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ABSTRACT

Segments from 32 mm gas service pipes installelPi#5-1976 and from 40 mm water
service pipes installed in 1967-1968 in Germanyehbeen excavated and tested for
residual quality. Two different HDPE resin poputats discovered among the German
gas pipes were also found among excavated Dutchiges. Internal water pressure tests
of up to 13,800 hours show that the residual qualitboth HDPE gas pipe populations is
still remarkably good. The times to failure in imtal water pressure tests at 20, 60 and
80 °C are no lower than published regression cuBetveen 1,400 and 4,300 hours at
20 °C the gas and water pipes go through an eadtile-brittle transition. This occurs
however without any change in slope up to 13,80@$1avhilst published data mention a
ductile-brittle transition and a knee after abo@dDO hours at 20 °C.

The “MRS value” for extended operation during amliadnal 50 years was predicted.
For the gas pipes 5.3 MPa was calculated and éowtiter pipes 3.9 MPa, due to much
higher operational pressures over a longer pefibd.data also fits to Barton & Cherry’s
model, which assumes a log (time) versus lineasstcorrelation.

No oxidation effects were noted. The residual “anbitemperature thermo-oxidative
lifetime” was estimated by extrapolation of testuks from exposure to water and air at
60 to 95 (100) °C. No alarming results were found.

INTRODUCTION

In Germany and the Netherlands the use of PE pguegas and water distribution started
in the early nineteen sixties with first generatldDPE pipes, which were installed up to
about 1978. A service life prediction of 50 yeaswnade. The PE pipe materials of this
generation have now reached a service life thatsrtba expected lifetime.

Therefore, gas and water distribution companiese hasked themselves whether the
original lifetime expectancy of 50 years will be tmi view of the very high cost of
replacing large numbers of pipelines it is alsoam@nt to assess how much longer than
the anticipated 50 years the pipelines can be waadut risking increased failures.

A first generation PE pipeline may fail due to: qidoads, low resistance to Slow Crack
Growth, a failing antioxidant system, bad jointsapil Crack Propagation and
condensate. In this paper, only the second and items are investigated. Positive
results on the electro fusion of old first genematPE pipelines were reported earliér
Gaube et af! and Fleischnef! have published on internal water pressure testirfigst
generation Hostalen GM 5010 PE pipes. Their resultsre-produced in Figure 1. The
extrapolated brittle failure line at 20 °C beyorne t'knee” (solid blue line) intersects
with the 50 years line at 6.3 MPa (LTHS).
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Figure 1.
Internal water
pressure tests
on unused first
generation
Hostalen

GM 5010 pipes.
Open symbols:
ductile failures.
Closed symbols:
brittle failures
(courtesy
Lyondell
Basell).
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That is why these pipes were sometimes denoted .RHEB8ever, according to 1ISO 9080
the LPL (Lower Prediction Limit) of 4.7 MPa shale lused for MRS classification.
Therefore, these pipes are “PE47".

In 1992 Scholten et &' have published on internal water pressure tesifrexcavated
first generation gas pipes and found no alarmirsgllte, except when point loads were
present.

MATERIALSAND METHODS

Materials

More than 150 one meter segments of 32 mm SDR1pigas and a similar number of
40 mm water pipes (SDR11 and SDR6) were excavatéskermany. The gas pipes had
been used for about 32 years at 80 or 800 mbassymeand the SDR11 water pipes for
about 40 years at a pressure of 7 bars. SDR6 \wgies had also been used, but at a
pressure of 4.5 bars. All pipes were carefully aidpd for the absence of point loads.

