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Abstract

Svenskt Gastekniskt Center AB would like to undertake atest programme to
determine the suitability of different types of multi-layer and PEX pipesfor
use in demanding applications where the use of conventional PE 100 pipes
may be limited. In order to determine how such atest programme should be
undertaken this pre-study was initiated by an order from Svenskt Gastekniskt
Center AB on May 30th 2002.

The aim of thislifetime engineering analysis is to propose an experimenta
evaluation programme for the 4 different types of PE 100 and PEX pipe,
including multi-layer pipes so that along lifetime and cost effective solution
can be ensured in demanding applications, particularly when using modern
installation techniques.

The study has comprised of aliterature survey and a meeting in Stockholm
on August 26™ 2002 where questions and answers relating to critical factors
and one case study in particular were discussed relating to:

Materias profile

Loading profile

Environmenta profile

Failures and/or damages

Identifying and finding critical factors

The literature survey and discussion have hel ped to determine the most
suitable test methods and lifetime models giving adiagnosisincluded in this
report and the recommendation of a suitable test programme, with welding
and point load resistance found to be the most critical factors.
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1 Introduction

Svenskt Gastekniskt Center AB have approached Bodycote Polymer AB with
the intention of conducting a lifetime engineering project on multi-layer and
PEX pipes, for use in the Swedish Gas Industry. At present thereislittle
experience, technical information, test methods and standards for the use of
multi-layer and PEX pipesfor Gas Distribution Applications. However there
are currently many such products being developed for the market. Svenskt
Gastekniskt Center AB would like to determine the factors most critical for
allowing the use of these productsin these applications. The object for
Svenskt Gastekniskt Center AB isto have aranking of the most critical
factors so that suitable test methods can be developed by athird party,
Bodycote Polymer AB, in order to gain approval for this product in its
intended applications.

The following cross-sections show the types of pipes under consideration:

PE 100 pipe PE 100 pipe with
PP outer layer

PE 100 pipe with PEX pipe

PEX outer and

inner layers

Svenskt Gastekniskt Center AB agreed to start this lifetime engineering
analysis project on May 30" 2002 with the following personnel involved:

Mr. Owe Jonsson, Responsible Project Manager, Svenskt Gastekniskt Center
AB
Dr. Steven Brogden, Responsible Project Manager, Bodycote Polymer AB

The ultimate goa isto develop astrategy for the gasindustry on how to test
multilayer pipes and convince the authorities that they can be used without
sand backfill and in trenchless applications without any protection pipe with
the same expected lifetime and safety as conventional PE pipes. Not only are
the test proceduresimportant but an international overview of installation
methods for different types of pipe in different countries, jointing
technologies, reparation possibilities, squeeze-off possibilities etc. It isnot
very economical if apipeischeap to install but expensive to repair or
maintain. It isimportant to determine whether the mutli-layer pipeisan
economical aternative not just during installation but also for the whole
lifetime of the pipe.
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2 Approach

The following steps were taken in order to conduct this lifetime engineering
analysis.

2.1 Literature Survey

The literature survey covers aretrospective data base search of PE 100, multi-
layer and PEX pipes. The data bank and experience at Bodycote Polymer AB
were used. Contact was made with different resin and pipe manufacturers and
other available contacts so that as much open literature and information as
possible regarding PE 100, multi-layer and PEX pipes could be found. The
study focuses on experience, failures, test methods, installation procedures
and other items related to PE 100, multi-layer and PEX pipesfor usein gas
pipeinstallations.

2.2 Interview, Questions and Case Study

A meeting was held at the offices of Svensk Gasin Stockholm on 26™ August
2002. Personnel from Svenskt Gastekniskt Center AB wereinterviewed and a
large number of questions related to the applications were discussed. In
particular the experience gained in one particular project was examined as an
appropriate case study. The questions were related to the following:

Materias profile

Environmenta profile

Loading profile

Failures and/or damages

Identifying and finding critical factors

2.3 Identifying Test Methods and Lifetime Models

A list of relevant test methods for PE 100, multi-layer and PEX pipeswas
made and suitable lifetime models were identified. A summary of genera
factors affecting the lifetime of PE 100, multi-layer and PEX pipesis
presented.

24 Diagnosis

All the information gained from Items 2.1-2.3 has been used in order to make
adiagnosis. Different material, environmental and loading factors have been
ranked. Critical factors have been defined and atesting programme presented
based on existing facts and available data. This information will result in an
offer for an experimental programme.
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3 Literature Survey

The aim of this project isto evaluate the suitability of multi-layer and PEX
pipesin comparison with PE in general and PE 100 pipesin particular, avery
well established product with which the Gas Industry now has a history of
long reliable performance. Therefore the first section of thisliterature survey
isan overview of the history and experience with this product. The second
and third sections of the survey are on PE 100 pipes with a PP outer layer
and PEX pipes, including PEX pipesthat are constructed with a

PE 100 core surrounded by outer and inner layers of PEX. A final section
brings together a comparison between the different pipe materials.

3.0 Material Selection for Gas Distribution Systems

The choice of amateria will be a balance between materia properties and
design requirements. Some of the factorsinfluencing this choice are [1]:

Gas distribution pressure

Cost of pipe and fittings

Ease and cost of installation

Skill of theinstallers

Investment in jointing and ancillary equipment
Simplicity and cost of repair

Nature of the distribution area

Required ductility and flexibility of the pipe
Presence of other services

Workable pipe lengths

Availability of different pipe diameters and suitable fittings
Lifetime expectancy of the system

Chemica and corrosion resistance of the system
Hedlth, safety and environment

3.1 PE 100 pipes
311 Material Factors

The service experience of PE materialsin water and gas pipelines over the last
50 years has been extremely good. One such example is the British Gas
network, which includes more than 240 000 km of PE (mainly PE 80) of gas
pressure pipe [2]. Experience over 24 years shows that failures are extremely
rare and that pipesinstalled over this period retain their origina mechanical
properties. The few premature failures that have occurred have al been dueto
some form of external secondary loading combined with the reduced stress
crack performance observed for 1% generation PE materials. More modern 2™
generation PE 80 materials have had virtually no problemsat al. PE materials
for pipe applications offer the following major advantages over traditional
materias.
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Cost

Durability and flexibility

Ease of jointing and installation
Corrosion resistance
Environmentaly friendly

Recently tandem reactor process technology has alowed the development of
PE grades with bimodal molecular weight distribution [3]. Such 3rd
generation PE resins can attain a PE 100 rating with a minimum required
strength (MRS) of 10 MPa, giving several advantages over 1% generation (PE
63) and 2™ generation (PE 80) materials [4]:

Increased service pressure

Reduced wall thickness

Increased hydraulic capacity
Possibility of producing larger pipes
Improved mechanical properties

The PE 100 pipe material itself isfirst evaluated to give an MRS of 10 MPa
by a Standard Extrapolation Method (SEM) evaluation according to

ISO/TR 9080:1992(E) [5] or ISO/FDIS 9080:2002(E) [6]. A safety factor is
then usually added to this strength requirement at 50 years. Such evaluations
are usually performed on small diameter thin wall pipes and the MRS value
obtained is accepted for all sizes. Bodycote Polymer has carried more of
these evaluations than any other laboratory in the world and has the widest
experience in thisfield. Some of the results and experiences gained during
SEM evaluations, according to ISO/TR 9080:1992(E), were published [7].

Whilst brittle behaviour is accounted for in SEM eval uations many standards
allow damage of up to 10% of the wall thickness to occur during handling
and installation. For this reason further testing is required on 20% notched
pipes to determine the susceptibility of these materials to Sow crack growth
(SCG). However modern PE 100 (and PE 80) materias display avery high
SCG resistance. In order to avoid failures the requirementsin

SO 13479: 1997(E) [8] should be fulfilled. Many of these tests have also
been undertaken at Bodycote Polymer.

Another possible failure mode for the materia israpid crack propagation
(RCP). Thisiswhere the pipe unzipsin adistinct wavy manner at high speed.
Such afailure requires a combination of the following:

Externa impact

Entrapped gas or air inside the pipe
Low temperature

Large wall thickness

High pressure

A full-scale test to determine the susceptibility of pipe materials to thisfailure
mechanism was devel oped by British Gas and has been adopted as

SO 13478:1997(E) [9]. However the equipment is extremely large and the
test isvery costly to perform, so asmall-scale test ($4) has been developed
allowing appropriate data to be obtained by tests on smaller diameter pipes. In
order to avoid failure by this mechanism the requirementsin 1SO
13477:1997(E) [10] must be satisfied. Bodycote Polymer has performed
many of these tests on its own $4 equipment. PE 100 materials generally
perform better in this test than PE 80 materials.
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In summary the improved mechanical properties of PE 100 resins compared
with 1% and 2™ generation PE materials are aresult of agood balance of the 3
most critical mechanical propertiesfor polyolefin pipes:

e Minimum required strength (MRS) of 10 MPa according to SO 9080
» High resistance to sow crack growth (SCG) to SO 13479
» High resistance to rapid crack propagation (RCP) to SO 13477

Although many different factorsincluding and in addition to the above will
affect the service lifetime of a PE 100 pipeling, it is not yet known which of
these will be the most critical in determining the ultimate lifetime. Experience
of using PE for water pipelines over the last 50 years however suggests that
even a 100 years maybe a conservative lifetime prediction for PE 100
pressurised water pipes[11] and such systems have smaller safety factors

than gas pipes.
3.1.2 L oading Factors
3121 Temperature

The operational temperature will have an effect on the service capability of a
PE 100 pipeline. Aswith al thermoplastic piping, polyethylene pipe loses
stiffness and tensile strength as temperature increases. As temperature rises,
the normal operating pressure of the pipe should be de-rated. As temperature
decreases the pipe gains strength, so if the pipe material has been evaluated
and tested at 20°C, and the operational temperatureis say 10°C there will be
an additional factor of safety for the strength of the pipeline. The temperature
of the external environment must aso be considered when determining the
correct SDR of the pipe, aswell as compensation for any thermal expansion
or contraction.

The externa temperature will also have asignificant effect on loading, as
obviously a pipe system installed in a desert with adaily temperature range of
50°C will differ significantly from a pipe system installed in frozen tundra. It
is though important to know the maximum and minimum external
temperatures that will be encountered and also the possibility of sudden or
rapid temperature changes that may cause thermal shock or temperature
cycling effects.

3122 Traffic and Backfill

Flexible plastic pipes are able to deform to accommodate surrounding soil
movement without necessarily experiencing excessive pipe wall stress. This
can have the advantageous effect of transferring vertical loads into the
supporting earth. Rigid pipes such as metal, clay or concrete must carry any
external ground loads within their own structure. In response to vertical
crushing forces from overburden as well as any vehicle axle loads, the pipe
wall reaction forces within arigid pipe generate force moments that can
potentially cause fracture. A less stiff plastic pipe deformsto trandate the
vertical load into lateral movement that generates latera forcesin the soil fill
around the pipe sides which oppose further movement and prevent pipe
collapse[12].
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When designing plastic pipelines and particularly for larger diameter
pipelines of 300 mm nominal diameter and greater, consideration of the
following design criteria [13] might be advised:

Load isusually calculated in accordance with the standard vehicle load given
in national load regulations.

