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FORORD

Kontrollrddet (6r plastrér, KP-rddet, bildades 1970, Ridet utfér opartisk kontroll
av ej SIS-miirkia, i Sverige tillverkade eller inférda rér, rirdelar och brunnar av
plast avsedda fdr markforlogda va-ledningar. Vidare har ridet dll uppgift at

informera om frigor som berdr ver'- h ridet och ta iniliativ f6r an frimja
illk av dndamdlsenliga b Iser och normer {or plastror,

Riders huvudmin ir Boverkel, Bygg Svenska Konsulifbreningen,
SKIF, Sveriges Plastfarbund, SPF samt Sv:nslm vallen- och uvh.\ppsurtsi‘areningen.
VAV. Statens provning: I fir rep i med en adjungs

KP-ridets verksamhet finansieras genom avgifier frin anslutna tillverkare. Overskott
som uppk i ridets verksamhe1 satsas pA Foll-projekt inom plastrdrsomridet.

Foreliggande sipport ir den tredje i en seric (rin KP- rmiel‘ Ripport nr 1 "Hur

It kan ett p 6r bli?", oktober 1987, innchall irdering av de olika
fakiorer som p.!.vtrl:ar avloppsrir av PYC och polyeten Ianda i mark. Sammanfatt-
ningsvis pekar allt mot att dessa ledningar har minst 100 rs brukstid, férutsatt att
dagens hoglovalitativa ror anviinds och att fGreskrifterna for schakining, ldggning och
Aterfylining foljs.

Irappoan"I‘ dersbkni rel lulen hos PVC-rér som utsatts fér

m‘slsl:t" ber 1987, redovisas studier av PVC-rir som
under dwgl ett dr utsats fir konstant deformation. Det plvisas au Aldringsproces-
sen hos PYCerir mojliggir en extrupolering av ringstyvheten friin korttidssiudier till
tider upp emol och sannoliki firbi dem som ar av praktiskt intresse, d v s upp mot
100 Ar eller mer,

Nu foreliggande rapport nr 3 buseras pd fortsatta studier under totalt ca fem Ar fér
PVC-riir och drygt dua Ar fir PE-rir. Det konstateras att riren, som hillits
konstant deformerade under ovan angivna tider, trots siora deformationer och
tiijningar, inte i ndgot fall uppvisar sprickor eller andra skador. Vidare plvisas ant
roren efter avlastning har kvar det ursp v", korttidsviirdet fisr E-modulen och
dirmed ocksd den ursprungliga ringstyvh ger resul ingen
anledning till omprévning av de uisagor om rdrens brukstid som gors i rapport nr
loch 2

1 rapporten redovisas ocksd bl a ett tilliggsstudi de amerikanska PVC-rir
dir rérmaterialet innehdller stor méingd filler § form av krita

Lat teundersokningarna som bildar grunden fir lering har utfirts
hos Statens p i I i Gotet Vlsu P kvarligger hos provningsan-

stalten for an I.hguklu; kontroll skall kunma goras av de slutsatser som redovisas
i denna rapport.

Stockholm i december 100]
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THE SWEDISH COUNCIL FOR CONTROL OF PLASTICS PIPES
(KP-Council)

Scope of Work

Quality control of plastics pipes, pipe fittings and manholes for water supply and
sewerage Is carried out in Sweden by an authority specially set up for the purpose,
known as the Swedish Council for Control of Plastics Pipes.

The Council began its work in 1970, It was set up by and answers to the National
Board of Housing, Building and Planning, the Associaled General C and
House Builders of Sweden, the Swedish Association of Consulting Engineers, the
Swedish Plastics Federation and the Swedish Water and Waste Water Works'
Association. The National Testing Institute is a co-opted member. The Council's
sec iat is si d at the Swedish Water and Waste Water Works’ Association
(VAV} in Stockholm.

The Council undertakes the control of products manufactured in accordance with
standards associated with the industry or its companies, and which have been
approved by the Council, or are in accordance with standards issued by the Council.

Swedlish manufacturers or importers of plastics pipes produced in accordance with
standards approved by the Council may apply to the Council for association. On
receipt of the application, inspection of the applicant’s manufacturing and
laborutory equipment is carried out under the supervision of the Council and a
record is kept at the faclory in order lo check that the technical and personnel
resources are of an ac bl dard, In additi ples are tested in order to
check that the products Fulfil the requiremenis laid down in the standards.

If the conditions for association are shown to he met after inspection and sampling,
the applicant is given the right to mark its products with the Councils registered and
legally protected KP marking, This shows that the products have been approved in
tests in Jance with the regulations which apply for the work of the Council,
Products bearing this marking are usvally accepted by purchasers without special
acceptance testing.

Therealter, production control is carried out twice yearly under the supervision of
the Council. The rnarrulnclurcr s recsmlur control stipul

in the fard pr is ined on each comml visit. In addition, samples
are taken for laboratory testing to the extent and for the characteristics specified
in the standards. The tests are carried vut by the Gothenburg department of the

Swedish Nutional Testing and Research Instilute, or under ils supervision.

Some eollected and evaluated experience of the KP-Council work is published in
Special Reporis. The present Report is No. 3 in the series.

==



LIST OF CONTENTS

SAMMANFATTNING (In Swedish)

1.

2,

10.

11.

Summary

Stress relaxation in constantly
deflected PVC pipes

Ring stiffness change in PVC pipes
in the course of time

Frozen-in stresses in PVC pipes

Deflection recovery when releasing
constantly deflected PVC pipe samples

Bending strain limit for long-term
deflected PVC pipes

PVC pipes containing a large amount of
filler

Stress relaxation in constantly
deflected PE pipes

Deflection recovery when releasing
constantly deflected PE pipe samples

Short-term ring stiffness after long-term

constant deflection of thermoplastics pipes

References

Page

21

23

26

29

32

39

46

50

52

SAMMANFATTNING

I KPs Rapport 2 [1] beskrivs ett studium av PVC-ror, som under
drygt ett ar utsatts fér konstant deformation. (Ref. [1] utgér basen
for en engelsksprakig uppsats publicerad i Bath, UK, 1988, [2].) I
rapporten pavisas hur den fysikaliska &ldringsprocessen hos PVC-
ror mojliggér en extrapolering av ringstyvhetsdata fran korttids-
studier till tider upp mot och sannolikt forbi dem som &4r av
praktiskt intresse, dvs upp mot 100 dr eller mer. Det kan allmént
konstateras att riktigheten av de extrapoleringar av E-modulen
som gors i [1] efter ca ett drs métningar i stort sett bekriftas i
foreliggande rapport. Sdlunda kan réatlinjighet pdrdknas hos
kompliansen C (=1/E) i ett lin C/log tid-diagram, men forst efter
en tid overstigande rorets dlder vid provningens borjan. Det
konstateras vidare att denna ritlinjighet hos kompliansen innebér,
teoretiskt sett, att bojdragspdnningen i rérviggen till foljd av
relaxation nidrmar sig noll forst efter odndlig tid. Ett plastmaterial
som skall utsdttas for mekanisk belastning under ldng tid bor
uppvisa ndmnda egenskap. Vidare pévisas i rapporten att bojspin-
ningen som omedelbart byggs upp i rérviggen vid deformationens
borjan reduceras till ca 40 % efter 50-100 ars belastningstid.

Fragestéllningar avseende livslingden hos markavloppsror av
termoplast behandlas éven i KPs Rapport 1, oktober 1987, [3].
Forutsatt att preciserade ror- och jordbetingelser giller, forutsags
1 [3] en livsldngd av minst 100 &r f6r markforlagda sjélvfallsled-
ningar av termoplast. (Hér avses i férsta hand dagens standardise-
rade rorkvaliteter av PVC, PE och PP.) De resultat som mu
redovisas i foreliggande rapport, baserade pa fortsatta studier
under totalt ca fem &r for PVC-ror och drygt atta ar fér PE-ror,
ger ingen orsak till omprévning av de utsagor om rérens livsldngd
som gors i [3].