Methods

Ethyl branch content was measured using FTIR spemipy and the method of Usami et
al ®!. The Cone test was performed on 32 and 40 mm pigesrding to 1SO 13480, the
PENT test according to ASTM F1473 and internal wateessure tests according to
ISO 9080. Oxidation Induction Times (OIT) were maasl according to ISO 11357 but -
in view of the low OIT values - at 190 °C. Firstwis assesséd that also at 190 °C
reliable OIT values could be measured. The OIT% IC serves as a measure of the
residual thermal stability after exposures to anl avater at 60, 80, 95 and 100 °C. Such
exposures simulate the influence of groundwateénkairg water and air on the pipes.
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RESULTS

Materials Characterisation
Using the print on the excavated pipes and DSCtibraation (DCS/SIS} it was found

that three resin materials had been used. Figeh®®@'s a few examples.
1. Hostalen GM 5010 gas and water pipes from the fomompany Hoechst,
Vestolen A 5140 gas pipes from the former compaiilgH

2.

3. LDPE water pipes, all thick-walled SDR6 and used.atbars.
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Figure 2. Examples of DSC fractionation Figure 3. Score pldf! showing Hostalen (H) and
(SIS) curve&’ of (from top to bottom): one Vestolen (V) populations. Open symbols: Dutch
SDR11 Hostalen water pipe, three Hostalgmipes. Closed symbols: German pipes. The
gas pipes, three Vestolen gas pipes and ahlostalen gas and water pipes overlap.

LDPE SDR6 water pipe.

Another manner of presentation is based on Prih€panponent Analysig]. Figure 3
shows a “Score Plot” of all DSC Fractionation cuwvenade with the software “The
Unscrambler” from Camo Software AS, Norway. Resoltsnany Dutch Hostalen and
Vestolen gas pipes were added. Several populagiendiscerned. Only the Hostalen and
Vestolen HDPE gas or water pipes were investighteder.

Table 1 shows melting enthalpies by DSC (propodida crystallinity) and ethyl branch
contents of the HDPE materials, as well as PENT @ade test results. The Cone test
results are similar to those measured by Gueuggtalton first generation PE pipés
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Table 1. Melting enthalpy by DSC, ethyl branch eahby FTIR spectroscopy,
Cone and PENT results of gas and water pipes.

Material AH FTIR Cone test PENT test
(Joule/g) Ethyl/1000 C (mm/day) (hours)
Hostalen GM 5010 (g+w) 174-178 3.0-4.2 15-22 1-3*
Vestolen A 5140 (gas) 185-186 1.5-2.1 18 1-3*
new PE8O - - 2.6 > 500
new PE100 - - 1.3 > 500

* measured at 1.5 MPa instead of the prescribed 24 M

Identification and Content of Residual Antioxidants

The concentrations of 4 types of antioxidants waseessed by Ciba AG, Basel, CH
(Table 2). Other antioxidants were suspected, litidentified. The Vestolen pipe
contains much more antioxidants than the Hostalessp

Table 2. Concentrations of four identified antiaads (n.f.: <0.002 ppm).

Pipe type Irganox 1076 Irganox 1010 BHT Irgafos 415
(ppm) (PPm) (Ppm) (ppm)
Hostalen gas (2x) n.f. and 180 n.f. n.f. 70 and 159
Hostalen water (2x) n.f n.f n.f n.f
Vestolen gas (1x) 840 30 110 n.f

Oxidation Induction Times

Table 3 shows the OIT values as measured at twpdeatures. There is a constant ratio
between the OIT at 210 and the OIT at 190 °C, sieeeitemperature may be used.
Because of the low values at 210 °C, the test teaye was changed to 190 °C. Kramer
et al*® have performed OIT measurements down to even @50 e higher content of
antioxidants in the Vestolen pipe explains its big®IT values.

For the water pipes the OIT at the inner pipe s@faas always about 3 to 5 times as
low as elsewhere in the pipe wall. For the gasgifiee OIT at the external pipe surface
was about 20 % lower than elsewhere in the pipé wal

Table 3. OIT results of as-received gas and waigegpat 190 and
210 °C. Samples taken from the middle of the pgle w

Pipe type OIT at 210 °C (min.) OIT at 190 °C (nmin. Ratio

Hostalen gas 10.6 48.5 4.6
Hostalen water 10.7 44.7 4.2
Vestolen gas 48.5 234 4.8

Internal Pipe Stresses
The residual pipe stress was determined accordidgrnisor”. The results are presented
and compared to the values for new PE80 (MDPE)REDO pipes in Table 4.
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Table 4. Internal compressive stresses accordintatsort” in excavated
and new 32 and 40 mm pipes.