Deflection of pressure pipeis governed by the external 1oad, the pipe
stiffness, the quality of the backfill and the installation method when the
internal pressurein the pipeiszero and hence the pipeis at maximum
deflection. The calculated deflection caused by the load together with the
installation factor gives the average deflection. The maximum deflection will
be obtained when the bedding factor is added. For anormal installation the
average deflection will not exceed 5%.

Strain for pressure pipe the strain is a combination of bending strain and
tensile strain. Design can be made separately for tensile strain caused by
internal pressure and bending strain caused by external loads since PE hasa
high rate of relaxation of bending stress. Although there is obviously a
relationship between strain and deflection, the allowable strain is so large for
PE that it will have no influence on the deflection limit given above.

Buckling the short term values of pipe stiffness and soil modulus are used,
together with an appropriate safety factor, to determine the risk of bucklingin
firm soil or at shallow buria depth. When making a calculation to determine
the risk of buckling an assumption should be made that due to alternating
pressure the pipe will eventually create afree space in the soil support and
therefore no soil support can be counted upon.

Well-established equations have been derived for these and other design
criteria[14]. Current European design practiceisfound in prEN 1295 [15].

However pipelines are designed from the perspective of an idea world
whereas the real world often sees pipes subjected to extremely severe
conditions not usually envisaged by designers. One particularly significant
problem for plastic pipelines has been the laying of pipes on large rocks that
produce a stress concentration on the inner pipe wall. This phenomena known
as point loading has led to many failures of plastic pipelines, PVC-U
pipeinesin the UK and Holland had some bad experiences particularly in the
1960s and 1970s. Although polyethylene materials have been less prone to
such SProbI ems dueto their higher ductility some failures have been reported
for 1% generation polyethylene materias. Failures of polyethylene gas pipes
constructed in the early 1970s from 1st generation polyethylene materials
have been reported in Holland for example [16].

These 1% generation materials consisted of very long chains that tended to
glide from each other when loaded. The comonomers that produced
branching in the molecular chains of 2™ generation materialsled to a
significantly improved resistance to crack growth. 3 generation PE materials
have an even greater resistance still asthe distribution of the branchesis
carefully controlled. Only PEX where there is acomplete interlaced structure
has superior crack growth resistance [17].
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3.1.2.3 Scratches and Gouges

Scratches and gouges may be produced on the outside of pipes particularly
during handling prior to installation and a so during installation, particularly
when using trenchless techniques. In such awidespread structure as a
pipeine it must also be considered that further damage will occasionaly
occur in service too. An established rule for damage tolerance is that the notch
depth shall be less than 10% of the pipe wall thickness,

3.1.24 Welding and Jointing

The two fundamental requirements for any pipejointing system are that it
should have aminimal detrimental effect on the performance of the remainder
of the system and that it must be at an acceptable cost [18]. The minimal
detrimental effects on the overall pipe system, in terms of key properties,
embrace factors such asthe following:

life expectation

physical strength

resistance to internal pressure

handling and flexibility

resistance to physical abuse

able to accept expans on/contraction/axial 1oading
forces/movement

influence on flow properties

influence on fluid quaity

chemical resistance and corrosion

The optimum cost combination of any components plus labour are afunction
of:

component or material cost
associated assembly costs equipment costs
ease of use

time for assembly/make up
skills/training requirements
traceability/ownership cost
reliability/quality
replacement/repair cost
transport costs

availability

health and safety considerations
environmental effects

The jointing of PE by butt and electro-fuson welding techniques has long
been recognised as the Achilles hed of PE pipe systems, particularly with
larger diameter pipes as difficulties with cleanliness of the joint, out-of-
roundness of pipe and inadequate equipment are exaggerated.

Electro-fusion welding in particular is very dependent on correct procedures
being adhered to. Contamination of the outside of the pipe and inside of the
electro-fusion deeveis aparticularly serious problem in the UK, due to the
wet and windy climate. Also pipe-misalignment can be another problem, often
dueto alack of correct clamps and working in confined spaces. Premature
failures due to weak or brittle welds may well be picked up during the
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pressure test for commissioning the pipe, but even at this stage, costly delays
in digging down and re-welding followed by subsequent re-testing can be
incurred.

Similar problems can occur with butt-fusion welding, but contamination is
less likely as the welding machine first strips the surface to be welded before
the heat-soaking period. It isimportant to keep the heater plate as clean as
possible, usualy by wiping with a suitable solvent before starting. Aswith
electro-fusion welding, misalignment can be a problem, although modern
equipment has clamping as an integral part of the jointing machine.

A technical and installation guide produced by one of the mgjor UK
polyethylene pipe manufacturers outlines the different jointing methods and
gives detailed instructions on proper jointing procedures [19]. Fusion jointing
offers:

» A correctly fused joint should be as strong as the pipe itself, which aso
ensures that the corrosion immunity of the polyethylene pipe systemis
continuous and unimpaired.

» Fusionjointing enhances the inherent flexibility of polyethylene. With
strong joints, flexible pipe strings can be fed easily into position from
above ground, whatever installation techniqueis used.

* Fusionjoints need introduce no bore impedance. The smooth internal
finish of a de-beaded fused joint should ensure that thereis no such
impedance.

* Such techniques are much faster and less costly than mechanical jointing.

Two methods are now employed widely throughout the gasindustry, butt
fusion and electro-fusion:

31241 Butt Fusion

In butt fusion the pipe ends to be joined are brought together in a dedicated
butt fusion machine. The end faces are squared up by planing with a
mechanical trimmer, then heated with athermostatically controlled non-stick
(usually PTFE coated) heater plate. Then the molten the faces are pushed
together and allowed to cool. This process generates weld beads both inside
and outside the pipe. These can be removed easily to produce a smooth bore
or outer surface. Inspection of the beads also provides a useful quality check.

Only approved well-maintained butt fusion welding machines should be used
[20]. Although manua machines have been used extensively in the past,
automatic hydraulically operated machines where the welding cycleis
computer controlled are now almost exclusively used. In fact such machines
are now mandatory when laying pipelines for British Gas. It isimportant to
ensure that all appropriate equipment is used and that the stepsinvolved in the
butt fusion process are strictly adhered to onsite, otherwise the possibility of
producing welds of poor quality is greatly increased.

Despite the wide availability of welding instructions there are still many
problems with poor site practice leading to unsatisfactory welding particularly
for examplein the UK Water Industry. Problemsin the UK have been alack
of independent site supervision, causing contractors to take short cuts and
continue to weld without the proper equipment, alack of trace-ability and
often poorly trained personnel. This haslead to the development of training
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and licensing initiatives. One specific improvement is trace-ability and the
joint ownership of welds, which has now been adopted in prEN 13067 [21].

For butt fusion of thick walled PE 100 pipes, the UK Water Industry has
developed some specia conditions. Using a higher hot plate temperature of
230°C (+10-5°C) and an increase in the heat soak time have compensated for
the higher molecular weight and heat of fusion of PE 100 materials[22]. For
conventional PE 80 only asingle fusion pressure of 0.15 MPawas generally
needed to produce ductile welds, but for PE 100 materials this single fusion
pressure could result in brittle welds for pipes of > 25 mm wall thickness,

When awelding pressure 0.15 MPais used for PE 100 materials, as adopted
not only within the UK but also in DV S 2207, Part 1:1995 [23] and other
European standards, shear forces are produced that result in high molecular
orientation and distortion of spherulites at the boundaries of the melt zone
(thiswas also a problem for 1% generation HDPES). The UK Water Industry
Specification [24] givesthe dual pressure welding conditions now used to
overcome this problem. It has also now been adopted for PE 80 materialsin
order to harmonise conditions.

Dual pressure welding is now required for al pipes of greater than 22 mm
wall thickness. The objective of dual pressure welding isto alow the molten
polymer to cool with the minimum positive pressure, thus allowing the crystal
structure to devel op without distortion hence promoting ductility. Thisis
particularly important with the more crystalline PE 100 materials. If the
polymer has alarge crystal structure, then the interface between the melted
and solid PE materia can become distorted when force is applied during
cooling. Thisinterface can act as aweak point in the weld area.

The Dual Pressure cycle, shown in Figure 1, is the same as for normal
welding until the heater plateis removed, then (for the UK Water industry):

1. apply the conventional interface pressure of 0.15 MPafor 10 seconds
after bringing the molten pipe ends together to alow the melt on each
surface to mix and abead to form —to clear any contaminants from the
weld interface.

2. reduce the pressure to 1/6 th of the joining pressure (excluding drag)
during cooling.

The use of dual pressure welding has been questioned [25]. It has been
considered that there may be arisk because the secondary pressure might be
lower than the drag forces for large diameter pipes, leading to uncontrollable
tensile stresses within the weld producing voids.
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Figure 1. Comparison of Single and Dua Pressure Welding Cycles

However this problem has not shown up in UK site experience. In the case of
PE 100 pipe welding the use of dual pressure, increased plate temperature and
longer soak times can be seen to have benefited weld interface quality and
also resulted in stress and orientation free weld zones.

3.1.24.2 Testing of Butt Fusion Joints

The external weld beads should have no wrinkles or discontinuities and be of
symmetrical appearance. Provided that each half of thefinal bead is of a
similar shape and size, the overall width should not be acritical factor for the
assessment of abutt fusion joint. After cooling time has elapsed the external
and internal beads should be removed using a de-beading tool in aclean
continuous strip without damage to either the joint or the bead. This should
be done without the bead removal tool inducing any dlits, gouges or other
defectsinto the pipe wall or bead. The bead should then be used as a check
onweld quality:

* On examination of the underside of the bead surfaces and the external pipe
joint surface after de-beading, there should be no sign of any
circumferential dits, gouges or smilar defects between the fused beads. It
should not be possible to separate them by flexing parallel to the line of
theweld.

 If such adefect is seen then the joint should be cut from the pipeline and
the joint remade. If asimilar defect recurs, al further production jointing
shall cease until the equipment has been thoroughly examined, problems
rectified and new tria joints made and tested.

Both the UK gas and water industries now require that no welded joint
should ever fail in abrittle manner. This should be achieved providing that
welding instructions are carefully followed. To ensure that joints have
essentially the same properties as those of the parent materials, itis
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recommended that butt fusion welds be tested to destruction to ensure that
high toughness characteristics are obtained [26]:

Test joints should be made prior to commencement on site using the certified

Wel der and approved welding equipment to be used for the contract.
For pipes of 355 mm diameter and greater, it is recommended to
frequently test the mechanical properties of sample welds during the
course of the contract.

» Upto six tensile samples may be cut from the selected weld and tested to
failure using the procedures and criteriagiven in [26].

» Itisagenera requirement that the failure modes of al the test samples
shall be ductile. Mixed and brittle failures are unacceptable.

Although these tests have been recognised to give avery good indication of
the quality of butt welds, it is still aweakness of this specification that the
frequency of such testsis not included. In such situations contractors often
tend to do aslittle testing as possible because of the time restraints and
financial penalties usually imposed on delays to the project.

Thetensile tests devel oped for use in the UK Water Industry have proven to
give avery good indication of the quality of welds produced in the field.
These tests can be performed quickly either on site or in the laboratory,
however they do not give a quantifiable indication of weld quality, since the
test only requires avisua assessment of the fracturein order to gauge weld
ductility. An improvement to the tensile test method is to use an extensometer,
allowing the area under the load deflection curve to calculate the failure
energy in terms of the energy/cross-sectional area, thusyielding quantitative
information about the weld ductility [22]. Impact testing has also been
considered [22], [27] and [28], but the practicality of thisas a quality control
test and the relevance to the whole area of the joint, particularly for large
diameter pipes has to be questioned. Another short-term test is the bending
test in DVS 2203, part 5 [29]. However in one study [27] neither thistest nor
adumbbell test were found to be able to differentiate between welds made
under either standard or extremely non-standard conditions.

