term stabiliza-

tion is essential, too. As a result of molecular diffusion, atmospheric oxygen is al-

ways present in polymers so that oxidative reactions may also take place, even if 

aging is activated by different mechanisms (Pinter, 1999). A usual ageing reaction 

is the saturation of radicals with oxygen, so that typical carbonyl groups are 

formed (Gächter and Müller, 1990, Jin et al., 2006). Climatic influences cause an 

additional contribution to aging by a combination of several mechanisms (Kelly 

and White, 1997; Turton and White, 1999; Jin et al., 2006). To prevent or retard 

thermo-oxidative material aging as long as possible, different stabilizer systems 

have been developed. Today, complex systems of processing stabilizers, antioxi-

dants and UV-absorber are available for a comprehensive material stabilization. 
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The detection of the OIT is a widespread used methodology to characterize the 

stabilizing conditions of PE pipe grades. However, it is important to point out that 
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different stabilizer systems vary in their activity, which also depends on the mor-

phology of the material. Thus, a qualitative comparison of the effects of a stabilizer 

system by OIT is only allowed for identical polymer/additive systems. Comparing 

different polymers and a quantitative evaluation of the long-term resistance and 

lifetime is not possible (Ehrenstein, 1995; Schulte, 2004; Grob, 2005). 

The OIT’s for the undeformed pipe and redeformed CFL at different pipe wall posi-

tions of AGRU I are shown in Fig. 9.1. In the undeformed pipe OIT values of 25 up 

to 37 min were measured, with the longest times in the center of the pipe wall. 

This result, which had already been expected, can be attributed to a consumption 

of stabilizers at the surfaces, e. g. during extrusion. The higher amount of stabiliz-

ers inside the pipe wall resembles the function of a reservoir, from which stabilizer 

systems diffuse out to the surfaces over the time to inhibit material aging. No de-

pendency of the positions Pos. 1 to 5 on the OIT was detected. It is remarkable, 

that longer OIT values of 42 up to 53 min were detected in the redeformed CFL of 

AGRU I, which signifies an increase of about 50 %.  
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�
�,	=,2C Oxidation-induction time OIT at a temperature of 210 °C for the unde-

formed pipe and the redeformed CFL of AGRU I. 

As this unexpected increase in the OIT values presented in Fig. 9.1 shows para-

doxical results, reproducibility experiments were conducted with samples avail-

able, which again confirmed these findings. Since no convincing explanation of 

this phenomenon can be offered at this point, further systematical investigation of 
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the functionality of stabilizer systems in CFL are proposed to elucidate potential 

mechanisms. One possibility of this increase in the resistance of the material 

against thermo-oxidative degradation may be a higher mobility of the stabilizer 

systems. The additional heating during the folding and redeformation process may 

allow a rearrangement of the stabilizers, which lead to an increase of the local effi-

ciency of stabilizers. However, a deeper investigation of this phenomenon was 

beyond the scope of this Dissertation. In any case, focusing on material stabiliza-

tion as an effect of the additional thermal and mechanical treatment, the detected 

OIT values at least indicate that no significant stabilizer consumption takes place 

during the deformation processes. 

The measurements of the A-B-correlation are shown in Fig. 9.2 which also pro-

vides a comparison between the OIT values of the redeformed CFL at the 

A-station to those of the B-station. No significant dependence of OIT values on the 

two positions of the redeformed CFL was detected. As mentioned before, a com-

parison of the higher OIT’s of the pipe material of the A-B-correlation to the results 

of the pipes of AGRU I is not allowed, because different raw materials and stabi-

lizer systems have been used for pipe manufacturing. For the practical use of PE 

pipes it can be assumed, that the thermo-oxidative stabilization at the inner pipe 

wall is especially relevant, as this side is always in contact with the transported 

medium and stabilizers may get washed out from the inner surface. 
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�
�,	=,5C Oxidation-induction time OIT at a temperature of 210 °C for the A-station 

and the B-station of the redeformed CFL of the A-B-correlation. 
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The IR-spectrograms for AGRU I are summarized in Fig. 9.3 in which the trans-

mission T is a function of the wave number �. As the longest and highest tempera-

ture exposure happens at the inner pipe wall, specimens were only investigated 

from this position. The absorption peaks between wave numbers 2925 and 

2850 cm-1, at 1470 cm-1 and 725 and 720 cm-1 are characteristical for PE and are 

activated by CH- and (CH2)4-groups. An intact stabilizer system is indicated by the 

signals of OH-groups at wave numbers between 3000 and 3500 cm-1 and phenolic 

antioxidants between 1500 and 1700 cm-1 (Pinter, 1999; Allen et al., 2001; Men-

des et al., 2002; Gulmine et al., 2003; Schulte, 2004). 