Diameter 32mm Compressive Diameter 40 mm Compressive
Pipe type Stress (MPa) Pipe type Stress (MPa)
Hostalen gas 3.0-34 Hostalen water 3.0-4.6
Vestolen gas 3.5
new PE8O 2.4 new PES8O 6.3
new PE100 3.7 new PE100 5.3
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Internal Water Pressure Tests

Figure 4 shows the results of the internal watesgure tests on the excavated Hostalen
and Vestolen gas pipes. At 80 °C the dotted limeuph the Hostalen pipes is used to
guide the eye and illustrate a downward curvatlit@s necessitates using the four
parameter model according to 1ISO 9080 for calasathe LPL at 20 °C. At 20 °C the
dotted line of the ductile points also describeslitittle points well, up to 13,800 hours.
Figure 5 shows the results for the excavated 40Hostalen water pipes. In this case the
curves at different temperatures are more paraliglich allows use of the three
parameter model according to ISO 9080.

40 F — u Figure 6. OIT at 190 °C of
- N - samples from the middle of
& 35T the wall of the excavated
= Hostalen water pipes as a
g 30 F . . . . .
s function of immersion time in
25t water at different
S temperatures. At 20 °C there
s 20 is no change up to about
5 2,500 hours.
15 |
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40 Figure 7. OIT at 190 °C of
? *HB0T samples from the external
5 35 surface of excavated Hostalen
E mH80T gas pipes as a function of
0 AH100C exposure time in air at
9 25t different temperatures. After
< . +3380 hours at 100 °C the
S 20 OIT no longer decreases.
o) There is much scatter at
15T 60 °C.
10 | Up to 6000 hours\(time =
77.4) the OIT at 100 °C of the
5F A external surface of Vestolen
4 4 gas pipes decreases from 224
0 ' ' ' ' to 57 minutes (off-scale).
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OIT after Immersion in Hot Water
Figure 6 gives an example of how the OIT value 180 °C) of excavated 40 mm
Hostalen water pipes depends on the immersion itinveater at different temperatures.
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The curves (only of samples from the middle of pige wall) are linear as a function of
the square root of the immersion time. This suggestdiffusion process. For 32 mm
excavated Hostalen gas pipes a plot similar torgiguvas made (not shown).

OIT after Exposure to Hot Air
The excavated Hostalen and Vestolen gas pipes h&ee been exposed to high
temperatures in air. The resulting decreases inaddTshown in Figure 7.

DISCUSSION

Internal Stresses

The excavated first generation pipes still containsiderable internal stresses, although
they are compressive in nature. Frank ef%lfound 2.0 to 3.8 MPa for old (mainly)
second generation MDPE pipes. In comparison to Bh bf 5.3 and 3.9 MPa such
internal stresses are quite influential and shbeldonsidered in lifetime predictions.

The internal stresses in the excavated 32 mm gasspare lower than those in the
excavated 40 mm water pipes and similar to thosedan new 32 mm pipes. New
40 mm pipes contain higher residual stresses tlean 32 mm pipes. Possibly, 40 mm
pipes show a slower stress relaxation than 32 npespidue to the effect of wall
thickness.

Internal Water Pressure Tests
Table 5 shows the calculations of the LTHS and.k using different models.

Table 5. Prediction of the long-term strength (LT&fsl LPL) during additional 50 years
of use of excavated first generation HDPE gas aatempipes according to the three or
four parameter model in ISO 9080 and according &nt&n and Cherry*? (B&C).

MOP: Maximum Operational Pressure.

