
SP Buildning Technology and Mechanics

SP REPORT 2007:30

Durability of Non-Pressure 
Polypropylene Pipe Materials

Kristian Thörnblom, Stefan Forsaeus Nilsson, 
Sven-Erik Sällberg, Gunnar Bergström,

Carl-Gustaf Ek and Anders Stenström, Borealis AB, 
SE-444 86 Stenungsund

SP
 T

ec
h

n
ic

al
 R

es
ea

rc
h

 In
st

it
u

te
 o

f 
Sw

ed
en



 
 

2



 
 

3

 
Kristian Thörnblom, Stefan Forsaeus Nilsson,  
Sven-Erik Sällberg and Gunnar Bergström 
 
Carl-Gustaf Ek and Anders Stenström,  
Borealis AB, S-444 86 Stenungsund 
 
Durability of Non-Pressure  
Polypropylene Pipe Materials 
 
SP Rapport 2007:30 
Building Technology and Mechanics 
Göteborg 2007 
 
 



 
 

4

Abstract 
 
Durability of Non-Pressure Polypropylene Pipe Materials 
  
For plastics pipes used for underground drainage and sewerage as well as for other non-
pressure pipe applications there are at present no internationally accepted methods for the 
evaluation of the durability of the material. In practice pipe material selection is based 
upon comparative operational experience of the different materials over a number of 
years. This means that there are no objective means of assessing new pipe designs and 
new pipe materials coming onto the market. Reasonably there will be a spread in material 
qualities with some materials having good properties and some being of lower quality 
(e.g.recycled materials or materials with very high filler content). Without a recognised 
testing method it is not possible to rank these alternatives or restrict their use to specific 
application areas without awaiting the outcome from their use in the field.  
 
It is today an established fact that plastics pipes are well suited for underground water and 
sewer systems due primarily to their flexibility to soil movement and their corrosion re-
sistance. Pipe deflections of up to 10% of the diameter has been shown to be no problem 
for plastics pipes according to extensive field studies performed by the Teppfa organisa-
tion. However, it is also a fact, not so well known, that the stresses in the pipe wall can 
still be at a relatively high level after 10 or 50 years of use under such conditions. With 
new pipe structures and possibly lower quality pipe materials, the stresses and strains in 
the pipe may well exceed the limiting properties of the material and thereby put the reli-
able function of the pipe system at risk.  
 
One main objective of this study has been to look for limiting values of strain for the dif-
ferent materials, above which excessive deformation or failure can occur. The evaluation 
method presented is based on the use of a range of durability test methods on mainly 
polypropylene but also on one polyethylene material. The important characteristics stud-
ied include the stress relaxation/strainability properties, slow crack growth / notch resis-
tance, thermo-oxidative degradation and environmental stress cracking. The basic proper-
ties of the materials are developed by tests on solid wall pipes. The relaxation behaviour 
of the materials was also modelled and compared using CAED methodology.  
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1  Introduction 
 
The experience with PP plastics pipes used as non-pressure sewer pipes is extraordinary 
positive. The failure rate in PP sewer pipe networks is extremely low. So why do research 
on durability for such an application? There are some good reasons: 
 

1. The most common plastics materials used for non-pressure applications are as 
known PVC-U, PE and PP. To meet expectations, a sewer pipe network shall 
have full functionality preferably for more than 100 years. This is much longer 
than the time span covered by the good experience hitherto. PP is the youngest 
material in this respect with track record exceeding 30 years in the application. 
To develop a durability evaluation method for PP could demonstrate the durabil-
ity performance of PP materials comparable with well performing materials of PE 
and PVC-U, and could also strengthen the confidence in plastics pipes in general. 

2. The non-plastics pipes industry is often claiming 80 to 100 year lifetime with 
their systems based on clay, concrete etc. A similar approach targeting 100-year 
lifetime is not yet seen for non-pressure plastic pipes.. 

3. A durability methodology developed for PP could also be used and transferred as 
a general tool for durability evaluation of plastics pipes materials giving benefits 
for all plastics materials used for non-pressure pipe applications.  

4. Both new pipe designs and new pipe materials are seen on the market, including 
more extensive use of recycled materials and mineral filled solutions. With no 
recognised testing procedure it is not possible to rank these alternatives or restrict 
their application area without comprehensive end use testing.  

5. For non-pressure pipes there are at present no internationally accepted method for 
evaluation of material durability. 

6. Remaining stresses, even years after installation, are in deflected underground 
plastics pipes higher than is commonly known.  

 
For plastics pipes used for non-pressure underground drainage & sewerage and other non-
pressure pipe applications there is at present no internationally accepted method for 
evaluation of material durability. For pressure pipes, the standardised tool to make a long 
term evaluation of a pipe material under controlled conditions is the well known ISO 
9080 method. Using material classified as pressure pipe material with a MRS rating for 
50 years of use also for non pressure applications may be safe but could well be to over-
shoot the mark. In general, the conditions and requirements for underground sewerage 
pipes vs. e.g.pressurised pipes for drinking water and gas are also quite different. In prac-
tice pipe material selection is based upon comparative operational experience of the dif-
ferent materials over a number of years and on material tests developed for pressure pipe 
materials. This means that there is no way of assessing durability for new pipe designs 
and new pipe materials that are introduced into the market. Whilst some recently intro-
duced materials have superior properties in many respects and should perform well there 
are others of lower quality that may not achieve the required durability, e.g. recycled ma-
terials and inferior mineral filled materials. However with no recognised testing proce-
dure it is not possible to rank these alternatives or restrict their application area without 
undertaking comprehensive end use testing.  
 
It is well known that plastics pipe systems are well suited for use in underground pipe-
work due to their flexibility to soil movements and their corrosion resistance etc. Pipe 
deflections of up to 10 % can be accommodated as shown in the extensive studies per-
formed by TEPPFA (Alferink, 2001a). The German ATV guideline accept a maximum 
pipe deflection of 9% (Scharwächter, 2003), in ISO/DIS 21138-1 (2006) the max long 
term value is limited to 10% deflection and in the European standards EN 13476-1 (2005) 
and EN 1852-1 (1997) it is stated that a deflection up to 15% will not affect the proper 
functioning of the pipe system. Not surprisingly flexible plastics pipes systems have a 
good track record and failure statistics (Scharwächter 2003, Stein et al 2005) providing 
confidence for all users of underground plastics pipes systems. It is also known that large 
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diameter plastics pipe systems perform well in the soil (Alferink, 2001b). High quality 
pipes and pipe materials also perform well at high stresses and strains for long times (Jan-
son 2003, Rubeiz 2004 & Andersson 2001).  
 
The stresses in the pipe wall can still be relatively high after 10 or even 50 years of opera-
tion under these conditions. The influence of soil pressure on the pipe system will reduce 
to a minimum after a few months after installation when the soil has settled (Schar-
wächter, 2003 & Janson, 2003). The pipe deflection remains constant after soil settlement 
and the stresses in the pipe wall will relax with time. With some pipe structures and lower 
quality pipe materials, the stresses and strains in the pipe wall may possibly exceed the 
limiting properties of the material and thereby put the pipe system at risk from premature 
failure.  
 
