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Executive Summary

Polyethylene (PE) piping materials have been used in potable water applications for more than
50 years with considerable success and have enjoyed a consistently high satisfaction rating from
Water Ultilities. Since the introduction of these first materials, there has been a significant evolution
in material performance. To demonstrate and validate the long-term performance of the newer
generation PE piping systems in potable water applications, the industry has been proactively
working to develop accelerated test and analysis methodologies through the last decade that will
enable projecting long-term performance based on accelerated testing and an understanding of the
specific end-use environment.

This report provides a summary of the current state of those efforts, detailing the mechanisms of
long-term aging of PE materials in potable water applications, examining the primary end-use and
product factors impacting the long-term aging mechanisms, and reporting on a methodology to
project long-term performance of PE piping materials in potable water applications. The
methodology and the resulting performance projections are validated based on the currently
available data. The use and limitations of the commonly applied analytical methodologies of
Oxidation Induction Time and Fourier Transform Infra-Red spectroscopy are also examined.

It is seen that extensive research has been conducted on the long-term aging mechanisms of PE
pipe materials and that, from this research, a relatively complete picture of the mechanisms of
long-term aging has been developed along with methodologies for characterizing this performance.
The primary methodology developed for forecasting long-term aging shows that specific
performance is a function of the water quality, water temperature and operating stress, all of which
can vary by specific utility. For the Case Study utilities examined, the current models project that
high performance PE piping materials can conservatively provide greater than 100 years resistance
to chlorine and chloramines treated potable water through the vast majority of potable water
systems when properly designed and installed. The models also explain the performance observed
in the limited instances where performance issues in small diameter service line tubing have been
observed in terms of the specific aggressiveness of those applications.
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1.0 Introduction

Polyethylene (PE) piping materials have enjoyed a long and successful history in gas and water
piping applications. In the North American gas distribution industry, PE pipe is the material of
choice, having grown to a 95% market share in new distribution piping networks. In the European
water industry, PE pipe dominates the market at 65% share. Specifically, in the UK, PE pipe holds
almost the entire market with an 85% share. In the North American water industry, PE pipe holds a
much smaller, though growing, share of the market.

The first PE water piping systems in the US were installed over 50 years ago. Since then, PE piping
systems have enjoyed a consistently high satisfaction rating from Water Utilities in North America
and Europe. Chambers! first reported on the performance of these early PE piping materials in
water service applications in 1984. The report was based on data from an American Water Works
Association (AWWA) survey combined with telephone interviews, site visits and laboratory analysis.
At the time of the survey, the utilities had been using PE pipe for as long as 20 years. Overall
satisfaction with PE pipe was 95% (with the exclusion of pipe from one manufacturer). Thompson
and Jenkins conducted an AWWA Research Foundation sponsored survey entitled ‘Review of
Water Industry Plastic Pipe Practices, published in 1987. The findings were similar to those
reported by Chambers, with median satisfaction ratings of 85 to 90% for both PE and polyvinyl
chloride (PVC). More recent data has been reported for the UK water industry (where PE pipe
usage rates are currently at 85%) showing that PE pipe has the lowest failure rate of all water
distribution piping materials, as shown in Figure 1. Similar experience was recently reported by the
Arhus Water Company in Denmark at the Plastics Pipes XIII conference in Washington, DC, in
October of 20006, again showing PE water pipe to have the lowest failure rates of all materials in
their system?.
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Figure 1: Performance of PE Pipes and Other Pipe Materials in the uK?®
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While eatly generation PE pipe materials have had a generally successful history, there have also
been a limited number of specific instances where shorter than anticipated long-term performance
has been observed!**. Similar application or material specific field service issues have been reported
tor copper>12, PVC-16) ductile iron (DI)!7-19 and concrete?’?! piping materials in water service.
Specifically, for PE pipe materials, pipe from one manufacturer’ (no longer in the industry)
produced during a certain time period in the 70’s has been reported to embrittle and fail
prematurely’. This was shown to be unique to this manufacturer (and the material involved) and is
not a factor for current PE piping materials. There have also been limited reports through the last
50 years of PE usage where, in aggressive end-use applications, smaller diameter service line tubing
has experienced performance issues*. Though thorough root cause analysis is not presented in these
reports, the limited details provided indicate that installation factors also played a key role in the
issues observed?2.

Since the first PE piping systems, there has been significant evolution in performance. The pressure
carrying capabilities and forecasted long-term service lifetime have both increased dramatically. This

"Yardley Pipe
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has been driven by a proactive approach by the industry to characterize and increase system
performance. It has also been seen that long-term performance in potable water applications
increases with increasing pipe diameter?3.

Given a successful 50 year history, the evolution in material performance and the impact of pipe
diameter, coupled with a limited number of reports of performance issues in aggressive
applications, the question arises: What is the true performance of today’s PE pipe in potable water
applications and how can that performance be validated and predicted for given applications?

The successful history of PE water piping in Europe® and North Americal? provides some
substantiation of PE’s performance in potable water applications. However, looking to the
performance of existing PE systems to predict the performance of the newer improved materials
would provide only a conservative estimate of minimum performance. With the enhancements
made to materials, formulations and manufacturing methods, the performance of current generation
systems is projected to be much higher than the original PE installations. Further, examination of
the overall successful performance history does not provide complete insight into those limited
instances where lower than expected performance has been observed.

To better answer this question, then, and to also demonstrate and validate the long-term
performance of PE piping systems in potable water applications, the PE piping industry has been
proactively working to develop accelerated test and analysis methodologies through the last decade
that will enable projecting long-term performance based on accelerated testing and an
understanding of the end-use environment. There have been several worldwide studies examining
the impact of potable water on piping systems. Numerous publications charting the progress in this
area in detailing the mechanisms involved?+?’, the development of aggressive accelerated testing
approaches?%:32.3.39 and validation of the developed methodologies26-3240.41 have been issued. This
paper provides a summary of the current state of those efforts, detailing the mechanisms of
long-term aging of PE materials in potable water applications. It examines the primary end-use and
product factors impacting the long-term aging mechanisms and reports on a methodology to
project long-term performance of PE piping materials in potable water applications. The
methodology and the resulting performance projections are validated based on the currently
available data.