Ett tilldggsstudium som ocksé redovisas i rapporten avser de i [1]
omnidmnda provningarna av amerikanska PVC-ror innehéllande
stor méngd filler (26 %) i form av kalciumkarbonat (krita). Nagot
Overraskande konstateras att rér med en initiell ringstyvhet av ca
8 kPa och deformerade till 5 % medférande en bojtdjning i
rorvaggen av 0,6 % uppvisar ett rétlinjigt lin C/log tid-forhéllande
efter ca 10,000 h, likt normalt géllande fér PVC, och utan antydan
till utveckling av mikrosprickor eller liknande fel. Provningstiden
dr i skrivande stund ca 4 dr. Inblandningen av filler av den typ
som hdr anvints synes séledes inte ge forsamrade livslangdsbe-
tingelser for PVC-ror som utsitts for méttlig rérdeformation och
tojning. (Fillersammansittning samt kornstorlek redovisas i



rapporten). I stéllet 6kar styvheten hos roret visentligt genom in-
blandningen av filler. S&lunda uppgdr E-modulens korttidsvirde
vid rérdeformationen S % till 4 200 MPa och langtidsvérdet (50
ar) till ca 2200 MPa. Detta skall jamforas med 3 200 MPa
respektive ca 1 300 MPa for i métningarna ingdende standardise-
rade svenska PVC-markavloppsror av klass T (ringstyvhet 8 kPa)
med en fillerhalt av ca 8 %. Négon visentlig skillnad i slag-
héllfasthet har heller inte kunnat noteras. - Att uttalandet ovan
om rdrets livsldngdsbetingelser begréinsas till ror med maéttlig
rordeformation sammanhinger med att studier av kraftigt
deformerade rér (15 % samt med tdjningen 1,8 %) visar ett
anmdrkningsvirt avsteg frdn den linjdra lin C/log t-kurvan efter ca
2,5 &r. Vidare visar prover med extrema tojningsvirden upp till 4

% ett kraftlost tillstdnd i provet efter en deformationstid av ca 3
ar.

I ett sérskilt avsnitt av rapporten redovisas resultatet av langtids-
studier av PE-ror tillverkade av Nestes ravaror NCPE 2467
(HDPE Typ 1), NCPE 2467-BL (modifierade HDPE Typ 2) och
NCPE 2418 (MDPE) respektive. Dessa studier, som pdgdtt under
drygt atta ar, utgor i nuvarande redovisning ett slutresultat av de
understkningar, som interimistiskt publicerats i VBBs rapport till
SPF 1983-09-26 [7] och till Neste 1987-11-04 [9]. (Ref. [7] har
utgjort basen for en engelsksprakig uppsats som publicerades i
Madison, USA, 1985, [8]). Aven PE-réren uppvisar en vacker
rdtlinjighet i lin C/log tid-sambandet, dock betydligt tidigare &n
for PVC-roren, och dessutom oberoende av rérens alder. Ndgon
ndmnvird justering av tidigare gjorda extrapoleringar av E-
modulerna till 50-100 ar har inte behdvt goras. - Liksom for de
langtidsbelastade PVC-roren diskuteras bojspdnningens relaxation
under aktuell belastningstid. En extrapolering av provnings-
resultaten visar att den dgonblickliga bojspanningen reduceras till
ca 30 % efter 50-100 ars belastningstid.

Auv speciellt intresse betridffande PE-studierna utgor avlastningsfor-
soken som utforts pd de rérprover som varit konstant belastade
under 4tta dr. Man finner ddrvid ett remarkabelt upptrddande hos
PE-rorets formdga att aterta sin ursprungliga cirkuldra form.
Sdlunda ger deformationsmitningarna efter avlastningen vid
handen att ett nira linjirt samband synes rdda mellan linjdr
dtergdende rordeformation och logaritmisk avlastningstid. (PE-
rorens sdtt att upptréada skiljer sig hidr markant frdn motsvarande
PVC-rors. De sistndmnda visar en deformationsdtergdng som
foljer en parabolisk kurvform, vilken dérfor inte lter sig extra-
poleras i ett semi-logaritmiskt diagram baserat pd nuvarande
observationsperiod.) Studierna av deformationsatergdngen har i

nuvarande vérdering endast omfattat en tidsperiod av ca ett r,
men skulle den iakttagna tendensen visa sig bestdende, skulle det
betyda att roérmaterialet dger forméga att mer eller mindre
fullstindigt aterta sin ursprungliga form inom en definierbar
tidrymd. Detta i sin tur skulle betyda att den elastiska och den s k
forsenade elastiska deformationen dominerar och att den viskdsa
andelen av deformationen &r obetydlig, (jfr [4] sektion 3.1). Ett
troligt undantag frdn detta uttalande kan périknas gilla de
kraftigast deformerade roren bestdende av MDPE.

For sdvil PVC- som PE-r6r giller att ingen Ovre grins kunnat
bestimmas for bdojtojningen i konstant deformerade trycklisa
markavloppsror. Det dr sdledes praktiska hdnsyn samt stabilitets-
villkoret for ror i jord (bucklig etc) som far utgéra dimensione-
ringskriteriet for dessa ror. Betriffande PVC-rér med hog
fillerhalt kan inte samma generella uttalande géras om avsaknad
av en Ovre dimensionerande tdjningsgrdns. For de fillerfyllda rér
som hdr studerats finns indikationer pd att bojtojningen i ror-
védggen bor inte visentligen Gverstiga 0,5 %.

I ett avslutande kapitel pavisas att PVC- och PE-rér som héllits
konstant deformerade under lang tid (5 respektive 8 ar) efter
avlastning har kvar det ursprungliga korttidsvirdet for E-modulen
och ddrmed ocksé ringstyvheten.

Laboratorieundersokningarna, som bildar grunden fér den
utvdrdering som presenteras i rapporten, har utférts hos Statens
Provningsanstalt i Géteborg (SPG) under ledning av civilingenjor
Gunnar Bergstrom. Utan hans sakkunniga medverkan och
virdefulla rddgivning samt laboratoriepersonalens skolning och
berdmvirda noggrannhet skulle denna rapport knappast ha
kommit till.

Det skall slutligen anmérkas att vissa roérprover kvarligger hos
SPG. Avsikten ar att 1dngsiktigt kontroll skall kunna goras av de
slutsatser som redovisats i foreliggande rapport. Dessa prover
avser framfor allt ndgra PVC-r6r med ursprunglig &lder 24 h, 240
h och 2 400 h respektive. Vidare studeras fortlépande 6vriga PVC-
rors dtergdende deformation efter avlastning. De amerikanska
fillerfyllda rérproven hélls likasd fortsédttningsvis under konstant
deformation. PE-réren som avlastats kommer likasi att kontrolle-
ras Dbetriffande deformationsdtergdngen &tminstone under
ytterligare ett a tvd ar.




L. SUMMARY

In the Swedish KP-Council Report No. 2 [1] an investigation is
presented of uPVC pipes, which had been subjected to forced
constant deflection for a period of one year. (Reference [1] forms
the basis for a paper presented at the Int.Conf.Plastics Pipes in
Bath, UK, 1988 [2]). In the reports it is shown how the physical
aging process of PVC pipes opens up the possibility to extrapolate
the ring stiffness from short-term data up to and probably passing
periods of time which are of practical interest, i.e. up to 100 years
or more. It can be stated generally that the accuracy of the
extrapolations of E-modulus made after one year in [1] largely can
be verified in the present report. Thus, rectilinearity can be
expected for the compliance C (= 1/E) plotted in a linC/log t
diagram, but not until after a loading time, which significantly
exceeds the age of the pipe when the pipe deflection study is
started. It is further stated that this rectilinearity of the compliance
means, from a theoretical point of view, that due to relaxation the
bending stress in the pipe wall does not approach zero until after
an infinite time of deflection. A plastic material which will be
subjected to long-term mechanical loading should have this
property. Moreover, it is shown in the report that the bending
stress which is initially built up in the pipe wall when the deflec-
tion starts, will be reduced to approximately 40 % after a loading
time of 50-100 years.

Questions concerning the lifetime for buried gravity thermoplastic
pipes is also treated in KP-Council Report No. 1 [3]. Provided
specified pipe quality and soil conditions are prevailing, a lifetime
of at least 100 years is predicted in [3]. (The statement concerns
modern standardized gravity pipes of PVC, PE and PP). The
results which are now given in the present report, based on
continued studies for a total of S years for PVC pipes and 8 years
for PE pipes, give no reason to reconsider the statements made in
[3] concerning the lifetime of the pipes.

An additional study which is also presented in the report concerns
testing of an American PVC pipe containing a large amount of
filler (26 % calcium carbonate). Somewhat surprisingly, it was
found that pipes with an initial ring stiffness of approximately 8
kPa and constantly deflected to 5 % (bending strain 0.6 %) show
a rectilinear linC/log t relation after approximately 10,000 h, like
normal PVC, and without any indication of commencing micro
cracks or similar faults. The testing time is now 4 years. Thus, the
adding of filler of the actual type does not seem to give deteriorat-
ed life length conditions for PVC pipes, subjected to moderate

deflection and bending strain. Instead the ring stiffness of the pipe
is significantly increased due to the high filler content. Hence, the
short-term E-modulus at a pipe deflection of 5 % is 4,200 MPa
and the long-term value (50 years) is 2,200 MPa. This can be
compared with 3,200 MPa and 1,300 MPa respectively, which is
found in the study to be valid for standardized Swedish PVC pipes
of class T (ring stiffness 8 kPa) with a filler content of 8 %.
Concerning the impact strength, no significant difference has been
found when compared with normal PVC. The reason for the
statement above to be limited to pipes with moderate deflection
and strain is that strongly deflected pipes (15 % and 1.8 % strain)
show a remarkable deviation from the rectilinear linC/log t curve
after approximately 2.5 years. Moreover, samples with extreme
bending strains of up to 4 % show a powerless state after a deflec-
tion time of approximately 3 years.