Ideally the durability evaluation of materials for non-pressure pipe systems should be 
based on one universal test method covering all relevant properties. This has been a sub-
ject of many expert discussions but it has proved difficult to find a way forward. Today 
the basic level of material performance for underground sewage and drainage piping is 
defined by the requirements in International and European standards (ISO 8772, ISO 
8773, ISO/DIS 21138, EN 1852, EN 12666, EN 13476, EN 14758) including require-
ments on burst pressure strength and impact performance. For long term material durabil-
ity, the focus of this paper is primarily the influence of the constant pipe deflection condi-
tions and changes in the material due to ageing. The target for the present work has been 
to form a durability evaluation concept based on a selection of material characteristics 
and test methods.  
 
Supporting the need for an evaluation method for the durability of non pressure pipes the 
CEN TC155 AdHoc group AHG45 was formed in 2002. Participants in the group are 
European pipe and polymer compound producers and some test institutes. One test pro-
gram has been defined and finalised within the group based on one polyethylene material 
and one PVC-U material. The polyethylene material was evaluated in the form of a twin-
wall pipe and the PVC-U as a solid wall pipe. The idea was to use low quality pipes to 
make the outcome of the project pregnant and achievable in short time. The result showed 
the PVC material to be of higher than expected quality and the results for the polyethyl-
ene pipes showed the pipes to be of low quality but the a very high scatter in test results 
made any definite statement impossible. With experience from those limited results from 
the AHG45 project so far the present alternative durability project focusing on PP mate-
rial (solid wall pipes) was formulated jointly by SP, Swedish Testing and Research Insti-
tute and Borealis AB. The aim has partly been the same; to find a method to evaluate the 
long term durability of non-pressure pipe materials. However, the focus in this work is on 
material evaluation and not on pipe design. 
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2 Experimental studies 

2.1 Methods 
For evaluating the long term performance of the various materials, key properties and test 
methods have been selected as presented in Table 1. Three categories of tests can be dis-
tinguished. The first category investigates basic mechanical properties and the resistance 
to constant deflection with respect to thermal ageing time. As indicative of possible rele-
vant changes in mechanical properties the tensile strength, the pipe ring stiffness and the 
melt flow rate was measured. . The second category comprises tests undertaken on virgin 
material in order to a) define and describe the materials incorporated in the study and b) 
focus on properties relevant for the foreseen application area, i.e., the internal pressure 
strength, slow crack growth resistance and environmental stress crack resistance. The 
third category includes tests on virgin material aged at high temperatures to investigate 
the Arrhenius ageing behaviour of the materials. Despite the focus on material properties, 
pipe samples or samples from pipes have been used in order to come closer to the proper-
ties in the final application. Standardised test methods have been used whenever possible. 

Table 1. Properties and methods chosen for experimental studies. 
Property Material age Method/reference 

Basic mechanical 
properties 

Virgin, aged 6 
months and aged 
12 months 

Standardised determination of tensile 
properties, ring stiffness and melt flow 
rate (MFR), cf. 2.4. 

Resistance to constant 
deflection 

Virgin, aged 6 
months and aged 
12 months 

Relaxation tests on ovalised pipe sec-
tions from virgin and water/air aged 
pipes (Janson 2003) cf. 2.5. 

Resistance to internal 
pressure at constant 
temperature 

Virgin Creep rupture tests according to EN 
921, cf. 2.6. 

Resistance to slow 
crack growth (SCG) Virgin Crack propagation tests according to 

ISO 13479, cf. 2.7. 
Resistance to envi-
ronmental stress 
cracking (ESCR) 

Virgin 
Bell tests according to ASTM D 1693 
and Cone tests according to ISO 
13480, cf. 2.8. 

Degradation from ther-
mal ageing 

Virgin and aged 
(selected tempera-
ture and time) 

Mechanical properties before and after 
ageing and resistance to thermo-
oxidative degradation, cf. 2.9. 

 
In addition to the above mentioned tests, a computational simulation of the stress history 
for a pipe under relaxation is presented in appendix A (Bergström, Herbst et al 2006). 
 

2.2 Materials 
Five materials have been chosen for the evaluation in this project. Four materials, A – D, 
are polypropylene grades the fifth, material E, is a high density blow moulding grade 
polyethylene, Table 2.  
 
Materials A and B are commercial polypropylene block co-polymer, PP-B, grades. Mate-
rial B is also a so called PP-HM materials, see further below. PP-B materials are com-
monly used in Europe for underground drainage and sewerage applications, in-house soil 
and waste systems, cable protection and ducting pipe systems. PP-B materials have a 
track record of over 30 years for underground drainage and sewerage (Ek, 2001). In 2001, 
a CEN standard was introduced for high modulus (PP-HM) materials with a modulus of 
1700 MPa or higher (EN 1852-1) and PP-HM is also included in other ISO and CEN 
documents, such as ISO/DIS 21138-1 and EN 13476-1. These particular PP-HM (high 
modulus) grades are used for a wide range of structured-wall pipe systems and in large 
diameter spirally wound pipe (Barresi & Ek, 2004; Ebner & Ek, 2005). 
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Material C is a polypropylene block co-polymer, PP-B, with a high melt flow rate (MFR). 
It is used for pipe and injection moulding applications. 
 
Material D is a polypropylene block co-polymer grade, PP-B, filled with 30 % CaCO3. It 
is designed mainly for production of profiles. Mineral modified PP systems (PP-MD) 
have recently been included in CEN standards for solid wall pipes (EN 14758). The re-
quirements are basically on the same level as for non filled PP materials except for an 
additional durability clause for the PP-MD systems. It should be noted that the mineral 
filled material in this study does not fulfil the EN 14758 material requirements. 
 
Material E is a HDPE material normally used for blow moulding of bottles, containers 
etc. The material is a polyethylene homo-polymer and therefore lacks the co-monomer 
and hence the tie molecules which are essential for good ESCR and slow crack growth 
resistance, e.g. such as those materials used for modern bi-modal HDPE pressure pipe 
production. In some countries, this material is used also for underground drainage and 
sewerage pipe systems. 
 

Table 2. Basic data for selected materials in the evaluation program. 

Material A.  
PP-B(1) 

B.  
PP-B(2) 

C. 
PP-B(3) 

D. 
PP-filled 

E. 
PE-BM 

MFR2.16 (g/10min) 
ISO 1133, 230 °C 0.3 0.3 1.3 0.6 0.5 (190oC) 

Density (g/cm3) 
ISO 1183, 23 °C 0.90 0.90 0.9 1.14 0.963 

Modulus of elasticity 
(MPa) 
ISO 527-2, 23 °C 

1500 1700 1300 2600 1500 

Yield stress (MPa) 
ISO 527-2, 23 °C 30 31 28 28 30 

Notched Impact 
Strength (kJ/m2) 
ISO 179 + 23 oC 
  – 20 oC 

70 
7 

50 
5 

25 
5 

10 
2 

15 
12 

 
 

2.3 Thermal ageing 
The evaluation is based on the performance before and after ageing at 95 °C as defined in 
the recent European standard for mineral modified PP (EN 14758-1). The ageing was 
performed both in water and air, i.e., water outside the pipe and air on the inside. Con-
trary to the specification in the standard, no internal pressure was used in order to avoid 
additional influence of recovery during the relaxation test after ageing. A corresponding 
ageing with pressure applied as in EN 14758 was not possible to include in the scope of 
the present project, cf. section 6. Samples were also conditioned at 23 °C for one month 
after ageing before any further testing was carried out.  
 