A detailed study has been made comparing the different European
specifications for welding methods and testing standards [25]. Together with
the short-term test methods discussed above consideration was aso given to
long-term methods for ng weld quality. The pressure testing of welded
pipes, has been frequently used. However this method has a serious drawback
In that the tangential wall stressistwice as high asthe axia wall stress. This
means that the weld is only subjected to half the load in the most critical
direction, across the weld. Hence this method can only reveal whether the
welding factor is above or below 0.5. This explainswhy very few failuresin
the weld rather than the pipe are found with this test method. Long testing
times can also be a problem. These problems have been overcome at
Bodycote Polymer by using steel deeves around the pipe away from the weld
and testing at elevated temperatures.

The German standard DV S 2203 part 4 [30] uses the long-term creep testing
of tensile bars taken across the weld joint. This method can be undertaken in
afew hundred hours and along-term welding factor determined, for which
thereisarequirement in DVS 2204 part 1 [31]. The PENT test [32], which
uses long-term constant tensile loading, can also be used to develop along
term welding factor.



BODYCOTE POLYMER AB 2003-03-31 12

Some non-destructive test methods have been investigated but have not yet
been adopted in any standards. One such method is ultra-sound testing [33].

31243 Electro-fusion

Electro-fusion uses socket-type fittings with integral heating elementsto
construct a pipe system [19]. Couplers are used to join mains pipes and
saddle fittings are used to connect service pipes. Within an el ectro-fusion
fitting there is aresistive heating wire connected to surface terminals. An
electric current passed through the wire melts the polymer and fuses the
fitting to the pipe wall. The pipe to be welded isfirst prepared by scraping
away the outer surface layer, then the pipe and fitting are clamped together to
restrain movement. An electrical current is applied across the terminals from a
generator viaa control box. After welding the assembly is allowed to cool
thoroughly before unclamping.

The advantages of using under pressure electro-fusion branching saddles for
gas and water mains of 280 to 355 mm were compared with traditional
methods that involve squeeze off and branching [34]:

Little or no inconvenience to the customer

Small effect on the environment as no large excavations are needed
Less disruption to the area due to the speed of the operation

Easier planning of the work

L ess chance of failure due to reduced numbers of pipe and fitting joints

3.1.244 Testing of Electro-fusion Welds and Saddles

There were considerable numbers of failures of eectro-fusion weldsin the
UK water industry in the early 1990’ s [35]. Many failures even occurred
during the pressure test used when commissioning pipes, these failures
occurred at something like 25% of the expected static burst pressure
resistance of polyethylene pipes and were attributed to poor site practices.
However operational failures still occurred, which could not be attributed to
poor site practice. It was found that contamination of the pipe nearly always
occurs before welding and some small degree of contamination is
unavoidable. However some designs of fittings perform much better under
contamination than others. Therefore a contamination test was developed. It
was found that coating the surfacesto be joined with talc prior to burst testing
in the laboratory gave very similar results to those of joints produced in the
field. All eectro-fusion joints for use in the UK Water Industry must now
pass this talc contamination test [36].

Conventional methods for ng the joint strength of electro-fusion
fittingsinvolve testing in either cleavage [36], see Figure 2, or ped [37], see
Figure 3.
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Figure 2: Cleavage test in WIS 4-32-14 [36].
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Figure 3: Pedl test in BS 7336 [37].

These methods were compared in one study with the finding that the cleavage
test requires more subjective judgements than the peel test [38]. An advantage
of the cleavage test is that a fracture toughness evaluation can be made to
assess el ectro-fusion weld quality [35]. However the applicability of such
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testing is difficult to quantify in terms of service performance and isinvalid
for ductile fractures.

Therefore a dynamic hydrostatic test method was proposed as a superior test
method. Here a compl ete fitting assembly isinternally pressurised until
failure. The pressure end closures should be located very close to thefitting,
thus constraining the diametric expansion of the pipe. This has the effect of
enabling the pipe to withstand pressures well in excess of those normally
expected for polyethylene. Theinternal pressure acts on the end closures of
the sample generating high-end forces until acritical shear stressis acting on
the joint. Ranges of couplers of the same design were pressure tested and the
end loads at failure calculated, so that by plotting end load against joint areait
could be shown that failure was by a critical shear stresscriterion asin
Figure 4 [35].
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Figure 4: Fusion area versus end load, giving acritical shear stress criterion.

For this reason ramp to burst hydrostatic pressure testing of thiskind isa
very suitable test method for electro-fusion joints and branch saddles.
Pressure regression data obtained using this test method was found to give
approximately the same dope for different designs of fittings. This slope
gave adecrease by afactor of 2.5 between short-term ramp to burst tests and
the expected pressure after 50 years. Therefore these fittings now have to
pass such a hydrostatic pressure test criterion [36] when introduced into the
UK Water Industry. Thisis 2.5*the pressure rating of the service pipe. The
test is conducted at arate of 5 bar/minute in awater bath at 23°C.

Thelog term PN rating now accepted in the UK water industry [39] is.
PN = 0.4*p,,
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Thisisbased on afactor of 0.5 for long term creep regression combined with
asafety factor of 0.8, where p,, isthe average value of three burst pressure
tests. The highest pressure rating based on this criterion used in the UK water
industry is PN16. Thisformula uses afactor of 2 for the relationship between
short-term ramp to burst test and 50-year pressure rather than the 2.5
previously used [35].

In the test programme [35] it was found that fittings of an early design
produced by different manufacturers failed to pass this test and that fittings
produced by different manufacturers could exhibit variable performance.
However it was a so shown that with improvements in design the hydrostatic
pressure performance of some fittings could comfortably exceed this
requirement. It can be suggested for example that afitting with arating of

PN 16 may be able to withstand a long term pressure resistance at 50 years of
say 20 bar if the short term burst test result was 50 bar rather than the 40 bar
requirement.

Testing of the uncontaminated pipeto BS 7336 [37] isrequired to ensure that
afitting performs at least aswell as the host pipe in terms of stress regression
properties, meaning that the uncontaminated fitting has a* built-in’ safety
factor of at least the same order as the host pipe. So for example a PN10
fitting used in a PE 100 PN10 pipe system has a safety factor of at least 1.25.
However the use of such hydrostatic testing is not likely to produce failures
in thefitting by the shear stress criterion shown to cause failure. Thisis
because the hoop stress levelsin the attached pipe will be much higher thus
tending to produce failures in the host pipe rather than the fitting.

Using these assumptions couplers from different manufacturers could be
pressure tested with end closures located very close to the fitting so that short
term and longer-term regression data are obtained. It might be reasonably
expected that fittings with superior long-term pressure resistance might be
found that could therefore be used in higher-pressure applications. It is clear
though that such results would depend heavily on the determination of an
acceptable degree of contamination, if any, being agreed by the interested
parties and the accurate determination of the long-term extrapolation factor.

The test methodology has recently been modified for electro-fusion tapping
tees[39]. This may have been because there is greater likelihood of failurein
the host pipe during high pressure ramp to burst testing, as such saddles do
not completely surround and hence constrain the pipe. Tests are now
performed by pressurising the untapped saddl e through a very short length of
PE connected to the service pipe outlet. The new criterionisthat 3 test pieces
should give an average burst pressure which is higher than the pressure
reached during the ‘ Type 2’ pipe commissioning test found in [40] for use
by the UK water industry. Such fittings will therefore withstand short-term
pressure of at least 1.5* PN rating of the host pipe.

Aswith butt fusion testing the non-destructive method of ultra-sound testing
has been investigated but is not widely used and has not been adopted in any
standards [33].
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3.1.245 Flange Adapters

When butt-fusion is not possible or when joining the PE pipe to ametal pipe,
flange adapters made of the same material as the host pipe may be used [41].
These have the same dimensions as the PE host pipe at oneend. Thisend is
then butt welded to the host pipe while aflange at the other end mates up with
the flanged end of the metal pipe or another PE flange. A rubber gasket is
used between the two surfaces. A metal flange dipped over the host pipeis
then bolted to the flanged end of the meta pipe to ensure atight seal. The
bolts should be re-tightened after a set period of time, usually afew hoursto
the specified torques. When correctly installed, such mechanical joints give
few problems but are used |ess often as they are more costly than welding.

3.1.25 Squeeze-Off

One problem with gas and water pipeline systems isthat the flow of fluid
might have to be stopped in order to carry out maintenance or repair aleak.
When completely stopping the flow is the only viable solution a section of the
pipeline must be isolated with the following disadvantages [42]:

 Interruption to supplies resulting in customers without gas or water

» Potential compensation claims

» Revaidation of existing pipeline networks

* Inconvenience to customers

A very large cost can easily be incurred depending on these factors. Therefore
arapid and effective method for stopping and re-starting the flow is required.
For polyethylene pipes advantage can be made of the compliance and
flexibility of this material by using the technique known as squeeze-off. This
Isavery effective procedure as it can be undertaken at almost any point on the
pipeline allowing the shortest possible section to be isolated thus reducing
Inconvenience.

This procedure is routinely used to stop the flow in order to carry out repairs
or maintenance downstream of the squeeze-off point [43]. The pipeis
compressed between two bars until flow effectively ceases. After the
downstream repairs have been compl eted the bars are released to alow the
pipe to regain its former circular shape. Re-rounding is also often practised
where the squeeze tool isturned through 90 degrees and the pipe partially
recompressed in an attempt to return the pipe to its former shape. Because the
pipe undergoes an extensive shape change during squeeze off and re-
rounding it isimportant to determine whether these practices have any
detrimental affect on the subsequent lifetime. New developments now mean
that squeeze off can be performed on PE 100 pipes with internal pressures of
ashighas7 bar.

The test method for determining the resistance of polyethylene pipesto
external pressure after application of squeeze-off is EN 1SO 12106:1997(E)
[44].
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3.1.3 Environmental Factors
3131 Internal Environmental Factors

Polyethyleneis biologically inert and the additives and stabilisers normally
used in PE pressure pipes do not promote biological growth [11]. PE is not
digestible, has no food value, cannot support bacterial growths and istoo
smooth for marine growths to adhere to [14].

Polyethylene for use in gas distribution systems should be resistant to the gas
constituents present. SO 4437:1997(E) [45] requires a conditioned pipe
containing a synthetic condensate comprising a mixture of 50 % (m/m)
n-decane (99 %) and 50 % (m/m) 1-3-5-trimethylbenzene to fulfil the
hydrostatic pressure test requirements at 80°C in SO 1167:1996(E) [46].

3.1.3.2 External Environmental Factors
Externa environmental factors have been identified [14]:

Modern PE materials contain additives, which give UV protection for the pipe
when exposed to sunlight. 1SO 4437:1997(E) has a requirement for

resi stance weathering in which pipes exposed to a specified energy of
sunlight shall fulfil all the test requirements of the specification. Other factors
relating to the weather do not require any specia precautions other than the
effect of temperature previoudly discussed.

Insects such as ants, termites, burrowing insects, earthworms or marine
worms, do not attack PE 100 pipes. Ghawing rodents such as rats
occasionally attack smaller diameter PE pipes, but it is not common since
thereisno food value.