It is seen that extensive research has been conducted on the long-term aging mechanisms of PE
pipe materials and that, from this research, a relatively complete picture of the mechanisms of
long-term aging has been developed along with methodologies for characterizing this
performance!3. The primary methodology developed for forecasting long-term aging shows that
performance is a function of the water quality, water temperature and operating stress and varies by
utility. For the Case Study utilities examined, the current models project that high performance PE
piping materials can very conservatively provide greater than 100 years resistance to chlorine and
chloramine treated potable water through the majority of potable water systems when propetly
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designed and installed. The models also explain the performance observed in the limited instances
where performance issues in small diameter service line tubing have been observed in terms of the
unique aggressiveness of those applications.

2.0 Long-Term Aging Mechanisms of PE in Potable Water Applications

Clearly understanding the mechanisms of aging for any material, and hence the key factors
impacting performance in end-use, is critical to understanding both how the material is best applied
and in the development of methodologies for projecting long-term performance in service. To that
end, research has been conducted on the long-term aging mechanisms of plastic piping materials in
general*? and PE pipe materials specifically*>4. From this research a relatively complete picture of
the mechanisms of long-term aging of PE piping materials has been developed along with
methodologies for characterizing this performance446-48,

The performance envelope for plastic piping materials is typically represented in terms of the
log(stress) versus log(time) plot as shown in Figure 2. Three ‘stages’ in the aging process are
typically identified based on the three different aging mechanism typically observed. These are
denoted as Stage I, Stage II and Stage I11I.

Figure 2: Defining the Performance Envelope of Plastic Piping Materials
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Stage I is the Ductile-Mechanical regime. The mechanism observed in this regime is the long-term
visco-elastic creep common to all plastics. ASTM D2837 Standard Test Method for Obtaining Hydrostatic
Design Basis for Thermoplastic Pipe Materials or Pressure Design Basis for Thermoplastic Pipe Products4¢
provides the methodology utilized in the US for determining the long-term performance of plastic
piping materials. The development of this methodology was initiated in 1958 with the establishment
of the ‘Working Stress Committee’ of the Thermoplastics Pipe Division of the Society of the
Plastics Industry and culminated in the initial development of the standard in 1969. Potable water
thermoplastic materials in the US, such as PVC, crosslinked polyethylene (PEX) and PE, have their
pressure long-term hydrostatic strength ratings, as determined by ASTM D2837, listed by the
Plastics Pipe Institute (PPI)*. Recently, results were reported for a PE piping material that had
physically been on test for over 50 years, which provided good long-term substantiation of this
general methodology™’. It is worth pointing out that the ductile failure mode is not observed in the
field because the maximum allowable design stress for a PE pipe is well below its yield strength.

Stage II is the Brittle-Mechanical regime. Methodologies for verifying that this regime will not be
observed in service are also included in ASTM D2837. The “Validation” requirements for PE
materials were added to D2837 in the 1980s to assure that materials that were overly prone to
failure by this brittle mechanism could not be used in piping applications. As the understanding of
this phenomenon developed, an accelerated method to measure the performance in the
Brittle-Mechanical regime was developed and became an ASTM standard, F1473 Standard Test
Method for Notch Tensile Test to Measure the Resistance to Slow Crack Growth of Polyethylene Pipes and Resins®,
in 1995 (known as the PENT test). To demonstrate the improvement in the performance of PE
pipes in the Brittle-Mechanical regime, the first PE gas pipe had a standard PENT value of
approximately 1.5 hours. Today the minimum requirement for a modern PE 4710 material is
500 hour PENT, representing more than 300-fold improvement in performance.

Both the Stage I and the Stage II mechanisms, in their strictest definition, are purely mechanical
processes that are determined by the temperature and stress in the application along with the
properties of the specific pipe material. The methodologies for forecasting long-term performance
for these mechanisms, as detailed above, have been clearly established and standardized#647:51. The
characterization and understanding of these mechanisms, and the ability to project long-term
performance, has led to significant advancements of PE piping materials such that the materials of
today have significantly enhanced properties relative to the eatly generation materials first installed
in potable water applications>2.

The Stage III mechanism is a mechanical-chemical process that involves oxidation of the polymer
comprising the pipe material and stress driven propagation of a crack through the degraded material
in a manner analogous to that for Stage II. It is not only dependent upon the temperature, stress
and pipe material but also on the oxidative aggressiveness of the transport fluid. In an effort to fully
characterize this mechanism, and hence enable long-term performance forecasting, considerable
research has been conducted in the Stage III mechanism for many different polymers used in piping

Technical Report — Impact of Potable Water Disinfectants on PE Pipe Page 6 of 34

Jana Laboratories Inc. 280B Industrial Pkwy S. Aurora, Ontario L4G 3T9 Ph: 905-726-8550 Fax: 905-726-8609 www.janalab.com



2 JaNA

KNOWLEDGE ® VALUES @ SUCCESS

applications (crosslinked polyethylene?6:3%33-56 " polybutylene3-7-61, polysulphone®?, polyacetal®364,
polyamides®, elastomers®), including PE piping materials?+37.

With today’s PE piping materials and the evolution in Stage I and, particularly, Stage II
performance, the characterization of the Stage III aging mechanism is considered a key area for
continuing enhancement of the long-term performance of PE piping materials in potable water
applications. Consequently, the current ‘state-of-the-art’ in understanding of this mechanism and
the means to characterize long-term performance are the primary focus of this paper.

2.1 The Mode 3 Long-Term Aging Mechanism in PE Pipe Materials

Chung et al.?* presented a further differentiation of the ‘brittle’ Stage II and Stage III mechanisms in
terms of Mode 1, 2, 3 and 4 based on the potential for mechanical or mechanical-oxidative
mechanisms in crack initiation and crack propagation.