Pipes of length 640 mm were aged in a tank filled with 95 ºC water. The pipes were 
stored standing upright, with water tight caps at bottom ends and with open ends at the 
top. The complete arrangement was covered by a layer of insulation ensuring that the air 
inside the pipes had the same temperature as the water. To avoid the pipes floating up 
weights were placed in the bottom caps, cf. Figure 1. Pipes were stored for 6 months and 
12 months giving two levels of ageing. 
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Water, 95 ºC
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Water tight cap
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Pipe

Water tight cap
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Figure 1. Tank for ageing of test pipes in water and air. 
 
To follow the ageing process the oxygen induction time (OIT) was measured at 200 °C 
on samples taken from the outside wall of the aged pipes, i.e., on samples aged in contact 
with water.  

2.4 Mechanical properties before and after ageing 
For material sufficiently stabilised to cope with both high temperature processing and 
welding and for operation at up to 40°C, the thermo-oxidative degradation in air is nor-
mally not a problem. Compared to ageing in water, the degradation in air is usually of 
minor importance (Zweifel 2001) but for new materials and for recycled materials it can 
be important and therefore needs be considered.  
 
Mechanical testing was performed on pipes aged in water according to the procedure 
described in section 2.3, page 10. The following tests were undertaken: 
 

• Pipe ring stiffness 
• Tensile testing 
• Melt flow rate (MFR) 
• Oxygen induction time (OIT) at 200 and 210°C 

 
The results were compared with corresponding tests on virgin (un-aged) pipes. 
 
2.4.1 Tensile properties  
Tensile testing was performed according to ISO 6259-1 with specimen of type 2 and a 
deformation rate of 10 mm/min. The specimens were cut in longitudinal direction. Ten-
sile stress and strain at break was measured. 
 
2.4.2 Ring stiffness 
Pipe ring stiffness was measured according to ISO 9969, using samples of 100 mm 
length. The modulus of elasticity was calculated from the ring stiffness value. 
 
2.4.3 Melt flow rate (MFR) 
The load/temperature conditions for the MFR determinations were 2.16 kg/230 °C for the 
polypropylene materials (A – D), and 5 kg/190 °C for the polyethylene material (E). 

2.5 Relaxation tests on ovalised pipe sections before and 
after ageing 

Long term integrity is undoubtedly the most important property for any pipe application 
(Janson, 2003). In the case of a non-pressure system the loading conditions may be re-
garded as almost pure constant deflection situation under which stress relaxation and any 
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eventual damage accumulation occurs. A limitation in stress relaxation testing is that it is 
difficult to extrapolate to longer time using time/temperature shift principles. This is 
mainly due to the temperature dependence of the relaxation modulus which will give a 
dramatic change in the stress field if the temperature is increased substantially (Nilsson, 
2004). 
 
‘For the ovalisation tests, constant pipe deflections of 15, 25, 35 and 45 % of the outside 
diameter were used. The relaxation force was continuously measured using force trans-
ducers and a data logging system. The 15% level was chosen as this is the highest level 
which is considered to be safe according to international standards (EN 13476-1, EN 
1852-1). The higher deflection levels were included to accelerate the processes and to 
allow for the higher local strains and stresses which are expected for structured-wall 
pipes. The underlying concept is that in the first step a relation between the deflection 
level and the time to failure is established. This relationship may then be adapted to a 
regression function from which life time can be predicted at a deflection of 15 %. 
 
The relaxation tests were done on test pipes without notch. The tests were done on each 
of the five materials A to E on virgin un-aged pipes, pipes aged for 6 month and pipes 
aged for 12 month.  
 
The test pipes had an outside diameter of 110 mm and a wall thickness of 5 mm. The 
length of the virgin pipes was 200 mm and for the aged pipes 175 mm. 
 
Each pipe was mounted in a special test rig able to maintain a constant ovalisation, cf. 
Figure 2. The rig comprised three steel beams and two threaded rods. The deflection is 
applied by pressing the top beam downwards, and kept constant by locking the same 
beam to the threaded rods with nuts. 
To measure the ovalisation force, a force transducer of type HBM S9 was clamped be-
tween the top beam and the beam resting on the pipe. The top and bottom beams were 
260 mm long. The short beam resting on the pipe was 200 mm long. All beams had a 
square cross section with 30 mm side length and a wall thickness of 2 mm. 
 

 

Figure 2. Test rig for applying and maintaining a constant ovalisation deflection. 
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Prior to the start of the long time relaxation tests, all pipes were stored in room tempera-
ture for 30 days. Each test rig was then put in a compressive testing machine in which the 
pipes were ovalised to the required degree of deflection, 15, 25, 35 or 45 %. The loading 
speed was controlled so that the required deflection was reached in 1 hour. Hence, the 
deformation rate was fairly low but slightly different depending on the degree of deflec-
tion. After completed compression, the top beam was locked in position and the test de-
vice was removed from the compressive testing machine and placed in a constant tem-
perature storage room, cf. Figure 3. 
 
During testing, the force transducers were connected to a Datascan 7000 data logging 
system. The Datascan units were connected to a computer where measured data were 
stored. The relaxation forces were logged at least once per hour throughout the full test 
period. 
 
In total, 72 samples were tested. 42 of these were equipped with force transducers as de-
scribed above. The remaining 30 were not subject to force measurement, but just visual 
inspection in order to determine time to fracture. An overview of the samples tested is 
given in Table 6 in appendix B. 

    

Figure 3. Stress relaxation samples under test with (left) and without force transducer. 
 

2.6 Creep rupture on pressurised virgin pipes 
For the determination of the resistance to internal pressure at constant temperature, a 
pressure test according to EN 921 and EN 1852 was carried out. The European Standard 
EN 921 specifies the test method, whereas EN 1852 is the system standard where the pipe 
requirements and the test parameters are specified. The requirement of resistance to inter-
nal pressure at 80ºC and 4.2 MPa is no failure during a test period of 140 hours. 
 
After conditioning for 1 hour, the test pieces were subjected to a constant internal hydro-
static water pressure corresponding to a circumferential hoop stress of 4.2 MPa for poly-
propylene pipes and 3.9 MPa for polyethylene pipes. The pipes were immersed in a water 
tank at 80°C until failure was recorded. End caps of type A, without metal rod, were used, 
cf. Figure 4. The number of test pieces of each material was 2, instead of 3 specified in 
EN1852-1. An overview of the samples used is given in Table 7 in appendix B. 
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Figure 4. Test sample for creep rupture test (from EN 921). 
 