Significant concentrations of oils or other hydrocarbons in the soil can affect
PE pipelines. Although hydrocarbons do not attack the pipe, they can
permesate the pipe wall causing elongation and loss of strength. These effects
arereversible, however where such hydrocarbons are present the pipe should
be upgraded to a heavier wall to provide adequate strength for the pipeline
pressure.

PE 100 pipes should not be buried in areas where thereis ahigh risk for
potential severe chemical spills. In these circumstances, no piping system
whether plastic or metal can be considered immune to contamination by
permeation through the walls or joints. If the contaminating source cannot be
safely controlled, it is best to change the piping route altogether.

PE pipe systems are normally exposed to externa environments such as acid
and saline ground water without detrimental effect [11].
314 Installation

Thereisalarge amount of installation guidance available, for example [19]
[40] and [41].
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Although there are now numerous methods including the so-called No-Dig or
trenchless technology methods, the mgjority of installations are performed
using open-cut methods [47].

The various installation technigques can be divided into four categories[48]:

Open-cut trenching

Narrow trenching
Trenchlessingtalation
Rehabilitation and Renovation

Thefirst three techniques apply to new installations whereas the fourth is
where an existing pipeline is replaced.

3141 Open Cut Trenching

Thisisthe most well established technique where atrench is dug to a suitable
depth, the pipeislaid in the bottom of the trench and the trenchisfilled. Sand
or other prescribed backfill materials are often used. These backfill materials
are costly to purchase and transport to the site and disposal of the excavated
materia can aso pose a problem. Although thistechnique isrelatively easy to
perform it can be very disruptive particularly in urban areas. It can also be
dangerous for those working in and around the trench.

3142 Narrow Trenching

Thisis an improvement on the traditional open cut technique where atrench
just larger than the pipe diameter is excavated and then the pre-jointed pipeis
installed into the trench in long lengths. By using the excavated material as
the backfill rather than using sand bedding additional cost savings can be
made. Narrow trenching is cheaper, causes less disruption, and isless
dangerous. In rural areas, employing modern trenching trains, very fast
installation rates of the order of several hundred metres per day can be
achieved. However it isless successful in urban areas as the size of the extra
equipment associated with this method often causes more disruption than is
countered by the savings.

3143 Trenchless Installation

Systems employing these so-called No-Dig techniques include various
methods of drilling, tunnelling, or ramming the ground in order to make an
opening for the pipe. The main advantage is that apit can be dug at either end
of the pipe length to beinstalled rather than atrench along the whole length of
the pipe. This causes very little disruption and is particularly suitable for use
in urban areas. Many different systems exist for different ground conditions,
pipe sizes and lengths. These systems can be limited by the presence of other
services, ground conditions and the need to make large numbers of service
connections. Examples of trenchlessinstallation methods are:

Ploughing/Milling

Soil Displacement

Directiona Drilling
Pipe Bursting
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3144 Rehabilitation and Renovation

These techniques are actually other forms of trenchlessinstallation; in these
cases the structure of the original host pipe isleft more or lessintact. There
are many methods for renovating existing pipelines, such as the techniques of
swage lining and dip lining.

3.1.45 Benefits of Modern Installation Techniques

It is advantageous to use modern narrow trench and No-Dig installation
techniques because they:

Significantly reduce costs

Savetime

Reduce public and environmenta disturbance
Are safer

3.15 Limitations of PE 100 Pipesin Demanding
Applications

Modern installation techniques can lead to substantially increased damage to
the outer wall of the pipe due to abrasion, scoring and scratching. Two
methods, directional drilling and pipe bursting are particularly aggressive to
the outer wall of the pipe. The directiona drilling method first creates a hole
in the ground that is then reamed out to a size allowing a coil of PE pipeto be
pulled through [49].

Pipe bursting iswhere an existing metal pipelineis broken into fragments and
then a PE pipeis pulled into the void created by the pipe bursting equipment
directly behind the splitting tool. Around 100 metres are pulled through at a
time, at diameters of up to 225 mm. One of the benefits of thistechniqueisto
allow replacement of pipes with pipes of the same diameter or even greater
when in benign ground conditions. A concern with this processisthe
resulting sharp metal fragments aswell as stones and gravel that are left in the
ground surrounding the PE pipe. These all have the potentia to score the pipe
during insertion. Depending on the ground conditions scores can penetrate
the pipe surface by between 0.5 and 1 mm [50]. Early pipe bursting
operations used a sacrificial PV C duct through which the PE pipe was pulled,
offering protection to the PE pressure pipe. More recently only PE pipeswith
outstanding ow crack growth resistance have been used alowing the
expensiveto install PV C duct to be dispensed with. Other techniques such as
horizontal drilling or any technique where difficult ground conditions persist
can lead to damage such as surface abrasion. This often leads to the
specifying of thicker walled pipes with obvious economic disadvantages and
perversely such thicker walled pipes are more likely to come into contact with
embedded rocks therefore making them more susceptible to point loads due
to the plane strain condition in the pipe wall.

The susceptibility of pipesto different types of damage in different
installation processes was considered [51]. For methods such as pipe
bursting and soil displacement protection against notch damage/crack
initiation and point loading were considered to have avery high requirement.
For relining applications notch damage/crack growth was considered to have
avery high requirement, but thereis no requirement for protection against
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point loading. Horizontal drilling was also considered to have ahigh
requirement for protection against both notch damage/crack initiation and
point loading. Ploughing and sandless installation were considered to have
very high requirements for point loading resistance but not notch
damage/crack initiation, whereas milling was considered to only have ahigh
requirement for point load resistance.

Despite the good properties of PE 100 and its very well proven performance
in gas distribution systems, such severe conditions will make extra demands
that may put limitations on the product because there will be:

Increased abrasion

Increased risk of failure due to point loading

Increased risk of external defects

Increased risk of rapid crack propagation — here the increased wall
thickness used to compensate for additional damage may increase the risk
of failure.

In addition to these possible problemsit is still recognised that welding and
jointing of PE 100 pipesis still not 100% reliable.

For these reasons a number of competitive aternative material solutions are
being developed and used by the industry for the most demanding
applications, particularly where the modern installation techniques of narrow
trenching and No-Dig are employed.

Alternative materials such as the use of PE 100 pipes with an outer protective
PP coating, multi-layer PEX-PE 100-PEX pipes and PEX pipes may provide
the solution in such cases as these may have:

Higher long term strength

Better dow crack growth resistance

Better rapid crack propagation resistance
Better point |oad resistance

Better abrasion resistance

Better corrosion and chemical resistance

May enable more reliable welding and jointing

3.1.6 Economic Consider ations

Theflexibility and toughness of PE pipe dlowsit to be delivered and
dispensed into ground workings from coils, avoiding the need for many joints
and also reducing delivery costs. Thisresultsin areduction in the total cost of
the installation, which may offset any higher material costs[12].

Thetota cost of a pipeline can be broken down into a combination of:

1. Pipeand Fitting costs:
Raw materias
Production

2. Instalation costs
Jointing processes
Excavation, pipelaying, reinstatement
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3. Maintenance
Repair of material/construction failures
Repair of damage

4. PipdineLifetime
Determined by design
Determined by quality control

Environmental and re-cycling issues are also important. Minimising waste
and re-utilising scrap are obvioudly not only important environmentally but
for economic reasons too.

Although all these factors are very important the maintenance and pipeline
lifetime may often be considered lower priorities in economic terms, provided
that well known materials with along service experience from around the
world in similar applications are being selected. Therefore economic selection
may be determined most critically by pipe and fitting and installation costs.
Asthe ease of installation of PE pipes by modern installation techniques can
offset any higher price for these materiasit can be that the installation
method isthe most critical factor of all. It istherefore of great advantage to
find pipes suitable for use with modern installation techniques, even if these
are more costly multi-layer or PEX pipes.

3.2 PE 100 Pipeswith a Protective PP Outer Layer
321 Material Factors

The beneficia properties of PE 80 and PE 100 pipes for usein gas and water
distribution applications are well known and along successful service history
has been established. However there are two notable areas where further
improvements can be made to these systems. excessive damage particularly
when using modern No-Dig installation techniques and problems with
welding, particularly due to on-site contamination. Therefore a new product
has been devel oped by Uponor, known as “Profuse” with a peel-able
sacrificial skin, intended to absorb the extra damage when using trenchless
installation techniques [50]. After installation, removal of the skin using a
simpletool reveals a contamination free surface readily prepared for welding.
Asthis surface is protected until just before welding many of the problems
associated with poor welds are eliminated.

“Profuse” pipes consist of a core pipe and a skin. The core pipe consists of
an un-pigmented, UV and thermally stabilised PE 80 or PE 100 material. The
pipes have dimensions that conform to the SDR, wall thickness and outside
diameters as given in 1SO 4437 [45]. By selecting the appropriate dimensions
according to this standard arange of different pressure rated multi-layer pipes
can be produced in the same way as solid wall single layer PE 80 and PE 100

pi pes.

The 0.6 to 0.7 mm thick polypropylene skin can be coloured or have stripes
to indicate the utility and pressure rating and/or the type of PE resin core pipe,
whether PE 80 or PE 100. The skin adheres well enough to the core pipe for
it to remain in place during installation but it can aso be removed relatively
easily when jointing. The good adhesion is because the PE melt and PP melt
first comeinto contact in the co-extrusion die and this interface is kept intact
throughout the extrusion line, with the two materials being cooled to ambient



BODYCOTE POLYMER AB 2003-03-31 22

temperature together. Since the PE pipe is not exposed to the cooling baths
surface oxidation of the outside wall does not occur, asit is not exposed to
the environment. Since the PP skin is kept intact until shortly before welding,
minimal surface oxidation occurs when the PP skinis peeled off.

The “Safety Line Coated” (SLM) pipe [52] from Egeplast in Germany is
also a standard PE 80 or PE 100 pipe with an external skin of PP. This
product is availablein sizes 25 to 400 mm in al common SDR ratings. The
major difference between this and the Uponor product isthat the outer
coating of recyclable modified PP is added to the core pipe as an additional
downstream operation, therefore the outer surface of the PE core pipe could
still have some surface oxidation. Egeplast have a so developed atool for
removal of the outer skin prior to jointing. If extruders are available any PE
pipe can be coated. This product has been in use with German gas and water
utilities since 1994. Over 200 km has now been installed, largely in diameters
up to 63 mm.

Although pipes made from both PE 80 and PE 100 resins can be used as the
core pipes the present study will consider only multi-layer pipes constructed
with a core pipe of PE 100. However the material factorsfor PE 100 are well
known and as long as a PE 100 resin which passes the three most critical
mechanical propertiesfor this materia the performance should be at least as
good asasingle layer PE 100 pipe. So the multi-layer core should have:

e Minimum required strength (MRS) of 10 MPa according to SO 9080
» High resistance to slow crack growth (SCG) to 1SO 13479
» High resistance to rapid crack propagation (RCP) to SO 13477

The core materia will also conform to al the other test requirementsin
SO 4437.

The sacrificial PP skinislikely to confer extra enhancement of these
properties, the difficulty is how to measure this, as there are no standards yet
available for such multi-layer pipes. One approach isto look at how testsin
the current standards can be used or adapted for these particular products.
However, one should be cautious, as it does not necessarily follow that the
addition of such aprotective layer will improve all the mechanical properties
of the pipe. With composite and multi-layer pipes unexpected and peculiar
fracture phenomena can occur, due to the interaction between the different
materias. If for example one materia in amulti-layer pipe was more prone to
crack growth than the other material then a crack with sufficient energy
running easily through one materia could accelerate and run through the
other materia too, even if the second material was not so susceptible to crack
growth itself. In other words while it is most likely that the mechanical
properties of a pipe will be improved by the addition of another layer itis
possible for the extralayer to reduce the performance of the pipe aswell.