The different postulated mechanisms are:

e Mode 1: Mechanical Crack Initiation — Mechanical Crack Propagation

e Mode 2: Mechanical Crack Initiation — Chemical-Mechanical Crack Propagation

e Mode 3: Chemical-Mechanical Crack Initiation — Mechanical Crack Propagation

e Mode 4: Chemical-Mechanical Crack Initiation — Chemical-Mechanical Crack Propagation

Modes 1, 3 and 4 are considered pertinent to long-term performance projections. Mode 2 is
considered a theoretical curiosity that has not been observed in accelerated testing or the field.
Mode 1 and Mode 4 are analogous, as the terms are generally applied, to Stage II and Stage 111,
respectively.

The Mode 3 mechanism is observed in field aging and accelerated testing of PE piping materials in
potable water applications and is, therefore, the mechanism of primary interest in long-term
performance projections.

Opverall, the Mode 3 mechanism?* involves depletion of the stabilizers (added to PE pipe specifically
to enhance long-term aging performance due to this mechanism) at the inner pipe surface,
oxidation of the polymer at the inner pipe surface, initiation of a micro-crack in the degraded
material and then propagation of the crack through the pipe wall via the same mechanical crack
propagation mechanism observed in Stage II Slow Crack Growth (SCG). The total time to rupture
for Mode 3 (#) can, therefore, be considered in terms of the time for stabilizer depletion (%), the
time for crack initiation (%) and the time for crack propagation (#,) per Equation 1:

h=tat+ t;+ 1 (1)
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2.1.1 Stabilizer Consumption in Mode 3 Aging Mechanism

The time for stabilizer depletion (%) is considered to be a generally stress independent thermally
activated process that is dependent on the stabilization of the PE and the oxidative environment.
For a given compound at a given temperature this time can be considered generally constant and
independent of, or at least weakly dependent on®’, stress.

ta o [T, stabilization, oxidative environment) 2)

Several researchers have examined the depletion of stabilizers in PE pipe materials exposed to

. ! p pip p
potable water environments?’-2%3053.6872 in an effort to better understand and characterize this
process.

Viebke and Gedde have proposed that plastic pipe lifetimes are comprised of A, B, and C regimes
corresponding to a precipitation period, a period of Fickian diffusion with chemical consumption or
extraction of antioxidant, and a polymer degradation period®. Here Regimes A and B correspond to
the time for stabilizer depletion (%) and Regime C to the degradation phase after stabilizer has been
depleted.

A common tool applied to examination of stabilizer depletion over time is the Oxidative Induction
Time (OIT) test3%:3556873, This test indirectly measures the level of stabilization in the pipe material
through measurement of the time for oxidation to occur at highly elevated temperatures (typically
190°C or 200°C) in a pure oxygen environment. While the methodology has its limitations”3, when
these are considered the method can provide insight into the overall process of stabilizer depletion.
It is introduced here for the discussions that follow.

Regime A is a special initial period of adjustment to the service temperature (or test temperature). If
the initial concentration of a stabilizer is greater than its solubility at the test or service temperature,
some stabilizer will precipitate as thermal equilibrium is established. Though the precipitate remains
within the polymer, it is no longer functional in the Oxidative Induction Time (OIT) test, causing
an initial sharp drop in the OIT value that is not related to oxidation or consumption of the
stabilizer.

Regime B involves the stabilizer being consumed at the inner pipe surface. As the stabilizer
concentration is reduced at the surface, a concentration gradient is established between the inner
surface and the bulk polymer wall. This provides the driving force for diffusion from the bulk wall
to the inner pipe surface, resulting in a constant replenishment of stabilizer at the inner pipe surface.
Hoang and Lowe’ found that a 95% reduction in the antioxidant levels occurred at exposed
surfaces (as determined by OIT) within the first 8% of the measured lifetime of PE pipe. In other
words, pipe with only 5% of the remaining antioxidants as measured by OIT still had almost all
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(92%) of its expected service life remaining. Regime B, with its low inner surface OIT levels,
therefore, can be seen to initiate early in the overall aging process. Though stabilizer is generally
depleted at the inner surface at the end of Regime B, the stabilizer level in the bulk of the pipe wall
is typically still relatively high.

2.1.2 Oxidation and Crack Initiation in the Mode 3 Long-Term Aging Mechanism

At the end of Regime B, the stabilizer is depleted to a level at which oxidation of the polymer can
initiate, resulting in changes to the physical properties of the polymer (termed Regime C by Viebke
and Gedde®). At a certain level of oxidation, which is dependent upon the applied stress on the
pipe, crack initiation occurs in the oxidized material at the inner pipe bore.

The overall time for degradation and crack initiation in the degraded layer is captured by #. The
level of degradation required to initiate a crack at a given stress will be a function of the physical
properties of the degraded material and the applied stress. As oxidation progresses, the fracture
toughness of the inner surface layer decreases and, at a certain point, for a given stress, crack
initiation occurs. This crack initiation typically occurs in a thin (on the order of 50 to 150 pm)
degraded layer”.

;o [T, o, stabilization, oxidative environment, fracture toughness, stress) 3)

The overall process of stabilizer depletion and crack initiation is presented schematically after
Chot et al.” in Figure 3. As shown in the figure, at lower stress levels, a higher level of oxidation or
reduction in fracture toughness is necessary for the process of crack initiation to occur. At high
stresses, crack initiation can occur with relatively limited degradation. At very low stresses,
significant degradation is required to achieve crack initiation and, if the stress is low enough, it is
postulated that a region of near constant fracture toughness (the fracture toughness is reduced to a
point where additional oxidation does not significantly impact the fracture toughness) is reached.
This is postulated to be the case for a true Mode 4/Stage 111 failure.
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Figure 3: Depiction of Crack Initiation Process in Mode 3 Aging Mechanism
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2.1.3 Crack Propagation in the Mode 3 Long-Term Aging Mechanism