Compared to the undeformed pipe, the signals of the stabilizer systems of the re-

deformed CFL are more distinctive. The amplitudes of the signals are not signifi-

cant for the evaluation of the activity of the stabilizer. However, they reflect a 

higher concentration of the detected elements which is in good correlation to the 

measurement of the OIT in which an increase of active stabilizers was measured 

in the redeformed CFL. 
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�
�,	=,6C IR-spectroscopy for the undeformed pipe and the redeformed CFL of 

AGRU I. 

As a typical indication for material aging, carbonyl groups are created by thermo-

oxidation, which are usually detectable at wave numbers between 1700 and 
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1740 cm-1. The complete absence of signals in this region, which is also illustrated 

in Fig. 9.3, confirms that no thermo-oxidative material aging took place during the 

deformation processes. Similar results were detected for the pipes of the 

A-B-correlation. 
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Residual stresses in thermoplastics structures are highly dependent on the proc-

essing history. As a function of the cooling rate, the degree of crystallinity is not 

constant across the component. This effect has already been investigated in Sec-

tion 8 of this Dissertation in which a lower degree of crystallinity was detected at 

the outer pipe wall surface which was cooled first. Further significant effects of dif-

ferent cooling rates along the cross-section of components are residual stresses. 

As a rule of thumb, in the last cooled material zone tensile stresses appear 

whereas in the first cooled zone compressive stresses prevail. For an extruded PE 

pipe, which is cooled outside, this would mean, that compressive stresses (-�� de-

velop at the outer pipe wall and tensile stresses (+��develop at the inner pipe wall 

position (Fig. 9.4). 

 

�
�,	=,8C Schematic illustration of residual stresses in extruded plastics pipes:       

-�…compressive stress, +�…tensile stress (Pilz, 2001). 

Previous studies have determined, that the amount of residual stresses in PE 

pipes can be up to 7 MPa and that it may vary depending on the direction (axial 

vs. circumferential; Clutton and Williams, 1995; Pilz, 2001). With respect to an 

MRS of 8 MPa for PE 80 and 10 MPa for PE 100 pipe grade materials, residual 
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stresses contribute a significant additional load which should be considered in the 

design of pipe systems. Usually it can be expected, that an additional heating of a 

PE pipe reduces residual stresses significantly which can be seen as an improve-

ment of the component (Choi und Broutman, 1997). Due to economical and tech-

nical reasons, manufacturing of plastics pipes usually does not include such a final 

annealing. However, a significant additional heating of the material takes place 

during the installation process of CFL and it can be expected, that residual pipe 

stresses are altered by this process.  

In Fig. 9.5 the residual stresses in circumferential direction �R,c and in axial direc-

tion �R,a are shown for the undeformed pipe and the redeformed CFL of AGRU I. 

This chart also includes the range of typical values for �R,c
ref and �R,a

ref as a refer-

ence (Pilz, 2001). For AGRU I, the values of about 2.7 MPa in circumferential and 

5.9 MPa in axial direction correspond to the reference values. However, in the re-

deformed CFL a significant decrease of residual stresses was detected in circum-

ferential as well as in axial direction. On the one hand, the reduction of the residual 

stresses down to 1 MPa and less increases the gap to the MRS of the material 

significantly. On the other hand, an improved long-term behavior of the rede-

formed CFL can be expected (Choi und Broutman, 1997) as the tendency for the 

crack opening mode I load due to residual stresses is significantly reduced. 
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�
�,	=,9C Residual pipe stresses �R,c and �R,a in circumferential and axial direction 

for the undeformed pipe and the redeformed CFL of AGRU I. 
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This chapter describes the results of the fracture mechanics characterization of the 

long-term failure behavior of the undeformed pipe and the redeformed CFL. As 

quasi-brittle crack growth always starts at an initial defect, in a first step the con-

sequence of the mechanical deformation processes during the folding and the re-

deformation of the pipe was investigated by focusing especially on remaining sur-

face deformations, which may act as initial points for creep crack growth. In a 

second step the long-term failure behavior was characterized with fracture me-

chanics based cyclic tests using CRB specimens. Details on the practical work 

and recent findings of this work have been published in ����� &&�5	in the Appendix. 