In one particular section of the report, the results are presented
of long-term studies of PE pipes manufactured from the NESTE
grades NCPE 2467 (HDPE, Type 1), NCPE 2467-BL (modified
HDPE, Type 2) and NCPE 2418 (MDPE). These studies, which
have been running for more than 8 years, now form the final
result of investigations which were published in the VBB Interim
Reports to the Swedish Plastics Federation (SPF) in 1983 [7] and
to NESTE in 1987 [9]. (Reference [7] formed the basis for a paper
published at an international ASCE conference in USA, 1985 [8].)
Like the PVC pipes, the PE pipes show a beautiful rectilinear
linC/log t relation, although much earlier than the PVC pipes, and
in addition independent of the age of the pipes. It has not been
necessary to make any significant adjustment to the previously
made extrapolations of the E-modulus up to 50-100 years. As in
the case of the long-term loaded PVC pipes, the relaxation of the
bending stress is discussed. An extrapolation of the actual test
results shows that the initial bending stress will be reduced to
approximately 30 % after a loading time of 50-100 years.

Of particular interest are the studies of the deflection recovery of
the PE pipe samples since they have been released after 8 years
of constant deflection. A remarkable behaviour is found concern-
ing the ability of the PE pipe to recover its original circular shape.
Hence, the deflection measurements after releasing the pipe
samples show a more or less rectilinear relation between linearly
plotted deflection recovery and logarithmic time after start of the
release. (The behaviour of the PE pipes differs significantly from
that of the PVC pipe. The latter shows a deflection recovery
following a parabolic curve shape. Consequently, the PVC curves
cannot be long-term extrapolated based on the present time of



recovery measurement.) The deflection recovery has now only
been studied for approximately one year, but if the observed trend
proves to be stable, it would mean that the PE pipe has an ability
to more or less fully revert to its original circular shape within a
definable space of time. This in turn would mean that the elastic
strain and the so-called retarded elastic strain dominate and that
the viscous part of the strain is insignificant, (compare [4] Section
3.1). A possible exception from this statement seems to be valid
for the most strongly deflected MDPE pipes.

It has been found in the case of both PVC and PE that no upper
limit from a practical design point of view seems to exist for the
bending strain in constantly deflected gravity sewer pipes.
Consequently, the only criteria on which the design of these pipes
have to be based are practical deflection considerations and the
mechanical stability of buried pipes (buckling, etc.). For PVC
pipes containing a large amount of filler, the same general state-
ment implying a lack of an upper design bending strain limit
cannot be made. Hence, for the filler-filled pipes studied, there
are indications that the long-term bending strain in the pipe wall
should not exceed 0.5 %.

In a closing section it is shown that PVC- and PE-pipes, which
have been kept long-term constantly deflected (for 5 and 8 years
respectively), after release have E-modulus and consequently also
pipe ring stiffness values, which are equal to or larger than the
original short-term values.

The laboratory tests, which form the basis of the evaluation
presented in the report, have been performed at the Swedish
National Testing and Research Institute in Gothenburg (SPG)
under the supervision of the head of the Institute Mr Gunnar
Bergstrom (M.Sc. Technical Physics). Without his competent co-
operation and valuable advice, as well as the competence of his
staff and remarkable accuracy of their laboratory work, this report
would not have been written.

Finally, it shall be noted that some pipe samples are still stored at
SPG, the reason being that it shall be possible to make a long-
term check of the conclusions presented in the report. These
samples are primarily PVC pipes with initial ages of 24 h, 240 h
and 2,400 h respectively. Furthermore, the deflection recovery for
all released PVC pipes will be successively measured. The
American filler-filled PVC pipe samples will be kept under
continuous constant deflection. The PE pipes which have been
released will be successively checked with regard to the deflection
recovery, at least for another year or two.

2. STRESS RELAXATION IN CONSTANTLY
DEFLECTED PVC PIPES

PVC pipe samples with a diameter and length of 315 mm and with
various nominal ring stiffness values from 2 to 32 kPa have been
subjected to forced long-term constant deflection at an air-
conditioned room temperature of +23°C, [1]. (Reference [1]
formed the basis of a paper published at the International
Conference Plastic Pipes VII in Bath, UK in 1988 [2]). The
theoretical constant bending strains in the wall of the pipe samples
caused by the deflection are from 0.43 to 5.76 %. Each sample in
the original study was doubled, which made it possible to continue
the measurements after the first reports [1] and [2] had been pub-
lished. At that stage, half the series of samples were released from
the forced deflection while the other half were saved in the loaded
position in the laboratory. The first report [1] evaluated the tests
after 14 months.

The general intention of this continued study was to try to verify
the statements made in the first reports, in particular concerning
the long-term relaxation behaviour of the thermoplastic polymers.
Of particular interest in this connection is the influence of the
physical ageing process on the long-term ring stiffness of PVC
pipes. The investigation is also of interest when discussing the life
span of buried thermoplastic sewer pipes. In [3] it was stated that,
provided certain specified requirements are fulfilled concerning
both pipe quality and soil mechanics, the life span can be
estimated at not less than 100 years. The present study of the
long-term pipe material behaviour will show that the life span
prediction of 100 years is not contradicted.

The force needed to keep the pipe samples continuously deflected
has been successively measured in an Instrone machine up to a
loading time of approx. 5 years. Most samples have now been
released and the rate of deflection recovery has been measured
for approximately one year. However, five PVC samples are still
being kept deflected and the longest loading time is currently
approx. 49 700 h (5.7 years).

All PVC pipe samples were manufactured by UPONOR (Sweden)
and were taken from normal commercial pipe production. The
external diameter is 315 mm and the length of each sample is the
same as the diameter, 315 mm. Various wall thickness have been
used corresponding to pressure classes PN4 bar (L-class), PN6 bar
(T-class) and PN10 bar (water pressure distribution class, P). The
pressure classes are based on a long-term design tensile stress of
10 MPa. Concerning the T-class samples, two series were manu-
factured: one in 1985 and the other in 1987 (in the following the




latter is identified as TY = T "Young"). The nominal short-term
ring stiffness according to the formula:

Sx=EI/D? (2.1)

is 2 kPa, 8 kPa and 32 kPa respectively.

(D is defined in this report as the diameter of the central line of
the pipe wall).

The material properties of the various pipe classes are given in
Table 2.1

Table 2.1

Pipe classes PN (bar) 4 (L) 6 (T) 6 (TY) 10 (P)

K-value 69.0 68.3 68.2 672
Vicat point °C 83.2 83.4 83.4 83.2
Density (inside wall)

kg/m’ 1440 1440 1445 1420
Density (outside wall)

kg/m3 1440 1440 1445 1410
Filler (after burning)

% 7.0 7.6 8.4 1.7

In the following, a comparison is made between the previous E/t-
diagrams and the ones now achieved since additional loading time
has elapsed. In this way, it is easy to see whether the previous
extrapolation of the E-modulus up to 50 years has to be adjusted
or not.

It should be emphasized that although we are here speaking of a
long-term decrease in the E-modulus, this is only a fictive
decrease. The real active E-modulus is almost constant and for
each new load impulse the E-modulus is the same as the initial
one represented by the short-term value. Consequently, the fictive
decrease in the E-modulus only represents the decrease in the
bending stress in the pipe wall caused by relaxation. This is easily
understood as E = o/¢€, and as long as the strain € is constant, as
in this case, a decrease of E means in reality only a decrease in
the stress o. Of particular interest is the fact that if the compli-
ance C =1/E = €/o shows a rectilinear course in the lin C/log t-
graph, this means theoretically that the stress will not relax to zero
until the loading time has reached infinity, [2]. Behaviour of this
type in a polymer material indicates a favourable property, which

should also be an adequate requirement for a long-term loaded
structural polymer material.

In Figs 2.1-2.9 the additional results of the measurements have
been plotted in the lower graph. In the upper graph the result
presented in [1] after 10,000 h is reproduced. (The figures in
brackets give the age of the pipe samples when commencing the
tests.) As can be seen no or only insignificant adjustments have to
be performed when extrapolating the rectilinear part of the C-
curves up to 50 years. The corresponding influence on the course
of the E-curves is accordingly also insignificant.

Thus, in Fig. 2.1 the 50 year-E-value for Sample 152 has only
decreased from 1185 MPa to 1159 MPa. The E-value for Sample
T151 in Fig. 2.4 has decreased from 1399 MPa to 1370 MPa, for
Sample P151 in Fig. 2.8 from 890 MPa to 866 MPa and for
Sample P251 in Fig. 2.9 from 608 MPa to 601 MPa. No change at
all has been made in Figs 2.2, 2.3, 2.5 and 2.7. However, a clear
deviation from the rectilinear C-curves is indicated by the last
spots for Sample L152 in Fig. 2.2 and for Samples T55 and T56 in
Fig. 2.5 and for Samples TS3 and T54 in Fig. 2.6. These deviations
have not been considered in the extrapolation as it is quite
probable that they are due to scattering of the measurement. This
is particularly true of the last spots in Fig. 2.5 and 2.6. As both
curves represent samples which are still under deflection, future
measurement may show the truth of the statement. Concerning
sample L152 in Fig.2.2, see also the assessment made in Section 6.