Once the crack is initiated, the crack propagates via a step-wise SCG mechanism. The time for
crack propagation (#) for a pure Mode 3 failure should be independent of the oxidative
environment (as it is purely a mechanical process) and depends solely upon the temperature and
stress as for a Stage II failure. It is postulated, though, that there is a continuum of shifting
mechanisms between a pure Mode 3 and a pure Mode 4 failure through which the role of oxidation
is shifting. That is, there is the potential for some level of degradation during crack propagation
dependent upon the time scales of the competing mechanisms. As stress is lowered, the time scale
for mechanical crack propagation increases and, at a certain point, the time scale for stabilizer
depletion and oxidation of the micro-fibrils in the process zone becomes shorter than that for
mechanical crack propagation and oxidation begins to play a role in crack propagation. Ultimately
this leads to a shift from ‘Mode 3’ to the Mode 4/Stage 111 aging mechanism.

t a f{T, o, fracture toughness) 4)
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2.1.4 Overall Mode 3 Long-Term Aging Mechanism

The overall process of Mode 3 aging is presented in Figure 4 based on data generated by the
authors for a PE pipe material exposed to chlorinated potable water at elevated temperatures.
Samples were removed throughout the exposure period and analyzed for stabilizer depletion (OIT
analysis of inner exposed surface), evidence of oxidation (elevated carbonyl ratio), resistance of the
inner surface to micro-cracking (bend-back), and micro-crack formation on the inner surface
(Scanning Electron Microscopy (SEM)). The data are shown in dimensionless units for time and
OIT (time over ultimate time to rupture (#/4), OIT at time t over initial OIT). Similar data
representations have been shown by Rozental et al.?8.

The Carbonyl Ratio introduced above is a relative measure of the level of oxidation of PE materials.
The Carbonyl Ratio is defined by the ratio of integrated area of the carbonyl band defined by
approximately 1800 cm and 1660 cm™ over the area defined by approximately 1480 cm! and
1440 cm'. The values should be examined on a qualitative basis rather than comparing actual values
because of interferences from contaminants and additives in the polymer. Higher Carbonyl Ratios
generally indicate higher levels of oxidation. The Carbonyl Ratio is typically measured by
performing micro Fourier Transform Infra-Red (FTIR) spectroscopy on surfaces or thin
microtomed sections, and thus can be used to compare different small areas within a material or on
a surface. The Carbonyl Ratio has been successfully used to characterize the aging process of PE
piping materials>>43840. In general, the Carbonyl Ratio increases in the early phase of the aging
process, reaches a plateau and then levels off?87¢, The onset of the initial increase in the Carbonyl
Ratio and the plateau regions is dependent on the pipe formulation and the end-use environment.
These onsets represent the onset of Regime C and the progression of the Regime C mechanism,
respectively. The Regime C process is typically seen to overlap with the Regime B process and can
extend for up to 80% of the overall pipe lifetime33.
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Figure 4: Overall Mode 3 Long-Term Aging Mechanism
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As seen in Figure 4, for this material at the tested conditions, a rapid initial decrease in OIT at the
inner surface is observed (Regime A) followed by Regime B where stabilizer is depleted at the inner
surface. Initial degradation is observed at approximately 6% of the overall lifetime (based on
carbonyl ratio and bend-back tests), and micro-cracking at the inner pipe surface under the action
of the test stress is observed at approximately 13% of the overall test lifetime. Continued
degradation is observed at the inner surface through to ultimate rupture of the pipe.

The time for stabilizer depletion at the inner surface as measured by OIT relative to the overall
lifetime is on the order of 5%, similar to the findings of Hoang and LLowe>2. In testing of a range of
materials at different conditions this value was observed to vary from roughly 5% to greater than
50% and is considered to be a function of the material, temperature, stress and oxidative
environment. Given this wide spread, measurement of inner surface OIT is, therefore, not
considered an effective means of assessing the remaining material lifetime.

The reverse bend test, in which a strip of pipe is cut and bent back upon itself to expose the inner
surface to high strain (much higher than would ever be observed in service) and examined for
micro-cracking, was seen to show cracking on the inner surface prior to micro-cracks being
observed on the undisturbed inner pipe surface. The relative time to observe cracking in reverse
bend testing again varied significantly based on the material, temperature, stress and oxidative
environment with no general correlation observed between cracking in the bend-back test and
remaining test lifetime. While indicative of the onset of the first low levels of inner surface ductility

Technical Report — Impact of Potable Water Disinfectants on PE Pipe Page 12 of 34

Jana Laboratories Inc. 280B Industrial Pkwy S. Aurora, Ontario L4G 3T9 Ph: 905-726-8550 Fax: 905-726-8609 www.janalab.com



2 JaNA

KNOWLEDGE ® VALUES ® SUCCESS

loss, the bend-back test does not provide a tool for projecting what portion of the overall
performance lifetime the material is at. Figure 5 shows the micro-cracking observed for specimens
at 13% and 26% of the overall time to rupture.

Figure 5: Inner Surface After Bend-Back of Specimen at 13% and 26% of Overall Lifetime

(a) 13% of Overall Lifetime ‘ (b) 26% of Overall Lifetime

The onset of observable micro-cracking by high magnification scanning electron microscopy (SEM)
on the undisturbed pipe surface for the specimen in Figure 6 was observed at approximately 13% of
the overall pipe test lifetime. This time was seen to vary between 10% and 60% based on the
material, temperature, stress and oxidative environment.

Figure 6: SEM of Inner Surface of Specimen at 13% of Overall Lifetime
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These initial superfine micro-cracks are believed to be the initial nucleation sights for true crack

initiation that leads to crack propagation outside the degraded layer and into the bulk of the
polymer wall. For a given material, stress and temperature, it is postulated that there is a critical

Technical Report — Impact of Potable Water Disinfectants on PE Pipe Page 13 of 34

Jana Laboratories Inc.  280B Industrial Pkwy S. Aurora, Ontario L4G 3T9 Ph: 905-726-8550 Fax: 905-726-8609 www.janalab.com



2 JaNA

KNOWLEDGE ® VALUES @ SUCCESS

micro-crack size that must develop to initiate the mechanical SCG mechanism of a true Mode 3
failure.