2.7 Crack propagation on pressurised notched virgin 
pipes 

For the determination of the resistance to slow crack growth (SCG), a Notch Pipe Test 
(NPT) was carried out according to ISO 13479. The resistance is expressed in terms of 
time to failure in a hydrostatic pressure test on a pipe externally notched in four positions 
around the circumference. The test was carried out immersed in a water tank at 80°C. 
Notched pipe testing according to the principles in ISO 13479 were included in the pro-
gram. For the polyethylene material, a tensile hoop stress level of 3.9 MPa was used. This 
is similar to the QC pressure testing requirement for sewage applications.  
 
A slightly higher nominal un-notched stress level of 4.2 MPa was used for the polypro-
pylene materials. This is in order to have the same stress in the pipe wall (un-notched) as 
that in the QC pressure testing requirements for PP sewage applications. A notch depth of 
20 % is well on the conservative side, as it is significantly greater than what has been 
observed in practice (Stokes et al 2001, Nilsson & Thörnblom 2006). 

 

Figure 5. Sample for notched pipe test. 
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2.8 Environmental stress crack resistance of virgin ma-
terials 

The environmental stress crack resistance (ESCR) was evaluated with the Bell test 
(ASTM D 1693) and the Cone test (ISO 13480). With both these methods, samples are 
placed in a surfactant solution and subjected to constant deformation, cf. Figure 6. The 
Bell test comprises a number of notched samples under severe bending. The number of 
fractured samples during a given period of time is recorded. A notched pipe sample ex-
panded by a steel cone is used in the Cone test. The crack propagation rate from the notch 
is recorded. 
 
 

      
                                     a)                        b) 

Figure 6.  Test samples for Bell test according to ASTM D 1693 (a) and for Cone test 
according to ISO 13480 (b). 

 

2.9 Degradation from thermal ageing 
The resistance to thermo-oxidative degradation was evaluated based on oven ageing. The 
increase in melt flow rate, MFR, in relation to the un-aged material was used as the crite-
ria for degradation. For lifetime prediction, extrapolation based on an Arrhenius1 relation 
was used. 
 
The tests were made on samples cut from ∅ 110 × 4 mm solid wall pipes, Figure 7. The 
80 × 13 mm samples were aged in air in an oven at selected temperatures between 130 °C 
– 150 °C for polypropylene and 120 °C –  130 °C for polyethylene. Ageing times reached 
5000 hours. So called cell-ovens with small chambers and a temperature accuracy of +/-1 
°C were used. The air circulation rate was set to 0.6 litres/min. 
 
The ageing was followed by granulation and MFR measurements. These were undertaken 
on a manual Davenport apparatus. The testing conditions were 230 °C and 2,16 kg for the 
polypropylene materials (A – D) and 190 °C and 5 kg for the polyethylene material E. 
                                                      
1 Svante Arrhenius (1859 – 1927) suggested that the logarithmic chemical reaction rate is propor-
tional to the absolute temperature. Hence, the lifetime can be expressed on the form t = ae-Q/RT, 
where Q is the activation energy (J/mole). 
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For the polypropylene materials, lifetime predictions based on Arrhenius plots were made 
and calculated from an MFR value increase of 50 % compared to the un-aged sample. For 
the polyethylene material, a decrease in MFR of 50 and 90 % was used instead. 

    

Figure 7. Extruded pipe with cut out test sample (left) and test sample after ageing. 
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3 Results 

3.1 Thermal ageing 
The OIT for the aged samples is generally very low as is seen in Figure 8. Practically all 
high temperature anti-oxidants appear to be consumed after six to twelve months ageing 
at 95°C in water/air (water outside - air inside) based on samples taken at the bottom end 
of the pipe, cf. section 2.3. This ageing was more severe than the ageing just in air. It 
should however be noted that the accuracy of OIT results is low if measured at a levels as 
low as measured for the aged samples. 

0

10

20

30

40

PP-B(1) PP-B(2) PP-B(3) PP-filled PE-BM

m
in

ut
es

Down/inside 6 months Down/outside 6 months
Down/inside 12 months Down/outside 12 months

 

Figure 8. Oxygen induction time (OIT at 200°C) for virgin materials and after 6 
months of ageing in water. 

3.2 Mechanical properties before and after ageing 
 
In general, the deterioration in properties is minor during the 12 months - this indicates a 
good ageing behaviour in contrast to the OIT results seen above.  
 
A minor increase in modulus, and hence also ring stiffness, is expected with ageing. This 
is also seen for the PPB and the PE-BM materials, Figure 9 and Figure 10. The PP-filled 
material exhibits a decrease in stiffness, which may be attributed to debonding between 
PP matrix and mineral filler, cf. section 3.3.4. After ageing, an additional factor is most 
likely chemical breakdown of the matrix especially due to impurities in the filler. 
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Figure 9. Modulus of elasticity calculated from ring stiffness measured on pipe sam-
ples from virgin material and material aged 6 months and 12 months. Nu-
merical values are given in Table 10, appendix C 
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Figure 10. Pipe ring stiffness measured on pipes of virgin material and aged 6 months 
and 12 months. Numerical values are given in Table 11, appendix C. 

 
For the stress and strain at tensile break, minor changes are seen for all PP materials after 
ageing, Figure 11 and Figure 12. Somewhat greater difference is seen for the PP-B(2) 
material—possibly due to a greater stiffness. It is noted that the PP-filled, as expected, 
shows considerably lower values compared to the other materials for tensile strain at 
break, both for un-aged and aged samples. The PE-BM exhibits a significant increase in 
both strength and strainability. This may be attributed to cross-linking during ageing, cf. 
section 3.3.5. 
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Figure 11. Tensile stress at break (ISO 527-2) measured on samples from pipes of vir-
gin material and aged 6 months and 12 months. Numerical values are given 
in Table 12, appendix C. 
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Figure 12. Tensile strain at break (ISO 527-2) measured on samples from pipes of vir-
gin material and aged 6 months and 12 months. Numerical values are given 
in Table 13, appendix C. 

 
Only minor changes are noted in melt flow rate (MFR) between aged and un-ages sam-
ples with exception of the PP-filled material, Figure 13. Further investigations showed 
that this degradation was less prominent on samples taken from the inner parts (centre) of 
the pipe wall compared to samples taken from the whole wall thickness. Hence, the mate-
rial is subject to an obvious surface degradation process, cf. section 3.3.4. 
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Figure 13. Melt flow rate (MFR) measured on samples from pipes of virgin material 
and aged 6 months and 12 months. Numerical values are given in Table 14, 
appendix C. 

 

3.3 Relaxation of ovalised pipe sections 
In the following sections, stress relaxation curves are shown for all tested materials A – E 
as the relaxation modulus log E(t). Diagrams showing the compliance 1/E(t), used by e.g. 
Janson (2003), are found in appendix D. Curves are shown both for un-aged samples and 
for samples aged at 6 and 12 months in water/air at 95°C in accordance with section 2.3. 
 
The modulus E (Pa) was calculated from the applied ovalisation ω (-) and the measured 
relaxation force P (N) with the simplified expression (see e.g. Odqvist, 1948): 
 

 ⎟
⎠
⎞

⎜
⎝
⎛

π
−

π
ω

=
1

8
12

3

2

Ls
Pr

E m  (1) 

 
Where rm is the mean radius of the pipe (m), L is the length of the pipe (m) and s is the 
thickness of the pipe wall (m). 
 