2>,2	$1���
��� ���	

Optical investigations of the inner and outer pipe wall surfaces were conducted 

with a light microscope of the type BX51 (Olympus; Vienna, A) and an image re-

cording system with the corresponding software analysis 3.2 (Soft Imaging Sys-

tems GmbH; Münster, D). Additional investigations of selected specimens were 

carried out with a chromatographic confocal-microscope of the type FRT MicroProf 

(Fries Research & Technology GmbH; Bergisch Gladbach, D). Scanning electron 

microscopy (SEM) was done with a device of the type DSM 962 (Carl Zeiss; Ober-

kochen, D). Prior to the SEM investigations, the specimens were sputter coated 

with a 15 to 20 nm thick layer of gold. 

A servo-hydraulic closed-loop testing system of the type MTS Table Top (MTS 

Systems GmbH; Berlin, D) was used for the cyclic testing of CRB specimens with 

sinusoidal loading at a ratio of minimum to maximum loading of R=0.1 and apply-

ing a frequency of 10 Hz. The tests were performed under standard conditions at a 

temperature of 23 °C and a relative humidity of 50 %. 

The CRB specimens were manufactured in axial direction from the undeformed 

pipe as well as from the deformed and the redeformed CFL at the positions Pos. 1, 

Pos. 3 (symmetrical to Pos. 2) and Pos. 5 (symmetrical to Pos. 4, see Section 7.4 

for positions). Additionally, specimens were manufactured from a compression 
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molded plate of the same PE 100 pipe grade material. Limited by the pipe wall 

thickness, the CRB specimens had a diameter of 10 mm and a length of 100 mm. 

The circumferential initial notch with a depth of 1 mm was inserted on a drilling 

machine by pressing a razor blade into the rotating specimen.  

2>,5	�������	��������	���	��������
���	

Images of the inner and outer pipe surfaces of AGRU II at the positions Pos. 1 and 

3 are shown in Fig. 10.1 and Fig. 10.2. The investigations were done for the unde-

formed pipe, the deformed CFL and the redeformed CFL. 

At the intermediate state of the deformed CFL, at Pos. 1 (Fig. 10.1) distinguishable 

markings in axial direction are visible at the outer pipe surface that are similar to a 

relief structure caused by squeezed material. However, the inner pipe wall surface 

shows a smooth surface, comparable to the reference image of the undeformed 

pipe. After the redeformation process the detected markings at the outer side of 

Pos. 1 disappear and both the inner and the outer pipe surface show a smooth 

appearance comparable to the one of the undeformed pipe. 

 

�
�,	2>,2C Outer and inner pipe wall surface of the undeformed pipe, the deformed 

CFL and the redeformed CFL at Pos. 1 of AGRU II. 

�*!�	&&F	�����	�
��	.���	�������F	���,	2C	

�*!�	&&F	
����	�
��	.���	�������F	���,	2C	

Undeformed pipe 

Undeformed pipe 

Deformed CFL

Deformed CFL 

Redeformed CFL 

Redeformed CFL 
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Similar results were found at Pos. 3 of the deformed CFL (Fig. 10.2). However, in 

contrast to Pos. 1 the markings were detected at the inner pipe wall. Again, in the 

final state of the redeformed pipe, the appearance of the surfaces is comparable to 

the one of the undeformed pipe. 

 

�
�,	2>,5C Outer and inner pipe wall surface of the undeformed pipe, the deformed 

CFL and the redeformed CFL at Pos. 3 of AGRU II. 

The relief-like structures oriented in axial directions were detected at the inner side 

of the folded pipe segment in which material at the surface is squeezed as a result 

of the mechanical deformation. In this context it is important, that there do not re-

main any notches or even cracks in the final redeformed CFL that may cause criti-

cal stress singularities and moreover act as initiation points for SCG. 

