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Pipes in high-density polyethylene piping: Just to begin

The drain tube of my shower

The brittle fracture occurred after no
more than 20 years of use

A very little piece
but I had to spend 500 euros to replace it and to paint the ceiling of the apartment below
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Pipes in high-density polyethylene piping: Applications
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Pipes in high-density polyethylene piping: Under ground
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Pipes in high-density polyethylene piping: Under sea
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Pipes in high-density polyethylene piping: Types
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Black with Yellow Stripes or Full Yellow Jacket -
Fuel gases, process gases, liquefied gases under pressure

Black with Blue Stripes - Drinking/potable water

Black with Lilac o Purple Stripes - Recycled or reclaimed water

e Black with Red Stripes — Water dedicated for fire extinguishing supply lines

Dipartimento Innovazioni Tecnologiche e Sicurezza degli Impianti Prodotti e insediamenti Antropici




Pipes in high-density polyethylene piping: Sizes and Characteristics o T veriar: HDPE

Specification:

MECHANCAL CHARACTERSTICS  VALLE | THERMIC CHARACTERISTCS VAE | | s s [ s0m7s T s | | sonss
Dens]ty 09 g/cm3 Memng poim 130°C anemm NU:T;{}E.:;:ESS Nc:N.rg.f)%;.g:ess No:q.r;%;.g::ess No:q.;n[l}"g:;::ess

) \ . 20 2,3 3 2,;3 3
Yield stress 20MPa | Max service temperature for short me | 90°C 5 5.3 3 5.3 3
, ‘ 0 , : 0 32 2,3 3 2,3 3
Elongafon at yel 0% | Max senvoe temperature forlong tme | 73°C i 55 5o 5= 5=
| 0 in 1 0 50 2,9 4,6 2,9 4,6
Elongafion at break >600% | Minmum service temperafure 20°C = e o o i
Young's modulus 1000MPa | Softening temperature §0°C 75 3 o8 %3 5.5
Bending resistance 24MPa | Linearhermal expansion coefent | 18x10°K’ 110 6,3 10 6,3 10

160 (At 14,6 grt 14,6

Impact resistance No breakage | GENERAL CHARACTERISTICS VALUE 200 11,4 18,2 11,4 18,2

: ; 250 14,2 2207 14,2 22,7

Herdness (Rockwel ball 4 | Weather resistance Medium 280 15,9 25,4 15,9 25,4

\ i i i SAS 17,9 28,6 17,9 28,6

Compression permissbleload —~~ 22MPa | Flammabilty Flammable 355 T T 50,5 =

] ] o 400 22,8 36,4 22,8 36,4

Mechanical and Thermic Characteristics 450 25.6 20,9 25.6 20,9

500 28,4 45,5 28,4 45,5

In yellow, the gas pipe under periodic / 560 31,9 50,9 31,9 50,9

nan requalification referred to the Italian DM 329/04 630 35,8 573 35,8 57.:3
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The high-density polyethylene: morphology and chemical structure
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The high-density polyethylene: mechanical characteristics
Due to the semicrystalline structure, the HDPE is a viscoelastic polymer

ASTM D638 ‘Standard test method for tensile properties of plastics’
In addition to the elastic zone that is really short

. Diameter, d

fe—Gage length—a{ x¢

three main zones in the stress-strain curve:

1) The plastic zone: an increase in

deformation does not correspond to an increase
Fracture in tension. In this area the load is supported by
the crystalline phase

2) The cold drawing zone: the lamellae of the
crystalline phase flow and the amorphous phase
settles accordingly. In this area the load is
supported both by the amorphous and by the

200 —

Stress (Mpa)

: Yield -
100 : Yie Hardened crystalline phase
. zone
|
— , _ Plastic zone RTT — 3) The_ hardened zone: for further
Linear elastic deformations the amorphous phase has reached
| —\~ | — its maximum extension. Further deformation
nau 0.2 0.4 2.6 2.8 3.0 causes the crystalline phase to break

Strain (%)
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The high-density polyethylene piping: mechanical characteristics during the lifetime

1 Plastic deformation

1th Stage: ductile failure or ballooning - Pipe is subjected to
mechanical overload - Material fails due to ductile yielding