Curves showing the force – deflection relationship from the loading are shown in appen-
dix E. 
 
The bending strain in the pipe wall from the ovalisation varies between approximately 
3 % and 16 % depending on the level of deflection as determined with the geometric 
analysis outlined in appendix F, cf. Figure 14. 
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Figure 14. Measured and calculated bending strains in three samples of PP-B(1) at 
different deformation levels, cf. appendix F. 

 
Photographs of all types of relaxation test samples, i.e., materials and deflection levels, 
are found in appendix G. 
 
3.3.1 Material A (PP-B(1)) 
 
The aged pipes at 25 % and 45 % deflection show a higher initial modulus value and a 
more moderate slope with time, Figure 15. This is attributed to post crystallisation.  
 
The linear relationship between log time and compliance (refer to appendix D) utilised by 
e.g. Janson (2003), is less significant than that between log time and log modulus, i.e., the 
modulus curves are straighter than the compliance curves. 
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Figure 15. Relaxation modulus curves for aged and un-aged ∅ 110 mm pipes of mate-
rial PP-B(1). 

 
3.3.2 Material B (PP-B(2))  
Material B, the second commercial material, exhibits a similar behaviour as material A 
above. A post-crystallisation is observed which makes the material slightly stiffer after 
ageing. Again, log E is more linear with respect to time than the compliance. 
 
Added to the diagrams in Figure 16 are results from another study (Ek 2001) where ∅ 
200 mm pipe of the same material has been under test since 1998, i.e., for 8 years. The 
modulus and compliance curves show a similar behaviour for the un-aged samples with 
15 % deflection as observed in the PP-HM reference curves from 1998. 
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Figure 16. Relaxation modulus curves for aged and un-aged ∅ 110 mm pipes of mate-
rial PP-B(2).  
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3.3.3 Material C (PP-B(3)) 
The third PPB material show a very similar pattern as PP-B(1) and PP-B(2), with a post-
crystallisation behaviour, Figure 17. 
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Figure 17. Relaxation modulus curves for aged and un-aged ∅ 110 mm pipes of mate-
rial PP-B(3). 

 
3.3.4 Material D (PP-filled) 
 
For the filled PP-material the relaxation behaviour for the un-aged and 6 months aged 
samples follows a similar pattern with respect to deflection level and post crystallisation 
as the PPB materials, Figure 18. For samples aged 12 months, the load bearing capability 
is drastically decreased, and an overall crazing behaviour was visually observed. This 
crazing is more pronounced at positions with large tensile strains, i.e., on the outside at 
clock positions 3 and 9 and on the inside at 6 and 12, cf. Figure 19. At 45 % deflection 
the crazing was observed during the loading phase and for the 35 % deflection, at around 
300 hours after loading. The outermost layer of the pipe surface could be easily removed 
by scraping. This corresponds to a significant increase in MFR on the pipe wall surface, 
cf. section 3.2. This deterioration could be attributed to debonding between filler and 
matrix. As known, debonding is more pronounced at higher strains, higher filler contents 
and longer test times (Ek 1988). After ageing, an additional factor could be chemical 
breakdown of the matrix especially due to impurities in the filler. 
 



 
 

24

0.1 1 10 100 1000 10000 100000
Relaxation time, hours

100

1000

R
el

ax
at

io
n 

m
od

ul
us

, M
P

a

15 % deflection un-aged
25 % deflection un-aged
35 % deflection un-aged
                           aged 6 months
                           aged 12 months
45 % deflection un-aged
                           aged 6 months
                           aged 12 months

 

Figure 18. Relaxation modulus curves for aged and un-aged ∅ 110 mm pipes of mate-
rial PP-filled. 

 

 

Figure 19. Pipe of material PP-filled aged for 12 months under 45 % deflection (sample 
p101). Note areas of crazing at positions with high tensile strains. 

 
3.3.5 Material E (PE-BM) 
 
The PE-BM material tested shows a very interesting behaviour. For both un-aged and 
aged samples the compliance curves (refer to Figure 29 in appendix D) are reaching a 
rectilinear pattern quite early, as usually seen with polyethylene materials. According to 
Janson (2003), such linearity implies a stable behaviour without fracture, but that is not 
the case here. For un-aged samples, the first cracks were visible after 900 hours at 45 % 
deflection, 1400 hours at 35 % deflection and 4500 hours at 25 % deflection. At 15 % 
deflection the sample is still intact after 10000 hours, Figure 20 and Figure 21. 
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Figure 20. Relaxation modulus curves for aged and un-aged ∅ 110 mm pipes of mate-
rial PE-BM. 

  

Figure 21. Fractured samples of PE-BM at 25 % deflection. a) Virgin material – sam-
ple p32. b) Aged 6 months – sample p78. 

 
There is a clear correspondence between the time to fracture and the deflection level, for 
both un-aged and aged samples, Figure 22. After ageing, both the crack initiation and 
propagation are accelerated as observed in the 6 months aged samples. The 12 months 
samples are sometimes showing longer times to crack initiation, compare also the me-
chanical test results in Figure 7 further below. The compliance curves for the 6 and 12 
months aged samples have a less pronounced slope than the PP materials. The short term 
compliance is not significantly affected by ageing. The difference between fracture times 
for 6 and 12 months aged samples can be attributed to the mixed degradation mechanism 
in the PE material, involving both chains scission and crosslinking.  
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Figure 22. Fracture initiation time vs. pipe deflection for material PE-BM. 

3.4 Creep rupture on pressurised virgin pipes 
Results from the pressure test are presented in Table 3. The required resistance to internal 
pressure at 80 ºC and 4.2 MPa for PP sewage application is no failure during a test period 
of 140 hours, according to EN 1852-1. The commercial grades PP-B(1) and PP-B(2) 
show good resistance to internal pressure well above the requirements. In order to further 
check the spread in data, two additional samples of PP-B(2) were tested. It is a close call 
for the PP-B(3), and the PP-filled shows a very poor resistance to internal pressure with 
failure times much lower than the required limit.  

Table 3. Results from EN 921 creep rupture tests on pipes from virgin materials. 
Material Sample no. Time to failure (h) 
PP-B(1) p157 647 
  p158 572 
PP-B(2) p159  768 
  p160  631 
 p185  1583 
 p186  1602 
PP-B(3) p161 145 
  p162 145 
PP-filled p163 21 
  p164 21 
PE-BM p165 26 
  p166 26 

 
For the PE-BM material, a slightly lower nominal hoop stress level, 3.9 MPa, was used. 
As seen in the table, the PE-BM material has a poor resistance to internal pressure with 
very short failure times.  

3.5 Crack propagation on pressurised notched virgin 
pipes 

Results from the notched pipe tests for all the materials are presented in Table 4. Surpris-
ingly good results were received for the PP-B(2) material, with longer failure times com-
pared to the un-notched pressure test above. Further, for one of the test samples of PP-
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B(2), failure was observed outside the notch. For all other materials, shorter failure times 
were obtained with the notch test compared to the pressure test as expected. 
 