Many new aternatives on similar themes are now being produced. One such
exampleisthe new “Robust” pipe from Pipelife [53]. Here the standard
dimension SDR 11 or 17 PE core pipe has an outer protective layer
consisting of afoamed PE rather than the PP used with the “Profuse”
product. This may possibly provide greater protection against point loading
due to a cushioning effect. Pipelife in the Czech Republic manufacture this
product in the diameter range from 32 to 110 mm. Like Uponor and Egeplast,
Pipelife have developed a specia tool for removing the outer protective layer
prior to welding.
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322 Loading Factors
3221 Temperature

Aswith PE 100 pipes, multi-layer PE 100 with a protective PP outer coating
are expected to gain strength and stiffness as temperature decreases. However
it isnot known how the interface between the materials might be affected by
decreases or increases in temperature. The materials may adhere better at
lower or higher temperatures and this may cause problems when trying to
remove the outer layer for welding. Also the different rates of thermal
expansion of the two materials may cause detrimental effectsto the pipeline at
different temperatures and thisis perhaps of greater concern when there are
sudden variations in temperature.

3.222 Traffic and Backfill

Providing that essential design calculations have been made, such pipes
should have few problems due to traffic loading and backfill when specified
backfill materials are used such as sand or fine gravel. However problems
may occur when modern No-Dig installation techniques are used. Pipe
bursting for example leaves sharp metallic shards in the soil surrounding the
pipe. Also various drilling techniques allow large rocksto be left in the
ground that could potentially cause point loading after installation.

The structure of the pipe however is not necessarily likely to give much
benefit in terms of additiona point load resistance. Thisis because embedded
rocks cause cracksto initiate and grow from the inner wall of the pipe,
making the core pipe material the most critical areafor point load resistance.
However, modern PE 80 and PE 100 materials are highly resistant to dow
crack growth, so the problem may not be too severe.

The only benefit likely to be gained from the thin PP layer is the increased
cross sectional areaover which the load is distributed, athough thisincreased
section may a so contribute to the condition of plane strain, which ismore
likely to promote crack growth. Egeplast claim that there is a 50% reduction
in the stress concentration due to point loads on the outside of the pipe [52].
However it is the stress concentration on the inside bore where cracks initiate
that ismost critical and the claim isonly that thisinterna stress concentration
is reduced. The percentage reduction is not specified and therefore the
suspicion must remain that thisis only marginal for thistype of pipe.

3223 Scratches and Gouges

Modern No-Dig installation techniques will lead to increased damage from
scratches and gouges during installation particularly dueto for example the
metallic shards | eft after pipe bursting operations. The commonly accepted
level of damageis 10% of the wall thickness.

Research on the measurement of scores and scratches on polyethylene pipe
used in No-Dig operations [49] indicates that the scoring of polyethylene
pipe will not exceed the specification of 10% during directional drilling
operationsin clay soils. Measurements taken on PE pipes with a PP outer
layer showed improved protection against scoring under such conditions and
in no case was the outer PP layer scored all the way through revealing the
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inner PE layer. However other types of ground conditions were not
considered.

It was a so shown that the depth of scratches and scores could exceed the
specification of 10% when PE 80 pipes are installed by pipe bursting.
Comparable data was not obtained for PP coated PE pipes or PE 100 pipes.
However the data obtained for PE 80 would suggest that 10% damage could
also occur for PE 100 pipes. This damage may a so be severe enough to
penetrate right through the PP protective outer layer and into the core pipe of
PP coated PE pipes.

Further work is needed to determine the degree of damage for all these types
of pipefor different ground conditions when directionally drilling and
especially for pipe bursting operations.

3224 Welding and Jointing

Although PE pipe materials have had along proven history, it isthe integrity
of the whole pipeline system, which includes welds and joints that is of the
most fundamental importance to the success of a particular material. Welding
of PE pipelines has been described as the Achilles Hedl of PE pipelines and
so thisisone particular area where a PE pipe with a PP skin has the potential
for improvement over conventional PE 80 or PE 100 pipes.

32241 Butt Fusion

Buitt fusion jointing should pose few problems. One benefit isthat it should
be easy to see a proper joint by auniform bead of the unpigmented core pipe
contrasting in colour with the outer striped PP protective layer. There might
be a danger of the PP becoming embedded in the PE weld and thus causing a
point of weakness due to poor adhesion between the layers of different
materials, however this seems unlikely asit isjust athin uniform outer layer
and could easily be detected by non-uniformity of the bead colour. In practice
during bead formation the skin is forced upwards and away from the heater
plate. During welding the skin inverts and rolls under the bead back to the
outside of the pipe.

One important consideration is that the standard butt fusion parameters
developed for PE 80 and PE 100 can be used for PE pipes with a PP
protective skin and no modification of the butt fusion machineis required.
However thereis a potential problem with the pipe not fitting in conventional
butt fusion machines designed for conventionally dimensioned PE pipes. In
this case it might be necessary to remove the outer PP skin at the end of the
pipe to be welded. Welds can be checked for integrity in the usua way by
flexing the beads after they have been removed. Welds have been found to
pass tensile testing with atotally ductile response and awelding factor of
95%. The 10% offset butt fusion joint hydrostatic pressure test at 80°C has
also been passed without problem [50].

32242 Electro-fusion

Many of the problems with Electro-fusion welding have been due to
contamination of the pipe el ectro-fusion coupler weld interface, prior to
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jointing. One of the ways that this problem is alleviated isto keep electro-
fusion couplersin protective polyethylene bags until just before welding.
However no such protection is afforded to the pipeitself that has often been
exposed to the elements for a considerable period before jointing.
Contamination is aproblem particularly from dust and dirt but aso due to
surface oxidation that often leads to a poor quality weld. The practice of
scraping pipe is recommended on PE 80 and PE 100 pipe, in order to remove
the contaminated or oxidised outer layer. While usualy effective, thisisa
time consuming operation that is very dependent on the skill of the operator
even with the development of mechanical scrapers. By using a mechanical
tool to score the PP outer layer of the pipe and aid removal by hand an even
contamination free surface is revealed that should aid high quality welding.

One possible drawback to this method isthat it may be difficult to remove the
outer layer if it is bonded too well to the core pipe. This might occur dueto a
particularly extreme installation temperature. However providing the exposed
core pipeis kept away from dirt prior to welding there should be no need for
scraping meaning a much more even and intimate fit of the core pipe within
the electro-fusion coupler. Thisis particularly important as poorer
performances in the ped test have been noted when large gaps between the
pipe and coupler have been present [50]. However should contamination
occur the dimensioning of the core pipes to the relevant standard such as1SO
4437 means that scraping could be performed as alast resort if it were
necessary. Profuse pipes have been shown to pass the peel test in BS 7336
with agross ductility at or above 94%, well above the 75% requirement [50].

Egeplast have devel oped a technique to provide a protective coating over the
area of the weld after welding in order to protect the weld seamsin protective
coating quality [52].

3.2.25 Squeeze-Off

Tests have been undertaken using conventional squeeze-off procedures for
both plain PE 100 pipes and PP coated PE 100 pipesusing all the same
settings. Pipes of both materials passed the standard hydrostatic pressure test
at 80°C. It was found that the extra PP layer neither inhibited the process
from being effective nor did it reduce the strength of the pipe according to the
pressure test. A further series of tests was undertaken to look at the rate of
recovery interms of attaining roundness of pipe after being subjected to
sgueeze off. The results showed that thicker walled pipestook longer to
recover, but the addition of the skin had no observable effect on the rate of
recovery. Also the addition of the skin means that squeeze tools do not need
to be modified for these multi-layer pipes as the stops set for conventional
solid wall pipeswill suffice [50].

3.23 Environmental Factors
3.231 Internal Environmental Factors

Since the core pipe isaconventional PE 100 materia these pipeswill be
suitable for gas distribution applications with little danger of any internal
environmental effects. The PE 100 should however conform to the
requirements of 1SO 4437 and in particular the resistance to gas constituents
hydrostatic pressure test.
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3.23.2 External Environmental Factors

Aswith all pipeline materials, ground where there is heavy contamination of
chemicals or il etc. should be avoided asfar as possible, however the PP
outer layer should afford the PE core pipe some extra protection in such
cases. As with the core pipe the requirements of 1SO 4437 should be met,
specifically the resistance to weathering test.

324 Advantages of PE 100 Pipes with a Protective PP
Outer Layer in Demanding Applications

The structure of the outer of SLM pipesis specially designed to be highly
abrasion resistant [54]. These pipes are described as being the most
commonly used for trenchless installation due to their flexible abrasion
resistant outer coating. Although details of the test method are not specified
the results of abrasion tests showed that pipeswith an SLM coating are about
1.1 times more abrasion resistant than PEX pipes, about 1.6 times more
abrasion resistant than PE 100 pipes and about 1.9 times more abrasion
resistant than PE 80 pipes. SLM pipes can also be produced with a special
outer surface geometry of longitudinal grooves or an orange pedl surface
structure in order to increase the abrasion resistance still further. Such a
modified outer geometry can also lead to areduction in friction when drawing
the pipe strand through the soil in trenchless installation processes.

The main advantages of a system with a PP outer protective layer on PE 100
pipes might be:

Margina improvement in resistance to point loading

Better quality of jointing, particularly for electro-fusion

Better corrosion and chemical resistance

Additional protection during installation and transportation

Increased abrasion resistance

Allows more widespread use of modern installation techniques often
reducing installation costs sufficiently to offset any higher material costs
» Lessneed for expensive specified backfill materials, making for easier
installation with lower transport costs and less detrimental environmental

impact
» Possibly dightly increased dow crack growth performance
» Possibly dightly increased resistance to rapid crack propagation

3.25 Economic Considerations

Egeplast “SLM” pipe sellsat 1.5 to 2.0 times that of the price of
conventional PE 100 pipe. Cost savings claimed for trenchless refurbishment
of gas pipes of between 100 and 200 mm diameter cost SEK 1 160 to SEK 1
390 per metre. Thisis between 30 and 35% cheaper than by other techniques.
Another German end user claimed a cost saving of 25% for installation [52].

“Profuse” costs 20% higher than conventional PE pipe of the same size and
SDR in the UK [50].
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3.3 PEX pipes

Cross-linked polyethylene pipe for gas distribution has long polymer chains
which are connected by covaent bonds into a three dimensional network.

Like PE these systems offer flexibility, light weight, leak-free, corrosion
resistance, ease of handling and installation, and lessfriction. PEX piping
systems also offer the following performance improvements over PE piping
systems:

Greater thermal stability

Higher long term strength

Better dow crack growth resistance
Better rapid crack propagation resistance
Better point load resistance

Better chemical resstance

Greater abrasion resistance

These superior mechanical properties make PEX pipes very suitable for
demanding installation techniques such asrelining.