Hoop stress

Ductile
failure ohn=Prt
’ ‘zy/
Lifetime i P~
L /
"n///
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ASTM D1598-15a ‘Standard Test Method for Time-to-Failure of Plastic Pipe Under Constant Internal Pressure’
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Mechanical characteristics during the time: ductile failure

In the 1th stage if the pipe is subjected to mechanical overload,
the material fails due to ductile yielding

50 T T T T 100
Ohoop = 11.0 MPa; 23°C
© 45 4 =
o =~ p
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w = "
o 40l . : ' 4
0 -
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0 20 40 €0 80 100 )
Crystallinity /% Tensile Yield Stress (MPa)

Filling pipes of water and puttig them in pressure till they break, it can be seen that:

the higher is the crystallinity percentage of the HDPE used ->
-> the higher is the value of the Yield stress of the pipe

Fixing the pressure inside the pipes at values that overload the material, it can be seen that:
the higher is the Yield stress of the HDPE used ->
e -> the higher is the time to fail of the pipe
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Mechanical characteristics during the time: ductile failure

Performing hydrostatic tests until failure or not less then 9000 hr

in accordance with ISO 9080 'Plastic pipe and ducting systems - Determination of long term hydrostatic strength of
thermoplastic materials in pipe form by extrapolation’

and extrapolating the measured curve 2
it can be determined 15 ==
the Minimum Required Strength (MRS) TSN PE100
that can be thought as the load L S s i TP -
- due to pure internal pressure - 8 PEB{)
that would cause the pipe ductile failure r— 80°C
after 50 years of service at 20 °C 8 g T
If the tests are performed Z 4 PESD s P FE100
at temperatures higher than 20 °C © -
the curves are lower and show a knee "
followed by a faster descent long before o] eessass PE 80
than the 50 years of service: PE100
this is the so called ‘mechanical knee’
and indicates that the HDPE begins ] l ‘ | l
to mechanically react to the load 10" ! 10 10° 10° 10° 10° 110’
man in a different way Time (h) 50 years
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The high-density polyethylene piping: mechanical characteristics during the lifetime

4 Plastic defor-rpation 1th Stage: ductile failure or ballooning - Pipe is subjected to

mechanical overload - Material fails due to ductile yielding

SIQrack rowth 2th Stage: brittle-mechanical failure - Caused by

slow crack growth through the pipe wall
in a brittle manner

Hoop stress

Ductile )
Failiire Brittle oh,=Prt
fracture o, /
Lifetime L P~
L /
‘fV..//
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ASTM D1598-15a ‘Standard Test Method for Time-to-Failure of Plastic Pipe Under Constant Internal Pressure’
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Mechanical characteristics during the time: brittle failure

For loads lower than the MRS and times longer that the one corresponding to the mechanical knee
- ideally far beyond the 50 years lifetime at 20 °C and earlier only for higher temperatures -

fractures that occur are of brittle type 20

Brittle failure is associated with creep
and creep rupture due to the slow grow
of those damages that occur at 10
microscopic level when the HDPE is 8

measured curve
20°C

extrapolation-~~

exposed to a constant tensile stress

Creep is a plastics time dependant ©
non-reversible deformation S 1
that can be accelerated B
by temperature (as seen before),
stress concentrations,
fatigue and chemical environment

The real practice reveals that mostly of
the failures are of brittle type and occur

- even at ambient temperature - in e
104 10° 106

time very lower than 50 years
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80 °C

1 month 1 year 50 years
1 1 1

Time (h)
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Mechanical characteristics during the time: brittle failure

As in the 2th stage the failure is determined by the slow growth of a crack caused by
a defect or stress concentrated in a point
a HDPE pipe is characterized by the Slow Crack Growth resistance (SCG) R,,.,,.E Region ’ Region Il
that is the time to fail in the brittle-mechanical way and is determinue_ad | |
Q or calculating it as

da/dt=A-K"
f da : \
tf - fao A[Kl(pintvdvsva)m]

with the laws of the linear elastic fracture mechanics theory

log da/dt

QO extrapolating the knee position between the stage I and the stage II
in accordance with the:

log K,
L ]

I1SO 9080 ’Plastic_ pipe and ducting systems_ - Deter_mination of long term 5 |
hydrostatic strength of thermoplastic materials...”