Table 4. Results from ISO 13479 crack propagation tests on notched pipes from vir-
gin materials. 

Material Sample no. Time to failure (h) Failure type 
PP-B(1) p37 277 notch C 
  p38 277 notch D 
PP-B(2) p39 2105 notch A 
  p40 1798 not in notch 
  p183 1248 not in notch 
  p184 1597 notch A 
PP-B(3) p41 88 notch D 
  p42 104 notch D 
PP-filled p43 6,9 all notches 
  p44 6,9 notch A 
PE-BM p45 16 notch D 
  p46 16 notch D 

 

3.6 Environmental stress crack resistance of virgin ma-
terials 

Results from the Bell tests and Cone tests are shown in Table 5. The PE-BM material 
shows a very low resistance to ESCR compared, e.g., to the PE80 Cone test requirement 
of > 7 days in ISO 13480. Very good results are noted for the PPB materials. The PP-
filled is still under test.  
 

Table 5. Results from ASTM D 1693 and ISO 13480 stress crack resistance tests on 
virgin materials. 

Material Time to failure 
 Bell test Cone test 
PP-B(1) >16000 hours (interrupted) >21 days (interrupted) 
PP-B(2) >16000 hours (interrupted) >21 days (interrupted) 
PP-B(3)  >16000 hours (interrupted) >21 days (interrupted) 
PP-filled >8500 hours (interrupted) >21 days (interrupted) 
PE-BM <70 <1 day 

 

3.7 Degradation from thermal ageing 
In the following graphs, lifetime predictions according to Arrhenius for 20°C and 
40°C operational temperature are shown, also including corresponding equations. 
The 40°C value was chosen as higher continuous temperatures than 40°C are nor-
mally not seen for sewage applications. The safety factor used is 4 and as noted 
above, the calculation is based on an MFR increase of 50% compared to the un-
aged samples. For PE the calculation is based on an MFR decrease of 50-90% 
compared to the un-aged samples. Cf. appendix H. 
 
Test material Lifetime prediction, 40°C Lifetime prediction, 20°C 
A. PP-B(1) 340 y 3400 y 
B. PP-B(2) 114.000 y 11.000.000 y 
C. PP-B(3) 400 y 4000 y 
D. PP-filled 30 y 200 y 
E. HDPE (3400 y), see text (51000 y), see text 
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For the materials made from pure PPB the thermo-oxidative degradation in air 
appears not to be a limiting factor for normal operation as very high values are 
found.  
 
The shortest life time prediction, 30 years (40°C) is noted for the mineral filled 
material and this is below both the 50 year and 100 year lifetime levels normally 
referred to. However, 200 years is noted for the 20°C basis. Based on the known 
heat stability sensitivity of PP to metal contamination a less pure talc used for the 
mineral modified compound a drastic decrease would have been expected.  
 
For the PE material, the degradation mechanism is somewhat different involving 
both chain scission and cross-linking. The Arrhenius calculation is more relevant 
to use based on chain scission. Nevertheless, due to difficulties with this approach 
for the HDPE material, a decrease in MFR was used as basis for the evaluation. 
Limiting factors used were 0.5 and 0.1 of the virgin value, which means an almost 
crosslinked material. Therefore the results are difficult to directly relate to the 
other materials. It is only a minor difference in result using factor 0.5 or 0.1 due to 
the accelerated crosslinking. 
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4 Discussion 
 
Clearly different visual damage and failure mechanisms were observed during the relaxa-
tion tests: 
 

i. For the PE-BM material it has been verified that even under stress relaxation 
conditions the stress is sufficient to both initiate and propagate cracks through the 
pipe wall. 

ii. For the PP-filled material the damage developed as an area of craze that did not 
penetrate the pipe wall, contrary to the single crack brittle failure in the PE mate-
rial.  

iii. For the PP-B materials, the only damage observed was stress whitening. 
 
A clear relationship between the deflection level and the time to failure was observed for 
the PE-BM pipes, i.e., shorter failure times are found with higher deflection levels and 
after ageing. This opens for the possibility of estimating failure times using an approach 
similar to ISO 9080 principles for pressure pipes. 
 
Although initially the HDPE compliance curves are linear at longer test time failures oc-
cur. Therefore for this material it is not possible to extrapolate according to the commonly 
referred hypothesis presented by Janson (2003) and this particular PE-BM material is 
clearly unsuitable for use in pipes exposed to long-term deflection.  
 
The filled PP-filled material was most severely affected by the ageing leading to consid-
erable loss in load-bearing capacity as demonstrated by the ring stiffness, tensile strain at 
break and stress relaxation tests before and after ageing. For high deflection levels, this 
develops into non-uniform bending and hinge-forming, cf. Figure 19, page 24. 
 
No failures were seen for none of the PP-B materials for neither aged nor non-aged sam-
ples in the constant deflection tests up until 10.000 hours. No significant changes in mate-
rial properties could be seen after ageing. 
 
The testing methodology employed clearly differentiated between materials of different 
durability performance and highlighted important differences in the failure mechanisms. 
Therefore this could form the basis for evaluating durability and for defining performance 
requirements for 50 or 100 years life time. To confirm this concept further testing needs 
to be carried out on different materials and different pipe structures. 
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5 Conclusions 
 
Some important conclusions may be drawn from the relaxation test results presented: 
 

• Under constant deflection the polypropylene pipes are found to behave very dif-
ferently from the polyethylene pipe, i.e., the relaxation pattern for polypropylene 
in general differs from that for polyethylene, compare also (Janson 2003). The 
log modulus is more linearly correlated with log time than the compliance. For 
polyethylene, the opposite applies. 

 
• The commonly referred hypothesis that a linear relationship between relaxation 

compliance and log time ensures long term durability is found to be non-valid in 
the case where mechanical failures were seen, i.e. for the polyethylene homo-
polymer material studied. It is emphasized that this material is not aimed for un-
derground sewage and drainage according to European standards, nor for use in 
standardised pressure pipe applications, e.g.PE80 and PE100. 

 
• The fracture for mineral filled polypropylene under relaxation develops through a 

crazing behaviour clearly different from the single crack propagation observed in 
polyethylene material examined.  

 
• The time to fracture for the selected polyethylene homo-polymer under relaxation 

correlates clearly with the applied deformation level. Hence, long term relaxation 
durability may be treated in analogy with the ISO 9080 procedure for pressurised 
pipes. 
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6 Recommendations for future work 
 
The present study has generated an extensive amount of data and increased the knowl-
edge regarding durability of non-pressure plastics pipe materials. To bring this further, 
our recommendation for future work is summarised as follows: 
 

1. To evaluate additional materials relevant for use in non-pressure pipe applica-
tions 

 
2. To include ageing with applied stress for the mechanical properties tests compris-

ing evaluation of stress relaxation vs. time, tensile properties, ring stiffness and 
MFR, all before and after ageing 

 
3. Investigate conditions when PP materials fail and identify a relevant failure crite-

rion for PP, as well as for PE and PVC-U materials used in the application. 
 