An obvious possibility which presents itself now, after this long-
term investigation, where the rectilinear course of the C-curve has
been rather well confirmed, means a further extrapolation of the
C-curve to 100 years. An important condition for the extrapolation
to be allowed is, of course, that the chemical stabilization system
is still intact throughout this additional 50 year period. This
question was discussed in [3] and further in [4], and it was
concluded that for normal standard unplastized PVC pipes, the
chemical stabilization will not form a practical design criterion
within such a short time space as 100 years. Thus, in Figs 2.1-2.9
the result of a rectilinear extrapolation of the C-curve to 100 years
has been illustrated. It can be seen that the corresponding E-
modulus, given as the inverted value of C is more or less insignifi-
cantly influenced by the longer loading time up to 100 years.

Besides these findings, the main result from the study so far is that
the fictive E-modulus after 50 or 100 years in constantly deflected
PVC pipes cannot be found unless the testing time is sufficiently
long to reach a rectilinear course of the lin C/log t-curve. This
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testing time is normally at least one year. Hence, the preliminary
finding in [1] that the rectilinear course of the lin C/log t-curve
would commence after a period of time equal to the age of the
pipe when starting the test, has not been accurately verified in the
present long-term investigation.

Based upon Figs 2.1-2.3, which concern pipes with a nominal
short-term ring stiffness of 2 kPa, a o/e-graph has been deduced
with the loading time from 0.05 h up to 100 years as parameter
Fig. 2.10. From this graph it can be found that the short-term
bending stresses (3 min. value) in the pipe wall will relax to
approximately 40 % of the original value after 50-100 years of
constant bending strain caused by pipe deflection. Thus, it can be
expected that the ability of the pipe to revert to its original
circular shape will decrease in terms of recovery velocity, the
longer the pipe has been loaded (see also Section 5).

General comment

To facilitate presentation of this study no mathematical consider-
ation has been given to the influence on the test results of the
consequence of the second order theory on the true magnitude of
the E-modulus. This second order theory involves consideration of
the fact that the pipe ring stiffness as determined valid for a fully
circular ring, will decrease when the pipe deflection increases. The
influence of such a consideration begins to be of practical
importance when the pipe deflection exceeds approximately 5 %.
Consequently, by using the eq. (2.1) for describing the E-modulus
as a function of measured ring stiffness, it is obvious that the
initial E-modulus will decrease as a function of an increased pipe
deflection. This means that all short-term E-moduli as presented
in the report show a decrease with increased initial pipe deflec-
tion. This would not be true in the case of an elastic material,
since the E-modulus of the material is then always the same
irrespective of the loading case (as long as the linear relation
between stress and strain is valid). However, for a viscoelastic
material, the stress distribution in the pipe wall is not triangular
as presumed according to the elastic theory, but will be more or
less parabolic depending on the magnitude of the bending stress.
This means that the stress at the pipe wall surface will be less in
the case of a viscoelastic material than it would be in an elastic
material. Thus the E-modulus will also decrease to a level that has
been found to concur approximately with the E-modulus given in
the report. Consequently, no reason has been found for trying to
find a more sophisticated evaluation of this study by introducing
the influence of a mathematically based second order theory.

E{MPa}

11

1200=00""
100
1000
900
800
700
500
500

]

300
n

1200.10""
1100

1000

+ 700

600

+ 500

400

300

5500 — T
I
I
1
|
4000 |
|
!
3500 - PVC 0 J14LIPNG ), 910250, 50437/ (1700h] f
b | {L51,L5]) |
L"""‘--\_b I
3000 e i S —Jr
\ g "% BLLatpt
|
2500 — . |
1
“\\\“*\\}h\ L ¢
” |
2000 - ~ I
7
D\JJ o
_-"u.
1500 o
e
= | 1185
1000
*”)" |
/ |
C |
500 r‘&/ }
|
""" |
;| e | |
005 0} \ 10 W' ' 10 1 S0ys Wi
E{MPa) c
4500 T — T T
[ } |
| |
000 I I
| |
I
3500 | I
PVC9NGLIPNAL, ID=5%, £=0.43%k (17000} | H
g {L51,15¢) |
3000 — T : /’
\Ni\g | /?“351‘)]'
E I I
- \\ ] // ! I
i T
| v |
N | A |
S | i |
2000 - !
\ I
|
s i I
1500 | _}
”‘QT.___
/ | T~~~ Lm
| bRty
1000 |
]
// | '
< | |
S !‘/&/ | | i
- | |
0
005 01 1 10 10 10’ 10 Sys W Soys  [10" h

Fig. 2.1 Relaxation E-modulus after 10,000 h of constant pipe
deflection according to [1]: Upper diagram. - The same after 5 years:
Lower diagram.




12 13

£MPa) ¢ "
1500 ; 1200 % 10
[ : £ (MPa) ¢
| 4500 —— 130010
4000 : | 100
[
I 4
! 4000 3 e
3500 | 1000 5 P
PYCQ3ISL [PN L), 0 =15Pk, £=(1 3% (1700h) | 5 - 1
(usi| Lis2) , _,.»‘4" - } 3500 rd I 1100
3000 g = 70 i pvcesLipNt), ¥D=750%, £:2.2% | 3400h) e I
‘ [ [ A I [ s i }
: [ . ] - I| 3000 : ' = & | | 1000
2500 h — - L T — 800 o | 1 |
i\""“--.\%\( J . o I | ol o~ ‘ |I i 300
o | 1500 et S e z
2000 ""‘:-.E\ a'/n ! 700 | / [ !
’ L |
R |[ 2000 o -—‘ ) 800
! |
1500 e T T 600 \ I
i~ |
T e s | J - ; 700
: e |05 5% < ]
500
1000 = | | ; ;\_\ I
_.-—-,)/‘ i 1000 | s R I oo
500 i} | L00 I ey aee 'T 8L7
[ : I
i 500 IF 500
] 300 r”
ncms ol 1 10 10 10 ' 10! s0ys 10' h I
o | . | 400
005 01 ! 0 10’ 10' W' 1 S0ys 10" h
E(MPa) €
4500 [ W 1200410 ¢
E(MPa)
[ I £500 . - - - : — — r 130010
| ! H
4000 : 1100 | ‘|f ’
| 2
‘ I H ! I FNeoii ne
3500 A - 1000 [ #7 ”
PYCE3ISL (PN &), DD =150, £213%{1700h) 0 | 2L L
{1151} L152) /-" {""“‘F 3500 l = I 1100
3000 L > | L s00 PVC & 31SL (PNL), $/0=25%, \£=2.2 %l {3400h) 1 2 1.
I e il {L251,L252} v { I
QA il 3000 —— ' 4 R e
[ | Bl HE ‘ : I
2500 === b ! - 8O0 | |
\ i i . . I | |
\tu-\ - 2500 : | i L e
i |
2000 & Z ! 700 ' / !
‘% 2000 NL\-W\l i 800
1500 - | 600 / |
/ a\-t | 1 / |
/ »\“‘#i-..__ .i 1500 ' ! E i 700
1000 - N | 500 | < \ : I
/ l 1 1000 )\‘L-c.’ 1 600
A | i = —] i I ai7
500 —— | 400 1 ]| -T-—
- |
| <00 _..-—-4// | ! ! 500
| | | i
0
005 01 1 10 10’ 10" 0 Sys 10 soys  |10* 3nuo | | l
100ys 8 ; | : L—LL 400
005 01 1 o 1w’ 10’ 10 Sys 10 S0ys ‘gt;sh
Fig.2.2 Relaxation E-modulus after 10,000 h of constant pipe deflec-
tion according to [1]: Upper diagram. - The same after 5 years: Fig.2.3 Relaxation E-modulus after 10,000 h of constant pipe deflec-
Lower diagram. tion according to [1]: Upper diagram. - The same after 5 years:
Lower diagram.