From the above, it is apparent that characterization of the inner pipe surface of exhumed from
service piping by OIT, FTIR analysis (carbonyl ratio) or micro-cracking in bend-back testing does
not and cannot provide an indication of the residual lifetime of a pipe sample. The inner surface
depletion of OIT, the onset of an increase in the carbonyl ratio and micro-cracking in the bend
back test, can all occur very eatly in the overall Mode 3 long-term aging mechanism and at different
times for different materials and end-use conditions. As seen from the example above, these can all
be observed with as much as 90% of the overall pipe lifetime remaining,.

Crack propagation in Stage II rupture is typically reported to comprise 10% to 50% of the overall
time to rupture. Crack propagation (#;) in Mode 4 (Stage III) is seen to comprise as much as 90% of
the overall time to rupture (#). As crack initiation in Mode 3 is initiated through oxidation and crack
propagation is occurring through largely mechanical means, the crack propagation time in Mode 3 is
projected to lie between that observed for Mode I (Stage II) and Mode 4 (Stage III) with the value
dependent upon the material, temperature, stress and oxidative environment. For the sample
presented above, the transition from the crack initiation phase to the crack propagation phase is
projected to occur at approximately 70% to 90% of the overall time to rupture. As discussed in a
following section (Primary Product Factors Impact Long-Term Aging), the relative time for crack
propagation to overall time to rupture is also projected to increase with increasing pipe wall
thickness.

Opverall, therefore, the Mode 3 long-term aging mechanism is seen to be comprised of three primary
regions, %4, # and #, whose relative time scales are projected to vary with material and the operating
conditions. The primary factors impacting the Mode 3 long-term aging mechanism are discussed in
the two following sections.

3.0 Primary End-Use Factors

Understanding the end-use environment and its impact on the Mode 3 long-term aging mechanism
is critical to understanding how a material will perform in service. The three main parameters that
impact the oxidative resistance of PE pipe in water distribution systems (aside from the product
factors discussed in the next section) are:

e Water Quality (oxidative aggressiveness)

e Temperature

e Pressure/Stress
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As these operating parameters vary by utility, the performance of PE materials in the Mode 3
long-term aging mechanism is, therefore, very dependent on the end-use application (as is
analogous performance of any pipe material).

3.1  Water Quality

The disinfectants added to potable water to maintain a residual through the distribution system are
oxidants and, consequently, increase the oxidative aggressiveness of the water. A number of authors
have examined the impact of disinfectant residuals on distribution system materials including
crosslinked polyethylene (PEX), polybutylene (PB), polysulphone, copper, gasket materials and
PE?26,3953-66, While wide variation in performance and susceptibility to oxidation is observed, in
general, oxidation rates are seen to increase with an increase in the oxidative capabilities of the
water. Characterization of the Mode 3 long-term aging mechanism (in which oxidation plays a role)
must, therefore, take into account the end-use water qualities.

It is important when considering the impact of these disinfectants to consider the disinfectants used
for secondary treatment that provide a disinfectant residual in the distribution system and not those
used for primary disinfection (which is typically consumed in the disinfection process and not active
in the distribution system).

The disinfectant residual used most often in North America is chlorine?. The other primary
disinfectants commonly used include chloramines and, to a much lower extent (less than 1%)77,
chlorine dioxide. Chlorinated water, even at low levels, results in a significantly increased oxidative
potential of the water. As chlorine is the most common disinfectant and is seen to be more
aggressive than chloramines, and because chlorine dioxide does not appear to be used as a
secondary disinfectant for maintaining a residual in the distribution system in any significant way in
the US?, validation testing for materials in potable water applications is typically focused on
chlorine3848,78,

The characteristics of potable water in North American distribution systems vary greatly. The EPA
guidelines for water entering the distribution system are for a pH range of 6.5 to 85 and a
maximum chlorine concentration of 4 mg/138 (ppm). The average values for water entering the
distribution system ate a pH of 7.7 and a chlorine concentration of 1.1 mg/L3%. The pH of the
water is reported to range from 6.1 to 10 and the chlorine concentration is reported as high as
4 mg/L. The combination of the pH and the chlotine concentration, along with other components
in potable water (which interact to reduce the oxidative aggressiveness at a given pH and chlorine
level)’8, determine the overall oxidative strength of the water. Chlorine in water exists in equilibrium
between hypochlorous acid (HOCI) and hypochlorite ions (OCI):

Cl + HO — HOCl + H* + CI- )
HOCl < OCI- + H* (6)
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The equilibrium is very sensitive to pH within the typical range found in potable water. At pH 6.5,
the equilibrium is approximately 90% hypochlorous acid and at pH 8.5, only 10% hypochlorous
acid. As hypochlorous acid is the much stronger oxidant, the equilibrium is expected to significantly
affect the overall oxidative strength of the water. A measure of the overall oxidative strength of
water is the oxidation-reduction potential (ORP) measured in millivolts (mV). The ORP is a relative
measure of a solution's ability to oxidize and captures all oxidizers present in the water (i.e., it is not
specific to chlorine). A higher ORP reading is generally indicative of water that will be more
aggressive oxidatively. For reference, deionized water has an ORP in the range of 200 to 300 mV,
while the recommended minimum level for maintaining swimming pool sanitation is 750 mV?.
Deionized water with 0.5 mg/L chlorine has an ORP of approximately 550 mV at a pH of 8.5 and
800 mV at a pH of 6.5%. The ORP of water generally decreases with increasing pH and increases
with increasing chlorine concentration.

ORP has been shown previously to correlate with long-term aging of piping materials in potable
water applications? with a linear relationship observed between log lifetime and ORP over a broad
range of water qualities (from non-chlorinated water to water treated with 5 mg/L chlorine over a
broad range of pH values).

It is significant that the relationship between ORP and test lifetime holds over a wide range of
chlorine concentrations and a range of pH wvalues®. It is also significant that the relationship
extends to non-chlorinated water38, Both of these observations, combined with similarities of the
degradation and aging mechanisms over the range of water qualities examined, provide substantial
support for the conclusion that the degradation of materials in chlorinated water is attributable not
specifically to the chlorine content or chemistry but rather to the overall oxidative strength of the
water. The ORP, therefore, appears to provide a means of comparing the impact of water quality on
the Mode 3 aging mechanism across the full range of end-use operating conditions.