4. Define performance requirements for >100 years lifetime 
 

5. To develop the computational simulation for longer times as well as for different 
pipe designs 
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Appendix A – Computational simulations 
 
Time dependent stresses in the pipe wall (15% deflection) 
 
 

 

Figure 23. a) loading condition and b) stress distribution in PP-B(2) at 15 % deflection. 
 
The stress distribution simulations have been carried out on the PP-B(2) and the PE-BM 
materials for up to 15 years operation. The principle loading conditions and stress distri-
bution are shown in Figure 23. In Figure 24, a comparison of experimental results and 
calculated values for PP-HM and HDPE are given at 15 % pipe deflection. In general, the 
stresses have decreased to around 20 – 25 % of the original value after 8 – 10 years based 
both on the experimental results and the simulations performed. Also illustrated is the 
maximum von Mises stress distribution after 3 years for both PE-BM and PP-B(2) at 15 
% pipe deflection. After 3 years the maximum stresses are around 9 MPa for PP-B(2) and 
6 MPa for the PE-BM material. Further work needs be done on corrugated pipe designs 
and at longer simulated times. 
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Figure 24. a) Comparison of calculated force vs. log time and experimental data for the 
stress relaxation test of OD110 mm x 5 mm pipes at 15 % deflection up to 15 
years, b) von Mises stresses distribution at the pipe inner wall at 15 % de-
flection showing initial stresses and stresses after 3.2 years.  
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Appendix B – Overview of test samples 
 

Table 6. Relaxation tests on ovalised pipe samples (section 2.5) 
  Sample designations* 
Material Deflection level Virgin pipes Aged 6 months Aged 12 months 

A 15 % p1, p2 — — 
 25 % p3, p4 p49, p50 p86 
 35 % — — — 
 45 % p167, p6 p51, p52 p87 

B 15 % p7, p8 — — 
 25 % p9, p10 p55, p56 p92 
 35 % — — — 
 45 % p168, p12 p57, p58 p93 

C 15 % p13, p14 — — 
 25 % p15, p16 — — 
 35 % p169, p18 p63, p64 p99 
 45 % p170, p20 p65, p66 p101 

D 15 % p21, p22 — — 
 25 % p23, p24 — — 
 35 % p25, p26 p71, p72 p107 
 45 % p171, p28 p73, p74 p109 

E 15 % p29, p30 p75, p76 p111 
 25 % p31, p32 p77, p78 p112 
 35 % p33, p34 p79, p80 p115 
 45 % p35, p36 p81, p82 p117 

* Samples with bold faced numbers are used for instrumented relaxation tests, i.e., whe-
re the ovalisation force vs. relaxation time is actually measured. Other samples are sub-
ject to visual inspection only, to determine time to fracture. 

 

Table 7. Creep rupture tests on pressurised pipes according to EN 921 (section 2.6) 
Material Test conditions Sample designations 
A 4.2 MPa, 80°C p157, p158 
B 4.2 MPa, 80°C p159, p160, p185, p186
C 4.2 MPa, 80°C p161, p162 
D 4.2 MPa, 80°C p163, p164 
E 3.9 MPa, 80°C p165, p166 

 

Table 8. Crack propagation tests on pressurised notched pipes according to ISO 
13479 (section 2.7) 

Material Test conditions Sample designations 
A 4.2 MPa, 80°C p37, p38 
B 4.2 MPa, 80°C p39, p40, p183, p184 
C 4.2 MPa, 80°C p41, p42 
D 4.2 MPa, 80°C p43, p44 
E 3..9 MPa, 80°C p45, p46 
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Appendix C – Numerical results 
 
 

Table 9. OIT at 200 °C, cf. Figure 8, page 17. 
Material OIT (min) 

 
Down/inside 

6 months 
Down/outside 

6 months 
Down/inside 
12 months 

Down/outside 
12 months 

A (PP-B(1)) 4 2,5 - - 
B (PP-B(2)) 38 3 6 3 
C (PP-B(3)) 3 2 - - 
D (PP-filled) 2 2 - - 
E (PE-BM) 2 2 - - 

 

Table 10. Modulus of elasticity, cf. Figure 9, page 18. 
Material Modulus of elasticity (MPa) 
 Virgin Aged 6 months Aged 12 months 
A (PP-B(1)) 1389 1340 1551 
B (PP-B(2)) 1700 1646 1946 
C (PP-B(3)) 1391 1335 1426 
D (PP-filled) 2088 1931 1226 
E (PE-BM) 1393 1657 1752 

 

Table 11. Pipe ring stiffness, cf. Figure 10, page 18. 
Material Pipe ring stiffness (kN/m2) 
 Virgin Aged 6 months Aged 12 months 
A (PP-B(1)) 14.48 15.69 15.05 
B (PP-B(2)) 17.05 18.22 17.88 
C (PP-B(3)) 15.03 14.89 14.99 
D (PP-filled) 21.22 18.88 12.15 
E (PE-BM) 13.74 17.44 17.39 

 

Table 12. Tensile stress at break, cf. Figure 11, page 19. 
Material Tensile stress at break (MPa) 
 Virgin Aged 6 months Aged 12 months 
A (PP-B(1)) 39 39 42 
B (PP-B(2)) 39 28 32 
C (PP-B(3)) 30 28 33 
D (PP-filled) 11 11 8 
E (PE-BM) 14 15 27 

 

Table 13. Tensile strain at break, cf. Figure 12, 19. 
Material Tensile strain at break (%) 
 Virgin Aged 6 months Aged 12 months 
A (PP-B(1)) 713 645 687 
B (PP-B(2)) 695 512 480 
C (PP-B(3)) 640 557 681 
D (PP-filled) 31 24 9 
E (PE-BM) 489 479 1240 

 

Table 14. Melt flow rate, cf. Figure 13, page 20. 
Material Melt flow rate (g/10 min) 
 Virgin Aged 6 months Aged 12 months 
A (PP-B(1)) 0.27 0.25 0.32 
B (PP-B(2)) 0.27 0.27 0.33 
C (PP-B(3)) 1.06 1.28 1.30 
D (PP-filled) 0.64 0.58 3.70 
E (PE-BM) 0.51 0.52 0.52 
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Appendix D – Relaxation compliance curves 

0.1 1 10 100 1000 10000 100000
Relaxation time, hours

0

0.002

0.004

0.006

0.008

0.01

C
om

pl
ia

nc
e,

 1
/M

P
a

15 % deflection un-aged
25 % deflection un-aged
                           aged 6 months
                           aged 12 months
45 % deflection un-aged
                           aged 6 months
                           aged 12 months

 

Figure 25. Relaxation compliance curves for aged and un-aged ∅ 110 mm pipes of 
material A. 
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Figure 26. Relaxation compliance curves for aged and un-aged ∅ 110 mm pipes of 
material B 
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Figure 27. Relaxation compliance curves for aged and un-aged ∅ 110 mm pipes of 
material C 
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Figure 28. Relaxation compliance curves for aged and un-aged ∅ 110 mm pipes of 
material D. 
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Figure 29. Relaxation compliance curves for aged and un-aged ∅ 110 mm pipes of 
material E. 
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Appendix E – Ovalisation force curves 
 
The diagrams below show force – deflection curves for the ovalisation of the pipe sam-
ples used for the relaxation tests described in section 2.5. The curves extend to 15, 25, 35 
or 45 % depending on the degree of ovalisation intended for the relaxation. Note that all 
curves represent a loading time of one hour. Hence, the deformation rates are different. 
For the ovalisation levels 15, 25, 35 and 45 %, the maximum strain rate in the pipe wall is 
approximately 0.05, 0.1, 0.18 and 0.27 %/minute respectively. 
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Figure 30. Ovalisation force vs. pipe deflection for virgin samples. 
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Figure 31. Ovalisation force vs. pipe deflection for samples aged 6 months. 
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Figure 32. Ovalisation force vs. pipe deflection for samples aged 12 months. 
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Appendix F – Strain measurements 
 
The bending strains in the relaxation test samples have been determined by means of a 
geometric analysis of the deformed pipe. The shape of the cross-section was given a 
mathematical representation with digital image processing and the radius of curvature of 
the pipe wall was calculated. 