For a detailed evaluation of the surface characteristics, the redeformed CFL was 

also investigated by SEM. The images of Fig. 10.3 show scratch-like crinkles at 

the inner pipe wall surface of Pos. 1 which were not recognizable with the light 

microscope. These surface effects may again be assigned to the deformation 

processes of the CFL. During the action of folding the pipe the material at the inner 

pipe wall surface of Pos. 1 is stretched and high molecular orientations are created 

(compare Section 8.4). During redeformation, which is mainly driven by inherent 

entropy-elastic effects, the stretched material contracts back close to its original 

�*!�	&&F	�����	�
��	.���	�������F	���,	6C 

�*!�	&&F	
����	�
��	.���	�������F	���,	6C 

Undeformed pipe 

Undeformed pipe 

Deformed CFL 

Deformed CFL 

Redeformed CFL 

Redeformed CFL 
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state (memory-effect). For a complete redeformation into a circular shape and to 

ensure a close fit to the old pipe, the CFL is pressurized. To accomplish a com-

plete redeformation, the pressurization produces a forced bending at Pos. 1 that 

may cause squeezing of the material layer at the inner pipe surface which may 

create the crinkles. 

 
�
�,	2>,6C SEM images of the inner pipe wall surface of the redeformed CFL at 

Pos. 1 of AGRU II.  

Redeformed CFL, inner pipe wall surface 

Pos. 1  

9>1	

9>>1	

5>>>1	

5>>1	

5>1	
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Since defects at the inner pipe wall surface of the final redeformed CFL may po-

tentially initiate SCG, the dimensions of the detected structures are of special in-

terest. Hence, special topography measurements with a chromatographic confo-

cal-microscope were performed to address this issue. The results are shown in 

Fig. 10.4 in form of a line-scan and a 3D-image. The analysis of the topography 

revealed a length of the crinkles of about 120 to 350 �m, a width of approx. 50 �m 

and a depth of about 15 to 20 �m. Furthermore, the 3D-image reveals an obvious 

orientation of the surface effects in the direction of the pipe axis.  

For initiation of SCG typical defect sizes of 100 to 400 �m are of relevance (Gray 

et al., 1981; Stern, 1995; Lang et al., 1997; Pinter, 1999). Within this Dissertation a 

critical defect size of aini=400 �m was defined to calculate a fracture mechanics 

lifetime (Section 4.5). As the depth of the detected crinkles is clearly below this 

critical level, it can be expected, that they may not have a further negative effect 

on the long-term failure behavior of the CFL. 

  

�
�,	2>,8C Topography of the inner pipe wall surface of the redeformed CFL at 

Pos. 1 of AGRU II. Left: line-scan; right: 3D-image. 

2>,6	%���
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The total failure cycle number Nf as a function of 	KI for different process stages of 

the CFL are shown in Fig. 10.5. Although the difference in the determined failure 

times is only small, the tests with CRB specimens taken from the undeformed pipe 

in axial direction show the lowest failure cycle numbers when compared to the de-
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formed CFL, the redeformed CFL and the compression molded plate. The in-

crease of the failure cycle numbers of specimens from the redeformed CFL com-

pared to specimens from the undeformed pipe is about 20 %. This result can pos-

sibly be assigned to residual stresses within the specimens, which are significantly 

higher for the undeformed pipe than for the redeformed CFL (Section 9.3). Also, 

the manufacture of compression molded plates results in specimens with low re-

sidual stresses.  

An influence of the slight increase in the degree of crystallinity, which was de-

tected in Section 8.3, could not be recognized. Moreover, no effects of the different 

circumferentially located positions Pos. 1, 3 and 5 on Nf were detected and the 

different insulations during the redeformation process did not show any significant 

effect on the long-term cyclic failure behavior either. 

104 105 106 107
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�
�,	2>,9C Failure cycle number Nf of CRB specimens at a temperature of 23 °C of 

the compression molded plate, the undeformed pipe and positions 

Pos. 1, 3 and 5 of the deformed CFL and different insulations of the re-

deformed CFL of AGRU II. 

Finally it should be emphasized that the above findings are strictly valid only for 

specimens taken from the pipes in axial direction with cracks in circumferential or 

radial direction. Further investigations should clarify whether the same trends exist 

for cracks growing in axial direction. 
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The technology of PE Close-Fit-Liners (CFL) is a modern technology which allows 

cost efficient and quick rehabilitation of old or damaged pipes. However, installing 

pipes using this method is connected to additional mechanical and thermal treat-

ment of the pipe material. Unfortunately, there are no scientific studies available 

concerning relevant changes in material properties due to the typical additional 

process steps. Therefore, the effects of deformation and redeformation of the CFL 

on the pipe material have been studied comprehensively.  