An analysis of the chlorine and pH wvalues reported by water utilities®® for water entering the
distribution system predicts average ORP values of approximately 750 mV with values extending
upwards to the low 800s. When the data are adjusted for chloramines and non-treated systems, it is
projected that 50% of the US population receives water with an ORP below 650 mV and 80% with
an ORP below 750 mV.

To provide a sense of the impact of water quality on pipe performance, at a given end-use
temperature and stress, the relative long-term aging with an ORP of 650 mV is projected to be
occurring at rates of approximately 3 to 5 times slower than for an ORP of 750 mV. Given the
broad range in end-use ORP values, therefore, long-term aging will vary significantly by utility. As
detailed later in this paper, for high performing current generation PE materials, even at 750 mV
this mechanism is projected to occur over many hundreds of years at average operating
temperatures and generally only becomes of practical interest for design purposes at higher ORPs
or temperatures.
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3.2 Temperature

Oxidation is a thermally activated process as is crack initiation and propagation. It is no surprise,
therefore, that the overall Mode 3 aging mechanism, comprised of oxidation, crack initiation and
crack propagation, is seen to be a thermally activated process with the rate of “aging” increasing
with increasing temperature. Temperature acceleration of the Mode 3 long-term aging mechanism
(through acceleration of each of %4 % and #;) has been utilized in accelerated aging studies to
examine the long term projected performance for this mechanism32438.3948 through accelerated
testing and application of the Rate Process Method (RPM). The RPM projects a stress dependent
effective activation energy with Arrhenius type temperature dependence according to Equations 7
and 877,

C
Blogo——
602

)

E=-Rln10(Blog o— C) (8)

In10
1 107 [
t;

where #= time to failure (h),
o = hoop stress (MPa),
T = temperature (K),
R = gas constant, and
A, B, and C = adjustable parameters.

The effective activation energy represents the minimum energy required for a process to occur and
reflects the observed temperature dependence. Higher effective activation energy reflects a greater
increase in reaction rate with increasing temperature. In accelerated aging studies of PE in
chlorinated potable water (Mode 3), the authors have observed activation energies for RPM
modeling typically in the range of 65 to 90 kJ /mol.

By comparison, activation energies for PE are typically in the range of 100 kJ/mol for oxidation,
85 to 120 kJ/mol for the Stage II SCG mechanism®-8!) and 100 to 120 kJ/mol for Mode 4 failutes.
Viebke et al.” report activation energies for the oxidative aging mechanism of PE in non-treated
(non-chlorinated) water of 75 to 105 kJ/mol.

The activation energies for Mode 3 are, therefore, in the same range, though generally lower than
those for Stage 11 or Mode 4/Stage I11. This is believed to be a consequence of the mechanisms of
the Mode 3 long-term aging process as detailed in Figure 3 and the associated discussions presented
previously. The crack initiation process, during which mechanical and oxidative processes are
thought to be occurring at similar time scales, is thought to result in a catalytic effect that reduces
the observed combined activation energy below those typically observed for oxidation and SCG
independently.
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Based on the AWWA Drinking Water Survey”’, annual ground and surface water temperatures
range from 3°C to 29°C, with an average around 15°C. The majority (80%) of water systems have
average annual water temperatures below 20°C.

To provide a sense of the impact of water temperature on pipe performance, at a given end-use
water quality and stress, the relative aging rate at an average water temperature of 4°C is
approximately 5 to 20 times slower than that at 20°C. Under typical water temperatures (20°C and
lower), the Mode 3 long-term aging mechanism is occurring at relatively slow rates and good
long-term performance would be expected. For those systems operating at the higher range of
water temperatures, particularly when coupled with more aggressive water qualities, the system
operating temperature could play a significant role in the accelerating Mode 3 aging mechanism.

33 Pressure/Stress

In general, the long-term aging mechanism of plastic piping materials is dependent on the applied
stress as

fac )

For the Stage I ductile mechanical process, # values in the range of 20 to 2782 are reported for PE
materials and 25 for a PVC piping material®3. Brown et al report # values in the range of 2.5 to 4.5
for Stage II mechanical SCG#2. The authors have observed 7 values in the range of 0.4 to 1.1 for the
Mode 4/Stage 111 aging mechanism. It is seen, therefore, that stress dependence dectreases in
moving from the Stage I to the Stage III aging mechanisms. This is also evident in Figure 2.

For the Mode 3 long-term aging mechanism, 7 values between those of Stage II and Stage III are
typically observed, showing a much lower stress dependence for Mode 3 than for the
ductile-mechanical Stage I mechanism upon which pressure strength ratings are derived.

According to the Handbook of Public Water Systems®, minimum acceptable water system
pressures are typically between 35 to 40 psig and maximum pressures are 100 to 120 psig with
average values around 70 psig.

To provide a sense of the impact of stress on the Mode 3 aging mechanism, at a given water quality
and ground water temperature, the relative Mode 3 aging rate at 35 psig is approximately 5 to 10

times slower than that at 80 psig internal pressure.

34 Overall Impact of Primary Variables

Combined, the three primary variables of water quality, temperature and operating pressure/stress
determine the overall aging rate in Mode 3. The majority of end-use applications would be expected
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to center around the average operating conditions for the three variables. There is the potential,
however, for specific applications to create environments that are considerably more aggressive
than those for typical applications. As with other piping materials, such as coppet’, ductile iron and
concrete, regional or utility differences in performance could be observed based on the operating
conditions. Considering the methodologies detailed in a following section, the PE industry is
actively working to develop application specific guidance for those limited instances where the
primary variables combine to produce extremely aggressive environments. These are areas where
high water temperatures combine with the most aggressive water qualities at the highest stresses in
smaller diameter tubing.

4.0 Primary Product Factors

There are three primary product factors that impact the performance of a PE pipe relative to the
Mode 3 long-term aging mechanism:

e Stabilizer System
o Base Resin
e Pipe Size

These three factors, combined with the three primary end-use factors, determine the overall rate of
the Mode 3 long-term aging mechanism.