Q or performing traction tests on samples with notches of different shape "
in accordance with the:

o (MPa)

ASTM F1473 'Standard test method for notch tensile test to measure the resistance
to slow crack growth ...” - traction tests at 2,5 Mpa, 80 °C . -

ISO 16770 ‘Determination of environmental stress cracking of polyethylene’ - | 2 Fesoa

A PESOA
traction tests at 4 Mpa, 80 °C in 2% acid solution 0.1 K 10 100 1000
Failure time (hours)
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The high-density polyethylene piping: mechanical characteristics during the lifetime

4 Plastic deformation 1th Stage: ductile failure or ballooning - Pipe is subjected to

)]
g mechanical overload - Material fails due to ductile yielding
)
s I k h . . .
a S e growt 2th Stage: brittle-mechanical failure - Caused by
]? 3 '; 7 slow crack growth through the pipe wall
L in a brittle manner
Jnical knee %
Mech Qo 3th Stage: brittle-chemical or brittle-oxidative failure
_ - Pipe materials are physically degraded
cal knee Degradation due to oxidation
cher
Ductile )
Failiire Brittle oh,=Prt
fracture , o, s /
. . Lifetime L Pﬂ
Brittle fracture due to environments r—\a /

‘ZV.//
ASTM D1598-15a ‘Standard Test Method for Time-to-Failure of Plastic Pipe Under Constant Internal Pressure’
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Mechanical characteristics during the time: brittle fracture due to environments

If the load is too low to determine both ductile failure and brittle fractures, a pipe without defects or
cracks will break at a theoretical life of well over 50 years

In the 3th stage the time to fail is no longer dependent by the pressure inside the pipe
and the failure is determined by the degradation of the material

Due to the action of oxygen, light (UV ray), heat, moisture, chemical agents and shear stresses, HDPE
undergoes to thermo-oxidative degradation phenomena that cause the rupture of the polymer chains

The processes predominantly affect the amorphous part of the HDPE, with a gradual increase of the
brittleness of the polymer accompanied by a deterioration of its mechanical properties: the
hardness increases while the resilience, the elongation and resistance to rupture decrease

b

Stabilizing additives - such as pigments and/or chemicals - are added to the I\_/

HDPE in small amounts (1-2%) to stop or slow down the degradation reactions: e /'
pigments (such as carbon black) capture the UV rays —

chemicals react with free radicals or intermediates reagents
preventing them from resumption in ripple effect «

The consumption of additives is a key process e
et for the HDPE stability and lifetime "
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Where do problems arise? Degradation due to additives consumption

The consumption of additives is a key process in the HDPE stability and lifetime:

it occurs by washing away, by evaporation and by chemical reaction
and leads to the HDPE degradation that is a very complex physic-chemical phenomena

It is very difficult to correlate artificially obtained ageing

and what actually happens during the years of service
For problems of encumbrance

the pipes are left outdoor, exposed to the sun, n
to the rain, to thermal changes ;

o inaporopriaie weather concitions - YIS INMANRA
consumption of additives (M j 1

and the leaching or the consumption

of additives may result in pipes

with an ageing already in place and

in an ageing resistance in the years of service
R other than the presumed ones
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Where do problems arise? Aging due to degradation phenomena

Let’s suppose to bury a new pipe: on the basis of its MRS and its SCG resistance we set the pressure

Isile bohavesa leng/ izt During the handling, the transport and the undergrounding,

the machines with which the pipe is seized,
moved, loaded, unloaded, buried
can provide carvings or cracks on its surface

Also landslides of the ground
can cause cracks and/or tensions in the pipe

20

In correspondence of the cracks
tensions can concentrate

slow crack growth

= real behavionr 380 1 e 17 ~until the critical stress is exceeded,

S a4 - . determining the growth of the cracks themselves

o realistic expected lifetime ” ¢ lifetiiiie [Gek A realistic lifetime shorter than 50 years

o,.. ; ; is to be expected
Se .

p) I.I’Eal ||ret|m| [S idiéatififeti

ideal lifetime

If the degradation phenomena has begun
' the new pipe has already lost lifetime
! and its real lifetime will be even shorter:

1 T T T TTTrT T T TII T T T I T TTTITIm T it is like saying that at the time
e 10 102 10° 10* 10° Time (h) of its burying the pipe is already old
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Where do problems arise? Cracks and tension in hardened material

Pipe rolls stored for a long time
in the open air can undergo
to phenomena of hardening

that stiffens the pipes curved

At the time they are buried
(months or years later)
they are grasped and straight
by stretching
deforming them possibly
beyond their actual limit
and determining cracks