14

E(MPa) £ 5
4500 T 1200 10
|
4000 oo
3500 f 1000
PVC ¢ ST PNEY, 9D=5%, a:fnw:zmm I
E e | (T51,752)
—-*
3000 \b‘\i 500
’*9\ E
2500 [T ; 800
\\Q\ |
|
| ;
751"
- \ e -’T 700
s L - " |
S -
e - -
e 600
1500 - =+ e e f1399
o
1000 / ; 500
|
- l
I -~ t Loo
500 y f
|
‘ n,_..--fb-g‘ |
| I
5 ) || ! ! 300
0,05 0} 1 10 10’ 10 n ' S0ys 10t h
E (MPa) ¢ :
4500 T T 1200 10
| |
| |
| |
4000 1 1100
| |
1 | |
] |
3500 = | + 1000
PVC @ NST(IPNG) fD=5%, 2= 0.67%((2600h) | |
| (T51,T52) | I
= i |
3000 t 900
| |
~__ | I
} 800
2500 1 '\ i
-
l | ||~
' | Vo]
2000 T ~ - g 700
' I - i
1| | |
\{ﬁ/ | | |
1500 _ ek 500
/ : —— 1‘@_
. |
1000 /aﬂ/ f 500
|
o i |
/ I
500 y T + L00
|
S | |
=
0 1 | 1
005 0 1 0 W' 10! 0 Sy 10 50y |10' h
100ys

Fig.2.4 Relaxation E-modulus after 10,000 h of constant pipe deflec-
tion according to [1]: Upper diagram. - The same after 5 years:
Lower diagram.

£ (NPa) 4 .
4500 . 1200%10
|
|
4000 100
|
1
3500 i 1000
! i PVCONST (PN &), ¥D=5%00, £20,47%0 (240N}
T [T55,T56)
3000 “"--\ o
~— !
2 400=4* 800
1500 T i P C |
<
-~
-7 !
2000 S o =t 00
\D\m .‘. -~ |
-~ |
~ J :
o Sew
1500 e ™ 600
e - G
/’cr“E "= 4 1250
o
.
1 S00
040 /
C
o
500 -—‘#‘___a ] 400
|
- ‘ I
0 § - . : ! , 300
005 01 1 W ' 10 0 10 S0ys  iC' h
£{MPa) 4
L500 120010
4000 1100
{ i
| I
3500 I _I - 1000
X | |
- PVCO315T(PN6), VD=5%%, 0,670 {Z40R) i HE
—— (155, TS6) 1 | |
3000 \ | f 500
[~ | !
\ | i
| -
2500 a I S-800wi* 800
TN E | -
| -~
| /-’
P &
2000 ~ s ; 700
| |
> |
L~ |
1500 - B : [T 600
i S i |
| =~ 1750 |
o | |
A
1000 = T 500
c |
|
|
500 : 400
|
____...—-l-"""- :
— - . , 300
005 o) 1 10 w0° 10’ 10 S5y 10 S0ys |10" h
100ys

Fig.2.5 Relaxation E-modulus after 10,000 h of constant pipe
deflection according to [1]: Upper diagram. - The same after 5 years:
Lower diagram.



17

E(HPa) ¢
500 - | 1200107
|
]l E[MPa) & i
4000 } 100 i K300 e
|
I
3500 : 1000 t000 1100
PVC 35T (PN 6], 10=5%0, £= 067 (24h)
000 - (753,754} | o S | b
;\0\ | 9seatp
— PVC @318 TIPNBI, 91D =15%| €=2/05 /ol 4100h} e
\ [T151 T162) = | 900
2500 {-—— 800 A i |
T~ ¥
o~
2000 = T~ ¢ I 200 2500 St ",."' -
T~ | ‘ — LA
I —
1500 /J/u : 600 2000 N\E‘_%\ 3/5‘ 700
|
| O
1000 / S 1500 ] — 600
/ C B/B/ e i L
=== sug | JOLL
500 7 Loo 1090 B 0
8 | 0n 500 | 00
005 0} 1 10 10' 10! W 10’ S0ys 10" h i
|
] . 300
1 005 o ) w0 ' o' w 10 S0ys  10' h
E(MPa) €
4500 —_— . T 1200=107"
|| ] E(MPa) €
: }| I 4500 | T 1200x70""
4000 : I L 100 I !
i I
I I | 4000 ! 1100
500 l i : 1000 I l{
PVC #315T (PN 6), 10250, £=057%al24h) I I : 3500 ! [lssss
(TS3,T54) I o i -
3000 i f b+ 900 | Afssaadn
;\ ! I PVC 9 316 T{PM6), “ID=15%%|, £=2/05°/a(£100h) | 2 {
—~ I _ & s S LT151.T152) H ” %0
2500 N\\\ ! DS | N L e o l
| T I 1% I
\6‘\ /Ecﬁ.f i 2500 e "‘Pif T i 800
2000 £ ! |
" P s { 700 | /d / I i |
I i 2000 £ i T 700
" | |
yﬂ’ \n\ec_o ol S --;L " : 1500 ! A — |r £00
I
1000 = ! i 500 ! M-—- |
| T g fi00 |
/E\/ o 1000 0 - Yoyl [P
= ]
500 | ) ! 1I i __-___—__p,-’" | [
| 10___/ ! | | —’dg// | I
| | I | s00 f—t—"" 1 { 400
0 '. ] ' 300 | '
005 01 1 1 10 0! 10 Sys 10" Soys  [10° h | :
00ys 3 | | L 300
005 01 1 10 10 10’ 10 Sys 100 soys  [10' h
100ys
Fig.2.6 Relaxation E-modulus after 10,000 h of constant pipe deflec-
tion according to [1]: Upper diagram. - The same after 5 years: Fig.2.7 Relaxation E-modulus after 10,000 h of constant pipe deflec-
Lower diagram. tion according to [1]: Upper diagram. - The same after 5 years:

Lower diagram.



18

£{MPa} 4
4500 T 1300107
|
|
I
4000 % 1200
i
LAkt
500 Wt 100
3 f‘_, |
PYC #315 P10, 41D} 15%%, £= 346]%Jo (10000h) y |
{P151, PIS2} 5 I
000 .‘,' : 1000
-~
-
o
2500 At 900
2000 o /ﬂ/ 800
g o
""'-—-...._____ £ o= |
n/ |
1500 : 700
b '
/ L\3\”'-----4:“ £
s ..
1000 L e s 600
*e= =am wahl 890
/
s00 B F - | 500
|
l |
400
00_05 0} 1 1 10 10' 0 1 50ys 10" h
E{MPa) c
4500 T 7 1300% 10
il
} 1
[
4000 f } 1200
| | I'
| ,*ﬁssllh'
|
|
3300 ! ,/ : 1100
| e |
PVC $315 PR 10, 41D £ 15%0, £= 3.46|°la (10000h) : »%
- (P151, P152) ql/ o
/ :
1500 - = |[ 900
|
g// r
2000 ii--...“_“.\__- 7 : 800
Ty | 7] |
: n/ I
1500 ;;,_q\ I 70
/ b | I
- |
o, - — L i
/ I -‘--'—-*#\a“
I s
|
‘-"-4’/
500 ! 500
|
|
0 | G
00s 0 1 10 10’ 10’ w0 Sys 10" S0ys (10" h
100ys

Fig.2.8 Relaxation E-modulus after 10,000 h of constant pipe deflec-
tion according to [1]: Upper diagram. - The same after 5 years:
Lower diagram.

& 1646 =107
A e

19

£{MPa)
LSCO ; T .-"! f 1600 = 107+
| - }
< i
- |
4000 — I 1500
- I
# |
& |
3500 ra 4 1600
/7 |
PYC @ 35 PN I 91D= 25/, £=576%c(10000h) . l
1000 (P51, #252) g/ﬁ'r i 1300
|
/ ‘|
|
2500 | 1200
/8, |
2000 ,/ : 1100
|
|
I
1500 T 1000
>"‘---‘.F'------...__________ E |
"'"-q.!-___________— |
|
| |
1000 900
e e e |
/ e
500 e - 800
L~ |
/i | :
i Lt | | : Ll
065 o 1 10 ' 10' 0' 10 s0ys  10' h
/{
-
1664x10
/i |
£ [MPa) y 1
4500 = i -~ 1600 10"
I /s |
I / |
] ' |
4009 S tt 1500
|7 ("
| |
| | |
3500 | ; 1 oo
: I
PVC® 3:!5 PNI!}. 9iD= 25%, £=576*o(10000h) | [I |
it (st pasy V,_ } ! H 1300
| | i
| |
c | 1
| 1
2500 i T + 1200
| |
| i 1
YA 1 ||
2000 | U1 o0
| i |
| i !
| i |
1500 = - 1000
* L]
——— e | | i
S e— ! i
! 1
1000 ; L 900
/ T T = ——
500 i/' } 800
[
|
o I |
0 g 700
005 o) 1 10 0 10° ' Sys W0 Soys  [10° h
00ys

Fig.2.9 Relaxation E-modulus after 10,000 h of constant pipe deflec-
tion according to [1]: Upper diagram. - The same after 5 years:

Lower dia

gram.