4.1 Stabilizer System

As discussed previously, the time for stabilizer depletion, 4 is one of three key factors in the overall
Mode 3 long-term aging mechanism. This time is, in addition to the water quality and temperature,
controlled by the stabilizer/resin system. As such, the stabilizer system utilized for a piping material
will impact the overall Mode 3 mechanism.

For PE piping materials, considerable research has been conducted towards the development of
stabilizer systems for long-term performance?>36:69-72.859_ This has led to the use of sophisticated
stabilization systems to protect the pipe material during manufacturing and in the end-use
application. Proper selection of the stabilization system has been demonstrated to provide
significant advances in the overall Mode 3 long-term aging mechanism.

4.2 Base Resin Properties

The base resin in a PE pipe formulation is highly engineered to provide the balance of properties
required by the end-use application and, overall, there has been considerable evolution in the
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performance properties of these materials since the earliest PE resin introduced to the potable water
market>?. Considerable research has been conducted to connect the molecular structure of PE
materials with both Stage 1809192 and Stage II8081.91-97 performance, as well as other mechanical
properties like Rapid Crack Propagation (RCP)%-%. Polyethylene is now specifically tailored in
terms of the molecular architecture to improve long-term performance in piping applications. The
impact of the molecular level structure on the Mode 3 long-term aging mechanism has not been as
well characterized and is an area of current research. In general, factors that increase # and/or # are
expected to improve overall performance. Given the high base level performance of current PE
resins, initial research indicates that the improvement of the stabilizer system has a larger impact on
turther improvement to the overall Mode 3 aging mechanism.

4.3 Pipe Size (Scale Effects)

Based on an analysis of the available experimental data and an examination of the Mode 3
long-term aging mechanism, long-term performance is projected to increase with increasing pipe
size; that is, the Mode 3 aging mechanism will take longer to occur in, say, a 4" pipe than a %4" pipe
and longer still in a 12" pipe when operated at the same internal pressure (i.e., consistent wall
stress).

As discussed previously, the overall time to rupture (%) for the Mode 3 aging mechanism is
represented by:

h=tat L+ b (1)

where 74 1s the time for stabilizer depletion, # the time for crack initiation and # the time for crack
propagation. Both %y and # are projected to be relatively independent of pipe diameter within a
given dimension ratio (DR) series, as they are occurring in a thin region at the inner pipe surface
(50 to 150 um)33 where, in a given application, the water quality, temperature and stress will be
constant. For 7%, however, which proceeds through a stepwise slow crack growth mechanism
through the pipe wall, the time for crack propagation at the same temperature and stress conditions
will depend on the distance the crack has to traverse and, consequently, on the wall thickness of
pipe diameter for a given DR series. Consequently, the overall Mode 3 long-term aging mechanism
will take longer in a larger diameter pipe.

Much of the early PE pipe installations were for smaller diameter service lines. The performance of
larger diameter PE mains, the installation of which has gained in popularity in the US through the
last decade, would be expected to exceed the performance observed for these smaller diameter
service line materials.

The current ASTM F2263 test methodology (discussed in a following section) for assessing the
Mode 3 long-term aging mechanism is based on testing of 2" diameter tubing with a 0.090" wall
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thickness. This methodology, therefore, provides an overly conservative estimate of performance
for larger diameter piping.

5.0 Forecasting Long-Term Performance

As discussed previously, the methodologies for characterizing the long-term performance of plastic
piping materials to the Stage I and Stage II aging mechanisms are well established*%*’. Considerable
research has also been conducted into characterizing the Stage III/Mode 420.5233.38-40.5456 and
Mode 3242831 Jong-term aging mechanisms. The current ‘state-of-the-art’ for characterization of the
Mode 3 long-term aging mechanism is presented here along with performance forecasts and
supporting validation of the methodology.

51 Methodology

To project field performance based on accelerated laboratory testing, three key criteria need to be
met: first, the mechanisms observed in laboratory testing must be the same as those
anticipated/observed in the field; second, laboratory testing must be achievable in a practical
timeframe and; third, the approach must provide the ability for predictive extrapolations to end use
conditions.

Numerous methodologies have been reported for assessing the progression of field aging in the
brittle-oxidative regime of plastic piping systems, such as Oxidation Induction Time (OIT) analysis
of stabilizers3->.08 and FTIR analysis of carbonyl concentrations®?43840, These approaches,
however, focus only on characterization of the progression of the mechanisms and do not provide
any guidance or insight into the forecasted lifetime or the predicted remaining lifetime (and, as
discussed previously, are indicative of processes occurring and completed relatively eatly in the
overall aging mechanism). A recently proposed methodology’ appears to provide a significant
advancement over these approaches in that it provides a means of forecasting pipe performance as
a function of water quality, water temperature and system operating stress based on accelerated
testing of actual pipe specimens to their ultimate performance lifetime.

The methodology is based on that developed and successfully applied through the past decade for
assessing the performance of engineering plastic materials in hot potable water applications3. The
basis for the testing is ASTM F2263 Standard Test Method for Evaluating the Oxidative Resistance of
Polyethylene (PE) Pipe to Chlorinated Water's. This method involves accelerated testing at a specified
water quality, multiple elevated temperatures and pressures and modeling the data, as discussed
previously, using the Rate Process Method (RPM)3. Testing is conducted on materials in pipe form
with internal pressurization and a continuous flow of controlled water quality. A schematic
representation of the process is shown in Figure 7. The test apparatus is shown in Figure 8.
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Figure 7: ASTM F2263 Testing Schematic
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Figure 8: ASTM F2263 Testing Apparatus

Conducting ASTM F2263 testing at multiple water qualities and modeling the impact of water
quality enables the development of a model capable of predicting long-term performance of a PE
pipe compound as a function of water quality, temperature and stress. The impact of water quality is
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modeled based on the Oxidation Reduction Potential (ORP). A linear relationship between log
(failure time) and ORP has been utilized for the model’.

The model was validated based on: consistency of the mechanisms observed in accelerated
laboratory testing and field aging, fit of the laboratory data to the model, and comparison of the
model predictions to observed field performance?. In addition to projecting the Mode 3 long-term
aging mechanism under standard operating conditions, the model also projects performance at the
extremes of end-use operating conditions consistent with that observed in the field.