Pipe type Model LTHS LPL Safety MOP (bar)
(MPa) (MPa) factor at SDR11

Hostalen unused®’ 3 param. 9080 6.3 4.7

Hostalen gas pipe 4 param. 9080 6.5 5.3 2.0 5.3

Vestolen gas pipe similar to Hostalen gas pipes

Hostalen water pipe 3 param. 9080 5.3 3.9 1.25 6.2

Hostalen gas pipe 3 param. B&C 8.8 8.2 - -

Hostalen water pipe  B&C 8.5-90 75-85 - -

The LTHS of the Hostalen gas pipes is similar ® ¥alue published for unused pipes.
No decrease was noted after 32 years of use afdhementioned low gas pressures. The
LPL of the excavated pipes is even higher than ighét earlier, indicating reduced
scatter. This could be due to testing equipment en@dsurements becoming more
accurate. For the Vestolen gas pipes the resu@® and 80 °C are similar to the results
of the Hostalen gas pipes (Figure 4), but no LHEtuation is possible.
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For the Hostalen water pipes reductions in the LT@#8 LPL are noted, so part of the
pipe quality seems to have been used up. Thiolsieed by three effects:

The water pipes have been used 8 years longetlibagas pipes

They were used at a much higher pressure (7 b&s)the gas pipes

The water pipes were produced 8 years before theiges. In this time period
resin and pipe production will have been improved.
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Figure 8. The
Hostalen data in
Figure 4 plotted
on a semi-
logarithmic scale
according to the
model of Barton &
Cherry. Open
symbols: ductile
failures. Grey-
filled symbol at
20 °C: un-failed.

Figure 9. The
same data as in
Figure 5 plotted
on a semi-
logarithmic scale
according to the
model of Barton &
Cherry. Open
symbols: ductile
failures. Grey-
filled symbols
around 10,000
hours: un-failed.
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Barton & Cherry’s Model for Internal Water Pressiliests

The downward curvature of the Hostalen data at@th°Figure 4 triggered the use of an
alternative model published by Barton and Chélfy(B&C). These authors used the
same data set as in Figure 1, with good resulthdrB&C model the vertical axis is not
on a logarithmic but on a linear stress scale. uthis, the knee between ductile and
brittle branch is lost. Ductile and brittle datairnge are described by the same straight
line.

This behaviour is confirmed in Figure 8 and Figréost lines are also parallel, except
for the 60 °C line of the water pipes. Becausehm B&C model a knee is no longer
apparent, the predicted LPL value at 50 years ishniigher than when using 1SO 9080.
The results of the B&C model were added to Table 5.

The B&C model is worth considering further, becaugser*® recently found the knee
for PVC pipes is also lost when using this model.

Lifetime of the Antioxidant System

Based on the extrapolated lines in Figure 6 theemiabmersion time needed to reach
OIT=0 at 60, 80 and 95 °C was calculated. Suchutations were also made for
excavated Hostalen gas pipes. The results for terwmmersions are presented in
Figure 10.

The results for the oven tests in air (Figure ® presented in Figure 11. There is a
relatively large scatter in the line for the Hostabas pipes.

The residual lifetime of the antioxidant systenthe gas and water pipes seems adequate
for the coming years, but the prediction for longeres is somewhat insecure for the
Hostalen gas pipes exposed to Big(re 1).

— | | = Hostalen gas 32mm A1 = Hostalen 32 mm //'
% 100 external surface % 100 | & Hostalen 97.5% LCL e
S 50}|  Hostalen water 40mm 2 s0f| 4 Vestolen 40 mm e )
o middle pipe wall o s Vestolen 97.5% LCL | 7 e
S 20¢ b 20t S 7
o o pd 7
Z 10} z 10} ’
5 z 10 E =58 L7
© gf s 51  kimole JRe
= £ 4
. =
ol E=73 20C ol
kJ/mole
1r E= 80 N 20T
0.5 kJ/mole 05t kd/mole
0.2 0.2 ! ! ! ! ! ! ! !
27 28 29 30 31 32 33 34 26 27 28 29 3.0 31 32 33 34
1000/T (K) 1000/T (K)

Figure 10. Arrhenius plots of the time until  Figure 11. Arrhenius plots of the time until
OIT=0 determined after immersion in hot OIT=0 determined in air at 60, 80 and
water at 60, 80 and 95 °C of Hostalen gas antl00 °C of the external surface of Hostalen
water pipes and extrapolation to 20 °C. and Vestolen gas pipes.
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CONCLUSIONSAND RECOMMENDATIONS

1.