20

50

40

30

20

10

BENDING STRESS o (MPa)

0.05h J
/ .
/ 10h
1 ///
/th
/ > 1000 h
/ =
/ 10000 h
/ S0ys
% 100ys
PVC @ 315(L(PN4) SR0=2kPu
Temp. +239C
Yy p
0 1 2 3

BENDING STRAIN € (%)
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3. RING STIFFNESS CHANGE IN PVC PIPES IN THE
COURSE OF TIME

Ref. [1] discusses the increase in the initial short-term ring
stiffness as a function of time. This increase is assumed to be due
to the physical ageing process taking place in the pipe material,
which in turn is referred to as a consequence of a consolidation of
the molecular structure of the amorphous PVC polymer followed
by a volume decrease, [5]. Hence, it was found in [1] that the
initial ring stiffness measured 10 hours after manufacturing of the
pipe might increase by approximately 20 % after 50 years. The
measurements were performed on three samples of PVC sewer
pipes PN6 with a nominal ring stiffness of 8 kPa. One sample had
an age of 7 hours (TY) when the first measurement was made.
The second and third had an age of 240 hours (TY) and 2,400
hours (T) respectively. In [1], the ageing was followed up for
approx. 10,000 hours, while the ring stiffness is currently being
checked after an additional 30,000 hours on pipe samples, stored
unloaded in the climate room at a temperature of +23°C. The
result of the total measurement series is illustrated in Fig. 3.1. As
can be seen, the first and second samples (TY samples taken from
the same manufacturing series) show an increase from approxi-
mately 7.9 kPa to 9.5 kPa as extrapolated to 50 years. Thus the
20 % ring stiffness increase for a 10 hour-old sample up to 50
years is not contradicted after this longer time of observation. The
statement seems to be further confirmed by the study of the third
sample belonging to another older series of pipe delivery and
which had an age of 2,400 hours (T) when the ring stiffness was
first measured to 9.5 kPa. After 10,000 h, the ring stiffness was
found to be 9.8 kPa and after 42,000 h approximately 10 kPa. In
Fig. 3.1 the assumed extrapolation forwards to 50 years gives 10.2
kPa, while an assumed extrapolation backwards to 10 hours gives
a ring stiffness of approximately 8.2 kPa, which means an increase
in stiffness of 24 % between 10 hours and 50 years.

Another pipe sample, PN10, with a nominal ring stiffness of 32
kPa and an age of approximately one year when first measured
had at that time an actual ring stiffness of 41.4 kPa. After an
additional year, the stiffness was found to be 42.5 kPa and finally,
after a total age of 5.6 years, the stiffness had increased to 42.8
kPa. As could be expected from Fig. 3.1, the addition increase in
stiffness is very small after a pipe age of approximately one year.
This can probably also be recognized by the rectilinear course of
the 1inC/log t-curves after approximately one year of constant
deflection (Figs 2.1-2.9).
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- 4. FROZEN-IN STRESSES IN PVC PIPES

In [1] the frozen-in stresses in the pipe samples were measured

according to the "cut-up" method further described in [4]. Thus it was
RING STIFENESS Sg(kPa) found that the stresses when originally measured were 6.2 MPa in the
PN6 (TY) sample at an age of approx. 240 h, 4.9 MPa at an age of
2,400 h, and 6.3 MPa in the PN10 sample at an age of one year.
Samples from the same pipe delivery had been stored in the
laboratory and these samples were now cut up and the frozen-in
stresses measured, Fig. 4.1. Table 4.1 gives the results of the new
measurements. In the calculation, the increase in the E-modulus due
to physical ageing has been considered as deduced from the ring
stiffness values presented in Fig. 3.1. The figures in brackets show the
values without consideration to the ageing effect.

10.5

10.0

Table 4.1 Frozen-in stresses (MPa) as a function of age of the
samples after manufacture.

95 =

Age (years)  PN6 sample (TY) PN6 sample (T) PN10 sample (P)

0.03 6.2
0.3 4.9

1 6.3

2 6.0 (5.8)
3.7 5.2 (4.8)

S 4.1 (3.9)

5.7 5.4 (53)

50ys 4.5 23 4.8
(extrapolated)

90 e TS

/| /
|
B- 5 / ¥

One aspect of particular interest in Table 4.1 is that the relaxation
of the frozen-in bending stress is rather slow, and furthermore that
the relaxation process is slowed down by the physical ageing effect
of the pipe material.

8.0 /

Contrary to what was assumed in [1], the relaxation of frozen-in
stresses in PVC pipes seems to be a far slower process than
predicted, now based upon the additional study presented. Thus,
taking the physical ageing process into consideration, a frozen-in
stress measured in a normal quality control test approximately 10-
20 hours after pipe manufacture will decrease to only 85 % of that
value after 1-2 years and to not more than 70 % after 50-100
years. This is an important new finding, the consequence of which
should be that the relaxation of the frozen-in stresses can be
neglected from a practical point of view, when designing a buried

15
1 10 102 103 10 105 |
SO0ys 100ys

AGEING TIME (h)

Fig. 3.1 Increase of the initial ring stiffness as a function of time due
to physical aging of the pipe.
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thermoplastic pipe. Thus the frozen-in stress will be more or less
fully recognized in the pipe wall during most of the life span of
the pipe. Simultaneously, it can be stated that this consideration
does not play. any significant role as far as gravity pipes are
concerned, but that it certainly has an effect in the case of
pressurized pipes where the total wall stress picture is a combina-
tion of both bending stress under relaxation and a tensile stress
subjected to creep.

25

Fig.4.1 Measurement of frozen-in stress in PVC pipe ¢ 315 mm PN6 (T) by
cutting up the sample. The decrease of the pipe periphery is shown as the
difference between the width of the plate cut away and the open space where
it originally was placed.
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3. DEFLECTION RECOVERY WHEN RELEASING CON-
STANTLY DEFLECTED PVC PIPE SAMPLES

The deflection recovery of the PVC pipe samples during 1,000 h
load release was presented in [1], see Fig. 5.1. (Full lines). These
samples had at that time been constantly deflected during 10,000
h. The duplicate half of the sample series were then kept
deflected for totally 42,000 h (approx. 5 years) after which time
they were released. The deflection recovery of these samples
during approximately one year is illustrated in Fig. 5.1 (dotted
lines). See also Fig. 5.2. As can be found when comparing the full
and the dotted lines in Fig. 5.1 the immediate recovery is now less
and the recovery process more slowly after 5 years of deflection
than after 10,000 h of deflection. This is quite natural and verifies
the statement in Section 2, saying that the recovery velocity will
decrease as a consequence of the fact that the bending stress in
the pipe wall, which forces the deflection to recover, decreases in
the course of loading time due to relaxation; see Fig. 2.10 (or Figs
2.1-2.9). It has also been understood that the full recovery,
independent of the pipe deflection and actual time period of
constant deflection will take very long time (theoretically infinite
time). As an example, after 50-100 years of deflection release it
can be assumed (based upon a cautious extrapolation of the
curves in Fig. 5.1) that the deflection recovery at that time may be
50 % of the original deflection, more or less independent upon
the actual magnitude of the deflection.

However, as the deflection recovery follows a parabolic curve, the
extrapolation must be taken with great care. Only continueing
studies can show the real long term curve shape. Therefore the
samples will be stored in the laboratory as long as possible for
further investigation.

6/D (%) PIPE DEFLECTION
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Fig. 5.2 Pipe samples under deflection recovery. PVC pipe ¢ 315 PN4 (L)
originally deflected to 15 %: To the right. - PVC pipe @ 315 PN10 (P) originally
deflected to 25 %: To the left.

6. BENDING STRAIN LIMIT FOR LONG-TERM
DEFLECTED PVC PIPES

One of the original purposes of this study was to try to find out
whether or not there exists a practical upper bending strain limit
for designing constantly deflected uPVC pipes. The question was
originally discussed in [6] and further in [1] after 10,000 h of
relaxation measurements. Based upon studies of deflected pipes
with constant bending strains of up to 5.76 % and deflected plates
with constant bending strains of up to 10.4 % it was concluded in
[1] that no such practical upper strain limit seems to exist for
designing buried PVC gravity sewer pipes. Instead it is only the
mechanical stability of the pipe which should serve as the require-
ment basis for the structural design.

The present study gives no reason to change this previous
statement. Hence the lin C/log t curves in Figs 2.1-2.9 continue to
show a rectilinear course after 5 years of deflection. In one case
(Sample L152, Fig. 2.2) there was reason to suspect that some
form of failure had occurred after approx. 30,000 h as the
lin C/log t curve suddenly shows a dramatic upward course.
However, if this observation had been a consequence of some
form of cracking in the pipe wall, it would also have been
identified in the deflection recovery graph in Fig. 5.1. But there,
the deflection recovery follows the same pattern as for the
daughter Sample L151. It seems, therefore, that the discontinuity
in Fig. 2.2 is merely a result of measurement errors. The same is
probably the case with Samples T53-T56 in Figs 2.5-2.6. In these
latter cases all samples are still under deflection, and hopefully the
final confirmation will be given by the future studies. However, as
the strain is very low (0.67 %) it is unlikely that the measurement
results in Figs 2.5-2.6 are anything else other than scattering of the
measurements.