In the undergrounding
the stretched pipes are blocked
by metal staples or boulders
so that the material

remains subjected
to residual tensions

Cracks and residual tensions can lead the pipes to sudden breakage
in times rather short and certainly minor than the 50 years at least expected
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Where do problems arise? Thermoweld joints aging

Further critical issues are the thermoweld joints: however well standardized at international level,
joints can be the seat of

+ particles in the molten material - due to contaminations with the surrounding environment -
that compromise the fusion integrity and can act as stress concentration sites, the precursors to SCG

« residual tensions - bending and torsion — when the welds join the extremes of tubes products in rolls

But even when they involve ends of tubes produced in bars, little or nothing is known of the mechanical
characteristics and resistance to the ageing of HDPE in the molten area

Therefore, whilst the undergrounding of
tubes produced in bars simplifies the positioning,
it requires a greater number of thermoweld joints

Nor it is thinkable - for purely economic
considerations - that a manhole of inspection is
carried out for each of the many thermoweld joints

Therefore, the thermoweld joints are often
covered directly by the ground
and forgotten
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Where do problems arise? Inspections and controls

The ‘Achilles heel” of HDPE pipeline systems is at the point of installation and it is clear that the 50 years
for which HDPE pipes are designed and guaranteed are not an attainable lifetime

Inspections and controls that can monitor the actual aging of the material are essential

They are moreover necessary to perform the decennial integrity inspection on those HDPE pipelines
that are within the limits of the Italian D.M. 329/04 i.e. the pipelines

Liquids Gas
Group 1 | Subject to verification if DN > 80 | Subject to verification if DN > 80
Group 2 | Not subject (I e II category Subject to verification if DN x P > 5000 (III category)

Of course it is possible to perform hydraulic tests - e.g. during 24 hours, recording the pressure
values - to detect breakages or cracks that already exist;
but the hydraulic test does not say anything about the aging or the integrity of the material

As an HDPE pipe is used - where the pressures and temperatures and the characteristics of the
conveyed fluid allow - mainly thanks to the possibility of undergrounding it for hundreds of meter,
it would be ideal an ND control method that allow to check the integrity of the piping
‘in situ’” and ‘on long range’,
(=1 as to limit excavations and inspection manholes
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Where do problems arise? Inspections and controls

The elastoplastic structure of HDPE absorbs the acoustic waves and attenuates the signal to completely
dampen in the first decimetres, thus ND control methods largely used for undergrounded metal piping
- such as Acoustic emissions or Guided waves — are not suitable for HDPE ones

Ultrasonic_phased array and other ultrasonic ND control methods are useful but locally and on
unburied zones, as for instance a excavated thermoweld joint or a thermoweld joint in a manhole

The use of Microwaves is in the experimental phase, but till now the power of the signals to be injected
into the piping to obtain reliable indications on their structural integrity are such as to be dangerous for
the health of the operators

Possible method of inspection could be represented

by robots - able to record/transmit signals or images -
to be inserted and radio-control inside the pipes;

but even such systems need excavations and manholes
and are still in the experimental phase

Currently, to have indications on the real ageing
of a pipeline in HDPE, it is only possible to withdraw sample logs,
in numbers or from points considered significant for the treated tract

But to detach the sample logs, then it is necessary to perform thermoweld joints
to restore the continuity of the pipe, thus going to insert or multiply critical points
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Conclusions

Where the pressures and temperatures and the characteristics of the conveyed fluid allow
HDPE pipes are a viable alternative to the classic metal piping

The elasticity and plasticity of HDPE are the characteristics that make it versatile and attractive

but HDPE pipes are durable only if they are preserved,
treated, armed and installed with appropriate concerns

In order to have indications on the real ageing of a pipeline in HDPE
- whether it is a water pipe, more so if it is a gas pipe and the inspection is needed by the law -
NDT are currently not suitable to perform inspection ‘in situ’ and ‘on long range’
and it is only possible to withdraw sample logs
in numbers or from points considered significant for the treated tract

It is urgent to study methods and to define procedures that allow
reliable indications of the effective state of integrity of HDPE piping
especially when they are buried, since the risk they get damaged and broken
for times far below those expected is actual

Thank you for your attention. Good lunch!
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...and be careful with the ad I-Ii-l es Sp'\de\’
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