  

 

Figure 33. Photograph of sample P6 (PP-B(1) with 45 % ovalisation) and processed 
image with contours enhanced. 
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Figure 34. Mathematical representation of deformed and undeformed cross-section. 
 
The inner and outer contours of the deformed cross-section in Figure 34 are represented 
by the radial distance from the origin in 500 discrete points at equal angular intervals. A 
coordinate transformation from the polar system (r,ϕ) to the cartesian (x,y) plane is achie-
ved through: 
 

 [ ]
⎩
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π∈ϕ=
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 (2) 

 
From the contours, the mean line of the pipe wall is determined. The radius of curvature 
is calculated with a moving linear regression. At each point, a least squares fit of the 
mean line is made with a quadratic polynomial. The number of points used for the regres-
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sion is optimised between 12 and 200 to maximise the correlation to yield the best fit2. 
The coefficients of the fitted polynomial of point i is given by: 
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Note that the curve fit is done in the (r,ϕ) plane yielding a quadratic polynomial r(ϕ). 
After a coordinate transformation to the (x,y) system according to equation 2 the curve 
shapes become more complicated, equation 4 and Figure 35. 
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Figure 35. Examples of curve fits to the pipe wall’s mean line. Thick lines indicate the 
points used for the regression in each point. 

 
We now have a description of the shape of the pipe wall in each point i. The radius of 
curvature ρ can be calculated from 

 
( )

iiii

ii
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′+′
=ρ

2322

 (5) 

 
The bending strains can then be determined3,4: 

                                                      
2 The number of regression points is limited to a maximum of 200 with respect to computation 
time. 
3 (6) is valid under the assumption that the cross-sections of the pipe wall rotate rigidly. 
4 In addition to pure bending, strains also arise from stretching of the pipe wall, i.e., an elongation 
of the circumference. 
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Results from strain measurements on three different samples ovalised to 15 %, 25 % and 
45 % are shown in Figure 14, page 21. As comparison, bending strains calculated accord-
ing to elasticity theory (see  e.g. Odqvist, 1948) are shown: 
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Where δ is the deflection of the crown of the pipe (mm), ϕ is the angular coordinate ori-
ginating at the waistline, s is the thickness of the pipe wall (m) and rm is the mean radius 
of the pipe (m). 
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Appendix G – Photographs of ovalised pipes 

 

Figure 36. Sample p2 – Virgin PP-B(1), deflection level 15 %, after 18000 hours. 

 

Figure 37. Sample p4 – Virgin PP-B(1), deflection level 25 %, after 18000 hours. 
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Figure 38. Sample p6 – Virgin PP-B(1), deflection level 45 %, after 18000 hours. 

 

Figure 39. Sample p50 – PP-B(1) aged 6 months, deflection level 25 %, after 12000 
hours. 
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Figure 40. Sample p52 – PP-B(1) aged 6 months, deflection level 45 %, after 12000 
hours. 

 

Figure 41. Sample p8 – Virgin PP-B(2), deflection level 15 %., after 18000 hours. 
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Figure 42. Sample p10 – Virgin PP-B(2), deflection level 25 %, after 18000 hours. 

 

Figure 43. Sample p12 – Virgin PP-B(2), deflection level 45 %, after 18000 hours. 
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Figure 44. Sample p56 – PP-B(2) aged 6 months, deflection level 25 %, after 12000 
hours. 

 

Figure 45. Sample p58 – PP-B(2) aged 6 months, deflection level 45 %, after 12000 
hours. 
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Figure 46. Sample p14 – Virgin PP-B(3), deflection level 15 %, after 18000 hours. 

 

Figure 47. Sample p16 – Virgin PP-B(3), deflection level 25 %, after 18000 hours. 



 
 

52

 

Figure 48. Sample p18 – Virgin PP-B(3), deflection level 35 %, after 18000 hours. 

 

Figure 49. Sample p20 – Virgin PP-B(3), deflection level 45 %, after 18000 hours. 
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Figure 50. Sample p64 – PP-B(3) aged 6 months, deflection level 35 %, after 12000 
hours. 

 

Figure 51. Sample p66 – PP-B(3) aged 6 months, deflection level 45 %, after 12000 
hours. 



 
 

54

 

Figure 52. Sample p22 – Virgin PP-filled, deflection level 15 %, after 18000 hours. 

 

Figure 53. Sample p24 – Virgin PP-filled, deflection level 25 %, after 18000 hours. 
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Figure 54. Sample p26 – Virgin PP-filled, deflection level 35 %, after 18000 hours. 

 

Figure 55. Sample p28 – Virgin PP-filled, deflection level 45 %, after 18000 hours. 
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Figure 56. Sample p72 – PP-filled aged 6 months, deflection level 35 %, after 12000 
hours. 

 

Figure 57. Sample p74 – PP-filled aged 6 months, deflection level 45 %, after 12000 
hours. 
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Figure 58. Sample p30 – Virgin PE-BM, deflection level 15 %, after 18000 hours. 

 

Figure 59. Sample p32 – Virgin PE-BM, deflection level 25 %, after 18000 hours. 
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Figure 60. Sample p34 – Virgin PE-BM, deflection level 35 %, after 4200 hours. 

 

Figure 61. Sample p76 – PE-BM aged 6 months, deflection level 15 %, after 12000 hours. 
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Figure 62. Sample p78 – PE-BM aged 6 months, deflection level 25 %, after 12000 hours. 

 

Figure 63. Sample p80 – PE-BM aged 6 months, deflection level 35 %, after 3500 hours. 
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Figure 64. Sample p82 – PE-BM aged 6 months, deflection level 45 %, after 3500 hours. 
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Appendix H – Lifetime prediction based on 
thermo-oxidative degradation 
 
The following diagrams show Arrhenius plots of extrapolated MFR values according to 
the procedure described in section 2.9. 

 

Figure 65. Arrhenius extrapolation of 1.5 MFR criteria – PP-B(1). 

 

Figure 66. Arrhenius extrapolation of 1.5 MFR criteria – PP-B(2). 
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Figure 67. Arrhenius extrapolation of 1.5 MFR criteria – PP-filled. 

 

Figure 68. Arrhenius extrapolation of 0.1 and 0.5 MFR criteria – PE-BM. 
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