[1] also presents the results of forced bending of plates taken out
from half parts of PVC pipes (PN6 and PN10), which were bent
upside down. The theoretical strains in these samples are 6.6 %
(PN6) and 10.4 % (PN10). The samples have now been examined
visually and no micro cracks have been found, Fig. 6.1. Further-
more, the forces needed to keep the plates deflected have been
measured. In Table 6.1 these forces are compared with the
original forces as well as with the same forces after 6380 h as
presented in [1]. As can be seen, the forces measured after totally
33,300 h (approx. 4 years) are still significantly large. This
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Table 6.1

Forces (N) at
Pipeclass e % t=0 t=6380h t=233300h

PN6 6.6 2330 1710 1527
PN10 104 6420 3725 3280

observation supports the previous statement that no micro cracks
have occurred during the 4-year constant deflection of the pipe
walls.

The hypothesis presented in [1], i.e. that the reason why no failure
occurred is because bending stress relaxation is going on continu-
ously, has not been contradicted by these additional long-term
studies.
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Fig. 6.1 Strongly deflected samples taken out as a part of the PVC pipe. The
exposed side of the samples in the picture corresponds to the original inside
surface of the pipe PN6: To the left. - PN10 to the right. - The samples have
been kept deflected during approximately 4 years without showing any cracks.
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7. PVC PIPES CONTAINING A LARGE AMOUNT OF
FILLER

As indicated in [1], a relaxation study of a PVC pipe manufac-
tured in the USA ("Carlon") with a filler content of 26 % had
been started at that time, (1987). The external diameter D, is 213
mm and D,,/s = 36, implying a nominal PN value of approximat-
ely 5.7 bar (provided the design tensile stress is 10 MPa). Three
pipe samples were studied, one with a constant deflection of 5 %
and two others with a constant deflection of 15 %, (Fig. 7.1). The
corresponding bending strain values are 0.60 % and 1.83 %
respectively. The K-value was determined to 68.1 and the Vicat
point to 81.0°C. The density on the inside of the pipe wall was
1570 kg/m® and on the outside 1580 kg/m>. The short-term ring
stiffness was determined to 7.9 kPa. The frozen-in stress was
exceptionally low, or 1.1 MPa.

The measurements have now been going on for 35,000 h (approx.
4 years) and the results are illustrated in Fig. 7.2 and Fig. 7.3. As
can be seen in Fig. 7.2 the lin C/log t curve has about the same
shape as those found for the normal PVC pipes according to Figs
2.1-2.9, and a rectilinear course seems to have been reached after
approx. 10,000 h at 5 % constant deflection. The main difference
in comparison with the normal PVC pipes concerns the E-values,
which at 5 % deflection are 4200 MPa at 0.05 h (3 min.) and 2169
MPa at 50 years.

Hence, the filler content of 26 % has contributed to an increase
in the short-term E-modulus at 5 % deflection from 3200 MPa
(fig. 2.4) to 4200 MPa (31 % increase) and the long-term E-
modulus (50 years) from 1320 MPa to 2170 MPa (65 % increase).

The study of the sample with a deflection of 15 % according to
Fig. 7.3 shows a rather good rectilinear lin C/log t-curve up to
about 25,000 h. Thereafter the last measurement at 34,000 h
indicates a remarkable upward deviation in the C-value. It is
possible that this change, which may have been initiated already
after approximately 2.5 years of deflection, will reveal the onset of
micro cracking in the pipe sample. Therefore, no extrapolation of
the curves can be performed until further long-term measurements
have been made (compare the discussion in Section 8, Fig. 8.2,
Sample No. 20).

The relaxation studies have not yet been completed, but will
continue as long as there is sufficierit space available in the
climate room. However, so far it can be stated that for pipes with

moderate deflection (5 %), there is no indication to the effect that
the pipe material is particularly crack-susceptible or that it has any
other weakness making it unsuitable for use as a buried gravity
sewer pipe.

In order to obtain further information on the remaining elastic
behaviour of the pipe material, a separate pipe sample was
released after three years of 15 % constant deflection. The
deflection recovery over 1000 h is illustrated in Fig. 5.1. When
compared with the recovery of the normal PVC pipes, it seems as
though the filler-filled material has about the same capacity for
deflection recovery. Hence, this single recovery study contradicts
the statement made above based on the observation in Fig. 7.3.

Therefore, in order to find out whether a strain higher than those
studied above would reveal any difference as regards strain
characteristics between normal PVC pipes and filler-filled PVC
pipes, half a pipe sample was bended upside down (compare
Section 6) and stored in that position for three years, see Fig. 7.4.
The theoretical bending strain was 4 % in this case. The initial
force to keep the sample deflected was unfortunately not
measured, but based upon the high short-term E-modulus for the
filler-filled PVC pipe, it is assumed that the force may have been
of the same order of magnitude as the one given in Table 6.1 for
the PN6 sample. However, the same force after three years was
only 320 N, which indicates that the heavily strained filler-filled
PVC material has a limited capacity to recover the deflection.
Again, we have here another indication that there obviously exists
an upper bending strain limit for the filler-filled PVC pipe studied.

Finally, it was of interest to find out whether or not the filler-filled
PVC pipe had the same impact strength as the normal PVC pipe.
Thus, standardized impact strength tests according to Swedish
Standard SS 16 13 51 were performed at +21°C and at -20°C
respectively for the filler-filled pipe as compared with the normal
PNG6 class pipe. Notched bars according to Fig. 7.5 were taken out
from the pipe walls. The results of the test are presented in Table
7.1
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Table 7.1
Impact strength according to Charpy (kJ/m?)

Normal PVC pipe PN6

Tempera-  Number of Mean value Standard
ture (°C) samples deviation
+ 21 7 14.8 1.5
- 20 7 8.2 1.4

Filler filled PVC pipe

= 21 7 10.6 1.1
- 20 7 6.7 0.4

As can be found the impact strength of the filler filled pipe is
somewhat, although not significantly, less than the same of the
normal PVC pipe. Consequently, this particular filler filled PVC
grade studied, has properties which certainly could be accepted as
pipe material for buried gravity sewer pipes provided the pipe
deflection is moderate.

However, it is certainly true that the result presented in this study,
is not generally valid for all type of filler additives. The acceptable
result in this case for moderately deflected pipes should therefore
be discussed as a consequence of the particular filler property
used. Hence, it can be assumed that the favourable influence of
the filler on the strength properties of the PVC material is
connected to both the grain size as well as to the grain size
distribution of the filler (in this case pure calcium carbonate).

In order to study this question further a sample taken from the
pipe wall was dissolved in THF. The dissolved material was
separated by centrifugation and then washed, dried and photo-
graphed in a SEM microscope. The dissolved solid material was
found to be pure calcium to an amount of 26.8 %. In Figs 7.6 and
1.7 photos with enlargement of 500 and 1000 respectively are
reproduced. As can be seen the grain size of the filler material is
between 5 and 10 microns. The grain size distribution can be
looked upon as rather narrow as the amount of very small grains
seems to be slight or none. The shape of the grains are more
round than rugged or sharp. (The analysis of the filler material
has friendly been performed by Norsk Hydro, Norway.)

Fig. 7.1 Constantly deflected Carlon PVC pipes with large amount of filler.
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Fig. 7.6 Filler of calcium carbonate photographed in SEM microscope.
Enlargement 500X. The scale shows the length of 10 microns.

X1,908 1@km WD33
—

Fig. 7.7 Filler of calcium carbonate photographed in SEM microscope.
Enlargement 1000X. The scale shows the length of 10 microns.

8. STRESS RELAXATION IN CONSTANTLY
DEFLECTED PE PIPES

A long-term study of constantly deflected polyethylene pipes
started in 1982 as a VBB commission for Neste Chemicals (at that
time Unifos Kemi) and the Swedish KP-council. A first report was
presented in 1983 [7] after one year of investigation. This report
was used as a basis for a paper presented at an ASCE interna-
tional conference in Madison, USA, [8].

Since then, the study has continued but has now been terminated
after totally 72,000 h (8.2 years) of constant deflection. A supple-
mentary report in Swedish [9] was presented after 41,200 h (4.7
years) of deflection. The following section provides complemen-
tary information on the findings presented in [8] and [9].

Three different PE grades have been studied, all from Neste
Chemicals (Sweden). One is the HDPE grade DGDS 2467
(Type 1), another the modified HDPE grade DGDS 2467 BL
(Type 2) and the third is the MDPE grade DGDS 2418. (The
letters DGDS are today recognized as NCPE). As test samples
extruded pipes have been used with an external diameter of
315 mm. The length of the sample is the same as the diameter.
(Hence, the external size of the PE samples is the same as for the
PVC samples dealt with in Section 2.) The wall thickness of the
PE samples corresponds in one series to the pressure class PN4
(nominal wall thickness 12.1 mm) and in another series to the
pressure class PN6 (nominal wall thickness 17.8 mm). Both classes
are based on a long-term tensile design stress of 5 MPa. The
corresponding nominal short-term ring stiffnesses for the two
HDPE pressure classes are 4 kPa and 16 kPa respectively. The
pipe samples are deflected, giving constant strains between 1.1 %
and 3.5 %.