331 Material Factors

Conventiona PE is athermoplastic consisting of long polymer chains that
can be readily reformed by the application of heat and pressure. The strength,
toughness and flexibility of different grades of PE is dependent on the degree
of entanglement of the individual polymer molecules[55]. PE 100 materials
have a co-monomer structure, which contains branches on the long chains
thus having improved mechanical properties compared with 1% generation PE
materials where the long chains are able to easily glide over each other.
Cross-linked PE or PEX isone step further, where the chains are cross-linked
in athree dimensional network that can no longer be ssmply reshaped by the
application of heat and pressure. The resulting thermoset structure has
improved mechanical properties and is more heat resistant than its
thermoplastic counterparts. However it retains much of the flexibility and the
ductility of athermoplastic aswell. It has seen widespread use in small
diameter heating and water supply systemsfor the last thirty years but has
taken longer to penetrate larger sized water and gas distribution markets due
to its high cost. Cross-linking can be achieved by a number of different
techniques of which the three principle ones are peroxide, silane and

radiation. All these techniques use free radical reactions to induce links
between the single strands of PE to form a dense network.

PEX-amaterias are produced by using the heat-activated generation of free
radicals by peroxides to form PE radicals, which can then form links with
other PE radicals or abstract hydrogen from another PE strand.

PEX-b materials are produced by the grafting of areactive silane molecule to
the polymer chain by means of afree radical mechanism that isinitiated by a
peroxide. Cross-linking occurs by hydrolysis of the silane groupsin the
presence of a catalyst and condensation of the resulting silanol groups on
adjacent polymer molecules.
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PEX-c materials are produced by radiation, where high-speed electronsrip
hydrogen atoms off the polymer chain, allowing extra carbon-carbon bonds
to form between adjacent chains.

An International Standard 1SO 14531 [56] is being devel oped to extend the
scope of PEX for usein gas distribution systems. The aim isto embrace a
performance envelope beyond that covered by existing PE standards into
regions of higher operating pressures and extremes of operating
temperatures.

Asfor PE 100, the three critical properties are long term strength, resistance
to dow crack growth and resistance to rapid crack propagation. The
performance of PEX comfortably exceeds that of conventional PE 100 in all
three of these critical mechanical properties.

The main reason the superior properties of PEX have not been fully utilised
in applications such as gas distribution systemsis the high price of the
materia. Recently Solvay [57] have partially overcome this problem by
introducing a new multi-layer pipe that only has PEX material in the most
critical areas of the pipe, the outer wall, where increased abrasion and scratch
resistance is required and the inner wall where increased resistance to ow
crack growth isrequired particularly due to possible point loading. The
remainder of the pipeisaconventional PE 100 materia, therefore offering a
cost reduction over solid wall PEX pipes. The co-extruded tri-layer pipes
consist of:

* An MRS 10 rated PEX-b astheinterna layer for resistance to point
loading induced slow crack growth

* Bimoda PE 100 resin asthe core layer

* An MRS 10 rated PEX-b asthe external layer for its resistance to
scratches and scores

For 110 mm SDR 11 pipes both the external and internal PEX-b layers are
about 1.5 mm thick. The PEX-b material used in these pipes has been
observed to have failure timesin excess of 10 000 h [58] in the notched pipe
test according to SO 13479, way beyond the requirements of 165 h for

PE 80 and PE 100 materials. However these test were performed on a pipe
made of the pure PEX-b material and not the tri-layer pipe described. If
subjected to thistest, the tri-layer pipe described may have no better
performance than a PE 80 or PE 100 pipe as the test requires notches of 20%
of the wall thickness of the pipe and would in this case remove all of the outer
PEX layer, thus exposing PE 100 material to the test.

On asimilar theme PE 100 pipes with integrated protective outer and inner
layers of a hardened PE material have been devel oped by Wavin [50]. The
aim for this material isto give greater resistance to point loads whilst till
retaining many of the cost and jointing benefits of conventional PE 100 pipes.
These pipes have performed much better than conventional PE materialsin
notched pipe testing, and most markedly in point loading tests performed
using the constant deformation methodology of Hessel [59]. In these tests the
hardened material was shown to give at least 3 times the point |oad resistance
of conventional PE 100 pipes and also PE 100 pipes with a protective PP
outer layer. The PP coated PE 100 pipes actually performed no better than
conventiona PE 100 pipes.
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332 Loading Factors
3321 Temperature

Aswith other plastic pipes PEX pipes gain strength and stiffness as
temperature decreases. Thisis where PEX pipes have asignificant advantage
over PE 100 pipes, asthey are more temperature resistant. For example they
may pass the RCP test according to 1SO 13477 for constant pressure at
temperatures as low as—30°C or even —35°C [58] compared with 0°C for PE
100 materias. Not only do these materials have better mechanical properties
at lower temperatures, they are more temperature resistant at higher
temperatures too thus having a much greater operational temperature range.

3322 Traffic and Backfill

PEX pipes, like PE 100 pipes and PP coated PE pipes, should encounter few
problems due to traffic and backfill when specified backfill materials are used
and once all appropriate design cal culations have been made. However the
greatest concern for al PE pipes has been incorrect backfilling procedures
leading to possible problems with point |oading due to the presence of large
rocks. It isinthisareathat PEX pipes perform much better than conventional
PE 100 pipes because their three dimensional network structure givesa
markedly superior resistance to slow crack growth. This structure is present
on the inner wall of the pipe where stress concentrations are most likely to
lead to crack growth.

Experiments have been conducted on PE 100, PEX and PE 100 pipes with
PEX inner and outer layers [57] using two different point loading tests; one
developed to simulate the condition of constant strain or deformation and the
other to simulate the condition of constant stress. Both these test methods use
adetergent solution at 80°C in order to accelerate the dow crack growth
mechanism.

One of these test methods has been devel oped for the condition of constant
deformation. In this case the pipeis externally loaded by compression with a
smooth 10 mm diameter stedl ball [59]. The force applied onthe ball is
increased until a5 mm horizontal flattening of the inner surface of the pipe
wall is reached, thus the compression stress will be different for different
materias depending on materia stiffness. A mechanical device then keeps
this deformation permanent throughout the duration of the test. In this
constant strain test a conventional PE 100 pipe failsin 900 h, whereas a PEX-
b pipeisstill intact after 8 000 h and the multi-layer PEX pipeisstill intact
after 6 000 h in the test [60]. These results are despite ahigher initial
deformation force being required for the less compliant PEX materials.

A constant stress test has a so been developed [17] which involves a constant
load being applied to the outside of the pipe with a sharp rod. Although
guantitative and relative predictions for different pipe materials are not
possible, PE 100 pipes developed cracks on the bore during the test and
failure occurred after 600 h, whereas PEX pipes did not develop cracks under
the same test conditions, attaining lifetimes of longer than 1 000 h. Because
of stressrelaxation it has been calculated that these pipes will never fail under
these conditions [60].
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3.3.23 Scratches and Gouges

The increased damage from modern No-Dig installation techniques can be
well tolerated by PEX pipes as these materials have a superior abrasion
resistance to conventional PE materials. Results obtained [55] gave a depth of
scratch of 7.4 microns for aPEX 80 and 10.1 microns for a PE 80 materia
when a 1 kg weight was used on a knife. When aweight of 2 kg was used the
depth of the scratch was 19.3 microns for the PEX 80 material and 33.4
microns for the PE 80 material.

3324 Welding and Jointing

Mechanical fittings have been widely used for small diameter PEX pipingin
water distribution and radiant floor heating applications. The difficulty isin

welding these materials, asthey do not deform as easily with the application
of heat and pressure as they are not true thermoplastics like PE. It has been

reported that electrofusion is possible for PEX-a pipes but not butt fusion.

A good summary of the state of play for welding of PEX pipesisgiven [61].
Ductilejointsin PEX pipesjoined by electro-fusion couplers constructed of
PE 80 were made [62] and success was also reported [63]. Since trials at
Gastec [64] gave positive results regarding electro-fusion jointing of PEX-a
confidence has grown that thisis a suitable jointing method for this material
leading to the adoption in DV S guideline 2207-1, Part 1 Addendum 1 (5/99)
[65] which alows for the el ectro-fusion of pipes made of PEX-awith fittings
made of conventional PE. The criteria are almost identical to those for
standard PE materias, with the most significant differences being the
exclusion of butt fusion welding and the stipulation that a rotating scraper
rather than a manual oneis used for preparation of the pipe prior to jointing.

33241 Butt Fusion

It has been demonstrated that butt fusion under standard welding conditions
will join conventional PE materials to conventional PE or conventional PE
materiasto PEX materials, but not PEX materialsto PEX materias[55].

Butt fusion welding trials were conducted on many different PEX/PE and
PEX/PEX combinations with the conclusion being that high quality ductile
welds could not be obtained [61]. However ductile welds could be obtained if
un-cross-linked PEX-b pipes were butt-welded then cross-linked
retrospectively after jointing. The result was a high strength joint with ductile
welds.

A further study [67] has shown that PEX pipes can be butt welded with
modification of welding parameters. However such joints still have drawback
that they are only as strong as the non-cross-linked PE material that forms the
weld interface.

33242 Electro-fusion
Gastec have successfully welded PEX pipes using standard PE 80 and PE

100 electro-fusion fittings [55]. Studies are also being conducted to see if
injection moulded fittings made from a PEX pipe grade can be used to weld
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such systems [58]. It is reported [50] that while laboratory tests show that
electro-fusion sockets and T pieces etc give adequate performancein the
laboratory that the performance of electro-fusion tapping saddles of different
designsisstill very variable.

SO 14531:2002(E) [56] for PEX gas pipe systems requires PEX gas pipe
systemsto be down graded due to the use of electro-fusion couplers
produced from conventional PE 80 and PE 100 materials. Also the coupler
materias are less temperature resistant than the PEX pipes themsealves,
meaning that the full advantages of PEX pipe systems cannot be realised [67].
New couplers have been developed with a PEX body where a metallic cage
within the coupler isinduction heated with accurate temperature control to
ensure high quality welding. Pedl testing, high temperature hydrostatic
pressure testing, thermal cycling and pull-out tests were used to assess joint
performance and in all casesjoints made with the newly developed couplers
passed. In the pedl test in prEN 1555-3 [68] ductility of 100 % was observed,
well above the passlevel of 75 %. Of particular interest were the high
temperature hydrostatic pressure tests at 95 and 110°C, which indicated that
the system might be able to operate at high temperatures.

3.3.25 Squeeze-Off

A study [69] was conducted on the comparison of squeeze off for PE 80, PE
100 and PEXamaterias. These different pipe materials were squeezed off to
0.8 of double the pipe wall thickness and squeeze off was found to be
effective. These pipes were then tested at 80 or 95°C in 1 000 h hydrostatic
tests and all pipes were found to pass.

3.3.3 Environmental Factors
3.331 Internal Environmental Factors

Aswith the other pipe materials PEX pipes should demonstrate resistance to
gas congtituents. A PEX pipe grade developed by Solvay was shown to be
more resistant than PE in the gas condensate test [58] passing the
requirement for PE pipes by afactor of 50 times[70].

3.33.2 External Environmental Factors

It has been demonstrated that PEX 80 pipes have a greater chemica resistance
than conventional PE 80 pipes[55]. In three different chemical environments
aPEX 80 material showed alower degree of swelling than a conventiona PE
80 material.