3.

5.

The mechanical properties of the excavated firaegeion HDPE gas and water
pipes are still remarkably good. The residual “MR&”an additional 50 years of
use of the gas pipes is 5.3 MPa and 3.9 MPa foHIDIBE water pipes.

The extrapolated “lifetime of the antioxidant systen the pipes at 20 °C is high
enough to expect no problems in the near futureceSihe mechanical integrity is
still rather good, it is worthwhile considering #ilthal testing to enable more
accurate predictions.

Whilst published data on unused first generatiopepishow a ductile-brittle
transition at around 10,000 hours of testing af@Qthe excavated gas pipes go
through this transition between 1,400 and 4,300r$1@und the excavated water
pipes after 1,500 hours. Still, for all excavategep, no “knee” is observed at
20 °C up to 13,800 hours for the gas pipes and0DOhurs for the water pipes.
This phenomenon remains unexplained. Further irgag&in is recommended.
The semi-logarithmic model of Barton & Cherry giiee same good description
of the internal water pressure data as the dowlgjarithmic models in ISO 9080.
It is recommended to investigate the usefulnesbeoB&C model further.

After 32 and 40 years of use, internal compressiuesses of 3.0 to 4.6 MPa are
still present. Stresses of such magnitude must Adasge influence on the results
of lifetime prediction models. Further investigatiof this is recommended.

ACKNOWLEDGEMENTS

The authors wish to thank DVGW in Bonn, Germanydponsoring the main part of the
work and for permission to publish the results Alebeheer Nederland in Arnhem, The
Netherlands and Lyondell Basell and Sabic for aold#l funding. The DVGW Working
Group on “Pipeline Integrity” is thanked for mamyitful discussions and suggestions.

REFERENCES

1. Scholten F.L. and Wolters M., Proc. Plastics Piis Budapest, 2008.

2. Richard, K., Gaube, E. und Diedrich, G., Kunst&p®2(6), 1962 (in German).

3. FleiBner, M., Kunststoffe, 7(1l) 1987 (in German).

4. Scholten F.L. and Rijpkema H.J.M., Plastics Pip#§ ¥indhoven, Netherland, 1992.

5. Usami T., Takayama S., Polym. J., (1984), 1%l1-738.

6. Krietenbrink H., Scholten F.L., Wolters M., Wenzdl, Wust J., Heinemann J. and
Bockenheimer A., Wiesbadener Kunststoffrohrtagesgntation 5, 2010 (in German).

7. Naes T., Isakson T., Fearn T. und Davies T.: “ArtFagendly Guide to Multivariate
Calibration and Classification”, NIR Publication$k, 2002, ISBN 0 9528666 2 5.

8. Gueugnaut, D., Berthier, F., Szaraz, F. und Aszbdint. Gas Res. Conf., 2001.

9. Janson L.E.: “Plastics Pipes for Water Supply amiva®e Disposal”, '3 Edition,
Borealis, Sven Axelson AB / Faldts Grafiska AB, 299

10. Kramer E., Osterr. Kunststoff-Zeitschrift, 154 (1984), 32 (in German).

11. Frank A., Pinter G. and Lang R.W., Polym. Testi8g2009), 737-745.

12. Barton S.J. und Cherry B.W.: Polym. Eng. Sci. (9979(8), 590-595.

13. Visser H.A.: “Residual Lifetime Assessment of uPM&as Pipes”, PhD Thesis,

University of Twente, Enschede, The Netherlands,JaBuary 2010.

Presented at Plastic Pipes 15, Vancouver, Canada, 20-22 September 2010, Presentation 2B 10