A morphological investigation confirmed that the additional deformation and ther-

mal processes have no obvious negative effect on relevant characteristics of the 

material, which was a commercial PE 100 pipe grade typically used for CFL. The 

storage modulus and loss factor, determined by dynamic-mechanical analysis 

(DMA) show process related differences across the pipe wall thickness, however, 

no significant changes between the undeformed pipe and the redeformed CFL 

were detected. If at all, only a slight increase of the storage modulus could be de-

termined as a result of an increase in crystallinity by about 4 to 5 %, verified with 

differential scanning calorimeter (DSC). This post-crystallization takes place during 

the additional heating of the pipe which is part of the installation process and 

causes an annealing of the material. At the inner pipe wall of the beginning of the 

CFL (A-station), a temper-shoulder was detected in the DSC curve at approx. 

120 °C as an effect of the heat treatment during the pipe installation. At the end of 

the CFL (B-station) no such temper-shoulder was detected. However, in combina-

tion with the measured degree of crystallinity and the storage modulus at these 

positions, this effect probably has no considerable relevance for the final proper-

ties of the installed CFL. 

The characterization of the memory-effect was done by measurements of the lin-

ear thermal expansion in circumferential direction of the pipe, which is linked to 

molecular orientation. The results have been added to the knowledge of the oper-

ating mechanisms within the material, which are responsible for the inherent rede-

formation of the folded pipe. In the intermediate state of the folded pipe, consider-

able molecular orientations are frozen in the folding positions. During the 
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installation process, the action of heating of the material increases the mobility of 

the macromolecules, and due to entropy-elasticity they relax into a direction which 

works contrary to the prior folding. In the final state of the redeformed CFL the lin-

ear thermal expansion is lower than the one in the undeformed pipe. In the case of 

a temperature increase during the pipe service, this will cause a lower thermal ex-

pansion of the pipe material and a lower degree of residual stresses, respectively. 

As a possible effect of the additional thermal treatment, special attention was paid 

on the characterization of thermo-oxidative material aging via oxidation-induction 

time (OIT) measurements and infrared (IR)-spectroscopy. Comparing results of 

the undeformed pipe and the redeformed CFL, an unexpected increase in OIT 

values of about 50 % was detected. Moreover, the IR-spectroscopical investiga-

tions showed a higher concentration of active stabilizers. No indications for a 

thermo-oxidative material degradation in the redeformed CFL were detected. The 

increase of active stabilizer systems is surprising, indeed, and may be an effect of 

a higher mobility and rearrangement processes during the annealing at installa-

tion. However, as this increase in the OIT values after the additional thermal and 

mechanical treatment shows paradoxical results, it is recommended to further in-

vestigate the general functionality of stabilizer systems in CFL. The investigation of 

the A-station and the B-station of an installed pipe did not reveal any significant 

differences in the OIT and IR-spectroscopy either. In summary, the OIT measure-

ments and IR-spectroscopy indicate, that no significant thermo-oxidative material 

aging takes place during the additional thermal and mechanical process steps of 

CFL production and installation. 

In conventional extruded pipes residual tensile stresses must be expected at the 

inner pipe wall, which have a crack opening effect for surface defects. However, a 

considerable change of residual pipe stresses was found in the final state of the 

redeformed pipe. In axial as well as in circumferential direction, the annealing re-

duces the residual stresses down to values of 1 MPa and less. This reduction in 

internal stresses is certainly considered beneficial in terms of CFL performance. 

Moreover, an optical investigation revealed that the redeformation processes dur-

ing folding and installation does not create any critical defects, which would remain 

at the pipe wall surface and may act as points for crack initiation. Probably, as a 
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result of reduced residual stresses, the resistance of CRB specimens against 

crack initiation and SCG in cyclic tests was found to increase by about 20 % for 

the final state of the redeformed CFL.  

Overall, the performed testing program indicates that the additional process steps 

of deformation and redeformation do not have any obvious negative effects on 

relevant material properties. Much rather, the significant reduction of residual pipe 

stresses may be considered as a significant improvement in the final pipe per-

formance, and may act to even improve the reliability of these pipes in terms of 

long-term application by retarding potential failure modes such as crack initiation 

and SCG. 
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