334 Advantages of PEX Pipes and PE 100 Pipeswith PEX
Outer and Inner Layers

The biggest problem with modern installation techniquesis having sufficient
resistance against point loading. Two possible solutions are the use of a
highly stress crack resistant material such as PEX, or a conventional PE 100
pipe with PEX outer and inner layers. Another solution isto use protective
mats against stonesin sandless embedding. The most effective of theseis
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almost certainly using PEX only pipes but the very high materia costis
usually too high to offset any benefit from reducing the quality of the backfill
materia [50].

The possible advantages of PEX pipes and PE 100 pipes with PEX outer and
inner layers are:

Better corrosion and chemical resistance

Very good point loading resistance

Additional protection during installation and transportation
Increased dow crack growth performance

Increased resistance to rapid crack propagation

Increased range of safe operational temperatures

3.35 Economic Consider ations

PEX pipes are about twice the cost of conventional PE, so the tri-layer pipeis
somewhere in between in price [60].
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4 Interview, Questions and Case Study

Of the issues discussed at the meeting between Mr. Owe Jonsson and
Dr. Steven Brogden in Stockholm on 26™ August 2002, the following were
considered to be most relevant to this project:

» Damageslikely to cause failures

» Welding and jointing, including any need for further training of personnel
* Squeeze-Off behaviour

* Pipe marking

The most important of these is the issue of damages likely to cause failures
closaly followed by the welding and jointing of the system.

The“Profuse” product is very much the preferred option at the moment as
PEX pipes are considered to be too expensive. However the extra protection
afforded against point loading by PEX pipes was considered important by
Dr. Steven Brogden. Mr. Owe Jonsson suggested that the use of multi-layer
pipes might be avoided altogether by using athicker wall, say SDR 11

PE 100 pipe rather than a SDR 17 PE 100 pipe. Thiswill have adrawback in
that the increased section will actually be more susceptible to point loading
due to the condition of plane strain in thicker walled pipes.

Sydgas recently undertook an 8 km installation using “ Profuse” pipes from
Uponor in Kristianstad, southern Sweden. This installation was in benign
ground conditions, comprising of sand and clay. A shallow narrow trench
technique was used with the excavated material used as the backfill. This
project istypical of the sort of application that the Svensk Gastekniskt Center
Isinterested in, together with modern No-Dig techniques and possibly other
areas such as bridge crossings.

The techniques of both electro-fusion and butt-welding were used during the
Kristianstad installation. It was found that if the PP outer layer was thicker
than 1.0 mm for SDR 17 pipes there was adetrimenta effect on the welding
quality, but if the PP was less than 1.0 mm thick welding was satisfactory.

For electro-fusion the pipes were scraped, although this was subsequently
found not to be necessary. A time asaving of 30 to 60% can be made by not
scraping the pipe. Large scratches and damages were easy to see because of
the penetration right through to the unpigmented PE layer showing a contrast
in colour. Squeeze-off could be undertaken using the same stops as for

PE 100 with no problem.

By using the same backfill in the narrow trench saved some 200 lorry loads,
asit would have taken 155 lorry loads to remove the old backfill and 57 more
to bring the new backfill to the site. The backfill cost was SEK 45 per metre.
If specified backfill material had been it would have cost SEK 90 per metre.
Therefore by using the excavated material as backfill a saving of SEK 45 per
metre was made. For the total project cost SEK 126 000 was saved,
comprising of 2.5% of the total cost despite the cost of the pipes being 20%
higher than PE 100, the same price as reported in the UK. Thisiswithout the
significant time saving that would have been made by not scraping the pipes
prior to welding.
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5 Diagnosis

The following table shows aranking of the factors considered to be the most
critical for the use of PE 100, multi-layer and PEX pipesin demanding
applications. Each of the different types of pipe are given a performance
ranking for each factor, with 1 = best, 4 = worst.

Table 1 Ranking of critical factors for using different types of pipein
demanding applications

Factor PE 100 PE 100 PE 100 PEX
with PP with PEX
Point loading 4 3 2 1
Abrasion 4 3 2 1
Electro-fusion 2 1 3 4
welding
Butt-fusion welding 1 2 3 4
Rapid crack 4 3 2 1
propagation
Squeeze-off ahility 1 2 3 4
Long-term strength 4 3 2 1
Cost 1 2 3 4

It can be seen that we have two extremes in the table with the least costly and
poorest mechanical properties of PE 100 compared with most costly and best
mechanical properties of PEX pipes. Thusfor these materials the ranks of 1
and 4 predominate. The multi-layer pipes are seen as a compromise between
these extremes and therefore predominantly rank as 2 or 3, with the PE 100
pipeswith a PP outer and inner layer giving the lowest overall total and hence
perhaps the best balance of properties.

It isimportant to note that this table is not definitive; these rankings represent
the best judgment from the information available in the literature and
experience.

The key property, particularly for both point loading and abrasion is the slow
crack growth resistance. Some degree of external damage from scratches and
gouges can be accepted as long as the pipe material has very good resistance
to dow crack growth. Any condition where point loading may occur is of
concern but it will be the dlow crack growth performance of the material that
will eventualy determine whether the pipe will fail. It isimportant therefore to
undertake like-for-like tests using a suitable test method. However the usud
method is for notched pipe testing according to 1SO 13479 and thisisnot a
suitable comparison as the standard test would involve making a notch which
would score right through the PP outer layer of these particular multi-layer
pipes. A more suitable test method may therefore be the use of an
environment stress-cracking agent such as L utensol to accelerate the dow
crack growth process.

Also aranking has been given for resistance to RCP, although it cannot be
taken for granted for example that PE 100 pipes with a PP outer layer will
perform better than PE 100 pipesin thistest. Therefore tests should be
undertaken to determine a comparison with pipes constructed of each
combination rather than for example just testing pure PEX pipes or pure PP
pipes and then assuming that improved results will automatically occur when
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these materials are tested as one material within amulti-layer pipe
congtruction that includes another material aswell.

Welding isaparticularly critical area as the pipes may perform perfectly well
themsealves, but it has usually been found to be the welds that are most critical
to the system as awhole. PEX pipes are seen to give the best performance for
most of the important properties, but difficulties with welding mean that a
welded PEX system may require far more maintenance in the future due to
poorer quality jointing as the system isonly as strong as its weakest link. The
importance of fitted components and welds in the system are critical and even
apparently good joints may only have alimited lifespan. Therefore regression
data should be generated using hydrostatic pressure testing of electro-fusion
couplers and fittings with pressure end closures very near to the fittings. This
could allow amore realistic comparison of the lifetime of these critical
components in the system for each type of pipe. By using metal deeves
around the pipes, or by tensile testing and determining the degree of ductility
butt welds could a so be compared.

The long-term strength and squeeze-off ability are adequately covered, asthe
long-term strength of these materias shall already have been assessed to

| SO 9080 and sgueeze-off behaviour has been shown to be satisfactory for
all thesetypes of pipein severa different studies.

In summary the complexity of materials selection means that there are d'so
some significant disadvantages with these systems:

* Much higher material costs

» Moredifficult and more expensivejointing

» Each pipe system has a different balance of properties, therefore no
specific pipe offers the obvious best solution.

No system is perfect as each of the aternatives studied has a perceived
weakness in one of the two areas that have proved most critical to the long-
term performance of PE 100 systems, ie. Jointing and Point L oad Resistance:

* Moredifficult and lessreliable jointing of PEX/PE 100/PEX and PEX
systems compared with PE 100 systems

» No significant improvement in point load resistance for PP coated PE 100
systems compared with PE 100 systems
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6 Identifying Test Methods and Lifetime Models

It is assumed that the multi-layer and PEX pipesto be used will already have
been evaluated for their long-term hydrostatic strength or MRS. After the
long-term strength, the most important factor is the susceptibility of the pipes
to damages from point loading, abrasion or some unforeseen accidental
damage such as being hit by a digger during installation. Although many
different test methods exist the most critical isthe resistance to ow crack
growth, often referred to as the Stage 1 lifetime of plastic pipes. Thisisvery
important asit is good slow crack growth properties that give assurance
against both point loading and damages due to external damages such as
gouges and scratches. The other important property in respect to damagesis
the resistance to rapid crack propagation which is temperature dependent.
Welding and squeeze-off ability are also very important not only as regards
testing but also the ability of these pipes to be used under established
standard conditions and whether new conditions need to be and are able to be
established. Suitable tests that could be used for the multi-layer and PEX
pipes are:

» Resistance to SCG by notched pipe testing or by using an environmental
stress cracking agent.

» Point loading tests under constant strain deformation conditions.

* Resistance to RCP by $4 testing for critical temperature and pressure.

» Teststo establish the suitability of established welding parameters at

different ambient temperatures and how these need to be modified for each of

the multilayer and PEX pipes considered.
The development of regression data by hydrostatic pressure testing of
fittings and joints at ambient temperature to establish the long-term
integrity of the whole system.

* Full-scale hydrostatic pressure testing of butt-fusion welds with metal
deeves.

» Tensletesting of butt fusion joints to establish weld ductility.

» Long term hydrostatic tests on pipes subjected to squeeze-off.

Some other test methods that might be considered but are of secondary
importance:

* Long-term hydrostatic pressure tests on larger diameter and thicker walled
pi pes.

» Abrasion testing.

» Resistance to gas constituents.

» Corrosion resistance.

The hydrostatic pressure testing of thick walled large diameter pipesis
considered of secondary importance, asit isthe SCG performance that is
most critical. The resistance to gas constituents and corrosion resistance are at
least as good as PE 100 pipes and are therefore considered to be acceptable.



BODYCOTE POLYMER AB 2003-03-31 37

Acknowledgement

Thiswork has been financed by Svenskt Gastekniskt Center AB. Their
support is gratefully acknowledged. Mr. Owe Jonsson of Svenskt
Gastekniskt Center AB is thanked for his most valuable comments and
discussions during the project.

At Bodycote Polymer AB | would like to thank Mrs. Ulrika Andersson and
Mr. Jarno Hassinen for their proof reading of this report.



BODYCOTE POLYMER AB 2003-03-31 38

List of references

1 BENJAMIN P
Pastic Gas Digtribution Systems, A Review of Current Practice
Plastic Pipes1V, March 1979, Brighton

2 HILL T
Assessment of PE Pipe Systems, Condition and Residual Life
Pastic Pipes X, September 1998, Goteborg, Sweden

3 SCHEIRS J,BOHM L L, BOOT JC and LEEVERSP S
PE100 Resins for Pipe Applications: Continuing the development
into the 21* Century.