An example dataset is shown in Figure 9. As seen in the figure, the fit of the experimental data to
the Rate Process Method is excellent.

Figure 9: Data Set A — PE Pipe Rate Process Modeling
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5.2 Projections

General operating data was obtained from four water utilities distributed throughout the United
States (Indiana, Florida, North Carolina, and California). This data was used in conjunction with the
models developed to project performance at their operating conditions. As the model projections
are specific to the operating conditions of these utilities, an analysis was also conducted for a model
average utility. To simplify the analysis, the calculations were based on 2" CTS DR11 tubing. This
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is a conservative approach as testing was conducted on small diameter tubing, which would be
considered a ‘worst case’ size given that, as discussed previously, performance is projected to
increase with increasing pipe diameter. Two separate datasets were analyzed for the high-
performance materials and the average of the results is presented. The standard operating
conditions and the model projections based on these operating conditions are provided in Table 1.
Because the testing is in progress, extrapolations beyond one hundred years are conservatively
represented as greater than 100 years. For all of the case studies presented, the extrapolations are
considerably greater than 100 years.

Table 1: Summary of Standard Operating Conditions and Projected Performance by Utility

Utility AV
Indiana Florida North CPAU Ug' Aggressive
Operating Carolina (California) - UsS Utility
: Utility

Variable
Average Disinfectant 16 14 0.9 1.9 ) )
Residual (ppm)
Average pH 7.7 9.3 8.6 9.0 - -
Estimated ORP (mV) 650 650 680 650 650 825
Average Water  op 57 79 68 61 57 59
Temperature

(°C) 142 26 20° 16 14° 15
Average Operating 70 70 70 65 70 70
Pressure (psig)
Projected Performance
in the Brittle Oxidative > 100 > 100 > 100 > 100 > 100 > 100
Regime (y)

" Estimated value based on disinfectant residual, pH and disinfectant type.
& Average value. Water temperature ranges from 1°C to 29°C.

b Average value. Water temperature ranges from 13°C to 28°C.

¢ Average value. Water temperature ranges from 3°C to 29°C.

5.2.1 Case Study 1 — Indiana

The water utility in Indiana services over 1 million people. The performance projections are well in
excess of 100 years. This shows that, under the operating conditions of this utility, PE piping
systems are projected to provide excellent service performance.

5.2.2 Case Study 2 — Florida
The water utility in Florida services over 2 million people. Performance is projected to be in excess

of 100 years, indicating that PE piping systems will provide excellent service performance under
these conditions.
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5.2.3 Case Study 3 — North Carolina

The water utility in North Carolina services over 700,000 people. Performance is again projected to
be in excess of 100 years, indicating that PE piping systems will provide excellent service
performance under these conditions.

5.2.4 Case Study 4 — City of Palo Alto Utilities (CPAU), California

The CPAU services 60,000 people in the Palo Alto area. The performance projections are well in
excess of 100 years, indicating that PE piping systems will provide excellent service performance
under these conditions.

5.2.5 Case Study 5 — Average US Water Utility

Case Study 5 examined an average water utility. The operating conditions presented in Table 1 were
selected as representative of an average US utility based on an analysis of the ‘AWWA Water Stats:
The Water Utility Database’” and other literature and internet sources. The model projections
based on these operating conditions are also provided in Table 1.

The performance projections for the Mode 3 long-term aging mechanism are well beyond
100 years, indicating that at typical average water quality conditions, high performance PE piping
systems are projected to provide excellent service performance. This data is in alignment with the
successful PE water piping service history of over 40 years.

5.2.6 Case Study 6 — Aggressive US Water Utility

Case Study 6 is for a model utility with a water quality of 825 mV. This is projected to be
representative of the worst case water quality for chlorinated systems in the US. Again, the
projections, provided in Table 1, for higher performing current generation materials are greater than
100 years.

5.2.7 Case Study 7 — Las Vegas Valley Water District (LVVWD)

Las Vegas Valley Water District has reported failures in their PE water service lines installed in the
late 70’s and early 80’s%. This represents a very aggressive application with both high temperatures
and aggressive water quality. Weibull analysis indicates a reported time to rupture of 23 to 29 years*.
Model projections for older generation PE materials project mean times to rupture for the Mode 3
long-term aging mechanism of 24 years, showing excellent correlation of the model with observed
field performance. Even in this very aggressive end-use environment, however, higher performing
current generation materials are projected to have greater than 50 years performance based on the
model calculations. These projections, and the observed field failures, are for small diameter service
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tubing. As discussed previously, larger diameter piping would be projected to have even better
performance.

In general, therefore, higher performing current generation PE piping materials are projected to
have excellent longevity in the majority of potable water applications. At the extremes of the end-
use operating window, however, where aggressive water qualities are combined with high water
temperatures, more careful consideration should be directed to system design to ensure that PE
materials are propetly applied.

6.0 Summary

Polyethylene piping materials have been used in potable water applications for over 50 years with
considerable success. Through this time the material characteristics have evolved significantly along
with the understanding of the long-term aging mechanisms for these materials. Currently the long-
term aging mechanisms are well characterized and standard performance characterization and
design approaches have been developed and standardized for the Stage I and Stage Il aging
mechanisms. More recently a methodology has been developed for characterization of the Mode 3
long-term aging mechanism. This methodology for forecasting long-term aging for this mechanism
shows that performance is a function of the water quality, water temperature and operating stress
and varies by utility. The model provides projections in line with observed field performance of
older generation service tubing, both for the majority of applications where PE pipe have
successfully been used and for the limited instances of very aggressive end-use applications where
performance has not been as expected. Overall, the methodology developed to project PE pipe
performance shows that higher performing current generation materials are expected to have
excellent longevity across the majority of end-use applications and good performance even in very
aggressive end-use environments. The model is also able to characterize performance for older
installed PE piping materials and provide projections in line with observed field performance
providing a tool for understanding and characterizing those limited instances where performance
has not been as expected. Currently, the model is being refined and finalized, and methodologies for
its utilization in providing design guidance are being developed.
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