Figs 8.1-8.3 show the lin C/log t-curves and the corresponding E-
modulus curves. As previously described, the compliance C stands
for the inverted value of the E-modulus and that the rectilinear
part of the lin C/log t-curve illustrates the relaxation behaviour of
a physically aged amorphous polymer [5]. As polyethylene is not
amorphous but semi-crystalline, the lin C/log t-curves do not have
the same shape as those for the amorphous PVC material. Thus,
it has been found in the present study that the rectilinear course
of the curve occurs very early, which means more or less immedi-
ately for highly strained material and after 10 to 100 h for less
strained material. Consequently, the long-term physical ageing
process discussed for PVC cannot be recognized in a similar way
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by the actual course of the lin C/log t curve for PE. A practical
positive effect of this observation is that the long-term (50-100
years) E-value can be found for most PE materials after a testing
time of less than 1000 h, while for PVC the testing time has to be
up to one year or more.

From Figs 8.1-8.3 it can be seen that the measurements after
10,000 h concur well with the rectilinear lin C/log t curves drawn
up at a testing time of only 1000 h. Thus, the more than eight
years of constant pipe deflection have given no reason from a
practical point of view to change the long-term E-values that could
be determined after only approximately six weeks of testing.

A particular observation for sample No. 20 in Fig. 8.2 needs to be
commented on. The sudden increase in the lin C/log t curve after
5000 h was discussed in [9], and was found to be due to a micro
cracking in the summit of the pipe sample. It could be proved that
the reason for cracking was due to the fact that the sample
belonged to a pipe delivery which had been accidently thermally
oxidized during manufacture. It is very interesting to find out that
the change in the E-curve after 5000 h is insignificant, while the
C-curve shows more sensitivity in the graphic representation
applied in this case. Consequently, a study of the E-curve on its
own would not have given such an early indication of failure in
progress 15,000 h (1.7 years) before the full open crack was a
visible fact. The fully cracked sample is shown in Fig. 8.4.

Another observation which has to be commented on, concerns
sample No. 24 in Fig. 8.3. Here, a sudden decrease in the C-value
appears after 60,000 h (6.8 years), which must be the result of a
measurement error. Otherwise the E-modulus would have stopped
decreasing, which would in turn mean that the plastic material had
suddenly started to behave as elastic. This is certainly not true.

One important finding from the long-term studies is that the E-
modulus after 50 years is significantly higher than was previously
assumed. Thus, for moderately deflected pipes (4-5 %) the 50-
year E-modulus is approximately 200 MPa, while previously 100
MPa was often used. - An extrapolation of the C-curves to 100
years, and after inverting the C-values, corresponding E-values are
given which are only slightly less than the 50-year value. This
supports the statements made in [3], implying that the service
period for standardized gravity thermoplastics sewer pipes can
certainly be 100 years or more, provided properly installed so that
buckling does not occur. The present long-term investigation also

supports the statement already made in [6] and again in [8], that
there is no practical upper bending strain limit for the design of
buried gravity polyethylene pipes to be used up to 100 years. The
condition is, however, that the internal pipe wall has not been
thermally oxidized during manufacture, and moreover that the
stabilization system of the grade is chosen to resist the chemical
ageing process. (Compare the so-called Stage III, in the
stress/time-diagram for pressure pipes, [4]).

As in Section 2, the lin E/log t-diagrams have been transformed
to o/t-diagrams with the loading time as a parameter. Fig. 8.5
illustrates the relations for the HDPE Type 2 grade and Fig. 8.6
for the MDPE grade. The difference between the two grades is
insignificant. Thus, it can be stated that the short-term bending
stress (3 min value) will relax to approximately 30 % of the
original value after 50-100 years of constant bending strain caused
by pipe deflection.
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9. DEFLECTION RECOVERY WHEN RELEASING
CONSTANTLY DEFLECTED PE PIPE SAMPLES

All samples were also doubled in the PE investigation. The study
of the first series was terminated in 1983 [7] and at that time these
samples were released and the deflection recovery measured for
1000 h. Figs 9.1-9.3 present the results of the study for this first
series of samples (full lines). As can be seen, a remarkable
rectilinear course of the curves is recognizable for all samples kept
deflected for one year. If a rectilinear extrapolation had been
performed, the deflection would have recovered fully after some
thousand years. However, a long-term curve configuration of this
kind is certainly not true, as the viscous part of the strain would
give a residual deflection even after an infinitively long time. But
it is certainly true that the shorter the time of forced deflection,
the faster the recovery process will take place after releasing the
sample.

This is well illustrated in Figs 9.1-9.3 by the recovery curves
(dotted lines) valid for the "daughter" samples now released after
8.2 years of deflection. The recovery measurements have here
been made for approximately one year. Hence, it can be found
that the immediate deflection recovery is somewhat less after
many years of constant deflection than after only one year of
deflection. This is to be expected, as the bending stress in the pipe
wall, which has to force the pipe deflection to recover, has further
decreased in the course of time due to relaxation.

A more unexpected finding is that the rectilinear course of the
lin (6/D)/log t-curves also takes place during the prolonged time
of observation in question, ie. up to one year. This is well
illustrated for the two HDPE grades independent of the level of
the initially forced deflection. For the highly deflected MDPE pipe
(13.2 %), however, a bending of the C-curve appears after 50 h
only. This behaviour could not be recognized for the MDPE pipe
samples released after 10,000 hours of constant deflection as
illustrated in Fig. 9.3. The continuing investigation will hopefully
help to give an explanation of this particular observation.
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10. SHORT-TERM RING STIFFNESS AFTER LONG-TERM
CONSTANT DEFLECTION OF THERMOPLASTIC
PIPES

During the constant deflection of a plastic pipe the initial bending
stress in the pipe wall will decrease in the course of time due to
stress relaxation. As the deflection is constant, the bending strain
in the pipe wall is also constant. The E-modulus according to
Hooke has been defined as the ratio between stress and strain i.e.
E = o/e, and consequently it is obvious that E will decrease in
the course of the loading time as o does. The same situation
concerning the E-modulus occurs if the deflection is free, i.e. the
stress o is constant and the strain € increases in the course of time
due to creeping. In both cases, it must be understood that the
decrease of the E-modulus is only fictive and has nothing to do
with the capacity of polymer materials to resist new initial forces
after a long loading time, a capacity represented by the short-term
relation between stress and strain. As the ring stiffness is a linear
function of the E-modulus, it also means that after a long loading
time, the ring stiffness continues to retain its short-term value for
each new impulse of loading.

In order to demonstrate this theoretical fact practically, two long-
term deflected pipe samples were subjected after release to
further short-term loading. Consequently, PVC pipe sample L52
as illustrated in Fig.2.1 and Fig.5.1 was subjected to another short-
term ring stiffness determination. The sample had been constantly
deflected to 5 % for more than 4 years, and after one year of
release the deflection had recovered to 2.1 % (see Fig.5.1).

Originally, the short-term ring stiffness was determined at 2.40 kPa
using the 3 % deflection and 3 minutes relaxation procedure
according to the following formula, where the ring stiffness Sy is
given as

P

5 (10.1)

Sp=[0.0186 +0.025 (8,/D+8,/D) ]
;8

The second term 0.025 (§,/D+6,/D) in the outside brackets
represents a correction for the case where the circular ring has a
small initial "stressless" deflection. Here, &, stands for this initial
"stressless” deflection and §, for the additional deflection caused
by the linear load P. The length of the pipe sample is indicated
by L.

Using the same formula and assuming that the pipe ring is now
more or less "stressless” after one year of release the sample was
subjected to a further 3 % deflection. Thus 6§, = 2.1 % and 6, =
3 % in this case. The results of the test showed that the short-term
ring stiffness was 2.61 kPa after the pipe had been constantly
deflected and stressed for approximately four years. This means an
increase in the ring stiffness of 8.8 %, an increase which could

‘'well be explained as being caused by a physical ageing process as

discussed in Section 3.

The same testing was performed using the HDPE NCPE 2467 BL
(Type 2) pipe sample No. 18 constantly deflected to 5 % for 8.2
years and illustrated in Fig.8.2 and Fig.9.2. The initial "stressless"
deflection &, was in this case 2.2 % and 6§, = 3 %. The ring
stiffness was then calculated according to the equation (10.1) to
be 18.1 kPa, while the original ring stiffness eight years earlier was
15 kPa. Thus, it seems as though a physical ageing process takes
place in HDPE as well, which is even more pronounced than for
PVC but has so far not been studied. Although the calculation
method is not quite adequate (see further "General comment" in
Section 2) the results so far clearly confirm that the short-term
ring stiffness and consequently the short-term E-modulus has not
declined after long-term loading of the pipe (4-8 years). On the
contrary, it has in fact increased, probably due to some type of
physical ageing effect.

This fact is of great importance for an adequate understanding of
the deflection process undergone by buried thermoplastic gravity
pipes as discussed in [10] and further in [11].
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