Trendsin Polymer Science, val. 4, no. 12, December 1996
p.408-15

4 LE ROUX D, AHLSTRAND L-E and ESPERSEN H
PE100 opens new Horizons for Plastic Pipes
Pastic Pipes X, September 1998, Goteborg, Sweden

5 ISO/TR 9080:1992(E)
Thermoplastics pipes for the transport of fluids — methods of
extrapolation of hydrostatic stress rupture data to determine the
long-term hydrostatic strength of thermoplastics pipe materials
International Organization for Standardization, Geneva

6 | SO/FDIS 9080:2002(E)
Plastics piping and ducting systems - Determination of long-term
hydrostatic strength of thermoplastics materiasin pipe form by
extrapolation
International Organization for Standardization, Geneva

7 LEIJSTROM H, IFWARSON M
Results and Experiences obtained from SEM evaluations according
to ISO/TR 9080 of polyolefin pipes
Pastic Pipes X, September 1995, Edinburgh, Scotland

8 SO 13479:1997(E)
Polyolefin pipes for the conveyance of fluids. Determination of
resistance to crack propagation. Test method for the ow crack
growth of notched pipes (notch test)
International Organization for Standardization, Geneva

9 SO 13478:1997(E)
Thermoplastics pipes for the conveyance of fluids— Determination
of resistance to rapid crack propagation (RCP) — Full-scale test
(FST)
International Organization for Standardization, Geneva

10 SO 13477:1997(E)
Thermoplastics pipes for the conveyance of fluids— Determination
of resistance to rapid crack propagation (RCP) — Small-scale steady-
State test (S4 test)
International Organization for Standardization, Geneva



BODYCOTE POLYMER AB 2003-03-31 39

11 BERGMAN N
Polyethylene Pipes—a 100 year Service Life?
Plastic Pipes X, September 1998, Goteborg, Sweden

12 STAFFORD T
Plastics in Pressure Pipes
Rapra Review Report 102, Val. 9, No. 6 (1998)

13 JANSON L-E
Plastic Pipes for Water Supply and Sewerage Disposal
Boredlis, 1996

14 PHILIPS DRISCOPIPE INC.

Driscopipe Systems Design Manual
Richardson, Texas, 1991

15 prEN 1295-2:1999 (E) Issue 2
Structural Design of Buried Pipelines under various Conditions of
Loading — Additional Details about Established Methods
European Committee for Standardisation, Brussels

16 HOLTEN F L and RIJIPKEMA HJM
Field Failures in Polyethylene Gas Pipes. Analysis versus Lifetime
Prediction
Plastic Pipes VIII, September 1992, Eindhoven

17 LENZ J
L ong-Term Point Loads Testing with Plastic Pipes
Plastic Pipes X1, September 2001, Munich

18 HILL D J
Plastics Pipeline Jointing Methodsin the Utilities
Conference Proceedings, IMechE, March 1999, London

19 STEWARTS & LLOYDSPLASTICS
Polyethylene Pipe Systems for the Water Industry: Technical and
Installation Guide. Huntingdon 1992

20 WATER INDUSTRY SPECIFICATION WIS 4-32-16
Specification for Butt Fusion Jointing Machines
WRc, Swindon, England, January 1998

21 prEN 13067
Plastics Welding Personnel — Approval Testing of Welders —
Thermoplastics Welded Assemblies
Euopean Committee for Standardisation, Brussels

22 WILSON K A
Verification of Butt Fusion Weld Quality in Large Diameter PE100
Water Pipes
Plastic Pipes I X, September 1995, Edinburgh, Scotland



BODYCOTE POLYMER AB

23

24

25

26

27

28

29

30

31

32

33

2003-03-31 40

DVS 2207 Part 1

Schwel 3en von thermoplastischen Kunststoffen
Heizelementschwel 3en von Rohren, Rohrleitungsteilen und Tafeln
aus PE-HD

DV S-Verlag GmbH, Disseldorf, August 1995

WATER INDUSTRY SPECIFICATION WIS 4-32-08
Specification for site Fusion Jointing of PE 80 and PE 100 Pipe and
Fittings

WRc, Swindon, England, August 1994

PERSSON C
Welding of Large Diameter Pipes
Macplas International, May 1997

WATER INDUSTRY SPECIFICATION WIS 4-32-17
Polyethylene Pressure Pipes for Pressurised Water Supply and
Sewerage Duties

WRc, Swindon, England, March 2000

HINCHCLIFF F A and TROUGHTON M J

Comparison of Short-Term Coupon Tests for Assessing the
Performance of Butt Fusion Welds in Polyethylene Pipes
Plastic Pipes X, September 1998, Goteborg, Sweden

BS 2782, Part 3: Method 359
Methods of testing plastics: Measurements of dimensions of pipes
British Standards Institution, 1984, London

DVS 2203 Part 5

Prifen von Schweil3verbindungen an Tafeln und Rohren aus
thermopl astischen Kunststoffen Technol ogischer Biegeversuch
DV S-Verlag GmbH, Disseldorf, August 1999

DVS 2203 Part 4

Prifen von Schweil3verbindungen an Tafeln und Rohren aus
thermopl astischen Kunststoffen — Zeitstand — Zugversuch -
DVS-Verlag GmbH, Dusseldorf, July 1997

DVS 2204 Part 1
DV S-Verlag GmbH, Disseldorf

ASTM F 1473

Standard Test Method for Notch Tensile Test to Measure the
Resistance to Slow Crack Growth of Polyethylene Pipes and
Resins

ASTM, 1997, West Conshohocken, United States

STRIPLIN T H

Non-Destructive Testing of Electrofused Joints and Large Diameter
Gas Pipes

Plastic Pipes X, September 1998, Goteborg, Sweden

KENWORTHY DM A and HARVEY D FA
Installation of Large Diameter Electro-Fusion Branch Saddles
Plastic Pipes 1 X, September 1995, Edinburgh, Scotland



BODYCOTE POLYMER AB

35

36

37

38

39

40

41

42

46

2003-03-31 41

MARSHALL G P, HEPBURN D Sand NETHERWOOD N
Improvements in Electrofusion Welding in the UK Water Industry
Plastic Pipes 11X, September 1995, Edinburgh, Scotland

WATER INDUSTRY SPECIFICATION WIS 4-32-14

PE8O and PE100 Electrofusion Fittings for Nominal Sizes up to and
Including 630

WRc, Swindon, England, March 1995

BS 7336

Specification for polyethylene fusion fittings with integral heating
element(s) for use with polyethylene pipes for the conveyance of
gaseous fuels

British Standards Institution, 1990, London

BOWMAN J, MEDHURST T and PORTASR
Procedures for Quantifying the Strength of Electrofusion Joints
Plastic Pipes V11, September 1992, Eindhoven

Draft WATER INDUSTRY SPECIFICATION WIS 4-32-08
Specification for site Fusion Jointing of Polyethylene Pressure
Pipeline Systetms using PE 80 and PE 100 Materials

BPF Edit, Pipeline Devel opments Ltd., September 2000

THE WATER RESEARCH CENTRE
Pipe Materials Selection Manual
Swindon, England, 1988

PHILIPS DRISCOPIPE INC.
Driscopipe Systems Installation Manual
Richardson, Texas, 1991

MORGAN D and HILL T

Developments of Flowstop Systems for Large Diameter
Polyethylene Mains

Plastic Pipes X1, September 2001, Munich

PIMPUTKAR SM and STETSJA

Guidelines and Technical Reference on Gas Flow Shut-Off in
Polyethylene Pipes Using Squeeze Tools

Gas Research Ingtitute, June 1994, Chicago

EN 1SO 12106:1997(E)

Plastics piping systems — Polyethylene (PE) pipes— Test method for
the resistance to internal pressure after application of squeeze-off.
European Committee for Standardization, Brussels

SO 4437:1997(E)

Buried polyethylene (PE) pipes for the supply of gaseous fuels —
Metric series — Specifications.

International Organization for Standardization, Geneva

SO 1167:1996(E)

Thermoplastic pipes for the conveyance of fluids— Resistance to
internal pressure — Test method

International Organization for Standardization, Geneva



BODYCOTE POLYMER AB

47

48

49

50

51

52

53

54

55

56

57

58

2003-03-31 42

ALFERINK F, BJORKLUND | and KALLIOINEN J
The Design of Thermoplastics Pipes: A Recent Update
Plastic Pipes X, September 1998, Goteborg, Sweden

MORRIS JD
Installation of Plastic Pipes
Pipes and Pipelines International, May 1996

STOKESR, POTTER R, MUHL Jand ACLAND T
Measurement of Scores and Scratches on Polyethylene Pipe used
in No-Dig Operations

Plastic Pipes XI, September 2001, Munich

WOOD S, MUCKLE D, TIMMER R, HARGET D and
BOWMAN J

New Multilayer Plastics Pipes For improving Pipeline
Rehabilitation

16" International Plastic Pipe Fuel Gas Symposium,
November 1999, Chicago

KOSTRING V and LAURENT E
Protected PE100 Pipesfor ‘No Sand’ Installation
Plastic Pipes XI, September 2001, Munich

Egeplast Product Literature
“SLM” Pipe (“Safety-Line” coated pipe)
Egeplast Werner Strumann GmbH & Co. KG, 2002

KWD-Globalpipe, 2002-55.
Darmstadt, Germany, September 2002

WERNER J
HDPE-Pipes with Protective Coating
Plastic Pipes X1, September 2001, Munich

WHITE G J, CORNETTE M and LEFEBVRE L

An Introduction to PEX (Crosslinked Polyethylene) Pipein Gas
Distribution

16" International Plastic Pipe Fuel Gas Symposium,

November 1999, Chicago

SO 14531:2002(E)

Plastics pipes and fittings — Crosslinked polyethylene (PE-X) pipe
systems for the conveyance of gaseous fuels— Metric series—
Specifications

International Organization for Standardization, Geneva

ROUYER V and CORNETTE M
Resistance of Crosslinked PE Pipesto Rock Impingement
Plastic Pipes XI, September 2001, Munich

CORNETTEM and WHITEG J

New Pipe Applications with Eltex TUX 100 Crosdlinkable
Compound

Polyolefins 2001, 25™-28" February 2001, p.263-73



BODYCOTE POLYMER AB

59

60

61

62

63

65

66

67

68

69

70

2003-03-31 43

BELFORTE A
Use of Eltex TUX Gradesin Demanding Pipe Applications
Dubai Plast Pro 2002, April 2002, Dubai

HESSEL J
3R International — Wiesbadener Kunststoffrohrtage 2001
Conference Proceedings, Paper 40, p.178-184

ECKERT R
Joining of PEX Pipes
Plastic Pipes X1, September 2001, Munich

HARGET D C, SKARELIUS Jand IMGRAM F

Crosslinked Polyethylene — Extending the Limits of Pressure Pipe
System Performance

Plastic Pipes V11, September 1992, Eindhoven

HOVING L, PALMLOF M, HARGET D C, UPPERTON PH
and EWING L

PEX The Versatile High Performance Pressure Pipe System
Plastic Pipes 11X, September 1995, Edinburgh, Scotland

SCHOLTEN F L and WOLTERS M

Welding of Peroxide, Silane and Electron Beam Crosslinked PE
Pipes

Plastic Pipes 11X, September 1995, Edinburgh, Scotland

DVS 2207 Part 1 Addendum 1

Schwel 3en von thermoplastischen Kunststoffen
Heizelementschwel 3en von Rohren, Rohrleitungsteilen und Tafeln
aus PE-HD

DV S-Verlag GmbH, Disseldorf, May 1999

TOBIASW

Welding of Crosslinked Polyethylene Pipes
International Polymer Science and Technology 28, No. 6,
2001, p.T/1-4

FRIEND S, HARGET D and HAUKI P
High Performance Fusion Jointing of PEX Pipes
Plastic Pipes X1, September 2001, Munich

prEN 1555-3:2002(E)

Plastics piping systems for the supply of gaseous fuels—
Polyethylene (PE) — Part 3: Fittings

Euopean Committee for Standardisation, Brussels

WUST J

Examinations Concerning the Squeeze-off of Pipes Made of PESO,
PE100 and PEX-a

Plastic Pipes X1, September 2001, Munich.

PALMLOF M and HAIZMANN F
PEX for Gas and Water Pipes
Plastic Pipes X1, September 2001, Munich.



SGC 0%

SE-205 09 MALMO @ TEL 040-24 43 10 ® FAX 040-24 43 14
www.sgc.se @ info@sgce.se






